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In this issue of Cancer Cell, Vazquez and colleagues report reduced glycolysis and increased oxidative
phosphorylation in certain melanomas, revealing metabolic plasticity rather than stable Warburg pathophys-
iology. Furthermore, Haq and colleagues (also in this issue of Cancer Cell) show situations where increased
oxidative phosphorylation is required for melanomas to survive inhibition of B-RAF, suggesting investigation
of therapeutic combinations of B-RAF inhibitors with biguanides.

Increased glycolysis has been recognized
to be a characteristic of neoplastic cells
since the classic observations of Otto
Warburg. It is now appreciated that the
“Warburg effect” does not usually involve
compensation for defects in mitochon-
drial ATP production as originally pro-
posed. Rather, it is a consequence of
genetic lesions that, among other sequel-
lae, alter control systems that regulate
cellular metabolism. While increased
glycolytic flux may provide some benefit
to cancer cells by increasing ATP produc-
tion, recent studies suggest that it is
advantageous mainly because it gener-
ates chemical “building blocks” required
for the anabolic processes that must
occur prior to cell division.

The conspicuous glycolysis of neo-
plastic cells has long provided a rationale
for investigating inhibitors of glycolysis
such as 2-deoxyglucose, but this direc-
tion of research has not yet led to clinical
advances in cancer treatment. Observa-
tions reported in this issue of Cancer
Cell by Haq et al. (2013) and Vazquez
et al. (2013) provide evidence that there
are circumstances in which neoplastic
cells are critically dependent on oxidative
phosphorylation rather than glycolysis, at
least in the context of melanoma. This
may represent a vulnerability that could
be therapeutically exploited.

Both reports show that the lineage-
specific transcription factor MITF upregu-
lates PGC1a in a subset of melanomas,
and, expectedly, this results in increased
oxidative phosphorylation. Hag et al.
(2013) show that mutational B-RAF acti-
vation, a common derangement in mela-
noma, leads to declines in MITF, PGC1a,
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and oxidative phosphorylation, yielding
a glycolytic phenotype.

B-RAF inhibitors such as vemurafenib
are used in the clinic but commonly
provide only short-term benefit, followed
by the rapid development of drug resis-
tance. Interestingly, when cells with acti-
vated B-RAF are exposed to a B-RAF
inhibitor, they upregulate PGC1a and
demonstrate, at least for a critical period
of time, increased dependency on oxida-
tive phosphorylation. This phenomenon
suggests that the efficacy of B-RAF
inhibitors may be, at least in part, attribut-
able to drug-induced reprogramming of
cellular metabolism, leading to a reduc-
tion of glycolysis and an increased
requirement for oxidative phosphoryla-
tion. While under this stress, cells are
under selective pressure to revert to
a glycolytic phenotype by activating
another oncogene to substitute for the
pharmacologically inhibited B-RAF (Naz-
arian et al., 2010). However, it is pos-
sible that before this reversion takes
place, there is an opportunity for syn-
thetic lethality by combining the kinase
inhibitor with inhibition of oxidative
phosphorylation.

The studies by (Haqg et al. (2013) and
Vazquez et al. (2013) are specific to mela-
noma, so it will be of interest to investigate
the generality of the key findings. Many
cancers with prominent glycolytic pheno-
types are treated with kinase inhibitors,
which reduce the oncogenic signaling
that promotes glycolysis, among other
consequences. Most kinase inhibitors
provide a period of benefit followed
by drug resistance. It is possible that
one of several consequences of exposing

sensitive cells to a kinase inhibitor is
reduction of high glycolytic flux. Apart
from the melanoma data, an example is
provided by glycolytic leukemic cells
driven by BCR-ABL that demonstrate up-
regulated oxidative phosphorylation upon
exposure to imatinib (Gottschalk et al.,
2004; the kinase inhibitor that targets
BCR-ABL).

Consistently, Vazquez et al. (2013)
show that melanomas can be classified
into two groups: a conventional glycolytic
group and a group characterized by high
PGC1a, high rates of oxidative phosphor-
ylation, resistance to oxidative stress, and
aggressive clinical behavior. The latter
group also appears to demonstrate
sensitivity to the targeted inhibition of
oxidative phosphorylation. Experimen-
tally, this point is convincingly made by
knocking down proteins required for
oxidative phosphorylation. However, this
approach is not one that is applicable to
clinical testing.

Are there practical ways to target
oxidative phosphorylation in the clinic?
An initial impression is that this is impos-
sible, as classic inhibitors of cellular respi-
ration such as cyanide are well-known
poisons without a suitable therapeutic
index. However, there are oxidative phos-
phorylation inhibitors that are in common
clinical use, including the antidiabetic
biguanide metformin and the antimalarial
agent atovaquone. Incidentally, the inhibi-
tion of cytochrome b by atovaquone is
effective against Plasmodium falciparum,
not because it inhibits mitochondrial ATP
production (which is not required by the
parasites), but rather because of a re-
quirement for oxidative phosphorylation
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to regenerate ubiquinone (Painter et al.,
2007). (In Plasmodium falciparum, ubiqui-
none is required as the electron acceptor
for dihydroorotate dehydrogenase, an
essential enzyme for pyrimidine biosyn-
thesis.) Nevertheless, the safety of atova-
quone relates to the fact that it is a better
inhibitor of Plasmodium than human
cytochrome c, so it may not be a strong
candidate for oncology applications.

Metformin, on the other hand, is widely
used for the treatment of type Il diabetes,
has a favorable toxicity profile, and is
already under investigation for possible
oncology applications (Pollak, 2012).
There are several hypotheses to explain
the activity of metformin as an antineo-
plastic agent in experimental models.
One involves systemic effects such as
the reduction of insulin levels (which
may be relevant for a subset of patients
where the drug induces significant
declines in insulin, provided their cancers
are insulin responsive). A second hypoth-
esis involves a direct action on neoplastic
cells, characterized by decreased ATP
levels secondary to reduced oxidative
phosphorylation. This can lead to pre-
dominately cytostatic or cytotoxic effects,
depending on the specific characteristics
of targeted cells. In cells with intact
control systems for dealing with energy
stress, ATP deficit leads to the activation
of AMPK, inhibition of mTOR, reduced
energy consumption and growth inhibi-
tion. In cells with loss of function of these
control systems (such as inactivation of
LKB1), the ongoing high level of ATP
consumption, despite reduced oxidative
phosphorylation, leads to an energetic
crisis.

Could metformin or other bigua-
nides be practical inhibitors of oxidative
phosphorylation in the context of the
studies by Haq et al. (2013) and Vazquez
et al. (2013)? This might not require
complete inhibition of oxidative phos-
phorylation, but rather blocking the
increase in oxidative phosphorylation
following PGC1a upregulation.

If further preclinical work provides suffi-
cient evidence that metformin can delay
the development of resistance to vemura-

fenib or other kinase inhibitors, the safety
profile of biguanides suggests that clinical
trials would be feasible.

However, there are important gaps in
knowledge to consider. First, with clear
credentials as oxidative phosphorylation
inhibitors, why are the biguanides so
different from cyanide in terms of thera-
peutic index? Part of the reason may
relate to whole organism, cellular, and
subcellular pharmacokinetics. Following
oral administration, biguanides accumu-
late in a nonhomogeneous fashion in
different organs, and cellular uptake of
metformin is greatly influenced by the
level of anion transporter OCT1. Further-
more, mitochondrial uptake of biguanides
is facilitated by the membrane potential,
so as biguanide concentration rises at
complex |, the membrane potential falls,
reducing further import and limiting
toxicity. Thus, in vivo, it is not trivial to
determine the extent to which a biguanide
is inhibiting oxidative phosphorylation in
a particular tissue. Thus, it is unclear if
the dose of metformin used in diabetes
patients would be optimal for partial
inhibition of oxidative phosphorylation in
melanoma patients or if phenformin or
other lipophilic biguanides would be
more effective.

There are relevant clues and cautions
in the literature. In tissue culture, bigua-
nides clearly inhibit oxidative phosphory-
lation in transformed cells, often leading
to compensatory increases in glycolysis
(Pollak, 2012). Also, an early report pro-
vided in vitro evidence for synergy
between vemurafenib and metformin
(Niehr et al., 2011). On the other hand,
metformin has been reported in certain
contexts to upregulate VEGF expression,
which is an adaptive response by the
transformed cell to the inhibition of
oxidative phosphorylation. This re-
sponse obviously has the potential for
undesired consequences, although this
research revealed synergy between met-
formin and VEGF inhibitors (Martin et al.,
2012).

Whereas many clinical trials of bigua-
nides for cancer treatment are ongoing,
most were designed with the rationale
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that the reduction of systemic hyper-
insulinemia, if achievable, would be
beneficial. The ongoing trials address
neither hypotheses related to specific
strategic therapeutic combinations of
biguanides with kinase inhibitors nor the
possibility of activity in specific tumor
subsets defined by tumor characteristics
such as PGC1a status. Future studies
aimed at rigorously examining these
possibilities will need to establish, as a
first step, the extent to which clinically
achievable biguanide exposure inhibits
oxidative phosphorylation in neoplastic
tissue in vivo.

Despite the considerable challenges,
the clues concerning the sensitivity of
a subset of cancers to the inhibition of
oxidative phosphorylation, particularly in
the context of resistance to kinase inhibi-
tors, are tantalizing. Further work will
reveal if there are practical opportunities
for synthetic lethality by pharmacologi-
cally limiting the adaptive ability of
transformed cells to upregulate oxidative
phosphorylation when facing stresses
such as oncogenic kinase inhibition.
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Cancer stem cells display an epithelial-mesenchymal transition phenotype and are resistant to current
therapies. In this issue of Cancer Cell, Dong and colleagues demonstrate that these phenotypes in basal-
like breast cancer are promoted by a metabolic switch to glucose metabolism, resulting in decreased reactive

oxygen species levels.

Cancer initiating cells, also referred to
as cancer stem cells (CSCs), exhibit
stem cell-like properties and have been
implicated in the tumorigenesis of basal-
like breast cancer (BLBC), a particularly
aggressive, metastatic and chemo-
therapy-resistant type of breast cancer.
In this issue of Cancer Cell, Dong et al.
(2013) report a metabolic switch to glycol-
ysis following epigenetic silencing of
the gluconeogenic enzyme fructose-1,6-
biphosphatase (FPB1) by the epithelial-
mesenchymal transition (EMT) associated
factor Snail is required for the develop-
ment of BLBC.

CSCs display EMT characteristics such
as loss of the adhesion protein E-cadherin
(Mani et al., 2008). A number of transcrip-
tion factors, including Snail, induce EMT
(Kalluri and Weinberg, 2009). Previously,
the same group reported that Snail inter-
acts with G9a, a methyltransferase
responsible for H3K9me2, and recruits
DNA methyltransferases (DNMTs) to the
E-cadherin promoter. This results in
epigenetic silencing of E-cadherin ex-
pression and promotes primary tumor
growth and metastasis of BLBC cells
(Dong et al., 2012).

To investigate other genes regulated by
the Snail-G9a-Dnmt1 complex in BLBC
cells, Dong et al. (2013) performed a
gene expression mircroarray analysis
following G9a knockdown in a BLBC cell
line and observed a substantial increase
in FBP1 mRNA. Snail-G9a-Dnmt1 was
then shown to directly bind and methylate
the FBP1 promoter, resulting in the epige-
netic silencing of FBP1. Moreover, a
number of other BLBC cell lines had negli-
gible FBP1 expression in contrast to a set
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of luminal breast cancer cell lines, which
displayed high FBP1 levels. To test if
FBP1 silencing was required for the EMT
characteristics of BLBC cells, Dong et al.
(2013) ectopically expressed Snail alone
or together with FBP1 in ER*-luminal
breast cancer cells. Ectopic expression
of Snail was sufficient to convert these
cells to a BLBC phenotype, as expected.
Importantly, however, Snail expression-
induced EMT and basal-like phenotype
was blocked when FBP1 was coex-
pressed under the control of a promoter
that was not repressed by Snail. More-
over, ectopic expression of FBP1 in
BLBC cells diminished tumor growth in
mice. By contrast, loss of FBP1 in luminal
breast cancer cells increased tumor
growth in mice. This biological observa-
tion appears to be clinically relevant,
because a retrospective analysis of
patients with BLBC revealed that low
FBP1 expression correlated with poor
survival. The loss of FBP1 has also been
previously associated with liver and
gastrointestinal cancers (Chen et al,
2011). Collectively, these results suggest
that epigenetic silencing of FBP1 is a crit-
ical event in tumorigenesis of BLBC.

The provocative implication of the
current study is that metabolism is not
simply a consequence but rather plays
a causal role in dictating different
phenotypic states exhibited by cancer
cells. But how does an enzyme involved
in glucose metabolism regulate EMT-
like characteristics of BLBC? Glucose
levels are maintained by two reciprocal
metabolic pathways: glycolysis and
gluconeogenesis. Glycolysis is an ATP-
and NADH-generating reaction that

results in the catabolism of glucose into
two molecules of pyruvate. Under aerobic
conditions, pyruvate and NADH produced
by glycolysis are then imported into
the mitochondria and flux through the
tricarboxylic acid cycle to generate ATP
through oxidative phosphorylation. Under
low oxygen conditions, pyruvate can
be converted to lactate, regenerating
NAD™* required for glycolysis. Conversely,
gluconeogenesis produces glucose from
pyruvate. Most of the enzymes in glycol-
ysis are reversible and thus can be utilized
for gluconeogenesis. However, there are
three irreversible glycolytic enzymes
including phosphofructose kinase 1
(PFK-1), which converts fructose 6-phos-
phate to fructose 1,6 bisphosphate
(Figure 1). To circumvent PFK-1 during
gluconeogenesis, FBP1 catalyzes the
energy-consuming reaction of converting
fructose 1,6-bisphosphate to fructose 6-
phosphate.

Many human cancer cells display high
flux through glycolysis and other meta-
bolic pathways originating from glycolytic
intermediates. These subsidiary meta-
bolic pathways are involved in the
synthesis of essential amino acids, nucle-
otides (via pentose phosphate shunt), and
lipids. Therefore, an increase in glycolytic
flux may be highly adaptive for prolifera-
tive cells with high demand for cellular
macromolecules (Lunt and Vander
Heiden, 2011). Indeed, Dong et al. (2013)
observed that ectopic expression of
FBP1 in BLBC cell lines decreased
glucose uptake and diminished flux
through both glycolysis and the biosyn-
thetic subsidiary metabolic pathways.
This resulted in an increase in oxygen
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Figure 1. Epigenetic Silencing of FBP1 Decreases ROS to Promote CSC and EMT Phenotype

in BLBC

FBP1 coverts F-1,6,-BP to F-6P in the rate-limiting step of gluconeogenesis (right). Epigenetic silencing of
FBP1, through promoter methylation by the Snail-G9a-Dnmt1 complex, promotes glycolytic flux. An
increased reliance on glucose metabolism following FBP1 silencing lowers ROS levels by two mecha-
nisms: decreased mitochondrial respiration and increased NADPH synthesis through pentose phosphate
metabolism. Lower ROS levels promote EMT and CSC phenotype in BLBC.

consumption by mitochondria. Thus,
BLBC utilizes FBP1 silencing as a mecha-
nism to maintain glucose flux through
glycolysis and other associated biosyn-
thetic metabolic pathways.

One emerging idea on how changes in
glucose metabolism induce EMT-like
phenotype is that mitochondrial derived
reactive oxygen species (ROS) could
serve as signaling molecules (Sena and
Chandel, 2012). The mitochondrial
electron transport chain leaks electrons
from complex I, I, and Il to molecular
oxygen (O,) to generate superoxide
(O27), which is rapidly converted to
hydrogen peroxide (H.O.) to activate
cellular signaling. However, higher levels
of ROS can induce cell damage and
death. Indeed, higher FBP1 expression
in BLBC cell lines resulted in increased
mitochondrial ROS. This increase in ROS
levels due to FBP1 expression was critical
for tumor suppression, which could be
prevented by administration of the antiox-
idant N-acetylcysteine. The increased
generation of H,0O, is likely due to
enhanced mitochondrial oxygen con-
sumption as well as the diminished flux
through the pentose phosphate pathway,

which generates the NADPH required for
enzymes that detoxify H,O, (Figure 1).
Thus, the low ROS levels in BLBC due to
epigenetic silencing of FBP1 allows for
tumor growth of BLBC cells.

An important consequence of having
low ROS levels is the maintenance of
a subpopulation of CSCs within breast
tumors. These CSCs are relatively insen-
sitive to radiation and chemotherapy
compared to differentiated and pro-
liferative cancer cell populations (Diehn
et al., 2009). Dong et al. (2013) show that
when FPB1 is overexpressed in BLBC
cell lines, the corresponding increase in
ROS levels is accompanied by a signifi-
cantly reduced number of CD44M"
CD24"°“/EpCAM* CSC and, as a func-
tional assay, decreased tumorsphere
formation in soft agar. Because CD44
is a direct target of the B-catenin depen-
dent transcriptional machinery, the inves-
tigators hypothesized that increased
ROS, produced through FBP1 overex-
pression, decreased CSC by inhibiting
B-catenin activation. B-catenin acts as co-
activator of the transcription factor TCF4
to induce genes involved in maintaining
stem-like characteristics. Indeed, FBP1
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overexpression decreased B-catenin
signaling by promoting its dissociation
from TCF4. This interaction was restored
with the antioxidant N-acetylcysteine.
Taken together, these data support a
mechanism where epigenetic downregu-
lation of FBP1 increases glycolysis and
decreases ROS, resulting in activation of
B-catenin signaling to maintain CSCs
(Figure 1).

Although Dong et al. (2013) provide
a reasonable explanation for how low
levels of ROS due to FBP1 silencing
maintain CSCs in BLBCs, they do not
mechanistically explore how modulating
FBP1 protein levels can regulate E-cad-
herin protein expression. Presumably,
the Snail-G9a-DNMT complex has
access to the E-cadherin promoter in the
presence or absence of FBP1. Thus, it
was surprising that ectopic expression
of FBP1 was sufficient to block Snail-
dependent epigenetic silencing of E-cad-
herin. Since methylation is a balance
between methyltransferase and demethy-
lase activity, perhaps FBP1 expression
triggers high levels of ROS, which affects
the activity of these enzymes at the
E-cadherin promoter.

A major implication of these findings is
that antioxidants might not be beneficial
in some cancers. A recent study indicated
that non-stem cancer cells can also give
rise to CSCs, indicating the bidirection-
ality between these two populations
(Chaffer et al., 2011). If low levels of ROS
maintain characteristics of CSC, which
are notoriously resistant to radiation and
chemotherapy, then antioxidants would
possibly promote CSC. Might pharmaco-
logically increasing ROS in BLBC pro-
mote the loss of CSCs and improve
patient survival? As new therapies are
developed for BLBC, it will be of interest
how they affect ROS levels and glu-
cose metabolism. Furthermore, therapies
directed in diminishing glucose metab-
olism might be effective against BLBC.

REFERENCES

Chaffer, C.L., Brueckmann, |., Scheel, C., Kaestli,
A.J., Wiggins, P.A., Rodrigues, L.O., Brooks, M.,
Reinhardt, F., Su, Y., Polyak, K., et al. (2011).
Proc. Natl. Acad. Sci. USA 708, 7950-7955.

Chen, M., Zhang, J., Li, N., Qian, Z., Zhu, M., Li, Q.,
Zheng, J., Wang, X., and Shi, G. (2011). PLoS ONE
6, €25564.

Diehn, M., Cho, R.W., Lobo, N.A., Kalisky, T.,
Dorie, M.J., Kulp, A.N., Qian, D., Lam, J.S., Ailles,



Cancer Cell

L.E., Wong, M.,
780-783.

et al. (2009). Nature 458,

Dong, C., Wu, Y., Yao, J., Wang, Y., Yu, Y,
Rychahou, P.G., Evers, B.M., and Zhou, B.P.
(2012). J. Clin. Invest. 122, 1469-1486.

Dong, C., Yuan, T., Wu, Y., Wang, Y., Fan, TW.M.,
Miriyala, S., Lin, Y., Yao, J., Shi, J., Kang, T,

Lorkiewicz, P., et al. (2013). Cancer Cell 23, this
issue, 316-331.

Kalluri, R., and Weinberg, R.A. (2009). J. Clin.
Invest. 7179, 1420-1428.

Lunt, S.Y., and Vander Heiden, M.G. (2011). Annu.
Rev. Cell Dev. Biol. 27, 441-464.

Mani, S.A., Guo, W., Liao, M.J., Eaton, E.N.,
Ayyanan, A., Zhou, A.Y., Brooks, M., Reinhard,
F., Zhang, C.C., Shipitsin, M., et al. (2008). Cell
133, 704-715.

Sena, L.A., and Chandel, N.S. (2012). Mol. Cell 48,
158-167.

Selective Blockade of Transport
via SERCA Inhibition: The Answer
for Oncogenic Forms of Notch?

Ma. Xenia G. llagan'-* and Raphael Kopan'-*
1Department of Developmental Biology, Washington University School of Medicine, St. Louis, MO 63110, USA
*Correspondence: ilaganmg@wustl.edu (M.X.G.l.), kopan@wustl.edu (R.K.)

http://dx.doi.org/10.1016/j.ccr.2013.02.020

NOTCH1, which is frequently mutated in T cell acute lymphoblastic leukemia, has been an elusive therapeutic
target. In this issue of Cancer Cell, Roti and colleagues demonstrate that inhibiting SERCA calcium pumps
preferentially impairs the maturation of the most common class of oncogenic Notch1 mutants, thus uncov-
ering a potential therapeutic avenue.

The four mammalian Notch receptors are
large type | membrane proteins, sporting
an extracellular domain with 29-36
epidermal growth factor (EGF) repeats
followed by the conserved Lin12-Notch
repeats (LNR) and a heterodimerization
domain (HD; Figure 1A). The LNR and
HD domains constitute the negative
regulatory region (NRR), which maintains
the “off” state of the receptor in the
absence of ligand. Upon binding of Notch
to ligand presented by a neighboring cell,
the NRR undergoes a conformational
change to expose the S2 site to ADAM
metalloprotease cleavage (Figure 1B).
This is followed by y-secretase-mediated
cleavage at the S3 site within the trans-
membrane domain (TMD), which releases
the Notch intracellular domain (NICD).
NICD translocates to the nucleus,
associates with the DNA-binding protein
RBPjk and the transcriptional coactivator
Mastermind (MAM/MAML) to activate
transcription. Activation is linked to phos-
phorylation of the PEST domain, its
recognition and ubiquitination by the E3
ubiquitin ligase FBW?7, and NICD degra-
dation (reviewed in Kopan and llagan,
2009).

—

G) CrossMark

Because the Notch signaling pathway
regulates many fundamental processes
during embryonic development and in
self-renewing adult tissues, both gain-
and loss-of-function mutations in path-
way components lead to developmental
disorders, cancer, and other adult onset
diseases. Best known is the contribution
of ligand-independent, activated forms
of Notch1 to T-ALL, more than half of
which gain activating mutations in the
NRR, PEST, or both (Figure 1A; Weng
et al., 2004). The mutations in the NRR
lead to ligand hypersensitivity and
ligand-independent activation, whereas
the PEST domain mutations increase the
stability of NICD and lead to sustained
signaling activity.

The preponderance of NOTCH1 muta-
tions in T-ALL has fueled the search
for effective anti-Notch1 therapeutics
(Figure 1B; reviewed in Tzoneva and
Ferrando, 2012). Because Notch activa-
tion relies on proteolysis, y-secretase
inhibitors (GSls), which had been origi-
nally developed for Alzheimer’s disease
therapy, have entered clinical trials for
treatment of relapsing T-ALL. However,
sustained GSI inhibition is not tolerated,

because pan-Notch blockade causes
severe gastrointestinal toxicity and
promotes progression of squamous cell
carcinomas (Extance, 2010). The same
problems could affect the efficacy of
stapled dominant negative MAML-like
peptides (SAHM) that directly target the
transcription complex. More recently,
receptor-specific anti-NRR1 antibodies
have been developed. Despite their ability
to circumvent gut toxicity, sustained
treatment with these reagents will likely
cause vascular neoplasms, raising addi-
tional safety concerns (Yan et al., 2010).
To identify modulators of Notch1 sig-
naling and potential therapeutic targets
for T-ALL, Roti et al. (2013; in this issue
of Cancer Cell) conducted complemen-
tary high throughput small molecule
and cDNA overexpression screens using
cell-based assays reporting Notch tran-
scriptional activity. For the compound
screen, the transcriptional signature of
Notch in T-ALL was assembled from
previous genome-wide expression pro-
filing studies of multiple human T-ALL
cell lines treated with vehicle or GSI.
They validated a group of 28 target and
4 nontarget genes to generate a robust,
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NOTCH1, which is frequently mutated in T cell acute lymphoblastic leukemia, has been an elusive therapeutic
target. In this issue of Cancer Cell, Roti and colleagues demonstrate that inhibiting SERCA calcium pumps
preferentially impairs the maturation of the most common class of oncogenic Notch1 mutants, thus uncov-
ering a potential therapeutic avenue.

The four mammalian Notch receptors are
large type | membrane proteins, sporting
an extracellular domain with 29-36
epidermal growth factor (EGF) repeats
followed by the conserved Lin12-Notch
repeats (LNR) and a heterodimerization
domain (HD; Figure 1A). The LNR and
HD domains constitute the negative
regulatory region (NRR), which maintains
the “off” state of the receptor in the
absence of ligand. Upon binding of Notch
to ligand presented by a neighboring cell,
the NRR undergoes a conformational
change to expose the S2 site to ADAM
metalloprotease cleavage (Figure 1B).
This is followed by y-secretase-mediated
cleavage at the S3 site within the trans-
membrane domain (TMD), which releases
the Notch intracellular domain (NICD).
NICD translocates to the nucleus,
associates with the DNA-binding protein
RBPjk and the transcriptional coactivator
Mastermind (MAM/MAML) to activate
transcription. Activation is linked to phos-
phorylation of the PEST domain, its
recognition and ubiquitination by the E3
ubiquitin ligase FBW?7, and NICD degra-
dation (reviewed in Kopan and llagan,
2009).
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Because the Notch signaling pathway
regulates many fundamental processes
during embryonic development and in
self-renewing adult tissues, both gain-
and loss-of-function mutations in path-
way components lead to developmental
disorders, cancer, and other adult onset
diseases. Best known is the contribution
of ligand-independent, activated forms
of Notch1 to T-ALL, more than half of
which gain activating mutations in the
NRR, PEST, or both (Figure 1A; Weng
et al., 2004). The mutations in the NRR
lead to ligand hypersensitivity and
ligand-independent activation, whereas
the PEST domain mutations increase the
stability of NICD and lead to sustained
signaling activity.

The preponderance of NOTCH1 muta-
tions in T-ALL has fueled the search
for effective anti-Notch1 therapeutics
(Figure 1B; reviewed in Tzoneva and
Ferrando, 2012). Because Notch activa-
tion relies on proteolysis, y-secretase
inhibitors (GSls), which had been origi-
nally developed for Alzheimer’s disease
therapy, have entered clinical trials for
treatment of relapsing T-ALL. However,
sustained GSI inhibition is not tolerated,

because pan-Notch blockade causes
severe gastrointestinal toxicity and
promotes progression of squamous cell
carcinomas (Extance, 2010). The same
problems could affect the efficacy of
stapled dominant negative MAML-like
peptides (SAHM) that directly target the
transcription complex. More recently,
receptor-specific anti-NRR1 antibodies
have been developed. Despite their ability
to circumvent gut toxicity, sustained
treatment with these reagents will likely
cause vascular neoplasms, raising addi-
tional safety concerns (Yan et al., 2010).
To identify modulators of Notch1 sig-
naling and potential therapeutic targets
for T-ALL, Roti et al. (2013; in this issue
of Cancer Cell) conducted complemen-
tary high throughput small molecule
and cDNA overexpression screens using
cell-based assays reporting Notch tran-
scriptional activity. For the compound
screen, the transcriptional signature of
Notch in T-ALL was assembled from
previous genome-wide expression pro-
filing studies of multiple human T-ALL
cell lines treated with vehicle or GSI.
They validated a group of 28 target and
4 nontarget genes to generate a robust,
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Figure 1. The Core Notch Signaling Pathway and Strategies for Therapeutic Intervention
(A) Domain organization of Notch1 (RAM, RBPjk-association module; ANK, ankyrin repeats; PEST,
proline/glutamic acid/serine/threonine degron domain). Cleavage sites for furin (S1), ADAM metallopro-
tease (S2), and y-secretase (S3) are indicated. The NRR keeps the receptor “off” in the absence of ligand.
Gain-of-function mutations associated with T-ALL (highlighted in red) predominantly lie within HD, which
lead to ligand hypersensitivity and ligand-independent activation, or within PEST, which typically lead to
deletions and truncations and therefore increased stability and prolonged signaling activity. HD and PEST
activating mutations can also occur in cis. Notably, loss-of-function mutations throughout the entire
coding region are also associated with cancer, most often in head and neck squamous cell carcinoma.
(B) Core Notch signaling pathway. The Notch receptor is processed at cleavage site 1 (S1) by furin-like
proteases in the Golgi and is expressed at the cell surface as an intramolecular heterodimer held together
via interactions between the N- and C-terminal regions of HD. Upon ligand binding, Notch is sequentially
cleaved by ADAM and by y-secretase, thereby releasing NICD to activate transcription. Notch T-ALL
mutants (HD mutant with APEST shown) exhibits ligand-independent receptor activation. Various
aspects of the Notch signaling mechanism can be targeted for therapeutic intervention; «-NRR1
antibodies stabilize the auto-inhibited conformation of NRR to prevent S2 cleavage; GSlIs prevent
cleavage and NICD release, SAHM peptides block transactivation complex function. All these modes of
inhibition target wild-type and mutant receptors similarly. SERCA inhibition by thapsigargin (TG) selec-
tively targets the maturation and activity of mutant Notch receptors carrying the most common type of
HD mutations found in T-ALL (class I).

highly predictive, and Notch-dependent
gene expression signature. Three thou-

receptor identified in T-ALL patients
(L1601PAPEST) expressed in the U20S

sand eight hundred one drugs and drug-
like molecules were screened against
a human T-ALL cell line (DND41), which
carries an activating mutation in the HD
of Notch1 along with a PEST domain dele-
tion (L1594PAPEST). In parallel, they also
screened a cDNA expression library of
18,000 open reading frames to identify
gene products that would enhance the
activation of a transcriptional reporter
downstream of another mutant Notch1

osteosarcoma cell line. The selection of
NRR mutants in both screens proved to
be a fortuitous decision.

Perhaps surprisingly, calcium modula-
tors emerged as hits in both the com-
pound and cDNA screens. One of the
top compound hits was thapsigargicin,
an analog of thapsigargin, which is a
potent natural product inhibitor of sarco/
endoplasmic reticulum Ca®*-ATPase
(SERCA). Among the top cDNA hits
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were ATP2A1, ATP2A2, and ATP2A3,
which encode SERCA1, SERCA2, and
SERCAS, respectively. SERCAs use
ATP to pump Ca?* from the cytoplasm
to the internal stores. Notably, previous
studies in Drosophila identified the
SERCA homolog, Ca-P60A, as a modu-
lator of Notch transport and activity
(Periz and Fortini, 1999). However, the
loss of all SERCA activity in Drosophila
demonstrated a general requirement for
Ca?*-ATPase for all membrane protein
trafficking, which would predict a plethora
of untoward effects with SERCA modula-
tion akin to the problems experienced
with GSI. This proved not to be the case
at low inhibitor concentration.

Because the EGF and LNR domains of
Notch all require Ca2* for proper protein
folding and exit from ER, Roti et al.
(2013) hypothesized that SERCA inhibi-
tion was affecting the maturation process
of Notch1. Indeed, thapsigargin treat-
ment reduced the level of furin process-
ing, a step that occurs in the trans-Golgi
during transport of Notch proteins. Mis-
folded full-length receptors were retained
in the ER/Golgi compartment, leading to
diminished levels at the cell surface.
Consistent with effects related to the
Ca?*-binding modules, constitutively
active forms of Notch1 lacking the EGF
and LNR domains were refractory to
effects of thapsigargin. In addition,
expression of NICD can rescue the nega-
tive effects of thapsigargin on the cell
cycle, cell size, and cell viability of
T-ALL lines in vitro and in a xenograft
model.

Although the functional assays in flies
(Periz and Fortini, 1999; Roti et al., 2013)
clearly show that wild-type Notch function
can be modulated by SERCA inhibition,
the decision to screen against NRR
mutants provided a critical observation;
the Notch1 mutational status affected
the efficacy of thapsigargin. Thapsigargin
had a stronger effect on molecules con-
taining the class | HD mutations, which
encompass point substitutions and small
in-frame insertions or deletions in HD
and are the most common type of acti-
vating Notch1 mutants in T-ALL (Malecki
et al., 2006). At thapsigargin concentra-
tions that did not inhibit signaling from
wild-type Notch1 and Notch2 receptors,
signaling from the Notch1 receptor
carrying the L1601PAPEST leukemogenic
mutation was impaired. Cell cycle and
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cell viability were more strongly affected
by thapsigargin in T-ALL lines with HD
mutations in Notch1 than those carrying
wild-type Notch1. Moreover, significant
on-target antileukemia effects with no
gastrointestinal toxicity were observed in
two independent human T-ALL xenograft
models carrying HD mutations. The lack
of gut toxicity indicates that sufficient
levels of wild-type Notch1 and Notch2
receptors reached the surface in the
presence of SERCA inhibitors, whereas
oncogenic Notch molecules were selec-
tively and effectively prevented from
exiting the ER.

Why would SERCA inhibition preferen-
tially affect the maturation and activity of
mutant receptors? Roti et al. (2013) spec-
ulate that the reason may reflect folding
defects in many of the activating HD
mutations identified in T-ALL (Malecki
et al.,, 2006). SERCA inhibitors exploit
this impaired folding and block matu-
ration of the mutant receptor (Fig-
ure 1B). Alternatively or simultaneously,
the mutant Notch1 proteins themselves
trigger ER stress, making the cells more
sensitive to the increase in ER stress

induced by thapsigargin treatment,
leading to enhanced clearance of mutant
Notch proteins. Regardless of the under-
lying mechanism, these studies provide a
therapeutic window for targeting SERCA
as an antileukemia strategy for many
T-ALL patients harboring mutations in
the NRR.

While promising, many challenges
remain before translating this strategy to
the clinic. Given the fundamental role of
calcium in normal physiology and the
pleiotropic roles of Notch in tissue
maintenance and cancer suppression
(South et al., 2012), targeted delivery of
SERCA inhibitors to T-ALL cells would
be desirable. This was achieved with
delivery of modified thapsigargin to
human cancer xenografts (Denmeade
et al., 2012). Even if thapsigargin can be
specifically targeted, T-ALL may contain
cells refractory to treatment, having lost
the NRR or gained activating Myc muta-
tions. Perhaps the most beneficial use
for thapsigargin will be in combinatorial
therapies aimed to combat T-ALL at its
earliest manifestation before additional
mutations are gained.
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WNT/B-catenin signaling is critical to the development of many cancer types. A paper by Mo and colleagues
in a recent issue of Cell shows that autocrine CXCL12/CXCR4 chemokine signaling activates B-catenin
signaling in a rare peripheral nerve sarcoma. Together with the availability of small molecules targeting

CXCRA4, this finding suggests new avenues for cancer therapy.

It is exciting to link established signaling
pathways. It is especially provocative
when compounds designed to target
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one molecule for a specific disease are
shown to have potential in a novel
context. In a recent issue of Cell, the labo-

ratories of Luis Parada and Lu Le accom-
plish just this by showing that a pathway
that was first identified as relevant to
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cell viability were more strongly affected
by thapsigargin in T-ALL lines with HD
mutations in Notch1 than those carrying
wild-type Notch1. Moreover, significant
on-target antileukemia effects with no
gastrointestinal toxicity were observed in
two independent human T-ALL xenograft
models carrying HD mutations. The lack
of gut toxicity indicates that sufficient
levels of wild-type Notch1 and Notch2
receptors reached the surface in the
presence of SERCA inhibitors, whereas
oncogenic Notch molecules were selec-
tively and effectively prevented from
exiting the ER.

Why would SERCA inhibition preferen-
tially affect the maturation and activity of
mutant receptors? Roti et al. (2013) spec-
ulate that the reason may reflect folding
defects in many of the activating HD
mutations identified in T-ALL (Malecki
et al.,, 2006). SERCA inhibitors exploit
this impaired folding and block matu-
ration of the mutant receptor (Fig-
ure 1B). Alternatively or simultaneously,
the mutant Notch1 proteins themselves
trigger ER stress, making the cells more
sensitive to the increase in ER stress

induced by thapsigargin treatment,
leading to enhanced clearance of mutant
Notch proteins. Regardless of the under-
lying mechanism, these studies provide a
therapeutic window for targeting SERCA
as an antileukemia strategy for many
T-ALL patients harboring mutations in
the NRR.

While promising, many challenges
remain before translating this strategy to
the clinic. Given the fundamental role of
calcium in normal physiology and the
pleiotropic roles of Notch in tissue
maintenance and cancer suppression
(South et al., 2012), targeted delivery of
SERCA inhibitors to T-ALL cells would
be desirable. This was achieved with
delivery of modified thapsigargin to
human cancer xenografts (Denmeade
et al., 2012). Even if thapsigargin can be
specifically targeted, T-ALL may contain
cells refractory to treatment, having lost
the NRR or gained activating Myc muta-
tions. Perhaps the most beneficial use
for thapsigargin will be in combinatorial
therapies aimed to combat T-ALL at its
earliest manifestation before additional
mutations are gained.
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WNT/B-catenin signaling is critical to the development of many cancer types. A paper by Mo and colleagues
in a recent issue of Cell shows that autocrine CXCL12/CXCR4 chemokine signaling activates B-catenin
signaling in a rare peripheral nerve sarcoma. Together with the availability of small molecules targeting

CXCRA4, this finding suggests new avenues for cancer therapy.

It is exciting to link established signaling
pathways. It is especially provocative
when compounds designed to target
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one molecule for a specific disease are
shown to have potential in a novel
context. In a recent issue of Cell, the labo-

ratories of Luis Parada and Lu Le accom-
plish just this by showing that a pathway
that was first identified as relevant to
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Figure 1. Canonical WNT Signaling and CXCR4 Activation of B-Catenin

In canonical WNT signaling (left of dotted line), WNT ligands activate FRIZZLED receptors; LRP and LGR
are co-receptors. Receptor activation leads through inactivation of GSK3p to stabilization of B-catenin.
Stabilized B-catenin moves to the nucleus and activates gene transcription. Mo et al. (2013) (right of dotted
line) describe a novel mechanism in which MPNST tumor cells secrete CXCL12 ligand, activate CXCR4
receptors, and, via AKT, inactivate GSK3p and stabilizing B-catenin.

lymphocyte chemotaxis is also a driver of
human Schwann cell tumor progression
(Mo et al., 2013). The authors go on to
find that this pathway acts via another
pathway that was initially identified
in organismal development and found
to be corrupted in many cancers. The
paper links the CXCR4 cell surface che-
mokine receptor, via autocrine CXCL12
ligand production, to the Wnt/B-catenin
signaling pathway in malignant peripheral
nerve sheath tumors (MPNSTSs) (Mo et al.,
2013). CXCR4 antagonists are being
intensively investigated, because CXCR4
is a co-receptor for HIV on T cells, and
early stage clinical studies show that
blocking CXCR4 delays the onset
of AIDS in HIV infected individuals
(Domanska et al., 2013). The work by Mo
et al. (2013) suggests that CXCR4 antago-
nists may be useful to treat MPNSTSs,
a peripheral nerve related soft tissue

sarcoma with very poor prognosis, espe-
cially when they occur in the context of
neurofibromatosis type 1 (NF1) disease
(Widemann, 2009). In MPNST, inactiva-
tion of the NF71 gene, which encodes
a GTPase activating protein for Ras
proteins, increases Ras signaling with
activation of the key downstream signal-
ing pathways MEK, AKT, and mTOR (De
Raedt et al., 2011; Jessen et al., 2013).
The paper by Mo et al. (2013) also shows
expression of CXCR4 and Wnt/B-catenin
pathway components in benign neurofi-
bromas, which can be MPNST precursor
lesions.

The WNT/B-catenin signaling pathway
was identified for its roles in development
and controls critical processes in worms
to mammals, from the formation of teeth
to the control of stem cells in the intestine
(reviewed in Clevers and Nusse, 2012).
Despite >7,000 papers on WNT/B-catenin
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signaling listed in the PubMed database,
this pathway had not been directly impli-
cated in MPNSTSs. In the cells from which
MPNSTs derive, which may be neural
crest cells, skin-derived precursors, and/
or committed Schwann cells, WNT/B-cat-
enin signaling normally regulates cell fate
decisions and transiently suppresses full
differentiation (myelination) in Schwann
cells, potentially explaining a role in
tumor progression by differentiation block
(Lewallen et al., 2011; Hari et al., 2012).

Canonical WNT/B-catenin signaling
(Figure 1) plays a role in many types of
cancer, including colorectal, lung, breast,
ovarian, prostate, liver, and brain tumors
(Clevers and Nusse, 2012; Saito-Diaz
et al., 2013). B-catenin-dependent tran-
scription can promote cell cycle pro-
gression, stem cell self-renewal, and
epithelial-to-mesenchymal transition.
WNT signaling in cancer can be aberrantly
activated by activation of mutations in
B-catenin (CTNNBT), overexpression of
WNT ligand genes, inactivation of muta-
tions in destruction complex genes (i.e.,
AXIN1, GSK3B, and APC), or promoter
hypermethylation of negative regulators
of WNT signaling (Saito-Diaz et al,
2013). Activation of the PISK/AKT
signaling pathway, either by the loss of
PTEN or through activation of upstream
tyrosine kinase receptors, also causes
phosphorylation and inactivation of
GSK3p, stabilizing B-catenin (Clevers
and Nusse, 2012). In the study by Mo
et al. (2013), WNT signaling is activated
by crosstalk with the CXCL12/CXCR4
signaling, downstream of AKT (Figure 1).

CXCL12 (SDF-1) is a chemokine.
CXCL12 binding to the heterotrimeric
G protein-coupled receptor CXCR4 is,
like B-catenin signaling, required for
normal development. In many situations,
stromal cells secrete CXCL12 and attract
cells expressing CXCR4 receptors. In this
fashion, immune cells are attracted to
sites of inflammation and hematopoietic
cells home to the bone marrow. This
paracrine CXCL12/CXCR4 pathway has
been exploited therapeutically; CXCR4
blockade facilitates the removal of cells
from the bone marrow niche for use in
transplantation (reviewed in Domanska
et al., 2013). CXCL12/CXCR4 paracrine
signaling is also relevant to tumor metas-
tasis when tumor cells expressing CXCR4
migrate toward distant sites where ligand
is produced (Domanska et al., 2013).
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The paper by Mo et al. (2013) shows
that autocrine, rather than paracrine,
CXCL12 promotes tumor cell prolifera-
tion. The notion that tumor cells can
manufacture, secrete, and respond to
their own CXCL12 was discovered in
prostate tumors by Sun et al. (2003). Mo
et al. (2013) use antibodies against
CXCL12 and CXCR4 receptor blockade,
both of which decrease MPNST cell prolif-
eration. Furthermore, whereas CXCR4
activation can recruit endothelial cells to
promote neoangiogenesis, vessel density
remains the same after CXCR4 blockade,
providing additional evidence that the
tumor cell effects are cell autonomous.
CXCL12 produced in a paracrine manner
by host tumor stromal cells, as in other
forms of cancer, may also contribute to
effects on tumor growth.

The authors show that CXCR4 activa-
tion in MPNST cells activates B-catenin
by AKT-mediated phosphorylation and
inactivation of GSK3p, thus stabilizing
B-catenin (Figure 1). How CXCR4 acti-
vates AKT is not entirely clear. This may
occur through the By subunits of
CXCR4, known to indirectly activate AKT
(Domanska et al., 2013). The authors
exclude roles for activation of NF-kB,
RAS/MAPK, and JAK/STAT3. Additional
pathways downstream of CXCR4 might
also contribute to B-catenin stabilization.
CXCR4 is known to activate SRC family
kinases, C-CBL, and RHO GTPases
(Domanska et al., 2013), which may be
relevant. B-catenin activation likely also
requires additional genetic events or the
activation of signaling pathways in neuro-
fiboromas and MPNSTs, particularly in
MPNSTSs that develop in the absence of
NF1 syndrome. This is because many
MPNSTs express B-catenin, but do not

express CXCR4. Also, many neurofi-
bromas express CXCR4, but not
B-catenin.

The molecular mechanisms that explain
CXCL12 and CXCR4 expression in
MPNST cells also remain undefined.
One possibility is that CXCR4/CXCL12
expression reflects the embryonic neural
crest origin of MPNST cells. The authors
demonstrate that CXCR4 expression
frequency and intensity are especially
pronounced in  neurofiboromas and
MPNSTs associated with NF1 disease.
Therefore, signaling downstream of NF1
may normally suppress expression of
CXCL12/CXCR4.

Despite many efforts to identify drugs to
target B-catenin signaling, no inhibitor
has, to date, demonstrated the appro-
priate pharmacodynamic and pharmaco-
kinetic properties to be used as a drug
for the treatment of cancer patients. In
this light, it is impressive that the authors
have shown that the CXCR4 inhibitor
AMD3100 inhibits B-catenin signaling
in vitro and in vivo. With AMD3100
(Plerixafor; FDA approved for use in
hematopoietic stem cell mobilization)
currently in clinical testing in many
settings, it should be feasible to test in
human MPNST patients. Mo et al. (2013)
show a clear delay in MPNST formation
in human xenografts and also in a geneti-
cally engineered mouse model. Certainly,
targeting the CXCR4 receptor alone is
insufficient to halt MPNST growth or
shrink tumors; the authors show that the
main effect is proliferation arrest. More-
over, the authors note that some tumors
expressed CXCR4 in a patchy manner,
where the cells are not all positive. For
both of these reasons, tumor ablation is
likely to require co-therapy, perhaps with

identified NF1/Ras pathway inhibitors
(De Raedt et al., 2011; Jessen et al.,
2013). Especially because NF1 mutations
have been identified in many types of
cancer, it will be exciting to discover those
that use the CXCL12/CXCR4 pathway to
activate Wnt/B-catenin signaling and
those that may benefit from CXCR4
blockade.
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A recent paper reports that circulating tumor cells (CTCs) from metastatic breast cancer patients exhibit
heterogeneous epithelial and mesenchymal phenotypes and that CTCs display higher frequencies of partial
or full-blown mesenchymal phenotype than carcinoma cells within primary tumors. Mesenchymal-like CTCs
are also elevated in patients who are refractory to therapy.

Cancer cell dissemination is a hallmark of
tumor progression that can potentially
lead to the establishment of clinically
detectable metastases (Talmadge and Fi-
dler, 2010). Cancer cells released from
primary tumors intravasate through lymph
or blood vessels. Much effort has been
devoted to the detection and character-
ization of circulating tumor cells (CTCs)
in the blood, tumor cells residing in the
sentinel lymph nodes, or disseminated
tumor cells (DTCs) in the bone marrow
(Pantel et al., 2009). Most current studies
focus on CTCs because a much less inva-
sive clinical procedure is required to
obtain them, which permits frequent
monitoring. In addition, different enrich-
ment methods have been successfully
developed for blood but not for bone
marrow samples. These methods are
currently based on antibodies (Pantel
et al., 2009), cell deformability (Tan et al.,
2009), or cell size (Zheng et al., 2007).
CTC phenotyping and its comparison
with resident primary tumor cancer cells
should help to enhance our under-
standing of the mechanism of escape.
Experimental models show evidence
for collective or individual cell migration
at the periphery of primary tumors (Thiery,
2009). Collective cell migration was
postulated to be involved in lymph node
metastasis; such a mechanism could
also account for the dissemination of
tumor cell clusters and the formation of
microemboli within the primary tumor
bed vessels or in vessels at distant sites.
Epithelial-mesenchymal (EM) transition
(EMT), a well-described mechanism
driving major morphogenetic events in
metazoans, was also postulated to be

responsible for CTC formation (Thiery,
2002). A recent study by Yu et al. (2013)
reported a detailed phenotypic analysis
of CTCs from patients with metastatic
breast cancer, revealing that a significant
number of CTCs exhibited a partial or
a full-blown EMT phenotype, supportive
of an EMT-driven mechanism (Figure 1).
CTCs can be enriched by loading a
blood sample through a high-throughput
microfluidic herringbone-chip or "°CTC-
Chip (Stott et al., 2010). This chip com-
prises a herringbone-patterned surface
that increases the interactions of
CTCs with an antibody directed against
EpCAM, an epithelial marker. However,
this method has been limited by the use
of a single antibody directed against one
relatively specific epithelial marker; this
could prevent the capture of CTCs exhib-
iting mesenchymal characteristics. To
overcome this issue, the authors coated
the surface of the H°CTC-Chip with
epithelial and breast molecular subtype-
specific antibodies, comprising a cocktail
of EpCAM, EGFR, and HER2. The
captured CTCs were phenotyped using
the "PCTC-chip via a quantitative immu-
nofluorescence-based RNA-in  situ
hybridization (ISH) technology. The chip
was hybridized with a mixture comprising
custom-designed RNA probes directed
against epithelial (E) markers (CDH1,
EpCAM, KRT5, KRT7, KRT8, KRT18,
and KRT19) and mesenchymal (M)
markers (FN1, CDH2, and SERPINE1).
The captured cells were then classified
into five categories: purely E, intermediate
(E>M,E=M, and M > E), or purely M. The
RNA-ISH detection allowed customized
probes to be used against multiple genes,
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enabling dual staining and the precise
spectral analysis of the EM states of the
CTCs. Using a threshold of five CTCs in
3 ml of blood, 17 of 41 breast cancers
patients were considered positive, sug-
gesting that this method may not detect
CTCs in all metastatic patients. All 17
patients showed evidence of phenotypic
changes in the CTCs. Interestingly, a large
fraction of the CTCs were either double
E/M- or M-positive, particularly among
the HER2-positive and triple negative
subtypes. Analysis of a breast cancer
tissue microarray revealed that all ductal
carcinoma in situ showed an E pheno-
type, as expected, whereas invasive
carcinomas often contained cells with
dual phenotype (3.3% in estrogen/
progesterone [ER/PR]-positive, 2.7% in
HER2-positive, and ~12.1% in triple
negative [TN] tumors). These data are
consistent with a tissue microarray study
of 479 samples that found that TN breast
cancers were particularly enriched in
carcinoma cells expressing a number of
mesenchymal markers, but it also showed
sporadic expression of some of these
mesenchymal markers in ER/PR-positive
tumors (Sarrio et al., 2008). Most interest-
ingly, the longitudinal study of ten patients
showed that, after targeted therapy,
CTCs from responding patients were
fewer in numbers and had a more epithe-
lial phenotype. Conversely, CTCs from
refractory patients were more numerous
and retained or acquired an M phenotype.
CTCs with a pronounced M phenotype
were also found in clusters. The question
then arises as to how these cells should
have formed aggregates, as it would be
expected that cells with a mesenchymal
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Figure 1. Hypothetical Schematic to Describe the Origin and Subsequent Fate of CTCs

Cells with different epithelial/mesenchymal (EM) phenotypes can exit the primary tumor. Epithelial (E) cells
exit either through an epithelial-to-mesenchymal transition (EMT) or by other mechanisms that allow
cells to be released as single cells or clusters. Microemboli can arise from EM phenotypes or from E cells.
Subsequent EM phenotypes can be acquired through binding to platelets. At secondary sites, solitary
cells or clusters may acquire dormancy before resuming growth through an MET (mesenchymal-to-
epithelial transition) process. The metastatic tumor may express a similar proportion of EM phenotypes

than the primary tumor.

phenotype should remain solitary (Fig-
ure 1). CTCs in blood can form microem-
boli, the presence of which indicates
a worsened prognosis, but mechanisms
driving microembolism formation remain
unclear. Microemboli could result from
the detachment of a cohesive group of
cancer cells from the primary tumor, or
they may be engulfed by invading neo-
vessels. Microemboli could also form
from isolated CTCs that undergo prolifer-
ation in a confined environment within the
capillary bed. Several intercellular adhe-
sion molecules, including N-cadherin,
type Il cadherins, or CAM-Ig family
members, could be involved in cluster

formation, even in E-cadherin-negative
CTCs, thus promoting survival in the
blood flow. Platelets also interact with
CTCs and promote CTC aggregation to
ensure immune escape. The present
study provides evidence that CTC clus-
ters are associated with platelets, which
ensures cohesion and simultaneously
induces a partial EMT phenotype through
TGF-B secretion and documents the EMT
phenotype by single-molecule RNA
sequencing. An elegant study performed
by Labelle et al. (2011) showed that
platelet-secreted TGF-B and the direct
interaction between platelets and cancer
cells can induce an EMT phenotype

through Smad and NF-kB pathways,
respectively.

The study by Yu et al. (2013) prompts
further investigations to better define the
EMT spectrum of CTCs and ascertain
their clinical relevance. Not all CTCs and
DTCs have a prognostic value (Pantel
et al., 2009). It will, therefore, be critical
to assess their clonogenic potential in
secondary sites and determine if the
EMT intermediate phenotype is, in fact,
most appropriate for the subsequent
clonal expansion of CTCs following
extravasation due to their ability to reac-
quire an epithelial-like phenotype (Thiery,
2002).
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The tumor-associated isocitrate dehydrogenase (IDH) mutants are unique in that they have lost their normal
catalytic activity and gained a novel function to produce R-2-hydroxyglutarate (R-2-HG). A recent study
now shows that R-2-HG can reversibly promote leukemogenesis in vitro, suggesting a therapeutic potential

of targeting mutant IDH1 and IDH2.

Mutations in metabolic enzymes (isoci-
trate dehydrogenase 1 and 2 [IDH1/2],
fumarate hydratase [FH], and succinate
dehydrogenase [SDH]) have been found
in human cancer (Oermann et al., 2012).
IDH1 and IDH2 are the most frequently
mutated metabolic genes identified in
human cancers, commonly observed in
secondary glioblastomas, cytogenetically
normal acute myeloid leukemias (AML),
cartilaginous tumors, and intrahepatic
cholangiocarcinomas. The IDH enzymes
normally catalyze the oxidative decarbox-
ylation of isocitrate to produce a-ketoglu-
tarate («-KG) and NADPH. A remarkable
feature shared by cancer-associated
IDH mutations is the loss of IDH’s normal
catalytic activity to produce o-KG and the
gain of a neomorphic function to produce
the R-enantiomer of 2-hydroxylglutarate
(R-2-HG) (Dang et al., 2009). IDH1/2
mutant tumor cells are thus expected to
have a reduced «-KG level and an in-
creased R-2-HG level, which, under
normal physiological conditions, is pre-
sent at extremely low concentrations, if
any, but can accumulate to high levels
(millimolars) in tumors. A key issue
in studying IDH1/2 mutation-induced
tumorigenesis is the pathophysiological
function of R-2-HG.

2-HG is structurally similar to a-KG with
the exception of the oxidation state on the
carbon C-2 position, whereby a hydroxyl
group in 2-HG replaces a ketone group
in a-KG. This structural similarity suggests
the possibility that 2-HG may act as a
competitive inhibitor of a-KG by antago-
nizing the function of «-KG-dependent
enzymes such as the «-KG-dependent

dioxygenases (Loenarz and Schofield,
2008). These enzymes are involved in
a wide range of cellular regulations from
demethylation of DNA and histone
to protein hydroxylation, including the
hydroxylation and degradation of hypoxia
inducible factor 1o (HIF-1a). Indeed,
recent studies show that 2-HG can inhibit
the activity of multiple a-KG-dependent
dioxygenases (Chowdhury et al., 2011;
Xu et al., 2011), among them, the JmjC
domain-containing histone demethylases
(KDMs) and the ten-eleven translocation
(TET) family of DNA hydroxylases, which
is atumor suppressor and critically impor-
tant for the demethylation of 5-methylcy-
tosine (5mC) in DNA. 2-HG binds to the
a-KG binding pocket in dioxygenases,
thereby acting as a competitive inhibitor
of a-KG (Xu et al., 2011). The inhibition
of TET enzymes by 2-HG is particularly
noteworthy because TET2 is also fre-
quently mutated in AML, in which IDH1/2
mutations are common. Moreover, muta-
tions of IDH1/2 and TETZ2 genes are mutu-
ally exclusive in AML (Figueroa et al.,
2010), indicating that they may act in the
same pathway. Furthermore, AML with
either IDH1/2 or TET2 mutations display
similar genomic DNA methylation and
gene expression profiles, indicating that
TET2 is a pathologically relevant target
of 2-HG. Therefore, altered epigenetic
modification is currently considered a
major mechanism underlying the tumori-
genesis associated with IDH1/2 muta-
tions (Oermann et al., 2012) (Figure 1).
Despite correlative evidence for the
role of 2-HG in mediating the oncogenic
effects of IDH1/2 mutations, 2-HG has
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not been formally proven to induce onco-
genic transformation. Losman et al. (2013)
now provide compelling evidence that
2-HG is indeed an oncometabolite
capable of stimulating proliferation and
suppressing differentiation, two proper-
ties obligatory for tumorigenesis in a
cell culture leukemia model. The TF-1
human erythroleukemia cell line requires
the cytokine granulocyte-macrophage
colony-stimulating factor (GM-CSF) for
proliferation and erythropoietin (EPO) for
differentiation. Using this cell line model,
the authors found that expression of the
cancer-associated IDH1 R132H mutant,
but not wild-type IDH1, promoted TF-1
cell proliferation even in the absence of
GM-CSF and inhibited differentiation in
response to EPO. Moreover, expression
of an IDH1 R132H mutant unable to
produce R-2-HG did not induce transfor-
mation of TF-1 cells. These data suggest
that R-2-HG functions as an oncometa-
bolite by promoting cytokine-indepen-
dent growth and blocking EPO-induced
differentiation.

Direct evidence for an oncogenic func-
tion of R-2-HG was obtained by treating
TF-1 cells with a cell permeable R-2-HG
analog (Losman et al., 2013). TF-1 cells
passaged in the presence of the cell
permeable R-2-HG gained cytokine-
independent growth and no longer differ-
entiated in response to EPO, phenotypes
similar to those caused by the mutant
IDH1 R132H expression. These observa-
tions show that R-2-HG is the key factor
that mediates the oncogenic function of
mutant IDH1 in TF-1 cells. It took those
cells several passages to acquire both
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Figure 1. A Proposed Model for R-2-HG in Tumorigenesis
R-2-HG produced by the mutant IDH1/2 promotes tumorigenesis by inhibiting 5mC hydroxylase (TET2) and lysine demethylases (KDM), leading to the deme-
thylation of DNA and histone, respectively. The epigenetic alterations associated with IDH1/2 mutations result in changes of gene expression and tumorigenesis.
These processes can be recapitulated by R-2-HG, demonstrating R-2-HG as a true oncometabolite. R-2-HG does not inhibit, but rather stimulates EgIN1, which
promotes HIF-1a degradation by hydroxylation. HIF-1a might suppress leukemogenesis, but this may not apply to other cancer types with IDH1/2 mutations.

the cytokine independence and inability
to differentiate, an observation consistent
with epigenetic alterations caused by
R-2-HG, which presumably alters both
DNA and histone methylation. Interest-
ingly, the oncogenic effects of R-2-HG
on TF-1 cells are reversible. If IDH1/2-
mutated tumors were similarly dependent
on the continuous presence of R-2-HG,
inhibition of mutant IDH1/2 could be an
effective therapeutic treatment for these
cancers.

To uncover which a-KG-dependent
dioxygenase serves as the key target of
R-2-HG in transformation, Losman et al.
(2013) performed a small hairpin RNA
knockdown screen of dioxygenase family
members. Their data point to TET2 was
likely a key a-KG-dependent dioxygenase
responsible for the oncogenic function of
R-2-HG among those tested.

There are two enantiomers of 2-HG:
R-2-HG and S-2-HG. Only R-2-HG is
produced by mutant IDH1/2. Both enan-
tiomers inhibit many o-KG-dependent
dioxygenases, with R-2-HG being signifi-
cantly less potent than S-2-HG (Chowd-
hury et al., 2011; Xu et al., 2011; Koivunen

et al., 2012). Surprisingly, Losman et al.
(2013) found that R-2-HG, but not S-2-
HG, promoted leukemic transformation
in a dose- and passage-dependent
manner. How then could S-2-HG, being
a more potent inhibitor of TET2, be
ineffective in promoting oncogenic trans-
formation? Koivunen et al. (2012) had
previously reported that S-2-HG inhibits
EgIN1, a member of the a-KG-dependent
dioxygenases responsible for HIF-1a
hydroxylation and degradation, whereas
R-2-HG actually promotes EgIN1 activity.
The authors showed that inhibition of
EgIN1 by S-2-HG might suppress its
ability to promote cytokine-independent
growth and inhibit EPO-induced differen-
tiation. This conclusion is surprising given
the fact that HIF-1a is normally associated
with tumor promotion rather than inhibi-
tion. The data by Losman et al. (2013)
imply that inhibition of EgIN1, and hence
accumulation of HIF-1a, may be incom-
patible for leukemogeneis caused by
TET2 inhibition by R-2-HG (Figure 1).
The function of R-2-HG in blocking
differentiation is consistent with a previous
report that supports the role of mutant
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IDH1 in suppressing hematopoietic differ-
entiation (Figueroa et al., 2010). Besides
altered DNA methylation, increased his-
tone methylation has also been associ-
ated with the expression of cancer-asso-
ciated mutant IDH1. Therefore, inhibition
of the JmjC family of histone demethy-
lases likely also contributes to tumorigen-
esis. A unified model for tumorigenesis
caused by mutation in metabolic enzymes
is that inhibition of «-KG-dependent
dioxygenases leads to epigenetic alter-
ations in both DNA and histone, therefore
altering gene expression and oncogenic
transformation (Figure 1). Consistent
with this model, both KDM and TET
enzymes are inhibited by succinate and
fumarate, two metabolites that are
structurally similar to a-KG and are accu-
mulated in cells expressing cancer-asso-
ciated mutant SDH and FH, respectively
(Xiao et al., 2012). Further support for
the epigenetic model comes from amouse
IDH1 R132H knockin study that reveals an
increase of both DNA methylation and
histone methylation (Sasaki et al., 2012).
More studies are needed to demonstrate
the functional significance of epigenetic
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modification and expression of specific
genes that are affected by cancer-associ-
ated metabolic enzyme mutations and the
genetic interaction of R-2-HG with other
oncogenes and tumor suppressor genes.
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Tumor-associated macrophages (TAMs) promote key processes in tumor progression, like angiogenesis,
immunosuppression, invasion, and metastasis. Increasing studies have also shown that TAMs can either
enhance or antagonize the antitumor efficacy of cytotoxic chemotherapy, cancer-cell targeting antibodies,
and immunotherapeutic agents—depending on the type of treatment and tumor model. TAMs also drive
reparative mechanisms in tumors after radiotherapy or treatment with vascular-targeting agents. Here, we
discuss the biological significance and clinical implications of these findings, with an emphasis on novel
approaches that effectively target TAMs to increase the efficacy of such therapies.

Introduction

Macrophages phagocytose microbes and present antigens to
T cells, therefore constituting a first line of defense against
invading pathogens. They also regulate tissue growth, homeo-
stasis, repair, and remodeling via their expression of numerous
cytokines, chemokines, growth factors, proteolytic enzymes,
and scavenger receptors (Gordon and Martinez, 2010; Murray
and Wynn, 2011). As such, macrophages play a central role in
developmental processes, such as tissue morphogenesis and
vascular and neuronal patterning, but also in pathophysiological
responses, like inflammation and organ healing/regeneration
(Mantovani et al., 2013; Nucera et al., 2011; Pollard, 2009).

In selected organs of the adult mouse, the origin of tissue
macrophages can be traced back to fetal macrophages that
appear before the onset of definitive hematopoiesis (Schulz
et al.,, 2012). In inflamed and remodeling tissues, elevated
macrophage turnover is sustained largely from hematopoietic
progenitor cells (HPCs), which proliferate and differentiate into
promonocytes in the bone marrow (BM) before they are shed
into the circulation as monocytes. These then undergo final
differentiation into macrophages as they extravasate in the
target tissues (Shi and Pamer, 2011). During inflammation and
tumor growth, BM-derived HPCs may also accumulate at extra-
medullary sites, such as the spleen, which can become an
important site of monocyte production (Cortez-Retamozo
etal., 2012).

Once resident in tissues, macrophages acquire a distinct,
tissue-specific phenotype in response to signals present within
individual microenvironments. The exact combination of such
tissue-specific cues dictates both the differentiation and activa-
tion status of these cells. Two extreme forms of the latter are
generally referred to as “classical” (or M1) and “alternative” (or
M2) activation, which parallel Th1/Th2 programming of adaptive
immune cells (Biswas and Mantovani, 2010; Mantovani et al.,
2002). During acute inflammation, macrophages are M1-acti-
vated by toll-like receptor (TLR) agonists and Th1 cytokines
(e.g., interferon [IFN]-y). This enhances their ability to kill and
phagocytose pathogens, upregulate proinflammatory cytokines
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(e.g., interleukin [IL]-1B, IL-12, and tumor necrosis factor-a
[TNF-a]) and reactive molecular species, and present antigens
via major histocompatibility complex (MHC) class Il molecules
(Biswas and Mantovani, 2010; Mantovani et al., 2002). Alterna-
tively, Th2 cytokines, like IL-4 and 13, stimulate monocytes/
macrophages to express an M2 activation state. This is charac-
terized by higher production of the anti-inflammatory cytokine,
IL-10; lower expression of proinflammatory cytokines; amplifica-
tion of metabolic pathways that can suppress adaptive immune
responses; and the upregulation of cell-surface scavenger
receptors, such as mannose receptor (MRC1/CD206) and
hemoglobin/aptoglobin scavenger receptor (CD163). As such,
M2 macrophage activation may facilitate the resolution of inflam-
mation and promote tissue repair (including angiogenesis) after
the acute inflammatory phase (Biswas and Mantovani, 2010;
Gordon and Martinez, 2010). In healthy tissues, macrophages
often express a mixed M1/M2 phenotype; hence “M1” and
“M2” polarization should be regarded as extreme ends of
a continuum of activation states, with their exact point on the
scale depending on the precise mix of local signals present in
a given microenvironment (Biswas and Mantovani, 2010; Law-
rence and Natoli, 2011; Sica and Mantovani, 2012).

Tumor-Associated Macrophages

Macrophages are a major cellular component of murine and
human tumors, where they are commonly termed tumor-associ-
ated macrophages (TAMs). In this article, we specifically review
the role of these cells and their monocyte precursors in tumor
responses to anticancer therapies. Other tumor-infiltrating
myeloid cells not discussed here include neutrophils, eosino-
phils, and activated dendritic cells (DCs) (de Visser et al.,
2006). Tumors also recruit a variety of immature myeloid cells,
often referred to as myeloid-derived suppressor cells (MDSCs),
which comprise precursors of both the monocyte-DC (mononu-
clear) and neutrophil (granulocytic) lineages and are commonly
identified by their expression of Gr1 (Ly6C/G) and immunosup-
pressive activity. Mononuclear MDSCs can further mature
into TAMs (Coffelt et al., 2010; Gabrilovich et al., 2012). Finally,
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there is also evidence for hematopoietic and myeloid progenitor
cells homing to tumors and modulating tumor progression
(Shaked and Voest, 2009).

Various mouse studies have shown that monocytes are re-
cruited into tumors in large numbers by chemokines secreted
by both malignant and stromal cells. These include chemokine
(C-C motif) ligand 2 (CCL2, or MCP1), colony-stimulating
factor-1 (CSF1), and chemokine (C-X-C motif) ligand 12
(CXCL12, or SDF1) (Murdoch et al., 2008). Upon monocyte
differentiation into TAMs, these cells act as a source of local
and systemic cues to support the proliferation, survival, and
motility of the cancer cells; tumor vascularization (angiogenesis);
suppression of antitumor immunity; and intravasation of cancer
cells at the primary tumor site and extravasation/growth at
distant metastatic sites (Bingle et al., 2006; De Palma et al.,
2003; DeNardo et al.,, 2009; Lewis and Pollard, 2006; Lin
et al., 2001; Qian et al., 2011; Qian and Pollard, 2010; Ruffell
et al., 2012a; Squadrito and De Palma, 2011; Wyckoff et al.,
2004). This impressive array of tumor-promoting functions is
consistent with clinical studies showing high macrophage
density in many human cancer types to be associated with
increased tumor angiogenesis and metastasis, and/or a poor
prognosis (Bingle et al., 2002; Clear et al., 2010; Heusinkveld
and van der Burg, 2011; Leek et al., 1996). Furthermore, enrich-
ment of a macrophage-related gene signature correlates with
reduced survival in some types of human cancer (Engler et al.,
2012; Steidl et al., 2010).

A decade ago, it was proposed that TAMs are predominantly
polarized in the tumor microenvironment toward an M2-like
phenotype and that this underlies their ability to promote the
growth and vascularization of tumors (Mantovani et al., 2002).
This is also supported by clinical studies showing the predictive
value of M2-macrophage associated markers, like CD163
(Heusinkveld and van der Burg, 2011). Flow cytometry and
gene expression profiling of mouse and human TAMs has
shown that distinct macrophage subpopulations with a variably
skewed M2-like phenotype coexist in tumors and that their
relative abundance varies with the tumor type (Movahedi et al.,
2010; Pucci et al., 2009; Ruffell et al., 2012b). Such complexity
likely indicates diverse TAM programming in different micro-
environments within individual tumors (Lewis and Pollard,
2006; Qian and Pollard, 2010; Ruffell et al., 2012a; Squadrito
and De Palma, 2011). For example, M2-like TAMs reside in
both perivascular and hypoxic regions of different mouse and
human tumors (Mazzieri et al., 2011; Movahedi et al., 2010; Pucci
et al,, 2009). A population of vessel-associated TAMs—also
referred to as TIE2-expressing monocytes/macrophages
(TEMs)—is required for tumor angiogenesis (De Palma et al.,
2005) and displays a profoundly M2-skewed phenotype charac-
terized by enhanced expression of scavenger receptors (e.g.,
MRC1 and CD163) and relatively low levels of MHCII molecules
and proinflammatory cytokines (Pucci et al., 2009; Squadrito
et al., 2012). Interestingly, vascular endothelial cells (ECs) may
induce HPCs to directly differentiate into TIE2*MRC1* macro-
phages in the perivascular microenvironment, a process that
appears to depend on EC-derived CSF1 (He et al., 2012). Also
attesting to the complexity of TAM subtypes, recent studies
have shown that both the origin and phenotype of TAMs may
differ in primary versus metastatic tumors (Qian et al., 2011).
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TAMs with a relatively M1-skewed phenotype may be found in
incipient or regressing tumors as well as necrotic areas of pro-
gressing tumors (Prada et al., 2013; Wang et al., 2011). Gene
expression profiing of M1- and M2-like TAMs, however,
suggests that such TAM “subtypes” express both canonical
M1 and M2 markers, albeit at significantly different levels (Mova-
hedi et al., 2010; Pucci et al., 2009; Squadrito et al., 2012).

Macrophage Involvement in Tumor Responses to
Therapy
As will be seen below, TAMs not only enhance tumor growth and
progression, but also modulate the efficacy of various forms of
anticancer therapy. In some circumstances, they also facilitate
tumor regrowth, revascularization, and spread after the treat-
ment.
Chemotherapy
A complex picture has emerged over the past 30 years of the role
of TAMs in modulating the antitumor efficacy of chemothera-
peutic agents (Figure 1). Early studies showed that the antitumor
efficacy of doxorubicin (DOX; an anthracycline formerly known
as adriamycin) is reduced when mice bearing immunogenic
leukemia or lymphoma transplants were given macrophage
toxins (Mantovaniet al., 1979; Figure 1A). Furthermore, the in vivo
administration of DOX enhanced the tumoricidal activity of
macrophages ex vivo. Interestingly, macrophages did not
enhance the efficacy of DOX against poorly immunogenic
lymphomas, suggesting that tumor immunogenicity may influ-
ence the ability of macrophages to modulate the antitumor
activity of DOX. In contrast, macrophage depletion failed to limit
the antitumor activity of another anthracycline, daunorubicin
(formerly daunomycin) (Mantovani et al., 1979), possibly because
the latter is per se toxic toward macrophages in vivo (Mantovani,
1977). Together, these early reports suggested that some cyto-
toxic agents are able to foster the antitumor activities of TAMs,
at least in leukemia and/or immunogenic (transplant) tumor
models. In this regard, innate immune cells, like macrophages
and DCs, are known to mediate “immunogenic cell death”
(ICD), a process that encompasses chemotherapy-induced
cancer cell death and release of “eat-me” signals (e.g., ATP
and high-mobility group B1 [HMGB1]); activation of mononuclear
phagocytes and enhancement of their antigen-presenting
capacity; and promotion of T cell responses against immuno-
genic tumors. Of note, only a few chemotherapeutics are known
to induce ICD, one of which is DOX (Kroemer et al., 2012).
TAMs can also contribute in other ways to the modulation of
tumor responses to chemotherapy. Figure 1 shows that this
can vary markedly between different cytotoxic agents and
tumor models. For example, the antitumor activity of the taxane
docetaxel involves the depletion of immunosuppressive (M2-
like) TAMs and the concomitant activation or expansion of anti-
tumoral (M1-like) monocytes/MDSCs in 4T1-Neu mammary
tumor implants. Indeed, in vitro T cell assays showed that
docetaxel-treated monocytes/MDSCs are able to enhance
tumor-specific, cytotoxic T cell responses (Kodumudi et al.,
2010). Trabectedin, a DNA-damaging agent approved for soft
tissue sarcomas, inhibited the growth of mouse fibrosarcomas
primarily by depleting mononuclear phagocytes, including
monocytes and TAMs (Germano et al., 2013). Mechanistically,
it activates caspase 8 and induces apoptosis specifically in
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Figure 1. TAMs Enhance or Limit the Efficacy of
Chemotherapy Depending on the Cytotoxic Agent
Applied and/or Mouse Tumor Model Used

(A) Chemosensitivity is increased when cytotoxic agents, either
directly or indirectly, increase the cytotoxicity of TAMs or
deplete monocytes, TAMs, or M2-like TAMs. The latter cells can
also be reprogrammed by agents like HRG, which in turn
enhances chemotherapy delivery. DOX enhances the cytotox-
icity of macrophages/TAMs, a process possibly involving ICD
(top); DOC promotes the expansion of cytotoxic M1-like
MDSCs/TAMs, which enhance antitumor T cell responses
(right); TRAB depletes protumoral monocytes/TAMs via cas-
pase-8 activation (bottom); HRG downregulates PIGF in TAMs,
reprogramming them toward an Mf1-like phenotype, and
enhances DOX delivery (left).

(B) Chemoresistance is increased when cytotoxic agents, either
directly or indirectly, increase protumoral (M2-like) TAM
numbers. The latter cells may also limit chemotherapy delivery
by affecting vascular leakage. DOX enhances tumor infiltration
by MMP9-expressing monocytes via upregulation of CCL2 (top);
PTX enhances tumor infiltration by macrophages via upregula-
tion of CSF1 (right); PTX, GEM, and 5FU enhance tumor infil-
tration by cathepsin-B/S-expressing monocytes/macrophages,
which activate chemoprotective T cells through IL-18 and 17
(bottom); VEGF-expressing TAMs augment vascular leakiness
and limit CTX delivery (left).

Abbreviations: DOC, docetaxel; TRAB, trabectedin; CTX,
cyclophosphamide; GEM, gemcitabine; 5-FU, 5-fluorouracil;
IL-1b, interleukin-1B; IL-17, interleukin-17.
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monocytes/macrophages via TRAIL-R2, a death receptor not
expressed by other leukocytes. Interestingly, trabectedin also
depleted circulating monocytes and TAMs in patients with
soft-tissue sarcomas. These findings support the notion that
the antitumor activity of some cytotoxic agents may depend, at
least in part, on their ability to reprogram or deplete protumoral
mononuclear phagocytes (Kodumudi et al., 2010; Germano
et al., 2013). It remains to be seen whether the mode of action
of trabectedin also entails the promotion of adaptive antitumor
immune responses, unleashed through the depletion of immuno-
suppressive TAMs (Figure 1A).

There is also compelling evidence for TAMs limiting the effi-
cacy of chemotherapy (Figure 1B). For example, TAM depletion
by anti-CSF1 antibodies enhanced the efficacy of combination
chemotherapy (cyclophosphamide, methotrexate, and 5-fluoro-
uracil) in chemoresistant, human breast cancer xenografts
grown in immunodeficient mice (Paulus et al., 2006). Similarly,
TAM depletion enhanced the efficacy of paclitaxel (PTX, a tax-
ane) in immunocompetent, MMTV-PyMT mouse mammary
tumors (DeNardo et al., 2011). At variance with some other cyto-
toxic drugs (e.g., trabectedin), PTX did not affect tumor growth
by depleting TAMs. Rather, it augmented their recruitment to
the tumors by upregulating tumor-derived CSF1. Consistent
with the known immunosuppressive functions of TAMs, the
increased TAM numbers in PTX-treated tumors limited tumor
infiltration by CD8" cytotoxic T cells and possibly reduced their
tumoricidal activity. These important findings suggest that
TAMs may limit the therapeutic activity of PTX in breast cancer,
at least in part, by suppressing specific antitumor immune
responses (DeNardo et al., 2011).

TAMs may also release “chemoprotective” factors. Shree
et al. (2011) reported increased TAM numbers in PTX-treated
MMTV-PyMT tumors and showed that TAM secretion of the
lysosomal enzymes, cathepsins B and S, protected cancer cells
from PTX-induced cell death and so limited the efficacy of this
agent (Shree et al.,, 2011). Indeed, a pan-cathepsin inhibitor
improved the response of MMTV-PyMT tumors to PTX. Interest-
ingly, coculture experiments showed that such macrophage-
derived cathepsins protect cancer cells from the direct cytotoxic
effects of several chemotherapeutics, including DOX and etopo-
side (Shree et al., 2011). In this regard, a recent study showed
that two broadly used chemotherapeutics, gemcitabine and
5-fluorouracil, induce monocytes/MDSCs to release cathepsin
B from lysosomes (Bruchard et al., 2013). This activates the
inflammasome and enhances monocyte/MDSC secretion of
IL-1B. In turn, IL-1B prompted secretion of IL-17 by CD4*
T cells, which then blunted the anticancer effects of chemo-
therapy (Figure 1B). These data provide a molecular mechanism
linking myeloid cell-derived cathepsins to chemoprotection.

While DOX may stimulate macrophage cytotoxicity toward
immunogenic leukemias (Mantovani et al., 1979), its effects on
TAMs appear to vary with the tumor type. In the transgenic
MMTV-PyMT mammary tumor model, DOX induction of necrotic
cell death led to increased tumor infiltration by CCL2 receptor
(CCR2)* monocytes/TAMs, a process that relied on upregulation
of CCL2 (Nakasone et al., 2012). Interestingly, the antitumor
activity of DOX was enhanced in Ccr2 knockout hosts, which
lack CCR2* monocytes. While the effect of DOX on the cytotoxic
activity of TAMs was not examined in this study, the authors
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showed that matrix-metalloproteinase (MMP)-9 produced by
recruited myeloid cells decreased blood vessel leakiness and
limited drug delivery to the tumors, suggesting that, at least in
MMTV-PyMT tumors, increased vascular permeability is associ-
ated with a better response to DOX (Nakasone et al., 2012). It
should be noted that, in other tumor models, downregulating
the expression of proangiogenic factors, like vascular endothe-
lial growth factor (VEGF) or placental growth factor (PIGF)
by TAMs “normalized” the tumor-associated vasculature, de-
creased vessel leakiness, and enhanced chemotherapy delivery
to tumors (Rolny et al., 2011; Stockmann et al., 2008; Figures 1A
and 1B). It remains to be seen whether the different effects of
DOX in leukemia versus the above mammary tumor model
(Nakasone et al., 2012) reflect differences in tumor immunoge-
nicity or more complex aspects of the tumor microenvironment.

Taken together, the above studies show that different chemo-
therapeutic agents may induce distinct responses in monocytes/
macrophages, which can either enhance or antagonize the
activity of the anticancer drug, possibly in a tumor-type depen-
dent fashion. Tumor immunogenicity along with the intrinsic
sensitivity of TAMs to the drug and their activation state (M1
versus M2-like) may be important determinants of such TAM-
mediated responses. Furthermore, cytotoxic drugs often target
multiple cell types in tumors, so tumor-type specific stromal
cell signatures (Coussens et al., 2013) could influence the ability
of TAMs to respond to and modulate the activity of a given
chemotherapeutic. Indeed, cytotoxic drugs could have both
direct and indirect effects on TAM behavior. For example, tax-
anes profoundly alter macrophage gene expression in vitro
(Javeed et al., 2009) but also induce tumor damage and cancer
cell death, which may trigger a reparative, “wound healing”
response in TAMs (Mantovani et al., 2013). Further studies are
now warranted to distinguish between the role of TAMs in the
chemoprotection described above (DeNardo et al., 2011; Naka-
sone et al., 2012; Shree et al., 2011) and the reparative
responses that occur in tumors after therapy.

Finally, TAMs may enhance tumor chemoresistance by
providing survival signals to tumor-initiating/cancer stem cells
(CSCs). For example, TAMs were found to release milk fat
globule-epidermal growth factor 8 protein (MFG-E8) to help
protect lung and colon CSCs from cisplatin. This relied, at least
in part, on MFG-E8-induced activation of STAT3, which
enhanced CSC chemoresistance (Jinushi et al., 2011). More-
over, TAM depletion has been shown to improve antitumor
T cell responses and the efficacy of chemotherapy in a pancre-
atic cancer model, in part by decreasing the frequency, tumor-
initiating capacity, and STAT3 activation of CSCs (Mitchem
et al., 2013).

Tumor Irradiation

Tumor irradiation is widely used to treat many cancer types. Early
studies correlated high TAM numbers in mouse tumors with poor
tumor responses to irradiation (Milas et al., 1987). Recent data
suggest that radiation-induced DNA damage and activation of
the v-abl Abelson murine leukemia viral oncogene homolog 1
(ABL1) kinase promote Csf1 gene transcription and upregulation
of tumor CSF1, which in turn recruits CSF1R-expressing myeloid
cells (including TAMs) that enhance posttherapy tumor regrowth.
Indeed, a CSF1R inhibitor improved tumor response to radio-
therapy in a prostate cancer model (Xu et al., 2013; Figure 2).
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Antibody-mediated depletion of CD11b* myeloid cells in
human head and neck tumors grown in immunodeficient mice
also reduced tumor regrowth after therapy (Ahn et al., 2010). In
a model of orthotopic human glioblastoma, local irradiation
dramatically enhanced tumor infiltration by CD11b™ myeloid cells
(Kioi et al., 2010). Interestingly, a high proportion of these cells
were F4/80*TIE2* TEMs, and their recruitment was dependent
on the hypoxic induction of the chemoattractant, CXCL12, in
the irradiated tumors (Figure 2). Upregulation of CXCL12 and
increased TEM infiltration were also observed in lung and
mammary tumors grown subcutaneously following irradiation
(Kozin et al., 2010). In the latter study, TEMs congregated mainly
around the remaining blood vessels in treated tumors (Kozin
et al., 2010), suggesting that they may stimulate tumor recur-
rence by promoting EC survival and vascular regrowth through
their expression of prosurvival factors like insulin growth factor
1 (IGF1) and fibroblast growth factor 2 (FGF2) (De Palma et al.,
2005; Pucci et al., 2009). However, the location and, possibly,
the function of M2-like TAMs in irradiated tumors may vary with
tumor type. In irradiated orthotopic astrocytomas, arginase-1
(ARG1)* M2-like TAMs were found to accumulate mainly in avas-
cular, hypoxic areas rather than at perivascular sites (Chiang
et al,, 2012). This suggests that the reparative mechanisms em-
ployed by M2-like TAMs in postirradiated tumors may be regu-
lated by distinct microenvironmental signals in different tumor
types. It is also conceivable that the functions of M2-like TAMs
in irradiated tumors are similar to those of M2-like macrophages
driving tissue repair in healing organs, such as following acute
renal injury and myocardial infarction (Mantovani et al., 2013).
Vascular-Targeted Therapies
VEGF is a proangiogenic cytokine that also functions as a potent
monocyte chemoattractant (Barleon et al., 1996). It is, therefore,
possible that the antiangiogenic and antitumor effects of
VEGF blockade could result, at least in part, from impaired

\
(@

Figure 2. TAMs Promote Tumor Regrowth
Following Tumor Irradiation,
Antiangiogenic Drugs and VDAs

These anticancer therapies cause tumor necrosis,
vascular damage, and hypoxia, which together
or separately induce the upregulation of several
myeloid cell/monocyte chemoattractants, in-
cluding CXCL12, CSF1, CSF3, VEGF, and ANG2,
in the tumor microenvironment. De novo recruit-
ment of myeloid cells drives tumor regrowth via
their effects on the tumor blood vessels (mediated,
e.g., by MMP9, Bv8, and IGF1) and, possibly, the
cancer cells.

Abbreviations: CSF3, granulocyte-colony stimu-
lating factor; Bv8, prokineticin.
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monocyte/TAM recruitment. However,
this seems increasingly unlikely, as it is
now established that therapeutic inter-
ception of VEGF is counteracted by the
compensatory induction of other proan-
giogenic factors, some of which are
involved in monocyte/myeloid cell che-
moattraction (Bergers and Hanahan,
2008; Ferrara, 2010).

Tumor hypoxia and necrosis dramatically increase after the
selective destruction of tumor blood vessels by high-dose anti-
angiogenic drugs or vascular-disrupting agents (VDAs) (Bergers
and Hanahan, 2008). When tumors are treated with VDAs, like
combretastatin-A4-phosphate (CA-4-P), the selective disruption
of the tumor-associated vasculature results in vessel collapse,
reduced blood flow, induction of tumor hypoxia, and secondary
tumor cell death. As in irradiated tumors, VDA-induced hypoxia
was associated with elevated levels of CXCL12 and increased
TEM infiltration in mammary tumor models (Welford et al.,
2011; Figure 2). Blocking this CA-4-P-induced TEM recruitment,
either using the CXCR4 antagonist, plerixafor (AMD3100), or
by genetic TEM depletion, markedly increased the efficacy of
CA-4-P treatment in subcutaneous N202 (Neu*) mammary carci-
nomas (Welford et al., 2011).

Blocking the proangiogenic factor angiopoietin-2 (ANG2) also
leads to angiogenesis inhibition and increased tumor hypoxia
(Daly et al., 2013; Mazzieri et al., 2011). As seen in CA-4-P-
treated tumors (Welford et al., 2011), the latter events were asso-
ciated with an enhanced recruitment of MRC1* TEMs, which
may have limited the efficacy of ANG2 blockade (Mazzieri
et al., 2011). Sorafenib, which targets several receptor tyrosine
kinases (including VEGF receptor 2 [VEGFR2] and platelet-
derived growth factor receptor [PDGFR]) and Raf kinases, was
also shown to increase CXCL12 levels and TAM infiltration in
hepatocellular carcinoma xenografts. Depletion of TAMs by
clodronate-loaded liposomes (clodrolip) augmented the inhibi-
tory effects of sorafenib on tumor angiogenesis, growth, and
metastasis in this tumor model (Zhang et al., 2010). Moreover,
TAM depletion by clodrolip (Zeisberger et al., 2006) or a
CSF1R inhibitor (Priceman et al., 2010) increased the antiangio-
genic and antitumor effects of VEGF/VEGFR2 antibodies in
subcutaneous tumor models. Together, these data support the
rationale for combining antiangiogenic drugs with macrophage
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Binding of therapeutic antibodies to monocytes/macrophages may enhance their tumoricidal activity.

(A) Binding of therapeutic (cancer-cell targeted) moAbs (e.g., anti-HER2) to monocytes/TAMs via Fc-receptors (FcRs) induces FcR-mediated activation of
macrophage cytotoxicity/phagocytosis (ADCC/ADCP) and priming of adaptive antitumor immunity (e.g., CD8" T cells).

(B) Binding of immunotherapeutic moAbs (e.g., anti-CD40) to monocytes/TAMs triggers their activation to a cytotoxic (M1-like) phenotype.

targeting strategies to increase the efficacy of the former, partic-
ularly in tumors that are refractory or develop resistance to anti-
VEGF therapy.

Targeted Therapies by Monoclonal Antibodies

Although a role for TAMs in modulating the efficacy of oncogene-
targeted, small molecule inhibitors has yet to be elucidated,
there is now increasing evidence for TAMs contributing to the
cytotoxicity of therapeutic monoclonal antibodies (moAbs).
TAMs express surface receptors that bind the Fc fragment of
antibodies and enable them to engage in Ab-dependent cellular
cytotoxicity/phagocytosis (ADCC/ADCP). Trastuzumab, a moAb
against the human epidermal growth factor receptor-2 (HER2),
not only interrupts HER2 signaling in breast cancer cells,
thereby slowing their proliferation rate, but also induces Fcy
receptor (FcyR)-mediated activation of macrophage cyto-
toxicity (Clynes et al., 2000) and priming of antigen-specific
CD8* T cell responses in MMTV-Neu tumors (Park et al., 2010)
(Figure 3A). In one study, TAM depletion limited the efficacy of
a moAb directed against tissue factor (CD142)-expressing
human breast carcinoma cells inoculated in mice (Grugan
et al., 2012). Macrophages also enhance lymphoma elimination
in mice in response to rituximab, a moAb against CD20, primarily
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through FcyR-dependent ADCP (Chao et al., 2010; Minard-Colin
et al., 2008). The significance of the aforementioned studies is
supported by clinical findings suggesting that certain FCGR
polymorphisms may bear predictive value for the clinical efficacy
of trastuzumab or rituximab therapy in breast cancer and
lymphoma, respectively (Mellor et al., 2013). Furthermore, high
TAM numbers correlate with a better prognosis in rituximab-
treated patients (Taskinen et al., 2007). Engineered recombinant
proteins that can enhance the interactions between FcyR-ex-
pressing immune cells and moAbs, like the recently described
“grababodies” (Cai et al., 2013), may thus have the potential to
increase ADCC/ADCP in tumors. It should be noted, however,
that engagement of macrophage-FcyRs by serum or therapeutic
antibodies (e.g., the anti-EGFR moAb cetuximab) was shown to
enhance the immunosuppressive, proangiogenic, and protu-
moral functions of TAMs both in experimental tumor models
and human cancer (Andreu et al., 2010; Pander et al., 2011).
Immunotherapies

As mentioned previously, TAMs can be potent immunosuppres-
sors that limit the cytotoxic activity of CD8" cytotoxic T cells in
progressing tumors (DeNardo et al., 2011). The analysis of
human breast cancer tissues showed that a high stromal TAM
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density correlates inversely with CD8" T cell numbers (DeNardo
et al., 2011). In a preclinical study, clodrolip-mediated depletion
of TAMs enhanced tumor infiltration by HPV16 E7-specific CD8*
T cells in a HPV16 E6/E7* mouse model of cervical cancer
(Lepique et al., 2009). TAM-mediated immunosuppression is
mediated, at least in part, by induction of T cell apoptosis and
nitrosylation of T cell receptors via macrophage products, like
ARG1, NOS2, and peroxynitrite (Gabrilovich et al., 2012).

It should be noted that the study by DeNardo et al. (2011)
analyzed the leukocyte composition of established tumors (De-
Nardo et al., 2011), in which immunosuppressive, M2-like
TAMs likely predominate over tumoricidal (M1-like) macro-
phages. It is possible that incipient tumors, which are likely to
be more immunogenic than established lesions, contain higher
proportions of M1-like TAMs, which could initiate and/or poten-
tiate adaptive immune responses (Prada et al., 2013; Wang et al.,
2011). In this regard, macrophages were shown to acutely engulf
myeloma cells inoculated subcutaneously in syngenic mice and
to activate myeloma-specific CD4* Thi cells, which then
enhanced the tumoricidal activity of macrophages through
IFN-v secretion (Corthay et al., 2005). In certain immunoprivi-
leged organs, such as the eye, macrophages promote the
effector functions of CD4" T cells, and their depletion enhances
rather than inhibits intraocular tumor growth (Dace et al., 2008).
Thus, the type of macrophage activation—which may correlate
with tumor stage (Prada et al., 2013; Wang et al., 2011)—may
dictate the magnitude of antitumoral T cell responses in mouse
models of cancer.

Based on the above, strategies to deplete TAMs or block
cancer-induced M2-like macrophage programming (see below)
may have the potential to enhance T cell-mediated antitumor
responses and improve the efficacy of immunotherapies (Cous-
sens et al., 2013; Hagemann et al., 2008; Jaiswal et al., 2010).
Intriguingly, increasing data suggest that the efficacy of some
forms of immunotherapy may also depend on effective reprog-
ramming of TAMs toward an M1-like phenotype. For example,
intravesical instillation of Mycobacterium bovis bacillus Calm-
ette-Guérin, which is used for the treatment of superficial
bladder cancer, reduces tumor recurrence by stimulating the
cytotoxic activity of macrophages. Macrophage-mediated killing
of bladder cancer cells relies on both direct effector-target cell
contacts and the release of soluble cytotoxic factors, such
as TNF-a, IFN-y, and NO, from the macrophages (Luo and
Knudson, 2010). An agonistic antibody to the TNF receptor
superfamily member, CD40, was recently reported to bind to
circulating monocytes, trigger their recruitment into mouse
pancreatic tumors, and activate their tumoricidal functions
(Figure 3B). These CDA40-activated, cytotoxic (M1-skewed)
TAMs were also found to enhance the efficacy of gemcitabine
in a small cohort of patients with surgically incurable pancreatic
cancer (Beatty et al., 2011). Finally, macrophages and DCs
express programmed cell death ligand-1 (PDL1, also known as
B7-H1), a major negative regulatory ligand that suppresses
T cell activation through its receptor-programmed cell death
protein 1. The promising therapeutic activity of anti-PDL1 moAbs
in patients with advanced cancer (Brahmer et al., 2012) will
no doubt prompt further studies of the possible inhibition of
PDL1 expression on TAMs to improve the efficacy of chemo-
or antiangiogenic therapies.

Concluding Remarks: Implications for Cancer
Treatment

In light of this growing body of evidence for TAMs modulating the
effects of various anticancer therapies, attempts are now being
made to either target key molecules that regulate their recruit-
ment into tumors or re-educate these cells toward a cytotoxic
M1-like phenotype. The efficacy of CSF1R inhibitors in blocking
the enhanced uptake of monocytes during PTX treatment in
preclinical studies (DeNardo et al., 2011) has prompted clinical
trials of their use in combination with either PTX or the antiproli-
ferative agent eribulin (http://www.clinicaltrials.gov). Various
preclinical studies have also highlighted ways to reprogram
TAMs from an M2 to an M1-like phenotype in tumors. These
include the use of histidine-rich glycoprotein (HRG), which
induces macrophage downregulation of PIGF, promotes the
normalization of blood vessels, and increases delivery and effi-
cacy of chemotherapy in mouse tumor models (Rolny et al.,
2011; Figure 1A). Other strategies to reprogram TAMs include
blockade of nuclear factor-kB signaling (Hagemann et al.,
2008) or their exposure to anti-IL-10R antibodies combined
with the TLR9 ligand CpG (Guiducci et al., 2005). The latter re-
sulted in hemorrhagic tumor necrosis, activation of DCs and
cytotoxic T cells, and clearance of tumor remnants.

However, there is still much to learn about the mechanisms
regulating TAM functions during chemotherapy, as well as other
forms of therapy discussed in this review. Importantly, a number
of key questions need to be addressed before approaches that
combine macrophage targeting (or reprogramming) and conven-
tional cancer therapies can be translated into more effective
treatments. Why do preclinical studies employing distinct
chemotherapeutic drugs and/or tumor models show different
and, at times, contradictory roles for TAMs in modulating tumor
responses to such agents? Why do TAMs apparently limit the
effects of chemotherapy in some tumor types but not others?
Are the distinct TAM subtypes present in individual tumors differ-
entially responsive to chemotherapy? If yes, what are the
specific features of the TAM subset(s) that either enhance or
promote the antitumor activity of cytotoxic agents? And what
are the signals in tumors that regulate these TAM responses?
Such information might help selectively target the TAMs that limit
chemotherapy while leaving antitumoral or tissue-resident
macrophages unaffected. Furthermore, most preclinical studies
to date have focused on primary, nonmetastatic tumors. So, are
we confident that TAMs in metastatic tumors (Qian et al., 2011)
behave in the same way during therapy as those in the primary
tumor site?

Mouse tumor models, including genetically engineered mouse
models (GEMMs), are being used extensively to study mecha-
nisms underlying tumor (and TAM) responses to anticancer ther-
apies. However, even sophisticated GEMMs of cancer cannot
simulate the endless variations in TAM abundance, distribution,
and phenotypes between and within different types and
subtypes of human cancer (Coussens et al., 2013; De Palma
and Hanahan, 2012). Nor do they necessarily model the ability
of such tissues to recruit monocytes during therapy. Future
work should therefore aim to define the identities and molecular
profiles of distinct TAM subtypes in human cancer biopsies
before, during, and after therapy. Specific TAM signatures could
then be used to stratify patients carrying defined genetic lesions
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in order to explore how such signatures correlate with the
response of individual patients to chemo-, radio-, or targeted
therapies, and/or the emergence of secondary resistance
(DeVita and Costa, 2010). If such studies demonstrate the
predictive value of specific TAM subtypes for individual tumor
responses, then their further characterization in mouse tumor
models could help develop more effective cancer therapies.
Undeniably, such clinical approaches should consider the
biological complexities on a tumor (sub)type and individual
patient basis and harness them to design effective personalized
therapies.
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SUMMARY

Cancer cells reprogram their metabolism using different strategies to meet energy and anabolic demands to
maintain growth and survival. Understanding the molecular and genetic determinants of these metabolic
programs is critical to successfully exploit them for therapy. Here, we report that the oncogenic melanocyte
lineage-specification transcription factor MITF drives PGC1a (PPARGC1A) overexpression in a subset of
human melanomas and derived cell lines. Functionally, PGC1« positive melanoma cells exhibit increased
mitochondrial energy metabolism and reactive oxygen species (ROS) detoxification capacities that enable
survival under oxidative stress conditions. Conversely, PGC1a negative melanoma cells are more glycolytic
and sensitive to ROS-inducing drugs. These results demonstrate that differences in PGC1a levels in mela-

noma tumors have a profound impact in their metabolism, biology, and drug sensitivity.

INTRODUCTION

Tumors reprogram their metabolism to meet increased energetic
and anabolic demands. A frequent metabolic adaptation that
cancer cells acquire is an increase in glucose uptake and aerobic
glycolysis together with decrease in oxidative metabolism. It is
clear, however, that there is not one single tumor-specific meta-
bolic state, and tumors can utilize a variety of different metabolic
strategies that have only now begun to be elucidated. For
example, tumor cells are able to generate ATP through mito-
chondrial oxidation of fatty acids and amino acids, such as gluta-
mine when glucose becomes limiting (Zaugg et al., 2011; Choo
et al., 2010; Gao et al., 2009; Wise et al., 2008).

An increase in reactive oxygen species (ROS), due to an
enhanced and unbalanced metabolic activity (Hanahan and
Weinberg, 2011) is a common stressor to which tumors must
adapt. This increased generation of ROS can play a dual role in
the cancer phenotype. On one hand, it can play a tumorigenic
role by stimulating cell proliferation and promoting genomic
instability (Weinberg and Chandel, 2009). On the other hand,
above a certain threshold, ROS can be toxic and induce cellular
damage, leading to cell death (Trachootham et al., 2009; Diehn
et al., 2009). Cancer cells develop adaptive responses against
oxidative stress, often by upregulating their antioxidant-scav-
enging capacity. One clear example is the constitutive activation
of the Keap1-Nrf2 pathway in squamous cell carcinomas, either
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by activating mutations in Nrf2 or through inactivating mutations
in KEAP1 (an Nrf2 cytoplasmic repressor) (Padmanabhan et al.,
2006; Singh et al., 2006; Shibata et al., 2008; Ohta et al., 2008).
Whereas some of these components of the oxidative stress
response have been identified in cancer cells, it is likely that
key regulators in this response that contribute to tumorigenesis
are still missing.

PPARGC1A, named hereafter PGC1a, is part of a small family
of transcriptional coactivators, including PGC1p and PRC, that
promote mitochondrial biogenesis and respiration (Puigserver
and Spiegelman, 2003; Scarpulla, 2011). PGC1a is the best
studied, particularly in brown fat, skeletal and cardiac muscle,
liver, and fat tissues, where it is a key regulator of mitochondrial
mass, thermogenic programs, and adaptation to fasting condi-
tions (Kelly and Scarpulla, 2004). PGC1a. can also potently
reduce generation of mitochondrial-driven ROS (St-Pierre
et al., 2006). PGC1a is typically expressed at low levels under
normal conditions and is strongly induced and activated in
response to increased metabolic and energetic demands in
highly metabolic tissues. For example, exercise increases
PGC1a levels in skeletal muscle, where it induces mitochondrial
biogenesis and oxidative capacity (Handschin et al., 2007). Cold
exposure rapidly increases PGC1a levels in brown/beige
adipose tissue to program a thermogenic response based on
mitochondrial function (Puigserver et al., 1998). In liver, fasting
increases PGC1a to induce fatty acid oxidation, hepatic glucose
production, and ketogenesis (Rhee et al., 2003). In many of these
cell types, the cyclic AMP (cCAMP) pathway plays a central role
through the activation of a cAMP response element binding
protein (CREB) response element at the PGC1« promoter (Her-
zig et al.,, 2001). Other signals contribute to increases in
PGC1a gene expression, such as calcium signaling and MEF2
transcriptional activity in skeletal muscle (Lin et al., 2002). It is
unknown, however, whether and how oncogenic signals impact
PGC1a expression and what are the metabolic and growth
consequences this might cause to the tumor phenotype.

RESULTS

A Subset of Human Melanoma Tumors Expresses High
Levels of PGC1a and Mitochondrial Genes of Oxidative
Metabolism

Given the central role of PGC1a in oxidative metabolism and
ROS detoxification in a variety of tissues (Puigserver and Spie-
gelman, 2003; Kelly and Scarpulla, 2004; Fernandez-Marcos
and Auwerx, 2011; St-Pierre et al., 2006), we hypothesized
that PGC1a could be aberrantly activated in some tumors,
thereby conferring them an adaptive advantage. Since PGC1«
is strongly regulated at the messenger RNA (mRNA) level,
publicly available gene expression databases were surveyed.
In several data sets, a subset of melanoma tumors and mela-
noma-derived cell lines expressed very high relative levels of
PGC1a mRNA. Figures 1A and S1A (available online) show the
relative PGC71a mRNA levels from 56 melanoma tumors
(GSE7553) (Riker et al., 2008) and 82 short-term melanoma
cultures (Lin et al., 2008). Levels of 10.7% for Riker melanoma
data set and 8.4% for short-term melanoma cultures showed
PGC1a expression levels that are at least one standard devia-
tion above the average. To assess if the high PGC1« levels in
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these melanoma tumors were associated with its known meta-
bolic gene expression program, we used Gene Set Enrichment
Analysis (GSEA) to find gene expression signatures that corre-
lated with PGCT7a expression. Consistent with previous and
established PGC1a targets in skeletal muscle cells (Mootha
et al.,, 2003), gene expression sets of mitochondrial genes,
energy metabolism, and estrogen-related receptor alpha target
genes were all significantly correlated with PGC1« expression in
both melanoma tumors and short-term melanoma cultures
(Table 1; Table S1). Using an additional data set of metastatic
melanoma tumors with clinical outcome data (Bogunovic
et al., 2009), we found that tumors expressing high PGC1«
levels were associated with lower survival (long-rank p value
0.0230) compared to low PGC1a-expressing tumors (Figure 1B).
The high and low expressing tumors were defined by selecting
the top and bottom 25% PGC1« expressing tumors. Other clin-
ical parameters were not affected (Figure S1B). The overexpres-
sion results were validated using patient-derived long-term
melanoma cell lines. Remarkably, all melanoma cell lines tested
fell into two categories with very high levels (PGC1a positive) or
undetectable or very low levels (PGC1a negative) of PGCla
mRNA (Figure 1C) and protein (Figure 1D). PGC1a-positive
cell lines had elevated levels of mitochondrial respiratory chain
proteins from all different complexes tested (Figure 1D). These
results suggest that PGC1a induces a mitochondrial metabo-
lism gene expression program in these tumors and tumor-
derived cell lines.

To confirm that PGC1a was driving the mitochondrial metab-
olism gene expression signature, we used lentiviral small hairpin
RNA (shRNA) to reduce its expression in a PGC1a-positive mela-
noma cell line (A375P) and performed gene-expression microar-
ray followed by GSEA analysis. Similar gene expression sets of
mitochondrial energy metabolism as the ones found in mela-
noma tumors and short-term melanoma cultures were enriched
in control versus PGC1a knockdown cell lines (Figure 1E; Table
S2). Some of the targets were confirmed using quantitative PCR
(gPCR) in A375P and two other PGC1a-positive melanoma cell
lines (MeWo and G361) (Figure 1F). As expected, downregula-
tion of mitochondrial genes in PGC1a-depleted A375P cells
translated into decreases of protein levels. Several components
of the oxidative phosphorylation complex were substantially
decreased in PGC1a knockdown cells, particularly proteins
that are part of Complex | and Complex IV (Figure 1G). PGC1a
expression was also sufficient to induce this mitochondrial
program. Modest ectopic expression of PGC1a.in a PGC1a-neg-
ative cell line (A375, a metastatic clone derived from A375P)
increased mitochondrial gene targets and protein levels (Figures
S1C and S1D). We then compared the levels of PGC1a between
nontransformed melanocytes and melanoma cells. The relative
levels of PGC1a mRNA expression were measured in cultured
immortal primary melanocytes and in a PGC1a-positive and
negative melanoma cell lines. PGC71a mRNA expression levels
in primary melanocytes were higher than PGC1a-negative mela-
noma cells but dramatically lower than PGC1a-positive mela-
noma cells (Figure S1E). Together, these results indicate that
PGC1a is overexpressed in a subset of melanoma tumors and
drives a mitochondrial gene expression program.

Interestingly, the overexpression of PGC1a and correlation
with oxidative metabolism is not only present in melanomas.
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25% highest and lowest PGC1a levels were
calculated using Kaplan-Meier analysis with test of
statistical significance using the Mantel-Cox log-
rank test. The long-rank p value was 0.0230.

(C) PGC1a mRNA expression levels in ten human
melanoma cell lines. mRNA levels were quantified
using gRT-PCR. Values represent mean + SD
of two independent experiments performed in
triplicate.

(D) Protein levels of PGC1a and mitochondrial
respiration-associated proteins in human mela-
noma cell lines.

(E) (@) Plots for two of the top gene sets of the
GSEA analysis in control versus PGC1a knocked
down A375P cells. (b) PGC1a. protein levels in the
control and PGC1a knocked down cells.

(F) mRNA levels of PGC1a mitochondrial target
genes measured using qRT-PCR analysis after
PGC1a knockdown in PGC1a-positive cell lines:
(a) A375P; (b) MeWo; and (c) G361. Values repre-
sent mean + SD of three independent experiments
performed in triplicate. “p < 0.05 and **p < 0.01.
(G) Protein expression levels of mitochondrial
respiration-associated proteins and PGC1la in
A375P stably expressing a control or PGC1a
shRNA.

See also Figure S1 and Tables S1-S3.
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We found that levels of PGC1a expression in lung adenocarci-
noma cell lines also correlate with an oxidative metabolism
signature (Figure S1; Table S3).

MITF Expression in Human Melanoma Cells Drives High
Levels of PGC1a Gene Expression

In order to identify the key factors responsible for the high levels
of PGC1« expression in melanoma, we used publicly available
data on gene expression, copy number, and mutations from
the Cancer Cell Line Encyclopedia (CCLE) database (http://
www.broadinstitute.org/ccle) (Barretina et al., 2012). We found
no correlation between PGC17«a copy number levels and gene
expression. Only one melanoma cell line (SK-MEL1)—out of 60
melanoma cell lines with copy number data available at the
time (Figure S2A, data from the CCLE database)—was found
to have PGC1a amplification, suggesting that amplification is
not a common mechanism to increase PGC1« expression levels.
Since p53 has been shown to negatively regulate PGC1« levels

(Sahin et al., 2011; Sen et al., 2011), we searched if there was an
association between p53 mutation status and PGC17« expres-
sion, but no correlation was found in 60 cell lines with expression
and mutation status data. Similarly, there was no correlation with
BRAF mutations status (Figure S2B). The Riker melanoma data
set was classified by their PGC1«a expression levels to identify
genes that were upregulated in high PGC7a versus low
PGC1a-expressing tumors (Figure 2A). Intriguingly, among the
top classifying genes identified was microphthalmia-associated
transcription factor (MITF), a melanocyte-lineage transcription
factor and bona fide melanoma oncogene (Garraway et al.,
2005; Yokoyama et al., 2011; Bertolotto et al., 2011). Similar
results were obtained comparing high- versus low-expressing
PGC1a melanoma cell lines. Furthermore, the levels of several
MITF downstream target genes, such as SLC45A2, CDK2,
PMEL, TYR, TYRP1, MLANA, and DCT, were also differentially
expressed (Figure 2B, data from the CCLE database). Hence,
within both melanoma specimens and melanoma cell lines, the
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Table 1. GSEA of Genes Ranked by Positive Correlation with
PGC10a Expression in Melanoma Tumors

FDR
Name NES g-value
Reactome_integration_of_energy_metabolism 2.15 0.02
Reactome_glucose_regulation_of_insulin_secretion  2.08  0.03
Reactome_regulation_of_insulin_secretion 2.09 0.04
Reactome_pyruvate_metabolism_and_TCA _cycle 1.94 0.1
Reactome_citric_acid_cycle 1.88 0.13
Reactome_peroxisomal_lipid_metabolism 1.88 0.16
Reactome_electron_transport_chain 1.86 0.13

Gene expression of 56 melanoma tumors extracted from the GSEA7553
data set (Riker et al., 2008) was ranked for positive correlation with
PGC1a expression and analyzed with the GSEA algorithm using the reac-
tome gene sets; the significant (q < 0.25) gene sets ranked by normalized
enrichment score are shown. NES, normalized enrichment score.

expression levels of PGC1a correlated with MITF levels, indi-
cating that they may be affecting each other in an epistatic
manner. To forward this notion, we analyzed mRNA and protein
levels of MITF in five PGC1a-positive and five PGC1a-negative
cell lines. We found that both the mRNA and protein levels
were higher in PGC1a-positive cell lines (Figure 2C). Interest-
ingly, one of the outlier cell lines (SK-MEL-28) that expresses
high levels of MITF but is PGC1«-negative expresses high levels
of PGC1.

Based on these data, we investigated if MITF was a causal
driver for the high levels of PGC7a gene expression. Hence,
we used lentiviral sShRNA to reduce endogenous MITF levels in
three PGC1a-positive melanoma cell lines (A375P, G361, and
SK-MEL5) and found that it strongly downregulated PGC1a
both at the mRNA and protein levels (Figures 2D and 2E).
Notably, PGC1« expression levels were suppressed even further
than the known MITF target TYR. Moreover, PGC1a protein
levels were almost undetectable after MITF knockdown. As ex-
pected, MITF knockdown-induced PGC1a downregulation re-
sulted in decrease of PGC1a targets, including mitochondrial
genes (Figure S2C). These results indicate that MITF is neces-
sary to maintain high levels of PGC1a expression in PGC1a-pos-
itive melanoma cell lines.

Next we investigated whether MITF was sufficient to induce
PGC1a expression in melanoma cell lines. Hence, ectopic
expression of MITF using retroviral transduction in A375,
a PGC1a-negative cell line, caused induction of PGC1a mRNA
levels, including PGC1a targets, comparable to the known
MITF target genes, TYR and DCT (Figure 2F). Because MITF is
a transcription factor, it could directly bind the upstream regula-
tory promoter of PGC1«, as this region contains several E-boxes
sequences (Figure S2D). Transfection of HEK293T cells with
MITF induced a 2Kb PGC1«a promoter-driving luciferase that
was dependent on both E-boxes (Figure 2Ga). Conversely,
MITF knockdown experiments in A375P cells reduced the
activity of this promoter (Figure 2Gb). In addition, chromatin
immunoprecipitation (ChiP) assays showed that endogenous
MITF is bound to the PGC1a promoter (Figure 2H), consistent
with previously reported ChiP sequencing data set (Strub
et al., 2011; Figure S2E).
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Gene expression profiling analysis of melanoma tumors has
previously identified two expression signatures associated with
proliferative or invasive phenotype. MITF expression was higher
in melanoma samples with the proliferative signature and lower
in samples with an invasive signature (Hoek et al., 2008). Consis-
tently, we found that melanoma tumors with high PGC7« levels
also correlated with the proliferative signature (Figure S2F).

Collectively, these results indicate that MITF is necessary and
contributes to the high levels of PGC1a expression found in
a subset of human melanoma cells.

PGC1a Defines the Metabolic State of Melanoma Cells
To test whether PGC1a. expression levels drive the metabolic
program of melanoma cells, we compared key cellular metabolic
and bioenergetic parameters between PGC1a-positive and
negative melanoma cells. PGC1a-positive cells exhibited sub-
stantial increased basal and maximal oxygen consumption rates
(Figure 3A). Additionally, the respiration reserve capacity, calcu-
lated by subtracting the basal to the maximal respiration
capacity, was significantly higher in PGC1a-expressing mela-
noma cells. Glucose uptake was slightly decreased in PGC1a-
positive cells that paralleled diminished levels of secreted lactate
compared to PGC1a-negative cells (Figure 3B). Consistent with
glycolytic metabolism generating lower ATP levels compared
to oxidative metabolism, intracellular ATP levels of PGC1a-
negative melanoma cell lines were reduced (Figure 3B). These
differences in metabolic parameters were caused by PGC1la
expression. Depletion of PGC1a levels in A375P largely recapit-
ulated the metabolic and bioenergetic patterns of PGC1a-nega-
tive cells, e.g., decreased in basal, maximal, and reserved
oxygen consumption rate (OCR) and intracellular ATP levels,
decreased glucose uptake, and increased lactate production
(Figures 3C and 3D). Metabolomic analysis showed that shRNA
PGC1« cells had increased glycolytic but decreased tricarbox-
ylic acid (TCA) intermediates (Figure S3). In addition, a modest
increase in PGC1a. levels through forced expression (Figure S1C)
ina PGC1a-negative cell line resulted in a reversal of these meta-
bolic parameters (Figure 3E). In summary, these results indicate
that cells with undetectable levels of PGC1a have lower rates of
mitochondrial oxidative metabolism but elevated rates of glycol-
ysis and lactate production consistent with a more pronounced
glycolytic “Warburg” state. In contrast, PGC1a-positive cells
have the reversed metabolic phenotype, leading to an elevated
cellular energetic state.

PGC1a-Positive Melanoma Cells Are Dependent on
PGC1a for Survival and Tumor Progression

Given the central role of PGC1a. in the metabolic and energetic
state of a subset of melanoma cells with high expression levels,
we investigated whether these cells may have become depen-
dent on PGC1a for survival. Thus, we suppressed the expression
of PGC1a.in five positive cell lines and measured its effect on cell
viability. Figure 4A shows that knockdown of PGC1 a. significantly
decreased cell number. As expected, knockdown of PGC1a had
no significant effect on PGC1a-negative cells. As an additional
control, we tested the effect of RPS6 knockdown in a PGC1a-
positive and negative cell line and observed a similar effect of
decreased cell number in both PGC1a-positive and negative
cell lines (Figure S4A). Overexpression of PGC1a, similar to
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MITF, was not sufficient to induce proliferation in PGC1a-nega-
tive melanoma cells (Figures S4B-S4D) underscoring the
context dependency of the effects.

We next investigated the mechanism responsible for the
reduced cell number after PGC1a knockdown. PGC1a knock-
down resulted in a more than 3-fold induction in the percentage
of apoptotic cells in two PGC1a-positive cell lines (A375P and
MeWo) but not in a negative cell line (A375) (Figure 4B). This
apoptosis was mediated through the intrinsic pathway, as
caspases 9 and 3 but not 8 were activated in PGC1a-depleted
cells. Other apoptotic markers, including cleavage of poly
(ADP-ribose) polymerase (PARP), was also induced in PGC1a
knockdown cells (Figure 4C). The apoptotic effect was largely
reversed by overexpression of PGC1«, indicating that itis a result
of PGC1a depletion (Figure 4D). To further support the involve-
ment of caspases, the inhibitor Q-VD-OPH significantly reduced
the number of cells entering apoptosis (Figure 4E). These results
indicate that suppression of PGC1a activates the intrinsic
mitochondrial apoptotic pathway and strongly suggest that
PGC1a-positive melanoma cells have become dependent on
PGC1a for survival.

PGC1a Suppression Results in a Reduction of ROS
Detoxification Genes and Increase in ROS Levels
Leading to Apoptosis

The fact that the intrinsic apoptotic pathway was activated in
PGC1a-depleted cells suggested that the mitochondria was
involved in the induction of apoptosis. One of the mechanisms
by which mitochondrial failure causes apoptosis is through the
loss of membrane potential and generation of ROS (Tait and
Green, 2010). Consistent with induction of this process, knock-
down of PGC1a in A375P cells showed a strong decrease in
mitochondrial membrane potential as measured using J-aggre-
gation fluorescent assay (Figure 5A). Intracellular concentrations
of ROS were significantly increased in PGC1a-depleted cells
(Figure 5B), and this was associated with a decrease in gluta-
thione (GSH), cystathionine, and 5-adenosylhomocysteine levels
(Figure 5C). Importantly, elevated ROS levels were necessary to
mediate apoptosis in PGC1a knockdown cells, because two
different antioxidants, N-acetyl-L-cysteine (NAC) and Trolox,
largely suppressed caspase and PARP cleavages and the
number of apoptotic cells (Figure 5D).

To determine whether ROS detoxification genes decrease in
PGC1a-depleted cells and might contribute to apoptosis, we
analyze the microarray data described in Figure 1. Consistent
with previous data in non-transformed cells (St-Pierre et al.,
2006), a set of genes involved in the ROS detoxification,
including different glutathione synthase enzymes, thioredoxins,
glutaredoxin, peroxiredoxins, and SOD2, were decreased in
PGC1a knockdown cells. These results were confirmed using
gPCR of several of these genes (Figure 5E). SOD2 protein levels
were substantially decreased in PGC1a-depleted melanoma
cells (Figure 5F). Moreover, ectopic expression of PGC1a in
A375 increased ROS detoxification genes (Figure 5G). These
data supports a key role for PGC1. in activating the ROS detox-
ification gene program to maintain melanoma cell survival.

As we have showed that PGC1« is a target of MITF, we next
investigated the role of PGC1a downstream of MITF in
promoting survival and proliferation. Overexpression of PGC1a

could partially overcome the effects of knockdown MITF on
DNA damage and increase of p27 levels (Figure S5A). In addition,
treatment of MITF-depleted cells with the antioxidant NAC
partially blocked the apoptotic effects (Figure S5B). Together,
these results suggest that downregulation of PGC1a contributes
to the phenotypic effects of MITF knockdown in PGCla-
expressing cells.

Depletion of Several PGC1a Respiratory Chain Targets
Mimic the Metabolic and ROS-Dependent Apoptotic
Effects of PGC1a Suppression

The reduction in ROS detoxification genes and GSH levels could
be one of the mechanisms by which depletion of PGC1a.in mela-
noma cells induces intracellular ROS levels. However, defects in
mitochondrial bioenergetic function are also known to generate
toxic ROS levels. Thus, to understand how PGC1a. deficiency
caused ROS-mediated apoptosis, we tested whether knock-
down of different proteins of the mitochondrial respiratory
complexes, which are PGC1a. targets, produced similar meta-
bolic and apoptotic defects as PGC1a depletion. Therefore,
Ndufs3, Cox5a, and ATP5b were efficiently knocked down in
A375P melanoma cells (Figure 6A). Individual depletion of these
three mitochondrial proteins caused a similar metabolic pheno-
type as PGC1a knockdown cells, leading to decreases in oxygen
consumption and increases in glucose uptake and lactate
secretion (Figures 6B and 6C). Consistent with an increase in
intracellular ROS levels in these cells, GSH levels were also
decreased (Figure 6D). Moreover, increased ROS concentra-
tions caused by depletion of these mitochondrial proteins lead
to increased cleavage of proapoptotic proteins (Figures 6E and
6F). To support the role of ROS mediating cell death, treatment
with antioxidants NAC and Trolox largely prevented PARP
cleavage (Figure 6G). Together, these results suggest that
PGC1a-positive melanoma cells are highly sensitive to the
induction of ROS due, at least in part, to the disruption of the
mitochondria respiratory complex.

PGC1a Protects against ROS-Induced Apoptosis in
Human Melanoma Cells and Tumors

The increased ROS levels in cancer cells makes them more
dependent in their antioxidant capacity for cell survival, a prin-
ciple that is exploited by anticancer drugs, such as piperlongu-
mine or phenethyl isothiocyanate (PEITC). In fact, transformed
cells have been shown to be exquisitely more sensitive to
ROS-inducing drugs than nontransformed cells (Trachootham
et al., 2006; Raj et al., 2011). Based on the results presented
above that PGC1a controls the antioxidant capacity affecting
cell survival, we investigated if PGC1a, by reducing ROS levels
and enhancing the antioxidant capacity, could influence the
sensitivity to ROS-inducing drugs in melanoma cells. Depletion
of PGC1a in A375P cells enhanced their sensitivity to apoptosis
induced by H,O,, PEITC, or piperlongumine, all of which
are known to increase intracellular ROS concentrations (Tra-
chootham et al., 2006; Raj et al., 2011). These effects were not
generalized to all drugs, as the B-Raf inhibitor PLX4032 had
similar effects in PGC1a control or knockdown A375P cells
(Figures 7A and S6A). Furthermore, similar effects on the sensi-
tivity to these compounds were observed after knockdown of
several mitochondrial proteins (Ndufs3, Cox5a, and ATP5b)
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Figure 2. MITF Is Necessary to Maintain High Levels of PGC1a Gene Expression in Melanoma Cells
(A) Heat map of the top 20 genes differentially expressed between the top and the bottom 25% of melanoma samples ranked by PGC1« expression levels.
Expression data were extracted from the GSE7553 data set. The gene list shown is ranked by signal to noise.
(B) Heat map of selected differentially expressed genes between the top and the bottom 25% of melanoma samples ranked by PGC17« expression levels.
Expression data were extracted from the CCLE database. The rank of the genes by signal to noise is shown.
(C) (@) MITF mRNA and (b) protein expression levels in five PGC1a-positive and five PGC1a-negative melanoma cell lines. Values represent mean + SD of three
independent experiments performed in triplicate.

(legend continued on next page)
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Figure 3. PGC1a Defines the Metabolic and Energetic Program of Human Melanoma Cells

(A) Basal and maximal oxygen consumption rates (OCR) in PGC1a-positive and negative cells measured in DMSO control or FCCP-treated cells. The reserve
capacity was calculated by subtracting the basal from the maximum OCR. Values of two independent experiments performed in quadruplicate were averaged.
The whiskers in the box plots represent the maximum and the minimum value.

(B) (a) Glucose (in the culture media), (b) lactate (in the culture media), and (c) intracellular ATP levels of PGC1a-positive compared to PGC1a-negative cells.
Values of three independent experiments performed in duplicate were averaged. The whiskers in the box plots represent the maximum and the minimum value.
(C) (a) Real-time measurement of basal and maximal (after addition of FCCP) OCR and (b) basal OCR in control and PGC1a. knockdown cells. Values represent
mean + SD of two independent experiments performed in quadruplicate. **p < 0.01 and ***p < 0.001.

(D) (a) Glucose (in the culture media), (b) lactate (in the culture media), and (c) intracellular ATP levels in control and PGC1a knockdown cells. Values represent
mean + SD of three independent experiments performed in duplicate. *p < 0.05.

(E) (a) Glucose (in the culture media), (b) lactate (in the culture media), and (c) intracellular ATP levels in cells overexpressing PGC1a. A375 cells stably expressing
HA-PGC1a were used. Values represent mean + SD of three independent experiments performed in duplicate. *p < 0.05.

See also Figure S3.

(Figure 7A). Consistent with these results, piperlongumine had  longumine treatment were higher in four out of the five PGC1a-
a more potent effect, inducing apoptosis in PGC1a-negative negative compared to five PGC1a-positive cell lines tested
cells (Figures 7B and 7C). Furthermore, ROS levels after piper- (Figures 7D and S6B). To further support the role of

(D) gPCR analysis of (a) PGC1«, (b) MITF targets, and (c) TYR in shRNA MITF melanoma cell lines. Values represent mean + SD of three independent experiments
performed in triplicate. *p < 0.05 and **p < 0.01.

(E) Western blot analysis of PGC1a. protein expression levels in control and MITF knockdown melanoma cell lines.

(F) gPCR analysis of (a) MITF, (b) MITF targets, and (c) PGC1a target mRNAs in A375 melanoma cells ectopically expressing MITF. Values represent mean + SD
of two independent experiments performed in triplicate. *p < 0.05, **p < 0.01, and ***p < 0.001.

(G) PGC1a promoter luciferase analysis using transient transfection with the indicated plasmids performed in (a) 293 and (b) A375P cells. Values represent
mean + SD of two independent experiments performed in triplicate. “p < 0.05 and **p < 0.01. A representation of the construct is shown in Figure S2D.

(H) ChiP analysis at the PGC1a promoter in A375P cells using an antibody against MITF and immunoglobulin G (IgG) as a control. Values represent mean + SD of
two independent experiments performed in triplicate. “p < 0.05.

See also Figure S2.
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Figure 4. PGC1a Is Essential for Survival in Human Melanoma Cells

(A) Cell number analysis after PGC1a knockdown in (a) PGC1a-positive and (b) PGC1a-negative melanoma cells measured for 4 days after puromycin selection.

Values on the graph represent mean + SD of three independent experiments performed in quadruplicate.

*p < 0.05 and *p < 0.01.

(B) (a) Annexin V analysis of apoptosis after PGC1a knockdown in PGC1a-positive melanoma cells. (b) Quantitation of the percentage of apoptotic cells. Data

represent mean + SD of three independent experiments performed in triplicate. **p < 0.01.

(C) Western blot analysis of cleaved apoptotic proteins in PGC1a knocked down and control melanoma cells.

(D) Western blot analysis of cleaved apoptotic proteins in cells expressing ectopic PGC1a. in control and PGC1a knockdown A375P melanoma cells.

(E) Apoptosis measured by (a) western blot analysis of caspases and PARP cleavages or (b) Annexin V assays in PGC1a knocked down and control A375P cells
treated with 20 uM Q-VD-OPH (a pan-caspase inhibitor) for 2 days. Values on the graph represent mean + SD of three independent experiments performed in

triplicate. *p < 0.05 and **p < 0.01.
See also Figure S4.
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PGC1a-mediating resistance to ROS-induced apoptosis,
ectopic expression of PGC1a in PGC1a-negative cell lines
prevented piperlongumine-induced cleavage of caspase 9 and
PARP (Figure 7E).

Finally, to evaluate the impact of PGC1a depletion on tumor
growth, subcutaneous injections of control and PGC1a-
depleted A375P cells were performed in nude mice and the
size of the resulting tumors was measured. As shown in Fig-
ure 8A, there was a significant reduction in tumor size in
PGC1a-depleted cells, suggesting that PGC1a is important for
tumor progression. Importantly, piperlongumine treatment for
7 days had a greater reduction of tumor volume of xenografts
derived from PGC1a knockdown cells compared to control
xenografts. The magnitude of these effects correlated with
induction of apoptotic markers in these tumors (Figure 8B). The
growth of these tumors did not affect body weight (Figure 8C).
Collectively, these data suggest that PGC1a expression confers
resistance to drugs that induce intracellular ROS levels in mela-
noma cells and tumors.

DISCUSSION

Cancer cells reprogram their metabolism to meet anabolic and
energetic demands necessary for growth and survival. It is
becoming clear, however, that tumor cells do not employ a single
strategy to accomplish this, as cancers can choose from a variety
of metabolic programs to meet their demands. Here, we provide
a clear example of this metabolic reprogramming heterogeneity
by showing that cells derived from the one tumor type can have
profound differences in their metabolic state. In melanomas,
expression levels of PGC1a metabolically define two types of
tumors with different bioenergetic and ROS detoxification
capacities, thereby affecting the ability to survive under oxidative
stress. It is conceivable that, in certain low nutrient conditions,
elevated mitochondrial capacity might be more efficient to
generate ATP necessary for survival without compromising ana-
plerotic reactions to support cell growth.

Our findings show that a subset of melanoma cells acquire
high levels of PGC1a that depend on an increased activity of
the melanoma oncogene MITF. This would confer a selective
advantage to melanocytic tumor cells by providing a strong
protection against oxidative damage. A large subset of mela-
noma tumors has very low or undetectable levels of PGC1«
that, to a large extent, overlaps with low levels of MITF. These
less differentiated tumors use a different metabolic strategy of
increased glycolysis for growth and survival. It is also possible
that melanoma tumors transit through different states during
tumor progression with high or low expression levels of
PGC1a. In fact, we provide here an example of this possibility:
the PGC1a-negative melanoma cell line A375 was derived from
a metastatic tumor produced by the PGC1a-positive parental
cell line A375P (Clark et al., 2000). It is likely that A375 cells lost
their melanocytic differentiation state, since they express very
low levels of MITF and differentiation markers. Concomitant to
this loss of differentiation, they became MITF and PGC1a inde-
pendent for tumor progression. Thus, similar to MITF, PGC1a
effects on melanomagenesis may be context dependent.
PGC1a controls MITF gene expression. contributing to the
maintenance of survival in melanomas. Interestingly, peroxisome

proliferator-activated receptor vy, a transcription factor known
to bind PGC1a (Puigserver et al., 1998), regulates MITF (Gra-
backa et al., 2008), suggesting that it might be involved in this
process.

These results provide the basis for some potential anticancer
therapeutic strategies targeting cellular metabolism. PGC1a-
positive cells depend on PGC1a for survival, suggesting that
PGC1a itself or one of its target genes could be a therapeutic
target. In this regard, although small molecules targeting
PGC1a do not currently exist, inhibitors of estrogen-related
receptors (ERRs), key PGC1 transcription factor partners (Moo-
tha etal., 2004; Chang et al., 2011; Schreiber et al., 2004; Eichner
and Giguere, 2011; Wende et al., 2005), could potentially be used
to inhibit PGC1a. function. Because several transcription factors,
including nuclear respiratory factors, ERRs, and YY1 (Scarpulla,
2011; Knutti and Kralli, 2001; Cunningham et al., 2007), control
PGC1a function, future studies will focus to assess which tran-
scription factor(s) partners with PGC1a. to control mitochondrial
function and ROS detoxification genes in melanomas. Our data
also show that PGC1a-positive cells are more sensitive to
disruption of mitochondrial respiration, suggesting that specific
inhibition of respiratory chain complexes could be another
vulnerability that could be exploited in this tumor subtype. Impor-
tantly, melanoma cells can adapt their metabolism and become
PGC1o independent, underscoring metabolic flexibility as
a potential hurdle on developing drugs against metabolic targets.
Conversely, PGC1a-negative melanoma cells have reduced
bioenergetic capacity together with lower levels of antioxidant
enzymes. As a result, these tumor cells are more sensitive and
vulnerable to toxic oxidative stress. This metabolic vulnerability
provides a therapeutic strategy to treat this subtype of melanoma
tumors (Figure 7). In fact, here we find that ROS-inducing drugs,
such as piperlongumine or PEITC, that have been shown to
preferentially kill transformed over normal cells (Raj et al., 2011;
Trachootham et al., 2006) showed increased potency in
PGC1a-negative melanoma cells.

In summary, our work has revealed that melanoma tumors
present heterogeneous metabolic and energetic states defined
by levels of PGC1a expression. These studies illustrate how re-
programming metabolism and energy in tumor cells is genetic
dependent and how this information might be used to develop
cancer therapy targeting regulatory metabolic networks.

EXPERIMENTAL PROCEDURES

Cell Culture and Virus Infection

Melanoma cell lines were cultured in high glucose Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum. Immortalized
primary melanocytes transduced with pBABE-hygro-hTERT, pLNCX2-
CDK4(R24C), and pBABE-puro-p53DD were generated as described
(Garraway et al.,, 2005). Lentiviruses were produced by transfecting
HEK293T cells with pLKO and packaging vectors, as previously described
(Moffat et al., 2006) using PolyFect (QIAGEN). Retroviral particles were
produced by transfecting HEK293T cells with the pBabe or pWZL vectors
and packaging vector (pCL-Ampho) using PolyFect (QIAGEN). GFP control
and Flag-HA-PGC1a adenovirus have been previously described (Lerin
et al., 2006).

Animal Studies
All animal studies were performed with an approved protocol from the Beth
Israel Deaconess Medical Center Institutional Animal Care and Use Committee
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Figure 5. Depletion of PGC1a Triggers an Increase in ROS Levels, Causing Apoptosis
(A) (a) Mitochondrial membrane potential measured by the JC-1 dye in PGC1a knocked down and control A375P cells. (b) Quantitation of the percentage of
J-monomer. Values on the graph represent mean + SD of three independent experiments performed in duplicate. **p < 0.01.
(B) ROS levels in control and PGC1a knockdown A375P cells measured using the DCF-DA dye. Values represent mean + SD of three independent experiments
performed in triplicate. *p < 0.05 and **p < 0.01.
(C) (a) Total GSH levels and (b) oxidative stress intermediates in PGC1a knocked down and control A375P cells. Values represent mean + SD of three independent
experiments performed in triplicate. *p < 0.05.
(D) Analysis of apoptosis in A375P cells (control and PGC1a knocked down) treated with 2 mM NAC or 100 uM Trolox for 2 days. (a) Annexin V diagram, (b)
quantitation of the percentage of apoptotic cells using the Annexin V assay, and (c) western blot analysis of caspases and PARP cleavages. Values on the graph
represent mean + SD three independent experiments performed in triplicate. *p < 0.05 and **p < 0.01.
(E) MRNA expression levels of ROS detoxification genes in PGC1a knockdown A375P melanoma cells. Values represent mean + SD of three independent
experiments performed in triplicate. *p < 0.05 and **p < 0.01.

(legend continued on next page)
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Figure 6. Induction of ROS-Mediated Apoptosis by Depletion of Mitochondrial Respiration PGC1a Target Genes

(A) Depletion of PGC1a. and mitochondrial proteins in A375P melanoma cells.

(B) Real-time measurement of basal and maximal (after addition of FCCP) OCR after knockdown of the indicated genes encoding mitochondrial proteins in
A375P. Values represent mean + SD of two independent experiments performed in triplicate. *p < 0.05 and **p < 0.01.

(C) (a) Glucose (in the culture media), (b) lactate (in the culture media), and (c) intracellular ATP levels in A375P after knockdown of the indicated mitochondrial
genes. Values represent mean + SD of three independent experiments in duplicate. *p < 0.05.

(D) Cellular GSH levels in A375P after knockdown of the indicated mitochondrial genes. Values represent mean + SD of three independent experiments in
duplicate. *p < 0.05.

(E) Western blot analysis of apoptotic markers after knockdown of the indicated genes in PGC1a-positive melanoma cells.

(F) ROS levels, measured by DCF-DA fluorescent dye, after depletion of mitochondrial proteins in A375P or A375 melanoma cells. Values represent mean + SD of
three independent experiments in duplicate. *p < 0.05 and **p < 0.01.

(G) Protein expression levels of cleaved PARP after depletion of mitochondrial proteins in A375P melanoma cells treated with the indicated antioxidants.

(Protocol number 105-2011). For xenograft studies, 1 x 10° A375P cells stably
expressing scrambled shRNA control or PGC1« shRNA were injected subcu-
taneously into the flank of nude mice (Taconic) in 100 ul of media. After cell
injection, mice were incubated for 15 days to allow tumor growth, and then
mice were treated with DMSO or piperlongumine (1.5 mg/kg, intraperitoneally
[i.p.]) once a day for 6 days. Tumor volumes were measured with a caliper and

calculated using the equation volume = ab%/2, where “a” is the maximal width

and “b” is maximal orthogonal width.

Arrays and Gene Set Enrichment Analysis
To generate gene-expression arrays, A375P cells were infected with a control
shRNA (small hairpin GFP or scrambled short hairpin RNA) or a PGC7«a shRNA

(F) Western blot analysis of SOD2 protein levels in A375P cells.

(G) SOD2 and GpX7 mRNA levels after ectopic expression of PGC1a in A375 cells. Values represent mean + SD of two independent experiments performed in

triplicate. *p < 0.05.
See also Figure S5.
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Figure 7. PGC1a Expression Decreases Apoptotic Sensitivity to ROS-Inducing Drugs in Human Melanoma Cells

(A) Cell viability, measured using cell titer glo, after treatment with (a) PEITC, (b) H202, (c) piperlongumine, and (d) PLX4032 in A375P cells stably expressing the
indicated shRNAs. Values represent mean + SD of three independent experiments in triplicate.

(B) Cell viability of PGC1a-positive and negative melanoma cell lines treated with piperlongumine at (a) different concentrations and (b) times. Values represent

mean of three independent experiments in triplicate.

(C) Analysis of cleaved caspase-9 and PARP in two PGC1a-positive (A375P and G361) and one PGC1a-negative (A375) cell lines treated with piperlongumine.
(D) ROS levels in PGC1a-positive and -negative melanoma cell lines treated with piperlongumine. Values of three independent experiments performed in
duplicate were averaged. The whiskers in the box plots represent the maximum and the minimum value.

(E) Analysis of apoptosis using cleavage of apoptotic markers in PGC1a-negative melanoma cell lines ectopically expressing PGC1a. and treated with

piperlongumine.
See also Figure S6.
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Figure 8. PGC1a Expression Decreases Sensitivity to ROS-Inducing Drugs in Human Melanomas

(A) (@) Tumor volume analysis of xenografts of A375P cells expressing shRNAs against PGC7« or control shRNAs. Fifteen days after cell injection, mice were
injected daily with piperlongumine (1.5 mg/kg) or DMSO. The tumor growth curves are plotted as mean + SEM (n = 10, each group). Statistical significance of
tumor volumes were calculated by one-way ANOVA with a Tukey posttest; *p < 0.05; **p < 0.01, DMSO versus piperlongumine; #p < 0.05, DMSO/control shRNA
versus DMSO/PGC1a shRNA; &p < 0.01, piperlongumine/control shRNA versus piperlongumine/PGC1a shRNA. (b) In the box plots, final tumor volumes are
represented (n = 10). The whiskers in the box plots represent the maximum and the minimum value. (c) Representative images of tumors are shown.

(B) Western blot analysis of apoptotic, cleaved caspases and PARP in PGC1a knocked down tumors treated with piperlongumine.

(C) Body weight measured at the end of experiment. The whiskers in the box plots represent the maximum and the minimum value.

(described in Supplemental Experimental Procedures) in duplicate and
selected with puromycin for 48 hr. Four days after selection, RNA was ex-
tracted and gene expression arrays were performed using Human Genome
U133A 2.0 arrays. To create a gene expression file, CEL files were used as
input for the GenePattern (http://www.genepattern.broadinstitute.org) module
Expression File Creator using robust multiarray average (RMA) and quantile
normalization. The gct file created was used as input for the GSEA analysis.

For the melanoma tumors gene expression analysis, the normalized data set
GSE7553 was imported from GEO using the software Gene-e (http://www.
broadinstitute.org/software/gene-e). The melanoma samples from the data
set were selected to create a gct file. This gct file was used as input for the
GSEA algorithm.

To find differentially expressed genes, the probes’ values were collapsed
using maximum average probe and log2 transformed. The signal to noise
marker selection tool from Gene-e was used to find genes differentially ex-
pressed between the top and the bottom 25% PGC1a-expressing melanoma
tumors with 10,000 permutations. The cutoff to select the gene list was fold
change >2, false discovery rate (FDR) q < 0.25. For the melanoma cell lines
gene expression analysis, the gene-centric RMA-normalized CCLE expression
data set was used (http://www.broadinstitute.org/ccle).

The GSEA software v2.0 (http://www.broadinstitute.org/gsea; Subramanian
et al., 2005) was used to perform the GSEA analysis. In all the analysis, the
Reactome gene sets were used and the number of permutations was changed
to 5,000. For the GSEA7553 slice data set, the values of the 219195_at
probe (corresponding to PPARGC1A) were used as phenotype and the
default parameters were used with the exception that Pearson correlation

was computed to rank the genes. For the analysis of the A375P data set, the
default parameters were used but the permutation type was changed to
gene set.

Oxygen Consumption

The oxygen consumption rate was measured using an optical fluorescent
oxygen sensor in a Seahorse Bioscience XF24 Extracellular Flux Analyzer.
Briefly, cells were seeded in quadruplicate at equal densities (25,000 cells
per well) into XF24 tissue culture plates. Cell media was changed 12 hr after
cell seeding into unbuffered Dulbecco’s modified Eagle’s medium (DMEM)
(8.3 g/l DMEM [Sigma], 200 mM GlutaMax-1 [Invitrogen], 25 mM D-glucose
[Sigma], 63.3 mM NaCl [Sigma], and phenol red [Sigma], adjusted pH to 7.4
with NaOH), according to the manufacturer’s protocol. Oxygen consumption
was measured under basal conditions and mitochondrial uncoupler trifluoro-
methoxy carbonyl cyanide phenyl hydrazone (FCCP) (2 pM). Oxygen
consumption values were normalized to cell number.

Intracellular ROS and Cellular GSH Levels
To measure intracellular ROS levels, 2 uM dichlorofluorescein diacetate (DCF-
DA) (Invitrogen) was used as a fluorescent dye. An equal number of cells were
seeded in six well plates, after 72 hr cells were trypsinized, washed once with
PBS, and stained with DCF-DA in Hank’s balanced salt solution for 30 min at
37°C. Samples were then immediately analyzed by flow cytometry.

A glutathione colorimetric detection kit (BioVision Research Products) was
used to measure total cellular glutathione according to the manufacturer’'s
instructions.

Cancer Cell 23, 287-301, March 18, 2013 ©2013 Elsevier Inc. 299


http://www.genepattern.broadinstitute.org
http://www.broadinstitute.org/software/gene-e
http://www.broadinstitute.org/software/gene-e
http://www.broadinstitute.org/ccle
http://www.broadinstitute.org/gsea

ACCESSION NUMBERS

The Gene Expression Omnibus accession number for the gene expression
data reported is GSE36879.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures, three tables, and Supplemental
Experimental Procedures and can be found with this article online at http://dx.
doi.org/10.1016/j.ccr.2012.11.020.

ACKNOWLEDGMENTS

We thank the Dana-Farber Cancer Institute Microarray Core Facility for per-
forming the gene-expression arrays and the Dana-Farber RNAi facility for
the shRNA constructs. These studies were funded by the Claudia Adams
Barr Program in Cancer Research and Dana-Farber Cancer Institute funds.
H.R.W. acknowledges support from P50CA093683.

Received: March 30, 2012
Revised: August 3, 2012
Accepted: November 30, 2012
Published: February 14, 2013

REFERENCES

Barretina, J., Caponigro, G., Stransky, N., Venkatesan, K., Margolin, A.A., Kim,
S., Wilson, C.J., Lehar, J., Kryukov, G.V., Sonkin, D., et al. (2012). The Cancer
Cell Line Encyclopedia enables predictive modelling of anticancer drug
sensitivity. Nature 483, 603-607.

Bertolotto, C., Lesueur, F., Giuliano, S., Strub, T., de Lichy, M., Bille, K.,
Dessen, P., d’Hayer, B., Mohamdi, H., Remenieras, A., et al.; French Familial
Melanoma Study Group (2011). A SUMOylation-defective MITF germline
mutation predisposes to melanoma and renal carcinoma. Nature 480, 94-98.

Bogunovic, D., O'Neill, D.W., Belitskaya-Levy, I., Vacic, V., Yu, Y.L., Adams,
S., Darvishian, F., Berman, R., Shapiro, R., Pavlick, A.C., et al. (2009).
Immune profile and mitotic index of metastatic melanoma lesions enhance
clinical staging in predicting patient survival. Proc. Natl. Acad. Sci. USA 106,
20429-20434.

Chang, C.Y., Kazmin, D., Jasper, J.S., Kunder, R., Zuercher, W.J., and
McDonnell, D.P. (2011). The metabolic regulator ERRa, a downstream target
of HER2/IGF-1R, as a therapeutic target in breast cancer. Cancer Cell 20,
500-510.

Choo, A.Y., Kim, S.G., Vander Heiden, M.G., Mahoney, S.J., Vu, H., Yoon,
S.0., Cantley, L.C., and Blenis, J. (2010). Glucose addiction of TSC null cells
is caused by failed mTORC1-dependent balancing of metabolic demand
with supply. Mol. Cell 38, 487-499.

Clark, E.A., Golub, T.R., Lander, E.S., and Hynes, R.O. (2000). Genomic anal-
ysis of metastasis reveals an essential role for RhoC. Nature 406, 532-535.
Cunningham, J.T., Rodgers, J.T., Arlow, D.H., Vazquez, F., Mootha, V.K., and
Puigserver, P. (2007). mTOR controls mitochondrial oxidative function through
a YY1-PGC-1alpha transcriptional complex. Nature 450, 736-740.

Diehn, M., Cho, R.W., Lobo, N.A., Kalisky, T., Dorie, M.J., Kulp, A.N., Qian, D.,
Lam, J.S., Ailles, L.E., Wong, M., et al. (2009). Association of reactive oxygen
species levels and radioresistance in cancer stem cells. Nature 458, 780-783.
Eichner, L.J., and Giguére, V. (2011). Estrogen related receptors (ERRs): a new
dawn in transcriptional control of mitochondrial gene networks. Mitochondrion
11, 544-552.

Fernandez-Marcos, P.J., and Auwerx, J. (2011). Regulation of PGC-1a, a nodal
regulator of mitochondrial biogenesis. Am. J. Clin. Nutr. 93, 884S-890S.
Gao, P., Tchernyshyov, I., Chang, T.C., Lee, Y.S., Kita, K., Ochi, T., Zeller, K.I.,
De Marzo, A.M., Van Eyk, J.E., Mendell, J.T., and Dang, C.V. (2009). c-Myc
suppression of miR-23a/b enhances mitochondrial glutaminase expression
and glutamine metabolism. Nature 458, 762-765.

300 Cancer Cell 23, 287-301, March 18, 2013 ©2013 Elsevier Inc.

Cancer Cell

PGC1a Programs Oxidative Metabolism in Melanoma

Garraway, L.A., Widlund, H.R., Rubin, M.A., Getz, G., Berger, AJ.,
Ramaswamy, S., Beroukhim, R., Milner, D.A., Granter, S.R., Du, J., et al.
(2005). Integrative genomic analyses identify MITF as a lineage survival
oncogene amplified in malignant melanoma. Nature 436, 117-122.

Grabacka, M., Placha, W., Urbanska, K., Laidler, P., Plonka, P.M., and Reiss,
K. (2008). PPAR gamma regulates MITF and beta-catenin expression and
promotes a differentiated phenotype in mouse melanoma S91. Pigment Cell
Melanoma Res. 271, 388-396.

Hanahan, D., and Weinberg, R.A. (2011). Hallmarks of cancer: the next gener-
ation. Cell 144, 646-674.

Handschin, C., Chin, S, Li, P., Liu, F., Maratos-Flier, E., Lebrasseur, N.K., Yan,
Z., and Spiegelman, B.M. (2007). Skeletal muscle fiber-type switching, exer-
cise intolerance, and myopathy in PGC-1alpha muscle-specific knock-out
animals. J. Biol. Chem. 282, 30014-30021.

Herzig, S., Long, F., Jhala, U.S., Hedrick, S., Quinn, R., Bauer, A., Rudolph, D.,
Schutz, G., Yoon, C., Puigserver, P., et al. (2001). CREB regulates hepatic
gluconeogenesis through the coactivator PGC-1. Nature 413, 179-183.

Hoek, K.S., Eichhoff, O.M., Schlegel, N.C., Ddbbeling, U., Kobert, N.,
Schaerer, L., Hemmi, S., and Dummer, R. (2008). In vivo switching of human
melanoma cells between proliferative and invasive states. Cancer Res. 68,
650-656.

Kelly, D.P., and Scarpulla, R.C. (2004). Transcriptional regulatory circuits
controlling mitochondrial biogenesis and function. Genes Dev. 18, 357-368.

Knutti, D., and Kralli, A. (2001). PGC-1, a versatile coactivator. Trends
Endocrinol. Metab. 72, 360-365.

Lerin, C., Rodgers, J.T., Kalume, D.E., Kim, S.H., Pandey, A., and Puigserver,
P. (2006). GCN5 acetyltransferase complex controls glucose metabolism
through transcriptional repression of PGC-1alpha. Cell Metab. 3, 429-438.

Lin, J., Wu, H., Tarr, P.T., Zhang, C.Y., Wu, Z., Boss, O., Michael, L.F.,
Puigserver, P., Isotani, E., Olson, E.N., et al. (2002). Transcriptional co-
activator PGC-1 alpha drives the formation of slow-twitch muscle fibres.
Nature 418, 797-801.

Lin, W.M., Baker, A.C., Beroukhim, R., Winckler, W., Feng, W., Marmion, J.M.,
Laine, E., Greulich, H., Tseng, H., Gates, C., et al. (2008). Modeling genomic
diversity and tumor dependency in malignant melanoma. Cancer Res. 68,
664-673.

Moffat, J., Grueneberg, D.A., Yang, X., Kim, S.Y., Kloepfer, A.M., Hinkle, G.,
Pigani, B., Eisenhaure, T.M., Luo, B., Grenier, J.K., et al. (2006). A lentiviral
RNAi library for human and mouse genes applied to an arrayed viral high-
content screen. Cell 124, 1283-1298.

Mootha, V.K., Lindgren, C.M., Eriksson, K.F., Subramanian, A., Sihag, S.,
Lehar, J., Puigserver, P., Carlsson, E., Ridderstrale, M., Laurila, E., et al.
(2003). PGC-1alpha-responsive genes involved in oxidative phosphorylation
are coordinately downregulated in human diabetes. Nat. Genet. 34, 267-273.

Mootha, V.K., Handschin, C., Arlow, D., Xie, X., St Pierre, J., Sihag, S., Yang,
W., Altshuler, D., Puigserver, P., Patterson, N., et al. (2004). Erralpha and
Gabpa/b specify PGC-1alpha-dependent oxidative phosphorylation gene
expression that is altered in diabetic muscle. Proc. Natl. Acad. Sci. USA
101, 6570-6575.

Ohta, T., lijima, K., Miyamoto, M., Nakahara, |., Tanaka, H., Ohtsuiji, M., Suzuki,
T., Kobayashi, A., Yokota, J., Sakiyama, T., et al. (2008). Loss of Keap1 func-
tion activates Nrf2 and provides advantages for lung cancer cell growth.
Cancer Res. 68, 1303-1309.

Padmanabhan, B., Tong, K.l., Ohta, T., Nakamura, Y., Scharlock, M., Ohtsuji,
M., Kang, M.l., Kobayashi, A., Yokoyama, S., and Yamamoto, M. (2006).
Structural basis for defects of Keap1 activity provoked by its point mutations
in lung cancer. Mol. Cell 27, 689-700.

Puigserver, P., and Spiegelman, B.M. (2003). Peroxisome proliferator-
activated receptor-gamma coactivator 1 alpha (PGC-1 alpha): transcriptional
coactivator and metabolic regulator. Endocr. Rev. 24, 78-90.

Puigserver, P., Wu, Z., Park, C.W., Graves, R., Wright, M., and Spiegelman,
B.M. (1998). A cold-inducible coactivator of nuclear receptors linked to
adaptive thermogenesis. Cell 92, 829-839.


http://dx.doi.org/10.1016/j.ccr.2012.11.020
http://dx.doi.org/10.1016/j.ccr.2012.11.020

Cancer Cell

PGC1a Programs Oxidative Metabolism in Melanoma

Raj, L., Ide, T., Gurkar, A.U., Foley, M., Schenone, M., Li, X., Tolliday, N.J.,
Golub, T.R., Carr, S.A., Shamiji, A.F., et al. (2011). Selective killing of cancer
cells by a small molecule targeting the stress response to ROS. Nature 475,
231-234.

Rhee, J., Inoue, Y., Yoon, J.C., Puigserver, P., Fan, M., Gonzalez, F.J., and
Spiegelman, B.M. (2003). Regulation of hepatic fasting response by
PPARgamma coactivator-1alpha (PGC-1): requirement for hepatocyte nuclear
factor 4alpha in gluconeogenesis. Proc. Natl. Acad. Sci. USA 700, 4012-4017.

Riker, A.l,, Enkemann, S.A., Fodstad, O., Liu, S., Ren, S., Morris, C., Xi, Y.,
Howell, P., Metge, B., Samant, R.S., et al. (2008). The gene expression profiles
of primary and metastatic melanoma yields a transition point of tumor progres-
sion and metastasis. BMC Med. Genomics 7, 13.

Sahin, E., Colla, S., Liesa, M., Moslehi, J., Miiller, F.L., Guo, M., Cooper, M.,
Kotton, D., Fabian, A.J., Walkey, C., et al. (2011). Telomere dysfunction
induces metabolic and mitochondrial compromise. Nature 470, 359-365.

Scarpulla, R.C. (2011). Metabolic control of mitochondrial biogenesis through
the PGC-1 family regulatory network. Biochim. Biophys. Acta 71813, 1269-
1278.

Schreiber, S.N., Emter, R., Hock, M.B., Knutti, D., Cardenas, J., Podvinec, M.,
Oakeley, E.J., and Kralli, A. (2004). The estrogen-related receptor alpha
(ERRalpha) functions in PPARgamma coactivator 1alpha (PGC-1alpha)-
induced mitochondrial biogenesis. Proc. Natl. Acad. Sci. USA 101, 6472-
6477.

Sen, N., Satija, Y.K.,, and Das, S. (2011). PGC-1a, a key modulator of p53,
promotes cell survival upon metabolic stress. Mol. Cell 44, 621-634.

Shibata, T., Ohta, T., Tong, K.I., Kokubu, A., Odogawa, R., Tsuta, K., Asamura,
H., Yamamoto, M., and Hirohashi, S. (2008). Cancer related mutations in NRF2
impair its recognition by Keap1-Cul3 E3 ligase and promote malignancy. Proc.
Natl. Acad. Sci. USA 105, 13568-13573.

Singh, A., Misra, V., Thimmulappa, R.K., Lee, H., Ames, S., Hoque, M.O.,
Herman, J.G., Baylin, S.B., Sidransky, D., Gabrielson, E., et al. (2006).
Dysfunctional KEAP1-NRF2 interaction in non-small-cell lung cancer. PLoS
Med. 3, e420.

St-Pierre, J., Drori, S., Uldry, M., Silvaggi, J.M., Rhee, J., Jager, S., Handschin,
C., Zheng, K., Lin, J., Yang, W., et al. (2006). Suppression of reactive oxygen
species and neurodegeneration by the PGC-1 transcriptional coactivators.
Cell 127, 397-408.

Strub, T., Giuliano, S., Ye, T., Bonet, C., Keime, C., Kobi, D., Le Gras, S.,
Cormont, M., Ballotti, R., Bertolotto, C., and Davidson, I|. (2011). Essential
role of microphthalmia transcription factor for DNA replication, mitosis and
genomic stability in melanoma. Oncogene 30, 2319-2332.

Subramanian, A., Tamayo, P., Mootha, V.K., Mukherjee, S., Ebert, B.L.,
Gillette, M.A., Paulovich, A., Pomeroy, S.L., Golub, T.R., Lander, E.S., and
Mesirov, J.P. (2005). Gene set enrichment analysis: a knowledge-based
approach for interpreting genome-wide expression profiles. Proc. Natl.
Acad. Sci. USA 102, 15545-15550.

Tait, S.W., and Green, D.R. (2010). Mitochondria and cell death: outer
membrane permeabilization and beyond. Nature Rev. Mol. Cell Biol. 77,
621-632.

Trachootham, D., Zhou, Y., Zhang, H., Demizu, Y., Chen, Z., Pelicano, H.,
Chiao, P.J., Achanta, G., Arlinghaus, R.B., Liu, J., and Huang, P. (2006).
Selective killing of oncogenically transformed cells through a ROS-mediated
mechanism by beta-phenylethyl isothiocyanate. Cancer Cell 70, 241-252.

Trachootham, D., Alexandre, J., and Huang, P. (2009). Targeting cancer cells
by ROS-mediated mechanisms: a radical therapeutic approach? Nat. Rev.
Drug Discov. 8, 579-591.

Weinberg, F., and Chandel, N.S. (2009). Mitochondrial metabolism and
cancer. Ann. N'Y Acad. Sci. 1177, 66-73.

Wende, A.R., Huss, J.M., Schaeffer, P.J., Giguére, V., and Kelly, D.P. (2005).
PGC-1alpha coactivates PDK4 gene expression via the orphan nuclear
receptor ERRalpha: a mechanism for transcriptional control of muscle glucose
metabolism. Mol. Cell. Biol. 25, 10684-10694.

Wise, D.R., DeBerardinis, R.J., Mancuso, A., Sayed, N., Zhang, X.Y., Pfeiffer,
H.K., Nissim, I., Daikhin, E., Yudkoff, M., McMahon, S.B., and Thompson, C.B.
(2008). Myc regulates a transcriptional program that stimulates mitochondrial
glutaminolysis and leads to glutamine addiction. Proc. Natl. Acad. Sci. USA
105, 18782-18787.

Yokoyama, S., Woods, S.L., Boyle, G.M., Aoude, L.G., MacGregor, S.,
Zismann, V., Gartside, M., Cust, A.E., Haq, R., Harland, M., et al. (2011). A
novel recurrent mutation in MITF predisposes to familial and sporadic mela-
noma. Nature 480, 99-103.

Zaugg, K., Yao, Y., Reilly, P.T., Kannan, K., Kiarash, R., Mason, J., Huang, P.,
Sawyer, S.K., Fuerth, B., Faubert, B., et al. (2011). Carnitine palmitoyltransfer-
ase 1C promotes cell survival and tumor growth under conditions of metabolic
stress. Genes Dev. 25, 1041-1051.

Cancer Cell 23, 287-301, March 18, 2013 ©2013 Elsevier Inc. 301



Cancer Cell

Oncogenic BRAF Regulates Oxidative Metabolism

via PGC1a and MITF

Rizwan Haq,'-2 Jonathan Shoag,* Pedro Andreu-Perez,? Satoru Yokoyama,25 Hannah Edelman,? Glenn C. Rowe,*
Dennie T. Frederick,® Aeron D. Hurley,® Abhinav Nellore,” Andrew L. Kung,8 Jennifer A. Wargo,2 Jun S. Song,”
David E. Fisher,-2.9* Zolt Arany,%%* and Hans R. Widlund®-9-*

Massachusetts General Hospital Cancer Center
2Department of Dermatology, Cutaneous Biology Research Center
SDepartment of Surgery

Massachusetts General Hospital, 55 Fruit Street, Boston, MA 02114, USA

4Cardiovascular Institute, Beth Israel Deaconess Medical Center, Boston, MA 02116, USA

5Division of Pathogenic Biochemistry, Institute of Natural Medicine, University of Toyama, 2630 Sugitani, Toyama 930-0194, Japan
8Department of Dermatology, Brigham and Women’s Hospital, Boston, MA 02115, USA

“Department of Epidemiology and Biostatistics, Institute for Human Genetics, University of California, San Francisco, San Francisco,

CA 94143-0794, USA

8Department of Pediatrics, Columbia University Medical Center, New York, NY 10032, USA

9These authors contributed equally to this work

*Correspondence: dfisher3@partners.org (D.E.F.), zarany@bidmc.harvard.edu (Z.A.), hwidlund@bics.bwh.harvard.edu (H.R.W.)

http://dx.doi.org/10.1016/j.ccr.2013.02.003

SUMMARY

Activating mutations in BRAF are the most common genetic alterations in melanoma. Inhibition of BRAF
by small molecules leads to cell-cycle arrest and apoptosis. We show here that BRAF inhibition also induces
an oxidative phosphorylation gene program, mitochondrial biogenesis, and the increased expression of
the mitochondrial master regulator, PGC1a. We further show that a target of BRAF, the melanocyte lineage
factor MITF, directly regulates the expression of PGCla. Melanomas with activation of the BRAF/
MAPK pathway have suppressed levels of MITF and PGC71a and decreased oxidative metabolism.
Conversely, treatment of BRAF-mutated melanomas with BRAF inhibitors renders them addicted to oxida-
tive phosphorylation. Our data thus identify an adaptive metabolic program that limits the efficacy of

BRAF inhibitors.

INTRODUCTION

Activating mutations in the BRAF protein kinase are the most
common genetic alterations in melanoma, found in ~50% of
tumors (Davies et al., 2002; Curtin et al., 2005). The most
frequent BRAF mutation is the substitution of valine at position
600 by glutamic acid (BRAF V600E) that results in the constitu-
tive activation of its serine/threonine kinase activity and sus-
tained activation of the mitogen-activated protein kinase
(MAPK) signal transduction pathway (Davies et al., 2002; Wan
et al., 2004). BRAF directly phosphorylates the dual-specificity
kinases MEK1 and MEK2, which in turn phosphorylate and acti-

vate the MAPKs, ERK1 and ERK2. BRAF has been shown by
overexpression and knockdown experiments to be a critical
mediator of melanomagenesis. In mice, activation of BRAF in
combination with deletion of the tumor suppressor genes
PTEN or INK4A leads to melanoma with complete penetrance
(Dankort et al., 2009; Dhomen et al., 2009). Conversely, treat-
ment of BRAF mutant melanomas in vitro with chemical inhibi-
tors of BRAF or MEK1/MEK2 promotes cell-cycle arrest and
apoptosis (Hingorani et al., 2003; Karasarides et al., 2004; Hoe-
flich et al., 2006; Wellbrock et al., 2008). Moreover, the BRAF
inhibitor vemurafenib (PLX4032) leads to tumor regression and
improved overall survival in patients whose melanomas have

Significance

BRAF mutations are the most common genetic aberrations in melanoma, but the mechanisms by which they promote onco-
genesis are poorly understood. Here, we show that activated BRAF promotes metabolic reprogramming by suppression of
oxidative phosphorylation through the actions of the melanocyte lineage factor MITF and the mitochondrial master regulator
PGC1a. BRAF inhibitors, which transiently suppress melanoma growth in vitro and in patients, induce PGC1a and oxidative
phosphorylation. This addiction to oxidative phosphorylation in melanomas treated with BRAF-targeted therapy therefore
suggests that mitochondrial inhibitors should be evaluated in combination with BRAF pathway inhibitors in vivo.
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the BRAF(V600E) mutation, leading to its approval as a treatment
for patients with metastatic melanoma (Flaherty et al., 2010;
Chapman et al., 2011; Sosman et al., 2012). Despite the promise
and dramatic initial effects of BRAF inhibitors in the clinic,
patients eventually relapse within a few months, suggesting
that combination therapies may be needed to overcome intrinsic
or acquired resistance (Gray-Schopfer et al., 2007; Poulikakos
and Rosen, 2011).

Although melanomas with BRAF mutations have constitutively
active growth signals, how they sustain their growth in the setting
of nutrient scarcity is not well understood. In 1930, Otto Warburg
proposed that cancer cells have a high rate of glycolysis as
compared to oxidative metabolism even under conditions of
high oxygen, a phenomenon known as the Warburg effect (War-
burg, 1956; Vander Heiden et al., 2009). Oxidative phosphoryla-
tion depends on the ability of functionally intact mitochondria to
metabolize oxygen, whereas glycolysis can occur independently
of mitochondria. Warburg theorized that this metabolic switch
facilitated the uptake and incorporation of nutrients that were
required for cellular proliferation. Although poorly understood
in melanoma, the molecular mechanisms of metabolic reprog-
ramming in cancer have been described in other tumor types.
TP53-deficient tumor cells have diminished levels of the genes
TIGAR and SCO2, which regulate glycolysis and assembly of
the mitochondrial cytochrome ¢ oxidase complex, respectively
(Bensaad et al., 2006; Matoba et al., 2006). Similarly, the dysre-
gulation of the proto-oncogene MYC leads to profound effects
on tumor metabolism through multiple mechanisms (reviewed
in Dang, 2012).

These observations have raised the possibility of targeting key
metabolic pathways to inhibit cancer growth. Yun et al. demon-
strated that several colorectal cancers with KRAS or BRAF
mutations have increased glucose uptake and glycolysis and
survived better in low-glucose conditions compared to nonmu-
tated cell lines (Yun et al., 2009). Suppression of glycolysis
with 3-bromopyruvate (a nonactive intermediary in the glycolysis
pathway) reactivates mitochondrial metabolism in tumor cells,
induces their selective killing, and suppresses cancer growth.
Similarly, suppression of glycolysis by inhibiting conversion of
pyruvate to lactate enhances oxidative phosphorylation and
suppressed the growth of breast cancer cell lines (Fantin et al.,
2006; Bonnet et al., 2007). Thus, whereas metabolic reprogram-
ming is commonly found in cancer, the mechanism and details of
metabolic alterations in melanoma are unknown.

Mitochondrial biogenesis and oxidative phosphorylation are
well known to be controlled by the members of the peroxisome
proliferator-activated receptor y coactivator 1 (PGC-1) family
of transcriptional coactivators (PGC1a, PGC18, PPRC1) (Lin
et al., 2005a; Finck and Kelly, 2006; Handschin, 2009; Leone
and Kelly, 2011). The best-studied PGC-1 family member,
PGC1a, potently activates coordinated gene expression
programs by interacting with transcription factors, the basal
transcriptional machinery, histone-modifying enzymes, and the
RNA-splicing machinery. PGC1a. drives mitochondrial biogen-
esis in multiple contexts, including brown and white adipocytes
(Wu et al., 1999; Uldry et al., 2006), skeletal muscle (Lin et al.,
2002), and the heart (Lehman et al., 2000). PGC1a mRNA
expression is sensitive to numerous signaling inputs that have
been implicated in cancer biology (Herzig et al., 2001; Yoon

et al., 2001; Chinsomboon et al., 2009; Arany et al., 2008).
PGC1p shares significant sequence homology and functional
overlap with PGC1a, including the activation of mitochondrial
biogenesis and oxidative phosphorylation, but also has several
distinct functions in different tissues (Lin et al., 2005b; Uldry
et al., 2006; Wolfrum and Stoffel, 2006). The regulation of
PGC1B has been less extensively studied. Although little is
known about the role of the PGC-1s in melanoma, they have
recently been implicated in metabolic shifts in breast cancer
cells and colon cancers (Eichner et al., 2010; Bhalla et al.,
2011; Sahin et al., 2011; Wang and Moraes, 2011; Girnun,
2012; Klimcakova et al., 2012). Here, we comprehensively eval-
uate the effect of BRAF pathway activation on metabolic gene
expression and function in melanoma.

RESULTS

BRAF Regulates Metabolic Reprogramming

of Melanomas

The mechanisms by which oncogenic BRAF promotes oncogen-
esis are incompletely understood. Gene set enrichment analysis
(GSEA) provides a bioinformatics approach to identify gene
signatures among microarray data sets that are induced or sup-
pressed as small coordinated changes in individual genes (Moo-
tha et al., 20083). In order to identify gene expression programs
altered by oncogenic BRAF, we evaluated previously published
gene expression profiles of BRAF mutant melanomas treated
with the BRAF inhibitor vemurafenib (Joseph et al., 2010). As
shown in Figure 1A, treatment of BRAF mutant melanomas
with vemurafenib resulted in significant increases in the expres-
sion of the citric acid cycle gene set (Figure 1A) as well as
multiple oxidative phosphorylation and ATP synthesis gene
sets (Table S1 available online). Similarly, melanoma cells
treated with PD0325901, a preclinical inhibitor of the MEK1/
MEK2 protein kinases (Pratilas et al., 2009; Joseph et al.,
2010), also exhibited a trend toward induction of the citric acid
cycle and oxidative phosphorylation gene sets (Table S2). In
contrast, we did not find enrichment of oxidative phosphoryla-
tion, or citric acid cycle gene sets in BRAF mutant nonmelano-
mas treated with PD0325901 (Table S3). We validated the effects
of vemurafenib on OXPHOS gene expression in three melanoma
cell lines by quantitative PCR (qPCR) (Figures S1A-S1C).

To directly evaluate the effect of BRAF inhibition on oxidative
phosphorylation and mitochondrial number and function, we
treated melanoma cell lines with PLX4720, a preclinical analog
of vemurafenib (Tsai et al., 2008). PLX4720 increased the mito-
chondrial density of two BRAF mutant melanomas as detected
by MitoTracker Green, which localizes to mitochondria indepen-
dent of membrane potential. PLX4720 did not affect the mito-
chondrial density of MeWo cells that are BRAF wild-type (Fig-
ure 1B). PLX4720 also induced MitoTracker Red fluorescence,
a measure of mitochondrial activity and mass (Figure 1C), and
increased the production of mitochondrial oxidative stress
measured by the MitoSOX fluorescence assay (Figure 1D). To
confirm these findings, we also evaluated mitochondrial number
by electron microscopy after treatment of the BRAF mutant
melanoma cell line UACC62 with PLX4720. As seen in Figures
1E and S1D, inhibition of BRAF led to a significant increase in
the number of mitochondria per cell.
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Figure 1. BRAF Inhibitors Induce Mitochondrial Biogenesis and Oxidative Metabolism
(A) GSEA plot of melanoma cells treated with vemurafenib showing the most significantly changed gene set. FDR, false-discovery rate; ES, enrichment score.
(B) MitoTracker Green fluorescence of BRAF mutant (UACC-62 and UACC-257) or BRAF wild-type (MeWo) melanoma cell lines treated with PLX4720 (1 uM,

72 hr) and subjected to analysis by flow cytometry.

(C and D) MitoTracker Red fluorescence (C) or MitoSOX fluorescence (D) of UACC-62 cells treated with PLX4720.
(E) Electron micrographs of UACC-62 cells treated with PLX4720 or vehicle control. Representative photographs of cells at 22,000 x (upper panel) or 44,000 x

(lower panel) are shown. Arrowhead indicates a representative mitochondrion.

(F) Lactate levels in media conditioned from the indicated cell lines treated with PLX4720 or vehicle control for 16 hr.
(G) Cells in (F) were concomitantly evaluated for ERK activity by western blotting using phospho-ERK antibodies.
Error bars represent SEM of at least three independent replicates. ***p < 0.001; **p < 0.01. ns, not significant.

See also Tables S1-S3 and Figure S1.

The conversion of glucose to lactate, as noted by Warburg,
can be due to the shunting of pyruvate away from oxidative
phosphorylation (Vander Heiden et al., 2009). In line with our find-
ings above, PLX4720 reduced lactate levels in all BRAF mutant
melanomas evaluated (Figure 1F). Lactate levels did not change
upon treatment of a melanoma cell line that does not contain the
BRAF mutation, consistent with the inability of PLX4720 to
suppress ERK signaling in these cells (Figure 1G). Collectively,
our data suggest that BRAF suppresses oxidative phosphoryla-
tion gene expression and mitochondrial density in melanoma.

BRAF and MAPK Activation Suppresses PGC1a

Because oxidative phosphorylation depends on mitochondrial
number and activity, their alteration may contribute to altered
tumor metabolism. Candidate pathways, which physiologically
regulate mitochondrial content and function, include the mito-
chondrial transcription factors A (TFAM) and B (TFB1M,
TFB2M), nuclear respiratory factor 1 (NRF1), GA binding proteins
(GABPA, GABPB?2), peroxisome proliferator-activated receptors

304 Cancer Cell 23, 302-315, March 18, 2013 ©2013 Elsevier Inc.

(PPARa, PPARgG), PPAR-vy coactivators (PGC1a, PGC1), and
PGC1-related coactivator 1 (PPRC1) (reviewed in Kelly and
Scarpulla, 2004).

We observed that BRAF(V600E) expression suppressed
PGC1a, a well-known regulator of mitochondrial metabolism in
the microarray data sets above. To validate these observations,
we treated a series of BRAF mutant melanomas and nonmela-
noma cell lines with PLX4720 and evaluated the effect on
PGC1a mRNA (Figure 2A). In all melanomas with BRAF muta-
tions, PLX4720 induced 3- to 14-fold increases in PGC1«
mRNA. We did not observe any changes in the expression of
PGC1a in a BRAF wild-type MeWo cell line treated with
PLX4720. Surprisingly, we did not observe any effects of
PLX4720 on PGC1a expression in two BRAF mutant colon
cancer cell lines, despite suppression of ERK phosphorylation
similar to that seen in melanomas (Figure 2B). We did not
observe any change in PGC18 mRNA upon treatment with
PLX4720 or any effects in a BRAF wild-type melanoma over
24 hr (Figures S2A and S2B). These data suggested that there
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Figure 2. BRAF Inhibitors Induce PGC1a Expression

(A and B) PGC1a mRNA (A) and phospho-ERK levels (B) in melanoma or colon
cancer cells treated with PLX4720 (1 uM) for 24 hr.

(C and D) PGC1a. mRNA (C) and ERK activity (D) in melanoma cells treated with
the MEK inhibitor PD0325901 (10 nM) for 24 hr.

(E) Microarray analysis (GSE10086) of PGC1a. mRNA in cell lines treated with
10 nM PD0325901 for 24 hr.

(F) Comparison of PGC1a mRNA with MITF, melanocytic markers, and MITF
targets in 105 melanoma cell cultures (Hoek et al., 2006). Pearson correlation
coefficient is shown below each gene.

Error bars represent SEM of at least three independent replicates.
0.0001; ***p < 0.001; *p < 0.01.

See also Figure S2.
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might be lineage-specific differences in the regulation of PGC1a
by BRAF. To validate our findings using a structurally unrelated
small molecule, we treated several melanoma cell lines with
the MEK inhibitor PD0325901. Induction of PGC71a mRNA (Fig-
ure 2C) and suppression of ERK phosphorylation (Figure 2D)

were seen in all cell lines tested including the BRAF wild-type
melanoma MeWo, suggesting that the BRAF/MEK/ERK pathway
regulates PGC1a expression in melanoma cells. These results
were also confirmed with additional NRAS mutant melanoma
cell lines treated with a MEK1/MEK2 inhibitor (Figures S2C and
S2D). Finally, we evaluated the expression of PGC1a in an inde-
pendent data set of A375 melanoma cells selected for resistance
to BRAF inhibitors (Greger et al., 2012). We observed that
PGC1a« expression was 10-fold lower in cells that had acquired
resistance to BRAF inhibitors (Figure S2E), likely reflecting their
higher demonstrated basal MAPK activity.

We also interrogated a publicly available microarray of 12
breast, lung, colon, and melanoma cell lines treated with
PD0325901 (Joseph et al., 2010). Suppression of MEK only
affected PGC1a mRNA in melanoma cell lines (Figure 2E; p <
0.0001), suggesting that the regulation of PGC1o mRNA by the
BRAF/MEK/ERK pathway is unique to the melanocytic lineage.
Consistent with our results, we found that PGC1a expression
was significantly correlated with melanocyte-specific antigen
expression in a data set comprising of 105 melanoma cell
cultures (Hoek et al., 2006) (Figure 2F).

PGC1a mRNA Is Directly Regulated by the MITF
Transcription Factor

To elucidate how BRAF may regulate PGC1«, we compared the
expression pattern of all human transcription factors to PGC1a.in
a large microarray data set of short-term melanoma cultures (Lin
et al., 2008). Among the transcription factors whose expression
most closely paralleled PGC1a., we observed that both transcrip-
tion factor EB (TFEB) and the microphthalmia-associated tran-
scription factor (MITF) were significantly associated with
PGC1a expression (q < 0.001) (Figure 3A). Both TFEB and
MITF are members of a four-member family of distinctly encoded
transcription factors (TFEB, TFEC, TFE3, and MITF) that share
acommon structure, binding recognition sequence, and function
(Hag and Fisher, 2011). Whereas TFEB, TFEC, and TFE3 are
ubiquitously expressed, MITF is largely restricted to the melano-
cytic lineage. The correlation of PGC7a to MITF was therefore
interesting in light of our data suggesting BRAF regulation of
PGC1« in melanoma, but not in other lineages (see Figures 2A
and 2E). MITF expression correlated with PGC1«a as shown
above (see Figure 2F).

We therefore evaluated the requirement of TFE3, TFEB, and
MITF for the expression of PGC1« by siRNA. In both M14 mela-
noma cells and primary human melanocytes, suppression of
MITF but not TFEB or TFE3 (Figures 3B and S3A) led to a signif-
icant suppression of PGC1a (Figures 3C and S3B) despite similar
knockdown efficiency. We were unable to reliably detect TFEC
expression in the cell lines tested (data not shown). MITF
suppression in two other melanoma lines also significantly
reduced PGC1a expression (Figure S3C), which was validated
using two independent shRNAs (Figure S3D).

In silico analysis of the PGC1« promoter identified three puta-
tive MITF recognition sequences (“E boxes”), which were
conserved among mammalian species. One E box was located
approximately 420 bp upstream of the transcriptional start site,
whereas a proximal E box was located within 20 bp of the start
site (Figure 3D). Another E box was located approximately 10 kb
upstream of these sequences, in the promoter sequences of an
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Figure 3. PGC1a Is Regulated by MITF in the Melanocytic Lineage

(A) Top ten transcription factors correlated to PGC1a mRNA in Lin et al. (2008). *q < 0.05.

(B and C) Requirement of MiT family members for PGC1a expression in M14 melanoma cells. Knockdown of each family member is shown in (B).

(D) Structure of PGC1a promoter in mammalian species showing the location of alternative (alt) exon 1 and exon 1. Also depicted are the locations of E box 1 and E
box 2 and primers used for ChIP.

(E) ChIP of indicated genomic region with anti-MITF, or rabbit IgG in primary melanocytes. Precipitated DNA was amplified using primers depicted in (D). **p <
0.001 compared to rabbit IgG control.

(legend continued on next page)
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alternative exon 1 (PGC1«-alt) (Miura et al., 2008; Chinsomboon
et al.,, 2009). To evaluate if MITF could directly bind to the
PGC1a promoter, we performed chromatin immunoprecipita-
tion (ChIP) using primers located either near alternative exon 1
or exon 1 (see Figure 3D). As shown in Figure 3E, MITF was
found to bind to the proximal PGC7a promoter but not to the
PGC1a-alt promoter in primary melanocytes. Due to limits in
the resolution of this assay, we were unable to distinguish if
MITF binds to E box 1, E box 2, or both. We therefore utilized
a PGC1a promoter cloned upstream of the luciferase reporter
gene (Handschin et al., 2003) and mutated each E box by
site-directed mutagenesis (Figure 3F). MITF overexpression
(Figure 3F) or treatment with PLX4720 (Figure 3G) led to the
induction of the wild-type promoter, whereas mutation of either
of the two E boxes significantly inhibited this response. Collec-
tively, these data indicate that MITF binds and directly regulates
the PGC1« gene in the melanocyte lineage. To evaluate if BRAF
regulates PGC1a via MITF, we suppressed MITF using siRNA,
then used PLX4720 to inhibit BRAF(V600E) activity. As shown
in Figure 3H, treatment with PLX4720 strongly induced
PGC1a mRNA in M14 cells and ~3-fold in UACC62 cells, and
this induction was absent in cells in which MITF was knocked
down by siRNA. These data indicate that BRAF regulates
PGC1« via MITF.

BRAF Negatively Regulates MITF Activity

The relationship between BRAF and MITF is poorly understood
because oncogenic BRAF and the ERK pathway promote
MITF activation but also lead to its degradation (Hemesath
et al., 1998; Wu et al., 2000; Wellbrock and Marais, 2005; Well-
brock et al., 2008; Boni et al., 2010). We therefore examined
the consequences of ectopic BRAF(VE00OE) expression in
immortalized melanocytes. Introduction of oncogenic BRAF
was associated with decreased levels of M-MITF protein (the
melanocyte-specific isoform), but not other isoforms (Figure 4A).
Conversely, the MEK inhibitor PD0325901 induced the expres-
sion of TRPM1 and other direct targets of MITF in published
microarrays (Figure 4B) and by gPCR (Figure 4C). As shown in
Figure 4D, knockdown of MITF blocked induction of TRPM1,
suggesting these effects were dependent on MITF. In line with
these findings, we observed that treatment of UACC-257 cells
with PLX4720 for 72 hr led to increased pigmentation, reflecting
MITF’s essential role in melanin synthesis and pigmentation
(Figure 4E).

We were unable to detect a correlation between BRAF muta-
tion status and PGC7a or MITF expression in short-term
cultures. Given the prevalence of MAPK pathway mutations
other than BRAF(V600E) in melanoma, we evaluated the expres-
sion of PGC1a and MITF in melanomas with either high or low
expression of a MAPK activation gene signature. Both MITF (t
test,p=1.4 x 107" and PGC1a (t test, p = 1.34 x 10~°) expres-
sion inversely correlated with MAPK activity (Figure 4F). Collec-
tively, these data suggest that BRAF/MAPK inhibition leads to

activation of MITF mRNA and protein and that this induction
leads to induction of MITF targets including PGC1 c.

To evaluate if BRAF suppression alters the BRAF/MITF/
PGC1a pathway described here in vivo, we obtained serial biop-
sies from 11 patients prior to treatment with BRAF/MEK inhibi-
tors and 10-14 days after beginning treatment (patient charac-
teristics described in Straussman et al., 2012). Of eight
samples that had detectable phosphorylated ERK at baseline
(Figure 5A), all had induction of PGC1a upon treatment (Fig-
ure 5B). Comparison to separately analyzed levels of M-MITF
induction following BRAF-targeted therapy revealed a significant
correlation to PGC1a induction within these patient-derived
specimens (J.A.W., unpublished data). Together, these data
indicate that the OXPHOS adaptive response described here
exists in vivo.

MITF Promotes Expression of Oxidative Phosphorylation
Genes

Up to 30% of melanomas harbor genomic amplifications of
MITF (Garraway et al., 2005), and MITF is required for the
survival of at least a subset of melanomas. Activating point
mutations have also been identified in melanoma (Bertolotto
et al,, 2011; Yokoyama et al., 2011). These data have led to
the designation of MITF as a lineage-specific melanoma onco-
gene (Garraway et al., 2005). Comprehensive expression
profiling approaches have identified roles for MITF in promoting
cell growth and survival, organelle biogenesis, the oxidative
stress response, and miRNA regulation (Vachtenheim and Bor-
ovansky, 2010; Haq and Fisher, 2011). However, a role for
MITF in regulating metabolism has not been previously
described. We therefore tested if MITF expression correlated
with oxidative phosphorylation by classifying melanomas into
two groups based on a previously defined oxidative phosphory-
lation signature. As seen in Figure 6A, melanomas with high
MITF expression had significantly higher oxidative phosphoryla-
tion gene expression (p = 5.51 x 107°). Similarly, MITF expres-
sion correlated with PGC1a-regulated gene expression (p =
1.42 x 107'9).

To evaluate if MITF was sufficient to drive oxidative phosphor-
ylation in melanoma, we evaluated two matched human cell lines
derived from primary melanocytes. These two cell lines (termed
pmel*+BRAF(V600E) and pmel*+BRAF(V600E)+MITF) are
derived from primary normal human melanocytes by immortali-
zation using telomerase, with a constitutively active allele of
cyclin-dependent kinase 4 and dominant-negative p53 (Garr-
away et al., 2005). These cells are therefore isogenic with the
exception of the expression of MITF. Consistent with published
reports by Garraway et al. (2005) and our results above, expres-
sion of M-MITF protein was undetectable in pmel*+BRAF(V600E)
cells but strongly expressed in the derived MITF-expressing
cells, which correlated with PGC1a expression (Figure 6B).
BRAF(V600E) cells expressing MITF were able to form tumors
in immunocompromised mice, whereas control cells were not

(F and G) Activity of PGC1a promoters upstream of the luciferase gene mutated as depicted in response to transfection of MITF (F) or treatment with PLX4720 (G).

Gray boxes indicate the location of E boxes.

(H) Expression of PGC1a following knockdown of MITF (48 hr) and treatment with PLX4720 (1 uM, 24 hr) in M14 cells (left) or UACC-62 cells (right).
Error bars represent SEM of at least three independent replicates. *“p < 0.0; **p < 0.001.

See also Figure S3.
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(Figure 6C), paralleling previous data from soft agar growth
(Garraway et al., 2005). Similar to our findings with BRAF inhibi-
tion, GSEA of microarray data identified a highly significant
induction of the oxidative phosphorylation gene set in MITF-
expressing cells compared to control cells ( = 0.0, p <5 X
10~%; see Figure 6C). We found that a large majority of the oxida-
tive phosphorylation gene set was induced by MITF overexpres-
sion (Figure S4A), consistent with the ability of PGC1a to strongly
upregulate many oxidative phosphorylation genes (Mootha
et al., 2003). We validated the expression of differentially ex-
pressed genes (chosen to represent different mitochondrial
processes) by gPCR (Figure S4B) and found significant
increases in several oxidative phosphorylation genes. Similarly,
expression of the oxidative phosphorylation genes was sup-
pressed by oncogenic BRAF (Figure S4C).
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pressed MITF by shRNA and performed
gene expression profiling. We identified
several genes involved in oxidative phos-
phorylation that were dependent on MITF (Figure S4F), consis-
tent with the aforementioned gene expression data. With the
exception of PGC1a, whose promoter was found to be directly
bound by MITF, oxidative phosphorylation genes were not
bound by MITF but have been identified as PGC1a targets in
other cell lineages (Mootha et al., 2003). We conclude that
MITF overexpression is sufficient and necessary to drive oxida-
tive metabolism and metabolic reprogramming in the melano-
cyte lineage.

gene set  gene set

BRAF Inhibition Leads to Bioenergetic Adaptation by
Induction of MITF and PGC1a

Collectively, the data above support the notion that BRAF inhibi-
tion endangers ATP production, which is rescued by concomi-
tant induction of MITF, PGC1a, and oxidative metabolism. To
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Figure 5. Validation of Induction of PGC1a Pathway In Vivo following
BRAF Inhibition

(A) Expression of phospho-ERK in eight matched patient biopsies prior or
during (10-14 days) treatment with BRAF/MEK inhibitors. Scale bar represents
100 pm.

(B) Expression of PGC1a mRNA prior and during treatment with BRAF/MEK
inhibitors. Error bars represent SEM of at least three technical replicates.

experimentally test this hypothesis, we evaluated the response
of the isogenic cell lines expressing BRAF(V600E) with or without
M-MITF overexpression to PLX4032. Inhibition of BRAF resulted
ina42% drop in ATP in BRAF(V600E) parental cells, whereas the
magnitude of this drop was reduced in MITF-overexpressing
cells (Figure 6G), despite similar basal ATP concentrations.
Consistent with MITF effects on oxidative metabolism,
BRAF(V600E)+MITF cells were significantly more sensitive to
the mitochondrial uncoupler 2,4-dinitrophenol (DNP; Figure 7A).

We also evaluated the magnitude of bioenergetic compensa-
tion in eight patient-derived melanoma cell lines. As shown in
Figure 7B, in all cases, there was induction of PGC1a following
vemurafenib treatment, which varied in magnitude by cell line.
We also measured ATP levels before and after treatment with ve-
murafenib, and we observed a significant correlation between
induction of PGC1a and ATP levels in BRAF mutant cells (R =
0.72, p = 0.03; Figure 7C). Strikingly, the two lines with highest
ATP levels following BRAF inhibition are the ones with the stron-
gest induction of PGC1a. These data suggest that the metabolic
switch to “normal” varies in magnitude among different mela-
noma cell lines and suggest that the inhibition of BRAF leads
to a bioenergetic crisis that can be variably rescued by induction
of the MITF/PGC1a pathway.

We next asked whether oxidative metabolism could be ex-
ploited to inhibit the growth of melanoma cells. We compared
the sensitivity of melanoma cells to primary melanocytes (Fig-
ure S5). All melanoma cells were more sensitive to DNP than
primary melanocytes, except A375P. Treatment of UACC257
cells, but not A375P cells, with DNP led to a decrease in ATP
and increases in lactate, consistent with inhibition of OXPHOS
(Figures 7D and 7E). To validate the effects of mitochondrial

inhibitors on tumor growth in vivo, we treated animals bearing
tumor xenografts of A375P and UACC257 melanoma cells with
DNP. Consistent with the in vitro data, we found that longitudinal
treatment of UACC257 xenografts profoundly inhibited tumor
growth, similar to the effects of PLX4032 (Figure 7F), whereas
A375P cells were insensitive to 2,4-DNP (Figure 7G).

Melanomas Treated with BRAF Inhibitors Are Addicted
to Oxidative Metabolism

Our observations that BRAF and MITF regulate PGC 1« expression
prompted us to evaluate if oxidative metabolism affected response
to BRAF inhibitors. We observed that high levels of PGC1a were
associated with poorer prognosis in patients with stage lll mela-
noma (Figure S6A) (Bogunovic et al., 2009). To this end, forced
expression of PGC1a protected cells from PLX4720, as demon-
strated using three cell lines that expressed low levels of PGC1a.
(Figures 8A-8C). Because our data suggest that BRAF regulates
PGC1a and oxidative phosphorylation, we evaluated the effects
of inhibitors of oxidative phosphorylation in combination with
BRAF inhibitors. In addition, the cells were found to be relatively
insensitive to the mitochondrial uncoupler CCCP, but addition of
PLX4720 enhanced the cytotoxicity of this drug (Figure 8D). Mela-
noma cells treated with 2,4-DNP, or oligomycin A, which inhibits
oxidative phosphorylation through different mechanisms, addi-
tively enhanced the efficacy of PLX4720 in vitro (Figure 8E). We
also found similar data using rotenone and the complex Il inhibitor,
TTFA (Figures S6B and S6C). Together, the data indicate that
induction of oxidative phosphorylation in response to BRAF inhibi-
tion limits the therapeutic efficacy of BRAF inhibitors.

DISCUSSION

Previous studies have suggested a role for BRAF signaling in the
regulation of tumor metabolism. Clinically, patients with BRAF
mutant melanomas have higher levels of serum lactate consistent
with diminished oxidative phosphorylation (Board et al., 2009). In
addition, BRAF mutant melanomas have an order of magnitude
increased uptake of glucose compared to normal tissues in vivo
as assessed by functional imaging (Bollag et al., 2010). However,
the mechanism by which BRAF regulates metabolism in mela-
noma is poorly understood. This study identifies a pathway by
which the oncogenic BRAF pathway regulates energy metabo-
lismin melanoma. Our findings show that BRAF activation is asso-
ciated with diminished oxidative enzymes, diminished mitochon-
drial number and function, and increased production of lactate.
This metabolic reprogramming triggered by BRAF(V600E) is
accompanied by a suppression of MITF and PGC1«, a major
regulator of mitochondrial biogenesis and function.

We identify the melanocyte master regulator MITF as a direct
and essential mediator of BRAF-regulated PGC1a transcription.
Consistent with the restricted expression of MITF to the melano-
cyte lineage, the ERK pathway does not appear to regulate
PGC1a transcription in BRAF mutant cancers that lack MITF
expression. The MITF-PGC1 connection thus explains the
lineage-specific effects of BRAF activation and inhibition.

Although BRAF inhibitors can suppress glycolysis and induce
oxidative phosphorylation, we found that MITF only regulates
mitochondrial respiration. Consistent with this, MITF and PGC1a
expression correlate with oxidative phosphorylation genes in
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Figure 6. MITF Regulates Oxidative Phosphorylation

(A) Box plots depicting MITF expression in melanomas with high expression of a PGC1a-target gene set (bottom) or oxidative phosphorylation gene set (top).
(B) Western blotting showing expression of MITF and PGC1a in pmel* BRAF(V600E) with and without MITF overexpression.

(C) Schema showing isogenic system evaluating the effect of MITF overexpression in BRAF(V600E) melanoma cells. The tumorigenicity of the paired cell lines was
assessed in FoxN™ mice, and the number of formed tumors per injection of each cell line is shown. GSEA of the paired cell lines with the most highly induced gene

sets is shown (right).

(D-F) Glucose uptake (D), lactate levels (E), and oxygen consumption (F) were measured as relative amounts in each cell line, normalized to cell number. 1p <0.0001.
(G) ATP levels, normalized to cell number in BRAF(V600E)+vector and BRAF(V600E)+MITF treated with PLX4032 (1 uM) for 24 hr.
***p < 0.001 compared to control cells. Error bars represent SEM of at least three independent replicates.

See also Figure S4.

a large series of melanoma short-term cultures, but we have not
observed an inverse correlation with glycolytic gene expression.
We also found that MITF expression did not affect glucose uptake
but decreased lactate production and increased oxygen con-
sumption, consistent with a shift to oxidative metabolism. Thus,
consistent with Warburg'’s initial hypothesis, the activation of
glycolysis and the suppression of oxidative metabolism, as shown
here to be initiated by oncogenic BRAF, are likely separate
processes.

Overall, our data suggest that MITF is a major regulator of mito-
chondrial respiration in the melanocyte lineage by acting via
PGC1a. Tumors likely generate ATP via both glycolysis and
oxidative phosphorylation (Colombi et al., 2011; Weinberg
et al., 2010), and tumor cells may require mitochondria for func-
tions other than ATP generation, such as fatty acid synthesis
and glutaminolysis in some cases (Wise and Thompson, 2010;
Dang, 2012). However, we show here that MITF-expressing
melanomas have a higher level of oxidative gene expression.
These data therefore suggest that MITF expression may serve
as a biomarker for greater dependence on mitochondrial func-
tion. Because MITF has been difficult to drug directly (Haq and
Fisher, 2011), the dependence of MITF-dependent melanoma

310 Cancer Cell 23, 302-315, March 18, 2013 ©2013 Elsevier Inc.

on oxidative phosphorylation thus presents a theoretical thera-
peutic approach. However, MITF paradoxically can promote
tumorigenesis (e.g., Garraway et al., 2005; Yokoyama et al.,
2011), whereas activation of MITF expression in normal melano-
cytes typically induces differentiation, which likely antagonizes
tumorigenesis (D’Orazio et al., 2006; Carreira et al., 2006; Haq
and Fisher, 2011). A rheostat model has been proposed to
explain the apparent paradox of MITF (Goding, 2011), but defin-
itive evidence of this model remains an area of active investiga-
tion. We show that BRAF inhibitors induce some, but not all,
MITF target genes, implying that the context in which MITF is
regulated may also contribute to its physiologic effects. Finally,
itis also highly likely that MITF has protumorigenic effects outside
of its induction of OXPHOS, so that any antitumorigenic effect of
inducing OXPHOS may well be countered by other protumori-
genic effects. In the future, it will be of great interest to examine
how MITF can coordinate its numerous downstream effects.
Eight patients treated with vemurafenib had induction of
PGC1a,but a larger sample size will therefore be needed to eval-
uate the diagnostic and predictive role of PGC1a induction in
response to BRAF inhibitors. Interestingly, mutations in PGC1a
have been detected in recent melanoma whole-genome
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Figure 7. Effects of 2,4-DNP on Growth Melanoma Cells In Vitro and In Vivo

(A) Number of BRAF(V600E)+vector and BRAF(V600E)+MITF melanoma cells following treatment with 2,4-DNP with indicated dose for 72 hr.
(B and C) Levels of PGC1a. mRNA (B) and ATP (C) in melanoma cell lines treated with vemurafenib (1 uM) for 24 hr.

(D and E) Effects of 2,4-DNP (50 pg/ml, 24 hr) on ATP (D) and lactate levels (E) in indicated cell lines in vitro. *p < 0.05.

(F and G) Effect of 2,4-DNP (20 mg/kg/day) or vemurafenib (75 mg/kg/day) on murine xenografts of indicated cell line (n = 7-8 per group).
**p < 0.01 and ***p < 0.001 compared to vehicle group. Error bars represent SEM of at least three independent replicates.

See also Figure S5.

sequencing efforts (Prickett et al., 2009; Stark et al., 2012). Our
data nonetheless suggest that dysregulation of PGC1a may
have profound effects on metabolism of melanoma cells and
may contribute to oncogenesis in certain cases.

We found that BRAF mutant melanomas treated with PLX4720
are dependent on ATP generation by mitochondria. Our data
suggest that inhibition of mitochondrial metabolism may be most
effective as initial therapy because most patients that have
relapsed following BRAF inhibitors have reactivation of the
MAPK pathway, which we have shown correlates with a decreased
level of MITF and PGC1a. Although mitochondrial function would
likely be difficult to target therapeutically in many cancer types,
agents that exploit bioenergetic and metabolic alterations in mito-
chondria have been proposed by Fantin and Leder (2006). We find
that mitochondrial uncouplers enhanced the efficacy of PLX4720
in BRAF mutant melanomas, but demonstration of the in vivo effi-
cacy of this combination remains to be firmly established, which
possibly will involve derivation of improved mitochondrial pharma-
cologic agents. Although available drugs have generally unfavor-
able pharmacologic properties, 2,4-DNP had been used exten-
sively in diet pills (Cutting and Tainter, 1933), and over 100,000
people had been treated worldwide with the drug at the time of
its discontinuation (Tainter et al., 1934). Cases of dangerous side
effects such as fatal hyperthermia led to its official discontinuation
by 1938. Given the toxicities of the drugs, further development of

alternative oxidative phosphorylation inhibitors should be consid-
ered. Despite the recent successes of BRAF inhibition in the clinical
arena, recurrence rates remain high, and survival is only extended
several months. Although further in vivo studies will be crucial,
uncouplers such as DNP, or other inhibitors of oxidative phosphor-
ylation may be an alternative approach to enhance the effect of
BRAF inhibitors in patients with melanoma.

EXPERIMENTAL PROCEDURES

Gene Expression and Bioinformatics

Immortal melanocytes (pmel*) and their transformed counterparts, pmel*
BRAF(V600E)-vector and pmel"BRAF(V600E)+MITF, were maintained as
described by Garraway et al. (2005). Global gene expression analysis was
carried out using HG-U133A microarrays (Affymetrix).

RNA Isolation, ChlP, and Quantitative Real-Time PCR

ChIP was performed in primary human melanocytes using previously
described methods by Cui et al. (2007). Chromatin was immunoprecipitated
using rabbit polyclonal anti-MITF, or normal rabbit IgG as a control. Results
are normalized to input DNA.

Clinical Samples

All patients gave informed consent for tissue acquisition as per an IRB-
approved protocol (Office for Human Research Studies, Dana-Farber/Harvard
Cancer Center). Tumors were biopsied before treatment (day 0), at 10-14 days
during treatment.
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Figure 8. BRAF Inhibitors Enhance Dependence on Mitochondrial Metabolism

(A-C) Sensitivity of A375M (A), WM1575 (B), and UACC-257 (C) melanoma cells overexpressing PGC1a to treatment with PLX4720 for 72 hr.

(D) Photograph of M14 cells treated with PLX4720 (5 uM), CCCP (20 uM), or the combination for 72 hr. Scale bar represents 100 pm.

(E) Cell number following treatment with mitochondrial uncouplers oligomycin A (1uM), CCCP (5 uM), or 2,4-DNP (200 nug/ml). Cell number was estimated after

72 hr of treatment.

*p < 0.05 and ***p < 0.001 compared to control. Error bars represent SEM of at least three independent replicates.

See also Figure S6.

siRNA Delivery and Analysis
siRNAs SMARTpools (Dharmacon) were delivered using the lipidoid delivery
agent C12-133-B as described by Li et al. (2012).

Promoter Assays and Luciferase Experiments

The murine PGC1a promoter was obtained from Addgene. Mutagenesis was
performed using the QuikChange Site-Directed Mutagenesis Kit (Stratagene).
Mutant promoters were verified by sequencing. UACC-62 cells were trans-
fected with each promoter construct, pRL-CMV Renilla control, and a M-MITF
overexpression vector. PLX4720 treatment was for 48 hr. Results reported are
averages of at least three independent experiments, normalized for transfec-
tion efficiency using Renilla luciferase.

Xenograft Tumor Studies

All mouse experiments were done in accordance with Institutional Animal Care
and Use Committee-approved animal protocols at Dana-Farber Cancer Insti-
tute as described in the Supplemental Experimental Procedures.

Electron Microscopy
Electron microscopy of UACC-62 melanoma cells treated with vehicle or

PLX4720 (3 uM, 72 hr) was performed at the PMB Microscopy Core as
described in Supplemental Experimental Procedures.

ACCESSION NUMBERS
Expression array data are deposited under GEO accession GSE38007.
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SUMMARY

The epithelial-mesenchymal transition (EMT) enhances cancer invasiveness and confers tumor cells with
cancer stem cell (CSC)-like characteristics. We show that the Snail-G9a-Dnmt1 complex, which is critical
for E-cadherin promoter silencing, is also required for the promoter methylation of fructose-1,6-biphospha-
tase (FBP1) in basal-like breast cancer (BLBC). Loss of FBP1 induces glycolysis and results in increased
glucose uptake, macromolecule biosynthesis, formation of tetrameric PKM2, and maintenance of ATP
production under hypoxia. Loss of FBP1 also inhibits oxygen consumption and reactive oxygen species
production by suppressing mitochondrial complex | activity; this metabolic reprogramming results in an
increased CSC-like property and tumorigenicity by enhancing the interaction of B-catenin with T-cell factor.
Our study indicates that the loss of FBP1 is a critical oncogenic event in EMT and BLBC.

INTRODUCTION

The increased motility and invasiveness of metastatic tumor
cells are reminiscent of the events that occur at the epithelial-
mesenchymal transition (EMT), a characteristic of embryonic
development, tissue remodeling, and wound healing (Polyak
and Weinberg, 2009; Thiery et al., 2009). EMT also bestows
tumor cells with cancer stem cell (CSC)-like characteristics,
providing them with therapeutic resistance and conferred tumor

recurrence. Although metabolism plays a fundamental role in
essentially every function of a cell, little is known about how
the cell’s metabolism contributes to the morphological and
molecular changes in EMT. Understanding the causes and
consequences of altered metabolism, particularly glucose, in
EMT may permit the identification of drug targets for treating
metastatic breast cancer.

Glucose homeostasis is reciprocally controlled by the cata-
bolic glycolysis/oxidative phosphorylation (OXPHOS) and the

Significance

BLBC is associated with an aggressive clinical history, development of recurrence, distant metastasis, and shorter patient
survival. BLBC contains abundant EMT markers and possesses many CSC-like characteristics, but the metabolic program
associates with these changes remain unknown. We showed that the Snail-G9a-Dnmt1 complex repressed FBP1 expres-
sion in BLBG; this results in increased CSC-like characteristics and tumorigenicity by enhancing aerobic glycolysis and by
suppressing ROS production. This metabolic reprogramming is intertwined with the development of BLBC, because loss of
FBP1 is required for EMT induction, the conversion from luminal to basal-like phenotype, and is associated with poor patient
survival. Our study suggests that targeting the Snail complex may be an effective approach for treating BLBC.
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anabolic gluconeogenesis pathway. In the catabolic reaction,
glucose is converted to pyruvate in the absence of oxygen,
which can be further metabolized to lactate in the cytoplasm
(glycolysis). In the presence of oxygen, pyruvate is channeled
to the tricarboxylic acid (TCA) cycle to fuel OXPHOS for the
maximal ATP production in the mitochondria. Otto Warburg
noticed that some tumor cells preferentially metabolized glucose
to lactate in the presence of ample oxygen, a process called
aerobic glycolysis (Koppenol et al., 2011). Activation of several
oncogenes contributes to the Warburg effect in tumor cells.
For example, AKT1 stimulates glucose uptake by enhancing
Glu-4 expression and by activating hexokinase (Elstrom et al.,
2004; Robey and Hay, 2009). Activation of Myc also induces
glycolysis by inducing LDH-A and PDK1 expression, which
inhibits the conversion of pyruvate to acetyl-CoA and facilitates
the production of lactate (Dang et al., 2008). Tumor cells can
increase an embryonic form of pyruvate kinase M2 (PKM2) to
trigger glycolysis in lung cancer (Christofk et al., 2008).

Much attention has focused on regulation of the catabolic
pathway of glucose. Gluconeogenesis is less investigated and
may play an equally important role in the switch to aerobic
glycolysis in tumor cells. Fructose-1,6-bisphosphatase (FBP1),
which catalyzes the splitting of fructose-1,6-bisphosphate
(F-1,6-BP) into fructose 6-phosphate and inorganic phosphate,
is a rate-limiting enzyme in gluconeogenesis. An autosomal
recessive inherited disorder of FBP1 deficiency is characterized
by hypoglycemia and lactic acidosis, which often causes sudden
infant death (Emery et al., 1988). This suggests that loss of FBP1
increases glucose uptake and glycolysis, leading to hypogly-
cemia and lactic acidosis in patients. Consistent with these
observations, inhibition of FBP1 significantly increases glucose
sensitivity and utilization in type 2 diabetic mouse models (van
Poelje et al., 2006). Interestingly, loss of FBP1 expression due
to promoter DNA methylation has been observed in liver, colon,
and gastric cancers (Chen et al., 2011; Liu et al., 2010), suggest-
ing that epigenetic regulation of FBP1 plays a critical role in
modulating glucose metabolism in cancer.

Breast cancer can be divided into four subtypes based on
gene expression profiling: luminal A, luminal B, HER2, and
basal-like (BLBC). BLBC is defined by expression of markers
characteristic of basal/myoepithelial cells and is identified as
a subgroup of breast cancers that may originate from undifferen-
tiated stem cells (Polyak, 2011). Consistent with this notion,
BLBC contains many EMT markers and CSC-like characteris-
tics. We recently showed that Snail interacted with H3K9
methyltransferase G9a and DNA methyltransferase Dnmt1 to
silence E-cadherin expression in BLBC cells (Dong et al.,
2012). We carried out this study to identify other targets regu-
lated by the Snail-G9a-Dnmt1 complex and investigate their
contributions to BLBC.

RESULTS

FBP1 Expression Is Inversely Correlated with Snail

in Breast Cancer

To identify potential targets regulated by the Snail-G9a-Dnmt1
complex, we performed microarray analysis in MDA-MB231
cells with knockdown of G9a (GSE34925). Similar to E-cad-
herin, FBP1 mRNA was greatly elevated after knockdown of

G9a. FBP1 has been identified as a marker to distinguish
estrogen receptor (ER)-positive breast cancer from ER-negative
subtype (van ‘t Veer et al., 2002). To reveal the potential func-
tion of FBP1 in breast cancer, we analyzed FBP1 expression
in five gene expression data sets and noticed that FBP1
expression positively correlated with ERa expression (Fig-
ure S1A available online). In two data sets (NKI295 and
GSE1456) with information on breast cancer subtypes, we
found FBP1 expression was high in luminal subtype and signif-
icantly lower in BLBC (Figure 1A). Using immunohistochemistry
staining, we also found that FBP1 expression positively corre-
lated with ERa expression (Figures 1B and S1B). This correla-
tion was further confirmed using immunoblotting. We found
that FBP1 and ERa were highly expressed in luminal subtype
but lowly expressed in triple-negative breast cancer, which
are mostly also BLBC (Figure S1C; six samples from both cases
are shown in Figure 1C). Consistent with the notion that BLBC
express EMT molecules, Snail protein level was high in triple-
negative breast cancer, and its level inversely correlated with
expression of FBP1, ERa, and E-cadherin (Figures 1C and
S1C). Furthermore, we examined the expression of FBP1,
ERa, and Snail in breast cancer cell lines. BLBC cells lose
expression of luminal epithelial molecules (ERa and E-cadherin)
and contain high levels of mesenchymal markers (vimentin,
N-cadherin, and Snail). Similar to E-cadherin and ER«, FBP1
was high in luminal cell lines and absent in BLBC cell lines
(Figure 1D).

FBP1 Is a Direct Target of Snail

To investigate the causal relationship between Snail and FBP1,
we expressed Snail in two luminal breast cancer cell lines.
Expression of Snail downregulated E-cadherin expression,
induced EMT, and converted luminal cells into basal-like pheno-
type (Dhasarathy et al., 2011) (Figures 2A-2D). This phenotypic
conversion is associated with the loss of luminal markers and
gain of basal markers (Figures 2D and S2). Similar to E-cadherin,
Snail almost completely suppressed FBP1 expression in these
cells (Figures 2B-2D). To examine whether FBP1 repression is
required for Snail-mediated EMT and basal-like phenotype
conversion, Snail was co-expressed with exogenous FBP1
(under the control of CMV promoter and thus not repressed by
Snail) in luminal cells (Figure 2A). Ectopic FBP1 expression
blocked the downregulation of E-cadherin, inhibited morpholog-
ical changes indicative of EMT, and suppressed the basal-like
phenotype conversion in these cells (Figures 2B, 2D, and S2),
indicating that FBP1 repression is required for this event.

We noticed that the FBP1 promoter contained nine consensus
Snail-binding E-boxes (CAGGTG) (Figure 2E). We cloned FBP1
promoter (FL1 = —1669 to +331 bp) and generated several dele-
tion mutants of promoter-luciferase constructs based on the
location of these E-boxes. By expressing a full-length FBP1
promoter reporter (FL1) in HEK293, HelLa, and MCF7 cells, we
found Snail significantly repressed FBP1 promoter activity (Fig-
ure 2F). When the E-box at —1273 bp was deleted (FL1 versus
FL2), we did not notice any changes in Snail-mediated FBP1
promoter-luciferase repression (Figure 2G), suggesting that
the E-box at —1273 is not critical for Snail-mediated FBP1
repression. However, two E-boxes upstream of transcriptional
starting site (TSS) (—657 and —358 bp) as well as six consecutive

Cancer Cell 23, 316-331, March 18, 2013 ©2013 Elsevier Inc. 317
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Figure 1. FBP1 Expression Inversely Correlates with Snail in Breast Cancer

(A) Box-plots indicate FBP1 expression in different subtypes of breast cancer.

(B) Statistical analysis of 150 cases of breast tumor samples immunostained using antibodies against FBP1, ER-a, and a control serum.

(C) Expression of FBP1, ER-o, and Snail were analyzed on fresh frozen tumor samples from six cases of luminal and six cases of triple-negative breast cancer.
(D) Expression of FBP1, ER-a, E-cadherin, Snail, and other EMT markers was determined by western blotting on five luminal and six BLBC cell lines (MDA-MB231,
MDA-MB435, MDA-MB157, and MDA-MB361 are abbreviated to MDA231, MDA435, MDA157, and MDA361 in all figures).

See also Figure S1.

E-boxes between TSS and ATG sites were important for Snail-
mediated FBP1 repression, as deletion constructs (FL3 and
FL4) that removed these two regions separately became less
sensitive to Snail-mediated repression (Figure 2H). Mutations
on these E-boxes almost completely abolished Snail-mediated
repression on FBP1 promoter luciferase (Figure 2H).

To examine whether Snail binds to FBP1 promoter, we per-
formed chromatin immunoprecipitation (ChIP) by using three

318 Cancer Cell 23, 316-331, March 18, 2013 ©2013 Elsevier Inc.

sets of primers (Figure 3A). Primer set 2, which covers nucleo-
tides from —369 to —161, worked effectively and thus was
used for the subsequent ChIP experiments. In cells that had
undergone Snail-mediated EMT (Figure 2B), we found that Snail
was associated with the FBP1 promoter (Figure 3B). In addition,
we found endogenous Snail bound to FBP1 promoter in BLBC
cells but not luminal cell lines (Figure 3C). These results indicate
that FBP1 is a direct target of Snail.
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Loss of FBP1 Expression Is Associated with Elevated
H3K9me2 and DNA Methylation at the FBP1 Promoter
We hypothesized that the Snail-G9a-Dnmts complex also binds
to the FBP1 promoter and is responsible for FBP1 repression in
BLBC. In three luminal cell lines that had undergone Snail-medi-
ated EMT, we found that downregulation of FBP1 was associ-
ated with an increased G9a and H3K9me2 and decreased
H3K9ac at the FBP1 promoter (Figure 3B). We also found
FBP1 promoter was completely unmethylated in vector control
cell lines; however, de novo DNA methylation occurred at the
FBP1 promoter in cells that had undergone Snail-mediated
EMT (Figure 3B). The increased G9a association, H3K9me2,
and DNA methylation on FBP1 promoter correlated well with
the downregulation of FBP1 in these luminal cell lines (Figure 3B).

We also detected a dramatic increase of H3K9me2 and
decrease of H3K9ac on the FBP1 promoter in six BLBC cell lines
compared to those in five luminal cell lines (Figure 3C). The
increase of H3K9me2 at the FBP1 promoter was likely due to
the association of the Snail-G9a-Dnmts complex because the
occupancy of Snail and G9a at the FBP1 promoter was also
significantly higher in BLBC cell lines than in luminal cell
lines (Figure 3C). Consistently, all BLBC cell lines showed
a significant increase of DNA methylation on the FBP1 promoter,
whereas no detectable FBP1 promoter DNA methylation in
luminal cell lines was observed (Figure 3C). When analyzing 25
cases of luminal and 16 cases of triple-negative breast tumor
tissues (Figure S1C), we found that the association of G9a and
the level of H3K9me2 and DNA methylation on the FBP1
promoter were significantly increased in triple-negative breast
cancer compared with the luminal subtype (Figure 3D). Knock-
down of G9a in MDA-MB231 cells increased the mRNA and
protein levels of FBP1 in a way similar to that of E-cadherin
(Figure 3E). Knockdown of Snail also increased the expression
of FBP1 and E-cadherin in MDA-MB231 cells (Figure S3).
Together, these results indicate that the association of Snail
and G9a and the corresponding increased H3K9me2 and DNA
methylation on FBP1 promoter are critical for the silencing of
FBP1 expression in BLBC.

FBP1 Inhibits Glucose Uptake and Sensitivity

in BLBC Cells

To examine the function of FBP1 in breast cancer, we estab-
lished stable clones with FBP1 expression or knockdown in six
BLBC and two luminal breast cancer cell lines, respectively (Fig-
ure 4A). We first measured glucose uptake and found that FBP1
expression significantly decreased glucose uptake in BLBC cell
lines, whereas knockdown of FBP1 enhanced glucose uptake in
luminal cell lines (Figure 4B). Intracellular glucose is sensed by
MondoA and ChREBP (Li et al., 2006). Following an increase in
intracellular glucose-derived metabolites, MondoA and ChREBP
shuttle to the nucleus, where they interact with MIx and activate
transcription of target genes. TXNIP is a major direct target of
MondoA-MIx complex and is commonly used as an intracellular
glucose sensor (Peterson et al., 2010). We thus examined TXNIP
induction by depleting glucose for 12 hr, followed by glucose
stimulation for additional 3 hr. TXNIP was robustly induced in
BLBC cell lines; however, FBP1 suppressed TXNIP induction.
In contrast, knockdown of FBP1 stimulated TXNIP induction in
luminal cells (Figure 4C). Because the cells had been glucose-

deprived for 12 hr, the TXNIP levels were re-set to baseline
(lane 2 versus lane 1, Figure S4A); the induction of TXNIP after
glucose stimulation reflects glucose uptake and resultant
steady-state level of intracellular glucose. Indeed, following
glucose stimulation for different time intervals, TXNIP induction
was greatly delayed in FBP1-expressing MDA-MB231 cells. In
contrast, TXNIP induction was robustly increased in FBP1-
knockdown MCF7 cells (Figure S4A). Because insulin is the
major hormone regulating glucose uptake, we measured insulin
sensitivity by examining tyrosine phosphorylation of the insulin
receptor (IR) after insulin stimulation. We found that FBP1
expression suppressed the intensity and duration of IR phos-
phorylation in BLBC cell lines. Conversely, knockdown of FBP1
increased the intensity and duration of IR phosphorylation in
luminal cell lines (Figure S4B). These results indicate that FBP1
is critical in inhibiting glucose uptake exemplified by downregu-
lating glucose and insulin sensitivities.

FBP1 Reduces Lactate Generation and Increases
Oxygen Consumption in BLBC Cells

To examine whether FBP1 changes glucose metabolism from
aerobic glycolysis to OXPHOS, we measured lactate production
and found that FBP1-expressing BLBC cells produced less
lactate than their vector control cells, whereas FBP1-knockdown
luminal cells had more lactate production (Figure 4D). We then
investigated FBP1’s role on cell growth under different oxygen
conditions. At normoxic condition (21% oxygen), FBP1 expres-
sion induced a minor inhibition in cell growth in BLBC cell lines.
Similarly, knockdown of FBP1 did not cause an apparent effect
on the growth of luminal cells (Figure S4C). However, under
hypoxic condition (0.1% oxygen), FBP1 expression induced
a drastic growth inhibition in BLBC cell lines, whereas knock-
down of FBP1 significantly reduced hypoxia-mediated growth
inhibition in luminal cell lines (Figure 4E), suggesting that the
effect of FBP1 on cell growth depends on oxygen. We thus
examined oxygen consumption rate (OCR). We found that the
basal OCR significantly increased in FBP1-expressing BLBC
cells, whereas FBP1-knockdown Iluminal cells displayed
a decrease in basal OCR (Figure 4F). Similar results were ob-
tained in the analysis of ATP-linked and maximal OCR
(Figure 4F).

FBP1 Inhibits Glycolysis and Increases OXPHOS

For every glucose molecule a cell consumes, aerobic glycolysis
produces 2 ATP, whereas OXPHOS produces 36 ATP. We
found that FBP1 expression or knockdown did not alter the
steady-state level of ATP in BLBC or luminal cells under nor-
moxic condition (Figure S5A). However, under hypoxia, the
steady-state level of ATP was significantly decreased in
FBP1-expressing BLBC cells, whereas knockdown of FBP1
greatly reduced hypoxia-mediated ATP reduction in luminal
cells (Figure S5A). Consistent with these observations, oligomy-
cin treatment resulted in a significant growth inhibition in FBP1-
expressing BLBC cells. Conversely, knockdown of FBP1
provided luminal cells with resistance to this compound (Fig-
ure S5B). Although BLBC cell lines are less sensitive to growth
inhibition mediated by hypoxia or oligomycin compared with
their FBP1-expressing clones, they were extremely sensitive to
glucose deprivation, as indicated by massive cell death and
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Figure 2. Snail Represses FBP1 Expression

(A) Schematic diagram showing that Snail was coexpressed with vector (GFP) or FBP1 (CMV promoter) in luminal subtype breast tumor cells.

(B) Snail was coexpressed with vector (GFP) or FBP1in MCF7 and T47D cells for 4 days. Morphologic changes indicative of EMT are shown in the phase contrast
images; expression of FBP1 and E-cadherin were analyzed by immunofluorescent staining. Nuclei were visualized with DAPI (blue). Scale bar = 20 um.

(C) The mRNA levels of E-cadherin and FBP1 were quantitated by real-time PCR (mean + SD in three separate experiments).

(D) Expression of E-cadherin, FBP1, Snail, luminal markers (ER-o and FoxA1), and basal markers (EGFR, SPARC, and Caveolin-1) for cells in (B) was analyzed by
western blotting.

(E) Schematic diagram showing positions of nine potential Snail-binding E-boxes on the FBP1 promoter and FBP1 promoter luciferase construct used.

(legend continued on next page)
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detachment from the cell substratum after 48 hr of glucose
depletion (Figure S5C).

We further investigated the metabolic fate of [U-'3C]-glucose
in vector- and FBP1-expressing MDA-MB231 cells by using
stable isotope-resolved metabolomics (SIRM) (Fan et al,
2009; Fan et al., 2011; Le et al., 2012). Nuclear magnetic reso-
nance (NMR) analysis of the culture media demonstrated
a reduced '3Cg-glucose uptake and '°Cs-lactate excretion,
leading to an overall decrease of '*Cg-glucose to '*Cj-lactate
conversion in FBP1-expressing cells (Figures 5A and S5D).
NMR analysis of '®C-labeled metabolites in cell extracts also
indicated a reduced '3Cs-lactate in FBP1-expressing cells (Fig-
ure 5B), consisting of reduced '3C;-lactate excretion into the
media. Interestingly, FBP1 expression also reduced '3C abun-
dance in the ribosyl unit of ribonucleotides and derivatives
(i.e., AXP, UXP, NAD"*, and UDPG) (Figure 5B), suggesting
that the pentose phosphate pathway (PPP), which is respon-
sible for generating ribose-5-phosphate for the synthesis of
ribonucleotides and NADPH production, is inhibited. In line
with this finding, the ratio of NADP*/NADPH was increased in
FBP1-expressing MDA-MB231 cells, whereas this ratio was
decreased in FBP1-knockdown MCF7 cells (Figure S5E). The
decreased level of '*C-UDPG in FBP1-expressing cells
suggests that the glycosylation process is reduced. The same
cell extracts were further analyzed by GC-MS to quantify
3C-metabolites involved in glycolysis and the TCA cycle
(Figure 5C). We found that the production of the m3 or '*C;-iso-
topologues of glycerol-3-phosphate (G3P) and serine were
significantly reduced in FBP1-expresing cells, which is
again consistent with attenuated glycolytic activity. In line
with the observations that FBP1 increased OXPHOS, the
production of 3C, or m2-succinate, fumarate, and malate
(markers of the first turn of the TCA cycle) as well as the
3C,- or mé-citrate (markers of the second turn of the TCA
cycle) (Fan et al., 2010) were increased in FBP1-expressing
cells (Figure 5C). Together, these results indicate that FBP1
inhibits glycolytic flux, reduces biosynthesis (nucleotides via
PPP, G3P for triacylglycerol synthesis, and serine for protein),
and enhances OXPHOS.

FBP1 Suppresses PKM2 Activation and Increases
Mitochondrial Complex | Activity and Reactive Oxygen
Species Generation

To explore the underlying mechanisms of increased OXPHOS by
FBP1, we first assessed the level of F-1,6-BP. FBP1 expression
caused a dramatic decrease of F-1,6-BP level in BLBC
cells, whereas knockdown of FBP1 led to a marked increase of
F-1,6-BP in luminal cell lines (Figure 6A). We also measured
pyruvate kinase (PK) activity and found that FBP1 significantly
decreased PK activity in two BLBC cell lines; whereas knock-
down of FBP1 increased PK activity in two luminal cells (Fig-
ure SB6A). The PK activity contained both PKM1 and PKM2

activities and thus we could not distinguish the activation of
PKM2 by F-1,6-BP. We next examined the tetrameric form of
PKM2 using cross-linking agent. Surprisingly, PKM2 existed
mainly in tetrameric form in two BLBC cell lines, whereas it
appeared in monomer state in two luminal cell lines (Figure 6B).
FBP1 expression significantly decreased the tetrameric PKM2,
whereas knockdown of FBP1 increased the formation of tetra-
meric PKM2. These data indicate that loss of FBP1 activates
PKM2, which facilitates lactate production and triggers the
switch to aerobic glycolysis.

Because FBP1 expression enhanced oxygen consumption,
we reasoned that FBP1 expression stimulates activity in the
mitochondrial electron transport complexes (I, Il, lll, and IV of
ETC) (Figure 6C). Complexes | and Il use electrons donated
from NADH and FADH2, respectively, to reduce coenzyme Q,
which shuttles these electrons to complex lll, where they are
transferred to cytochrome c. Complex IV uses electrons from
cytochrome ¢ to reduce molecular oxygen to water. These
actions produce a proton electrochemical potential gradient,
and the free energy released is converted to ATP by ATP syn-
thase (Chatterjee et al., 2011). We first compared the activity of
the mitochondrial complexes | and Il in terms of their contribution
to the overall oxygen consumption. Complex | and Il activity
could be blocked by rotenone and TTFA, respectively, thus the
oxygen consumption relies on the electron transport activity of
the remaining active complex. As shown in Figure 6C, although
OCR was higher in FBP1-expressing BLBC cell lines, addition
of TTFA slightly and proportionally decreased OCR in both
vector- and FBP1-expressing BLBC cells. A consistent trend
was observed in vector- and FBP1-knockdown luminal cell lines
(Figure 6C). However, treatment with rotenone dramatically
reduced OCR in FBP1-expressing BLBC cells to levels found
in vector control cells (Figure 6C). Consistently, treatment with
rotenone also decreased OCR in luminal cells to levels similar
to those found in the FBP1-knockdown luminal cells. We also
measured complex | activity using purified mitochondria from
these cells. FBP1-expressing BLBC cell lines had significant
higher complex | activity, whereas FBP1-knockdown luminal
cell lines had decreased complex | activity (Figure 6D). To
identify the underlying mechanism, we performed microarray
analysis (GSE41158) and determined that mitochondrial tran-
scription factor B1M (TFB1M) was significantly higher in FBP1-
expressing BLBC cells (Figure S6B). TFB1M is a nuclear gene
encoding mitochondrial transcription factor that is essential for
the mitochondrial biogenesis (Metodiev et al., 2009). Loss of
TFB1M causes defects of protein translation in mitochondrial
complex | components, resulting in impaired OXPHOS (Koeck
et al., 2011). We found that TFB1M expression was increased
in FBP1-expressing MDA-MB231 cells, whereas its expression
was decreased in FBP1-knockdown MCF7 cells (Figures S6B
and S6C). In addition, two targets of TFB1M from mitochondrial
complex I, ND1 and ND5, but not components from complex

(F) FBP1 promoter luciferase construct (FL1) was coexpressed with Snail or vector in HEK293, HelLa, and MCF7 cells, respectively. After 48 hr, luciferase activities

were determined and normalized (mean = SD in three separate experiments).

(G) FBP1 promoter luciferase constructs (FL1 and FL2) were coexpressed with Snail or vector in HEK293 cells. Luciferase activities were determined as in (F).
(H) FBP1 promoter luciferase constructs (FL2, FL3, and FL4 as well as their E-box mutants) were coexpressed with Snail or vector in HEK293 cells. Luciferase

activities were determined as in (F).
See also Figure S2.
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(A) Three sets of primers used for FBP1 promoter ChlIP are shown.
(B and C) The association of Snail and G9a, and the level of H3K9me2 and H3K9ac at the FBP1 promoter in cells that have undergone Snail-mediated EMT (B) and
cell lines from Figure 1D (C) were analyzed by ChIP. DNA methylation at the FBP1 promoter was analyzed by MSP.
(D) The association of G9a, and the level of H3K9me2 and DNA methylation at the FBP1 promoter in luminal (25 cases) and triple-negative (16 cases) breast
cancer tissues were analyzed by ChIP and MSP, respectively. Horizontal lines represent mean values. Statistical analyses (mean + SD in three separate

experiments) are shown below.
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II-IlV were also elevated in FBP1-expressing cells. Together,
these data indicate that the rise of complex | activity is the
main factor underlying the increase of mitochondrial oxygen
consumption in FBP1-expressing cells.

In ETC, a small percentage of electrons are prematurely
leaked to oxygen, mainly from complex | and/or complex I,
forming the majority of reactive oxygen species (ROS; Chatterjee
et al., 2011). To test whether an increase in mitochondrial OCR
and complex | activity by FBP1 would accompany an increase
of ROS, we examined intracellular ROS levels using CellROX
deep red. FBP1-expressing BLBC cells showed a substantial
increase in ROS levels, whereas FBP1-knockdown luminal cell
lines induced a significant decrease of ROS (Figures 6E and
6F). A similar finding was observed for superoxide production
using Mito-Sox Red and DHE staining (Figure S6D). These
data indicate that FBP1 expression contributes to the increase
of cellular ROS.

FBP1 Suppresses CSCs and Inhibits Tumorigenicity

of Breast Cancer

To examine whether FBP1 expression alters CSC characteristics
of BLBC, we examined tumorsphere formation of these cells
under normoxic and hypoxic conditions. FBP1 expression
greatly suppressed tumorsphere formation in BLBC cell lines
(Figure 7A), and this inhibitory effect was enhanced by hypoxia
(Figure S7A). Conversely, knockdown of FBP1 in luminal cell
lines enhanced tumorsphere formation in normoxic condition,
and this effect was also substantiated under hypoxia.

Breast CSCs are enriched in cells with a CD44™9"/CD24""/
EpCAM™* phenotype (Blick et al., 2010). We found that FBP1
expression significantly reduced the percentage of CD44"9"/
CD24"°“/EpCAM™* population in BLBC cell lines (Figures 7B
and 7C). Conversely, knockdown of FBP1 induced a significant
increase of CD44"9"/CD24'°"/EpCAM™ population in luminal cell
lines. Because CD44 is a known target of B-catenin, and
because activation of B-catenin is often found in BLBC (DiMeo
et al., 2009; Zeilstra et al., 2008), we reasoned that the elevated
ROS caused by FBP1 expression compromises f-catenin
activity. In the cellular aging process, ROS antagonizes B-cate-
nin activity by shifting the interaction of p-catenin with TCF4
toward FOXO3a (Figure 7D) (Bowerman, 2005; Essers et al.,
2005; Manolagas and Almeida, 2007). We found that B-catenin
interacted with TCF4 in BLBC cells. However, the interaction
of B-catenin with TCF4 was significantly decreased and
substituted with an increased interaction of B-catenin with
FOXO83a in FBP1-expressing cells (Figure 7E). Similarly, knock-
down of FBP1 in luminal cells increased the interaction of B-cat-
enin with TCF4. The differential interactions of B-catenin with
TCF4 were consistent with the luciferase reporter assays
showing that FBP1-expressing cells had lower TOP-Flash and
higher FOXO3a luciferase activities than vector control cells
(Figure S7B). In addition, expression of several target genes of
B-catenin (Axin2, CD44, and ID2) and FOXO3a (CDKN2A and
SOD2) were in line with these binding and promoter luciferase

assays (Figure S7C). Consistently, NAC treatment restored the
interaction of B-catenin with TCF4 as well as their luciferase
activities and target gene expression (Figures 7E, S7B, and
S7C). In addition, treatment with NAC and EUK134 restored
tumorsphere formation in FBP1-expressing BLBC cells
(Figure S7D).

We also measured the in vitro tumorigenicity of these cells
using soft-agar assay. Although BT549 and SUM1315 cells
could not form colonies, the other FBP1-expressing BLBC cell
lines had significantly fewer colonies than their corresponding
vector controls; whereas knockdown of FBP1 increased colony
formation in luminal cell lines (Figure 8A). NAC treatment
restored colony growth in FBP1-expressing BLBC cells, indi-
cating that the elevated ROS impairs their tumorigenicity
in vitro (Figure S8A). To examine the tumorigenicity in vivo, we in-
jected mammary fat pads of SCID mice with the following three
pairs of cell lines: (1) vector- and FBP1-expressing MDA-MB231
cells, (2) vector- and FBP1-expressing MDA-MB435 cells, and
(3) vector- and FBP1-knockdown MCF7 cells. As shown in Fig-
ure 8B, FBP1-expressing MDA-MB231 cells failed to form
tumors in all six mice. Similarly, tumors derived from FBP1-
expressing MDA-MB435 cells had a significantly reduced tumor
size compared with vector control cells. In line with these
findings, FBP1-knockdown MCF7 cells showed significantly
enhanced tumor growth compared with vector control cells (Fig-
ure 8B). Strikingly, NAC treatment greatly increased tumor
formation in FBP1-expressing MDA-MB231 and MDA-MB435
cells (Figures S8B and S8C). Together, these data indicate that
FBP1 expression increases ROS production, which compro-
mises CSC properties by shifting the interaction of B-catenin
from TCF4 to FOXO3a, and thus inhibits tumorigenicity in vitro
and tumor formation in vivo.

We then examined the correlation of FBP1 expression with
patient survival in NKI295 that consists of 295 patients with
node-negative breast cancer (van de Vijver et al., 2002). Expres-
sion of FBP1 can separate patients into two prognostic groups,
with high FBP1 expression having a better survival rate (Fig-
ure 8C). This clinical validation supports the finding that FBP1
repression is critical in EMT and BLBC.

DISCUSSION

Our study provides several insights into EMT and breast cancer.
First, loss of FBP1 is essential to trigger glycolytic reprogram-
ming and results in several metabolic benefits in BLBC: (1)
increase glucose uptake and sensitivity as evidenced by
elevated TXNIP and IR phosphorylation after stimulation, (2)
increased glycolytic intermediates for biosynthesis (such as
PPP, glycerol-3-phosphate, and serine), (3) maintenance of
ATP production under hypoxia, and (4) reduced oxygen depen-
dence and ROS production (Figure 8D). These observations
are consistent with the notion that FBP1 deficiency causes hypo-
glycemia and acidosis in patients and that inhibition of FBP1
restores glucose uptake in the type 2 diabetic model.

(E) Expression of FBP1 and E-cadherin was examined in MDA-MB231 cells with knockdown of G9a expression (top panel). Their mRNA levels were also
quantified by real-time PCR (bottom panel). Data are presented as a percentage of non-target control (NTC) values (mean + SD in three separate experiments in

duplicates).
See also Figure S3.
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Figure 4. FBP1 Inhibits Glucose Uptake and Sensitivity and Suppresses Cell Growth under Hypoxia
(A) Stable clones with FBP1 expression or knockdown were established in six BLBC and two luminal cell lines, respectively.
(B) Glucose uptake was measured.
(C) Cells were deprived for glucose for 12 hr followed by glucose stimulation for additional 3 hr. TXNIP expression was examined by western blotting.
(D) Lactate excretion was measured.
(E) Cell growth under hypoxic condition was measured by cell-count assay for 2 days. Data are presented as a percentage of vector control values for BLBC cells,
whereas data are presented as a percentage of FBP1-knockdown groups for luminal cells (mean + SD in three separate experiments in triplicates).
(legend continued on next page)
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Figure 5. FBP1 Inhibits Glycolysis and Increases OXPHOS

(A) "®Cs-Glucose uptake, '*Cg-lactate production, and the conversion of '*Cg-Glucose to '*Cs-lactate were measured by 1D "H NMR analysis of the media of
vector- and FBP1-expressing MDA-MB231 cells grown in '*Cs-Glucose (mean + SEM in duplicate). "H NMR spectra from the media are shown in Figure S5D.
(B) A pair of representative 1D "H{'3C} HSQC NMR spectra show the changes in '°C abundance (represented by the intensity of '*C-attached 'H peaks) of various
assigned metabolites elicited by FBP1 expression in MDA-MB231 cells (black, control vector; red, FBP1, bottom panel). The relative '3C abundance of indicated
metabolites from cell extracts was quantified from their HSQC peak intensity (Fan and Lane, 2008) (mean + SEM in duplicate). Lac, lactate; AXP, adenine
nucleotides; UXP, uracil nucleotides; UDPG, UDP-glucose.

(C) Top left panel shows the expected '3C (@) labeling patterns of glycolytic and TCA cycle metabolites with '*Cs-Glc as tracer. The doubly °C labeled TCA cycle
metabolites are derived from the first turn of the TCA cycle while the quadruply '3C labeled citrate is produced from the second turn of the cycle. The levels of
several indicated 3C isotopologues of glycolytic and TCA cycle metabolites were obtained from the GC-MS analysis of the same cell extracts as in (B) (mean =
SEM in duplicate).

See also Figure S5.

The activity of PKM2 oscillates between the activated tetra- inhibition of PKM2 (economic mode), which blocks glycolytic
meric form and inactivated monomeric state, which constitutes  flux for accumulation of intermediates required for biosynthesis.
the metabolic budget system in tumor metabolism (Mazurek The second mode is the overall increase of glycolytic flux with
et al., 2005). F-1,6-BP increases the formation of tetrameric  activation of PKM2 (luxury mode). The rise of intermediates
PKM2. Glucose is then fueled to lactate along with ATP produc-  results not from a block of PKM2, but from an increased load
tion until F-1,6-BP levels drop below a minimum signal level, of glycolysis through glucose (Figure 8D). As pointed out by Van-
which causes the disassembly of the tetrameric PKM2 into der Heiden and colleagues, although this seems wasteful, it
a monomeric state. We found that PKM2 mainly existed in tetra-  ensures that the glycolytic intermediates will not be depleted
meric form in BLBC cells and existed predominantly in a mono- and maintain precursor concentrations at constant and ample
meric state in luminal cells. This observation corresponds with levels for allowing maximum biosynthesis during rapid cell
the findings that BLBC cells contain a high level of F-1,6-BP, growth (Lunt and Vander Heiden, 2011). Our study indicates
an increased PK activity, and increased lactate production. that BLBC cells employ the luxury mode of glycolysis by sup-
FBP1 expression significantly decreased the formation of tetra-  pressing FBP1 for increasing glucose assimilation and rapid
meric PKM2 in BLBC cells by reducing F-1,6-BP. Because the channeling of glycolytic intermediates in biosynthesis at the
major function of glycolysis is to provide high levels of glycolytic  cost of host.
intermediates for biomass synthesis, we speculate that two PKM2 is the main enzyme for ATP production in glycolysis.
modes of PKM2 are used in glycolysis. The first mode is the This inefficient but faster mode of ATP production may be

(F) Oxygen consumption was measured (mean + SD in three separate experiments in triplicate).

For B and D, data are presented as a percentage of vector control values (mean + SD in three separate experiments in triplicates). For B, D, and E, *p < 0.01 and
#p < 0.01 for vector control cells compared with their FBP1-expressing or FBP1-knockdown clones, respectively.

See also Figure S4.
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Figure 6. FBP1 Suppresses PKM2 Activation and Increases Complex | Activity and ROS Production
(A) F-1,6-BP was measured in FBP1-expressing and FBP1-knockdown clones.
(B) Cells were either treated with (+) or without (—) 1% formaldehyde (crosslinker; CL) for 20 min immediately after cell lysis. The states of monomer, dimer, and
tetramer of PKM2 were analyzed by western blotting.
(C) Schematic diagram showing the electron transfer from mitochondrial complex | to IV. Cells were treated with Rotenone and TTFA, respectively. Oxygen
consumption was measured (mean + SD in three separate experiments in triplicate).
(D) Complex | activity was measured from mitochondria isolated from cells in (C).

(legend continued on next page)
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preferred to meet the cellular demands of BLBC, particularly
under hypoxic condition. Under hypoxia, the steady-state level
of ATP in BLBC cells declined slightly; however, FBP1 expres-
sion resulted in a dramatic plunge in ATP level. This is in line
with the observation that BLBC cells are less sensitive to growth
inhibition under hypoxia or by oligomycin. Given that BLBC cells
are highly invasive, this metabolic switch empowers them to
absorb glucose and maintain ATP level in a nutrient-poor and
hypoxic condition. In addition, the acidic microenvironment
created by excreted lactate facilitates the degradation of extra-
cellular matrix and protects BLBC cells from inhibition by an
immune response at the metastatic site (Figure 8D).

The phenomenon during which increased glucose uptake and
exacerbated glycolytic activity often accompany OXPHOS inhi-
bition is known as a Crabtree effect and had been identified in
tumors and other mitotically active tissues (Crabtree, 1929).
We found that the inhibition of complex | activity is mainly
responsible for the Crabtree effect in BLBC cells. Expression
of FBP1 significantly increased mitochondrial complex | activity
by inducing the expression of TFB1M, which is required for the
translation of ND1 and ND5 of mitochondrial complex | (Koeck
et al.,, 2011). These data provide mechanistic insights and
support our finding that loss of FBP1 suppresses OXPHOS in
BLBC cells.

Second, our results indicate that the glycolytic switch
enhances CSC characteristics in BLBC by reducing ROS. It
has been noted that somatic cells primarily utilize OXPHOS for
their energy production, whereas pluripotent cells rely on glycol-
ysis (Facucho-Oliveira and St John, 2009). Using an iPSC as
a model in stem cell reprogramming, mitochondria were found
to change from a mature cristae-rich morphology in somatic
cells to more immature spherical and cristae-poor structures in
iPSCs. Intriguingly, the glycolytic change occurs in cells prior
to their acquisition of pluripotent markers, suggesting that the
glycolytic switch plays a causative role in the iPSC reprogram-
ming rather than simply being a consequence of acquiring
pluripotency. The induction of pluripotency with a glycolytic
switch is consistent with the observation that a hypoxic envi-
ronment maintains the stem cell state and hypoxia facilitates
the reprogramming process (Mohyeldin et al., 2010). In the
stem cell niche, protection from ROS is critical for the mainte-
nance of self-renewal of hematopoietic stem cells and human
and mouse breast CSCs (Diehn et al., 2009). These observations
indicate that the self-renewal potential of CSCs is exquisitely
sensitive to the level of ROS. We found that FBP1-expressing
BLBC cells increased OXPHOS and ROS production. The
increased ROS was associated with the suppression of tumor-
sphere and decreased CSC markers (CD44"9"/CD24"°"/
EpCAM™). In addition, FBP1 expression in BLBC cells inhibited
tumorigenicity in vitro and suppressed tumor formation in vivo.
Mechanistically, elevated ROS shifts the interaction of B-catenin
from TCF4 to FOXO3a and thus compromises f-catenin
activity, which is essential for the maintenance of pluripotency.

NAC treatment returns the interaction of B-catenin with TCF4
and restores tumorigenicity in vitro and in vivo. Together, these
data indicate that the loss of FBP1 greatly increases CSC traits
by repressing ROS production and maintaining the interaction
of B-catenin with TCF4 in BLBC.

Third, our study indicates that FBP1 is a major downstream
target of Snail in controlling glycolysis. We identified that the
Snail-G9a-Dnmt1 complex, which is required for E-cadherin
silencing, is responsible for FBP1 repression in BLBC. FBP1
silencing is required for Snail-mediated EMT and the conversion
from luminal to basal-like phenotype in breast cancer. In
addition, knockdown of Snail or G9a restores the expression of
E-cadherin and FBP1. Our results indicate that this metabolic
reprogramming (resulting from the loss of FBP1) synergizes
with the loss of E-cadherin to sustain CSC-like properties during
dissemination and metastasis. Our study strengthens the notion
that metabolic reprogramming is inextricably intertwined with
tumorigenesis and fortifies Warburg’s historical claim that
metabolism is an actionable event instead of an accompanied
biomarker in oncogenesis (Ward and Thompson, 2012). Our
study also reveals that the Snail-mediated epigenetic regulation
may represent the Achilles’ heel of BLBC. Thus, targeting this
chromatin modification complex will generate an entirely effec-
tive approach for treating metastatic breast cancer.

EXPERIMENTAL PROCEDURES

Plasmids, siRNA, and Antibodies

FBP1 shRNA was purchased from MISSION shRNA at Sigma-Aldrich (St
Louis, MO). Human FBP1 was amplified from a HelLa cDNA library and
subcloned into pLenti6.3. Antibody information is provided in the Supple-
mental Experimental Procedures.

Cell Culture

Breast cancer cell lines were cultured as described previously (Dong et al.,
2012). For establishing stable transfectants with expression or knockdown
of FBP1, BLBC cells and luminal cells were transfected with pLenti6.3/FBP1
and FBP1 shRNA, respectively; stable clones were selected with puromycin
(300 ng/ml) for 4 weeks.

Immunostaining, Immunoprecipitation, Inmunoblotting,
Immunohistochemical Staining

All protocols are described in detail in the Supplemental Experimental
Procedures.

Human Breast Tumors

The frozen fresh tumor samples were collected from resected breast tumors
from patients at the University of Texas MD Anderson Cancer Center with
informed consent and institutional IRB approval. These frozen samples
were snap-frozen in liquid nitrogen and stored at —80°C. Data regarding the
stage, grade, and expression of ER-a, PR, and HER2 are described previously
(Dong et al., 2012).

Metabolic Assays

Glucose uptake, lactate production, ATP levels, and PK activity were
measured by assay kits from BioVision (San Francisco, CA). Oxygen
consumption was determined using the Seahorse Extracellular Flux (XF-96)

(E and F) ROS generation was analyzed by flow cytometry (mean + SD in three separate experiments in duplicates). Representative images are shown (F).
*p < 0.05 and *p < 0.05 for vector control cells compared with their FBP1-expressing or FBP1-knockdown clones, respectively.

For A and D, data are presented as a percentage of vector control values (mean + SD in three separate experiments in triplicates). *p < 0.01 and #p < 0.01 for
vector control cells compared with their FBP1-expressing or FBP1-knockdown clones, respectively.

See also Figure S6.
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Figure 7. FBP1 Inhibits Tumorsphere Formation and Reduces CSC Population
(A) Tumorsphere formation was assessed under normoxic conditions.
(Band C) The CSC population (CD44"9"/CD24'°"/EpCAM*) was analyzed by flow cytometry. Representative images for MDA-MB231 and MCF7 cells are shownin (C).
(D) Schematic diagram of the interaction of B-catenin with TCF4 and FOXO3a.
(E) FBP1-expressing BLBC cells (F) as well as in FBP1-knockdown luminal cells (S) were treated with or without NAC overnight; the interactions of B-catenin with
TCF4 and FOXO3a were examined by immunoprecipitating B-catenin following immunoblot of TCF4 and FOXO3a.

For A and B, data are presented as a percentage of vector control values (mean + SD in three separate experiments in duplicates). *p < 0.01 and #p < 0.01 for
vector control cells compared with their FBP1-expressing or FBP1-knockdown clones, respectively.

See also Figure S7.
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Figure 8. FBP1 Suppresses Tumorigenicity In Vitro and In Vivo

(A) Data of soft-agar assay are presented as a percentage of vector control cell lines (mean + SD in three separate experiments with duplicates). ND, no colonies

detected.

(B) Tumor growth was monitored every 3 days; tumor size and weight were recorded. Data are represented as mean + SEM from six mice. “p < 0.01 and #p < 0.01
for vector control cells compared with their FBP1-expressing or FBP1-knockdown clones, respectively.

(C) Kaplan-Meier overall survival curve separates the tumors into two groups based on FBP1 expression.

(D) A proposed model to illustrate the transcription repression of FBP1 by Snail in EMT and BLBC, which results in the switch to aerobic glycolysis and increased

B-catenin activity.
See also Figure S8.

analyzer (Seahorse Bioscience, Chicopee, MA). To allow comparison between
experiments, data are presented as OCR in pMol/min/104 cells. Basal OCR
were measured four times and plotted as a function of cells with and without
treatment under the basal condition followed by the sequential addition of oli-
gomycin (1 ug/ml) and FCCP (1 uM) as indicated. The progress curve is anno-
tated to show the relative contribution of basal, ATP-linked and maximal
oxygen consumption after the addition of FCCP, and the reserve capacity of
the cells. The intracellular concentration of F-1,6-BP was examined by treating
cells with 1.25 ml of perchloric acid; cells were then pelleted by centrifugation
at 2500x g for 10 min. The cell pellet was resuspended in 0.2 ml of perchloric
acid (6%) and 0.2 ml of water. After centrifugation, the pH of the combined
supernatant was adjusted to 3.5 with 1% potassium carbonate. F-1,6-BP in
the supernatant was determined spectrophotometrically by measuring the
decrease of NADH to NAD™ at 340 nm. Complex | specific activity was assayed
as described by Sinthupibulyakit (Sinthupibulyakit et al., 2010) by following the
decrease in absorbance due to the oxidation of NADH at 340 nm. The activity
was calculated by the differences with and without the complex | inhibitor,
rotenone.

For the [U-'3Cg]-glucose tracer experiment, Vector- and FBP1-expressing
MDA-MB231 cells were cultured in the DMEM medium with glucose replaced
by 0.1% '3Ce-glucose for 24 hr. Polar metabolites were extracted from cells
and media using the acetonitrile/water/chloroform partitioning and 10%
trichloracetic acid methods, respectively. The extracts were subjected to 1D
"H and "H{'*C} HSQC NMR and GC-MS analysis, as previously described
(Fan et al., 2011; Le et al., 2012).

DNA Methylation Analysis, ChIP, Quantitative Real-Time PCR,
and Luciferase Reporter Assay

The methods used are described in the Supplemental
Procedures.

Experimental

Metabolic Assays, Colony Formation Assay, Mammosphere Assay,
and Flow Cytometry Analysis

All methods are described in detail in the Supplemental Experimental
Procedures.
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Xenograft Studies

Female ICR-SCID mice (6-8 weeks old) were purchased from Taconic
(Germantown, NY) and maintained and treated under specific pathogen-free
conditions. All procedures were approved by the Institutional Animal Care
and Use Committee at the University of Kentucky College of Medicine and
conformed to the legal mandates and federal guidelines for the care and
maintenance of laboratory animals. The mice were injected with 1 x 10°
FBP1-expressing or knockdown cells on the right MFP and control cells on
the left MFP. The mice were then randomly divided into two groups: standard
water supply and water supplemented with 40 mM NAC. Tumor formation was
examined every 2 to 3 days for the whole duration of the experiment. Tumors
were harvested and weighed at the experimental endpoint, and the tumor
mass derived from cells with FBP1 expression or knockdown and vector
control in both flanks of each mouse were compared.

Statistical Analysis

Experiments were repeated at least twice. Results are expressed as mean +
SD or SEM as indicated. An independent Student’s t test was performed to
analyze the assay results; a two-tailed Student’s t test was used to compare
the intergroup differences. A p value < 0.05 was considered statistically
significant.

ACCESSION NUMBERS

Microarray data of FBP1 expression in MDA-MB231 and Hs578T cells were
deposited at the Gene Expression Omnibus with the accession number
GSE41158.

SUPPLEMENTAL INFORMATION

Supplemental Information includes eight figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.ccr.2013.01.022.
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SUMMARY

Understanding the mechanism underlying the regulation of the androgen receptor (AR), a central player in the
development of castration-resistant prostate cancer (CRPC), holds promise for overcoming the challenge of
treating CRPC. We demonstrate that the ubiquitin ligase Siah2 targets a select pool of NCOR1-bound, tran-
scriptionally-inactive AR for ubiquitin-dependent degradation, thereby promoting expression of select AR
target genes implicated in lipid metabolism, cell motility, and proliferation. Siah2 is required for prostate
cancer cell growth under androgen-deprivation conditions in vitro and in vivo, and Siah2 inhibition promotes
prostate cancer regression upon castration. Notably, Siah2 expression is markedly increased in human
CRPCs. Collectively, we find that selective regulation of AR transcriptional activity by the ubiquitin ligase

Siah2 is important for CRPC development.

INTRODUCTION

In American men, prostate cancer (PCa) is the most commonly
diagnosed malignancy and the second leading cause of cancer
death. Signaling through the androgen receptor (AR), a member
of the nuclear receptor superfamily activated by steroids, plays
an essential role in the initiation and progression of PCa (Shen
and Abate-Shen, 2010). AR consists of an N-terminal domain,
a central DNA-binding domain (DBD), a hinge region, and
a C-terminal ligand-binding domain (LBD). AR transcriptional
activity is mediated via AF1 and AF2, two transactivation
domains located within the N-terminal and the LBD domains,
respectively. Upon ligand binding, AR translocates to the
nucleus and regulates gene expression through binding to
androgen-responsive elements (AREs) on the AR target genes.

Given the central role AR plays in the development of PCa,
androgen-deprivation therapy (ADT) is used as a first-line treat-

ment for metastatic PCa. Although such therapy achieves signif-
icant clinical response, patients with advanced prostate cancer
invariably relapse with a more aggressive form of PCa known
as castration-resistant PCa (CRPC). Studies on the patho-
genesis of CRPC have revealed that resumption of AR-depen-
dent transcriptional activity is a critical event in nearly all cases
(Waltering et al., 2012). Several mechanisms have been sug-
gested to mediate AR reactivation during CRPC progression,
including AR gene amplification or overexpression, AR muta-
tions conferring ligand promiscuity, expression of AR splice vari-
ants allowing androgen-independent activity, and intratumoral
androgen production.

Similar to other transcription factors, AR is subject to regula-
tion by the ubiquitin-proteasome pathway, and the E3 ubiquitin
ligases Mdm2 and CHIP have been implicated in the control of
AR stability and activity (Chymkowitch et al., 2011; Lin et al.,
2002). In humans, Siah1 and Siah2 comprise a two-member

Significance

Increased androgen receptor (AR) activity is central to the development of castration-resistant prostate cancer (CRPC),
which is a major obstacle to the treatment of advanced/metastatic prostate cancer with hormone therapy. We find that
the ubiquitin ligase Siah2 enhances the transcriptional activity of AR by degrading a transcriptionally-inactive pool of AR
on select gene promoters/enhancers. Consequently, Siah2 promotes the expression of select AR target genes, leading
to the growth of CRPC cells under androgen-deprivation conditions. Our findings point to the importance of targeting
a select subpopulation of AR target genes for the treatment of CRPC and the possible consideration of Siah2 for such an
approach.
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Figure 1. Siah2 Is Required for the Castration Sensitivity and
Expression of Select AR Targets in the TRAMP Atypical Hyperplasia
Model

(A) H&E staining of AH in the dorsal prostates of Siah2**;TRAMP or
Siah2~'~;TRAMP mice before and after castration.

(B) The scatter plot showing the average weight of dorsal prostates micro-
dissected from 5-month-old mice with or without 3-week castration (n = 10 for
each group). p = 0.17 for WT versus Siah KO, — castration; p < 0.005 for WT
versus Siah KO, + castration.

(C) Transcript levels of selected AR target genes in the prostates of
Siah2~/~;TRAMP mice after castration. RNA for gRT-PCR was isolated from
the dorsal prostates of 5-month-old mice with 3 week castration. p < 0.01
for NKX3.1, p < 0.005 for SPINK3, p < 0.05 for SBP, p > 0.1 for TMPRSS2,
probasin, or CK8. Data are mean + SD.

See also Figure S1.

family of evolutionarily conserved RING finger E3 ubiquitin
ligases. The Siah proteins regulate ubiquitination-dependent
degradation of multiple substrates, including nuclear core-
pressor (NCOR1), B-catenin, TRAF2, a-ketoglutarate dehydro-
genase, and Sprouty 2, and thus influence an array of regulatory
functions such as the MAPK signaling, cell survival, and mito-
chondrial biogenesis (Kim et al., 2011; Nakayama et al., 2009).
Siah1 and Siah2 also enhance the availability and activity of
hypoxia-inducible factor (HIF-2) by mediating the ubiquitination
and degradation of HIF-a-negative regulators, including
PHD1/3, HIPK2, and FIH (Calzado et al., 2009; Fukuba et al.,
2008; Nakayama et al., 2004). Here, we identify Siah2 as an E3
ligase that targets a select pool of chromatin-bound ARs,
through which Siah2 controls the growth, survival, and tumori-
genic capacity of PCa cells, especially under conditions of
androgen deprivation.

RESULTS

Siah2 Deletion Increases the Castration Sensitivity

of TRAMP Mice

We previously reported that crossing Siah2~/~mice with TRAMP
(transgenic adenocarcinoma of the mouse prostate) mice abol-
ished the spontaneous formation of prostate NE tumors (Qi
et al., 2010). In the TRAMP model, prostate-specific expression
of SV40 T-antigen results in two types of lesions: NE carcinoma,
found in the ventral lobe, and atypical hyperplasia (AH; often
termed adenocarcinoma), which occurs in all lobes (Chiaverotti
et al., 2008). To further investigate the possible role of Siah2
in the development of prostate tumors, we subjected
Siah2™/ “;TRAMP mice to castration. As expected, castration
caused shrinkage of AH in the dorsal prostate lobes of both
genotypes (Figure 1A). However, the weight of dorsal prostate
lobes was reduced approximately 10-fold in Siah2~'~;TRAMP
mice compared with 2.5-fold in the Siah2**;TRAMP mice
(Figure 1B). These results indicate that in TRAMP mice Siah2
deletion increased the sensitivity of AH to castration, implying
that Siah2 may be required for AR signaling when androgen
levels are low. Indeed, comparing expression of AR target genes
in the dorsal prostate from Siah2~'~;TRAMP mice with Siah2*'*;
TRAMP mice identified a greater reduction in transcript and
protein levels of some AR target genes (i.e., NKX3.7 and SPINK3,
but not probasin and TMPRSS2; Figure 1C and Figure S1A
available online), pointing to the possibility that Siah2 regulates
the expression of a specific subset of AR target genes. The
reduction in lesions observed in Siah2-deficient mice is not likely
to be due to probasin-driven SV40 T-antigen expression, as the
level of probasin transcripts and SV40 T-antigen protein were
similar in Siah2** and Siah2~/~;TRAMP tissues (Figures 1C
and S1B). In agreement, the dorsal prostates from both geno-
types expressed similar transcript levels of the luminal marker
CKa8 (Figure 1C), suggesting that the reduced expression of AR
target genes was not due to a change in cellular differentiation.

Siah2 Is Required for Expression of a Subset of AR
Target Genes

To determine if Siah2 regulates AR activity in human PCa cells,
we used shRNA to inhibit Siah2 expression in androgen-depen-
dent LNCaP cells. Four of the 10 different Siah2 shRNAs
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examined elicited 70%-90% knockdown (Figure S2A). To deter-
mine if Siah2 regulated transcription of PSA, a well-established
AR target gene, LNCaP cells were cultured in medium supple-
mented with 5% charcoal stripped (CS)-fetal bovine serum
(FBS) for 2 days and then stimulated with the synthetic androgen
R1881 for 16 hr. Siah2 knockdown reduced PSA transcripts by
80%-90% in the absence of R1881 (Figure 2A) and by 50% in
the presence of a physiologic level of R1881 (0.5 nM), consistent
with changes reported upon knockdown of AR in LNCaP cells
(Bao et al., 2008). In the presence of high levels of R1881
(10 nM), the degree of reduced PSA transcript was limited to
20% (Figure 2A). These results indicate that Siah2 is required
for PSA transcription under conditions of both low and physio-
logic concentrations of androgen.

We next knocked down Siah2 in the androgen-independent
PCa cell line, CWR22Rv1 (Rv1), which expresses constitutively
active AR. Under androgen-deprivation conditions, Siah2
knockdown led to an 80% reduction in PSA transcript levels in
Rv1 cells in the presence or absence of androgen (R1881;
Figure 2B), confirming the importance of Siah2 for transcription
of AR target genes.

Because Siah2 plays an important role in regulating the cellular
response to hypoxia (Nakayama et al., 2004) and hypoxia has
been reported to activate AR activity, we examined transcription
of AR target genes under 1% O.,. Surprisingly, the relative
change in PSA transcript levels upon Siah2 knockdown was
similar under normoxia and hypoxia (Figures 2B and 2C).
Notably, Siah2 knockdown reduced the transcript level of CA9,
a HIF target gene, only under hypoxia (Figures 2B and 2C). These
findings suggest that the effect of Siah2 on AR target gene
expression is independent of its established role in the hypoxia
response.

We next used qRT-PCR to compare the expression of repre-
sentative androgen-responsive genes (ARGs) in LNCaP or Rv1
cells subjected to inhibition of AR or Siah2 expression. Siah2
knockdown in LNCaP or Rv1 cells reduced the expression of
a subset of ARGs; transcripts of PSA, NKX3.1, PMEPA1, and
SLC45A3 were reduced by Siah2 knockdown while TMPRSS2
and FKBP5 transcripts were unaffected (Figures 2D and 2E). In
contrast, AR knockdown reduced the transcript levels of all
these representative ARGs (Figures 2D, S2B, and S2C). These
analyses confirmed that Siah2 modulates the expression of
a specific pool of AR target genes in both LNCaP and Rv1 cells.
To determine whether the effect of Siah2 on PSA transcripts is
AR dependent, we knocked down Siah2 in LNCaP or Rv1 cells
stably expressing AR shRNA. Although Siah2 knockdown
reduced the PSA transcript level in control cells, it failed to do
so in AR-knockdown cells (Figure 2F), suggesting that the
Siah2 effect on PSA is AR dependent.

To evaluate the global effect of Siah2 on transcription of ARGs,
we performed array-based gene expression analyses on Rv1
cells stably expressing Siah2 shRNA. Siah2 knockdown resulted
in downregulation of 981 genes (>1.5-fold; Table S1). Gene
network analysis, using the IPA software, was performed to iden-
tify possible enrichment of regulatory networks among the 981
genes. Notably, the AR-related genes were ranked among the
top three transcriptional networks that were responsive to
Siah2 inhibition (Figure 3A), with the other two being hypoxia-
and HNF4A-related. Changes in hypoxia-response genes are
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consistent with the established role of Siah2 in control of
HIF-10 expression, stability, and activity (Calzado et al., 2009;
Fukuba et al., 2008; Nakayama et al., 2004). Further restricting
the analysis to genes that are primarily associated with prostate
cancer, we ranked the AR gene network as the primary one to be
altered upon Siah2 knockdown (Figure 3B). These analyses point
to AR as the major signaling pathway underlying Siah2-depen-
dent gene expression in the Rv1 cells. About 10% (98/981) of
Siah2-dependent genes were identified within the androgen-
induced gene cluster in an ARG data set (Figure 3C; Table S1).
Correspondingly, about 13% (98/759) of androgen-induced
genes in the ARG data set were enriched within the Siah2-
dependent expression cluster (Figure 3C). IPA analysis for
molecular and cellular functions revealed that the 98 Siah2-
dependent ARGs were associated with lipid metabolism, cell
movement, and cell proliferation (Figures 3D and 3E), whereas
the remaining 883 Siah2-dependent genes were associated
with DNA replication/repair, and cell morphology and prolifera-
tion (Figure 3F). Independent analysis using the GO pathway
software package confirmed lipid metabolism, steroid metabo-
lism, and cholesterol metabolism as the primary pathways
enriched in the 98 Siah2-dependent ARGs (Figure 3G; Table S2),
whereas the remaining 883 Siah2-dependent genes were asso-
ciated with oxidation, protein polymerization, and organic acid
metabolism (Figure 3H; Table S2). Together, these gene expres-
sion analyses substantiate the role of Siah2 in the regulation of
a subset of ARGs, while identifying distinct functional networks
that are associated with the Siah2-dependent ARGs.

To determine whether the Siah2-regulated ARGs are impor-
tant for the proliferation of PCa cells under the low androgen
condition, we performed a siRNA screen in which we have
targeted each of 98 Siah2-dependent ARGs. We identified 48
out of 98 siRNAs capable of inhibiting the proliferation of Rv1
cells grown in the CS-FBS medium by 10%-40% (Table S3).
Notably, the most pronounced inhibition was observed by
Siah2 siRNA. The siRNA screen also revealed that 8/16 Siah2-
dependent ARGs involved in the metabolisms of lipids, choles-
terol, and steroids (Figure 3E) were required for the proliferation
and survival of Rv1 cells (Table S3). Since SREBF1, a master
transcriptional regulator for lipid and cholesterol metabolism,
was found among the Siah2-dependent ARGs, we further
assessed the importance of SREBF1 for Siah2-dependent
effects on Rv1 cells maintained in the CS-FBS medium. Signifi-
cantly, inhibition of Rv1 cell proliferation upon Siah2 knockdown
could be partially rescued upon re-expression of SREBF1
(Figures S3A and S3B). These findings substantiate the impor-
tance of the Siah2-AR regulatory axis in control of lipid metabo-
lism for androgen-independent growth of Rv1 cells.

Comparison of the Siah2-dependent genes identified in our
study with the published profiling arrays on prostate cancers re-
vealed that 53 genes that were downregulated upon Siah2
knockdown in Rv1 cells were found to exhibit increased expres-
sion in the CRPC xenograft tumor model (Table S4) (Ettinger
et al., 2004), and 44 of those genes were upregulated in high-
grade prostate cancers (Table S5) (Taylor et al., 2010). Further-
more, analyses of profiling array data obtained from 35 CRPC
and 58 primary PCa samples (Grasso et al., 2012) confirmed
that 25% of Siah2-dependent ARGs identified in our current
study were upregulated in CRPCs and enriched for genes
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Figure 2. Siah2 Is Required for the Expression of Select AR Targets in Human Prostate Cancer Cells

(A) Effect of Siah2 knockdown in LNCaP cells on the PSA transcript levels. Siah2 was knocked down in LNCaP cells using four different Siah2 shRNAs. LNCaP
transfectants were grown in medium containing 5% CS-FBS for 48 hr before treatment with 0.5 nM or 10 nM of synthetic androgen R1881 for 16 hr. The
differences in PSA transcript levels between Siah2-knockdown and pLKO.1-transfected control cells were statistically significant (p < 0.005) in the presence and
absence of androgen.

(B) Effect of Siah2 knockdown in Rv1 cells on the PSA transcript levels under normoxia or hypoxia. Rv1 cells transfected with Siah2 shRNA were grown in medium
containing 5% CS-FBS for 48 hr and then treated for 16 hr with or without hypoxia or 10 nM R1881. Hypoxia did not increase the PSA transcript level in either
pLKO.1 control or Siah2-knockdown cells (p > 0.1). N, normoxia; H, hypoxia.

(C) Effect of Siah2 knockdown in LNCaP cells on the PSA transcript levels under normoxia or hypoxia. The analysis was performed as for (B).

(D) gRT-PCR analysis of the indicated AR target genes in LNCaP cells transfected with shSiah2 or shAR vectors. Reduction in transcripts of PSA, NKX3.1,
PMEPA1, and SLC45A3 by shSiah2 or shAR was statistically significant. Transcripts of TMPRSS2 or FKBP5 were reduced by shAR (p < 0.01) but not by shSiah2
(p>0.1).

(E) gRT-PCR analysis of the indicated AR target genes in Rv1 cells transfected with shSiah2 vector. Reduction in transcripts of PSA, NKX3.1, PMEPA1, and
SLC45A3 by shSiah2 was statistically significant (p < 0.01).

(F) gRT-PCR analysis of PSA transcripts in the indicated transfectants of LNCaP or Rv1 cells. The reduction of PSA transcript in the indicated knockdown cells
was statistically significant (p < 0.0005). Data are mean + SD.

See also Figure S2.
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Figure 3. Bioinformatic Analyses of Siah2-
Dependent Genes in Rv1 Cells

(A) Top three transcription factors predicted to
underlie Siah2-dependent transcription by IPA. A
total of 981 genes downregulated upon Siah2
knockdown were subjected to IPA analysis against
canonical gene pathways.

(B) IPA analysis of transcription factors enriched
within the 981 genes, as described in (A), against
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SCD
LSS Cellular morphology 4.22E-05 - 4.40E-02 vealed by IPA analyses.
UGT2B11 (G) DAVID GOBP analyses of pathways enriched in
ACSM3 Cellular proliferation/differentiation 5.23E-04 - 4.40E-02 the 98 Siah2-dependent ARGs.
:DNBS‘IG 1 (H) DAVID GOBP analyses of pathways enriched
NSDHL in the 833 genes (Siah2-dependent, but AR-
CcD9 independent).
i See also Figure S3 and Tables S1, S2, S3, S4, S5,
SCAP and S6.
HSD17B14
Contral shSiah2
H
G GO Pathways (883 genes) p-value
GO Pathways (98 genes) _ p-value Oxidation reduction 1.24E-06 was observed following expression of
Lipid metabolisim 1.10E-07 Negative regulation of hydrolase 2.55E-05 K but not the BING mutant form of
Siah1a (S1aRM; Figure S4D). The effect
Steroid metabolism 4.86E-06 Protein polymerization 3.09E-05 of Siah2 on AR levels was partially
Cholesterol metabolism 2.55E-05 Organic acid metabolism 4.35E-05 blocked by treatment of 293T or PC3 cells

involved in the biosynthesis of lipids, cholesterol, and steroids
(Table S6). This observation substantiates the finding of metab-
olism and biosynthesis of lipids, cholesterol, and steroids as the
primary ARGs regulated by Siah2 (Figures 3D and 3E). Impor-
tantly, Siah2 expression was found to be upregulated in the
CRPC samples (Table S6), supporting a key role of Siah2 in
CRPC. These results further confirm Siah2-dependent expres-
sion of a select subset of genes that are implicated in the
progression and development of CRPC.

Siah2 Functions as an E3 Ubiquitin Ligase for AR

We next set to determine the mechanism underlying Siah2 effect
on AR. First, we determined whether Siah2 and AR interacted by
co-expressing AR with a wild-type (Siah2WT) or catalytically
inactive RING mutant form of Siah2 (Siah2RM), which forms
stable complexes with Siah2 substrates (Nakayama et al.,
2004). Analysis of AR immunoprecipitates showed that Siah2RM
or Siah2WT bound to AR protein (Figures 4A and S4A). Expres-
sion of Siah2WT, but not Siah2RM, reduced the levels of AR
overexpressed in 293T cells (Figure 4B) or PC3 cells (Figure S4B).
Overexpression of Siah2 in PCa cells also reduced the endoge-
nous levels of AR (Figure S4C). Similarly, reduction of AR levels
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with the proteasome inhibitor MG132
(Figures S4E and S4F), suggesting that
Siah2 induces AR degradation via the ubiquitin-proteasome
pathway. To determine if AR was polyubiquitinated by Siah2,
we co-expressed Siah2, AR, and ubiquitin in 293T cells and
found that Siah2WT, but not Siah2RM, induced AR poly-
ubiquitination in the presence or absence of R1881 (Figure 4C).
Similarly, purified GST-Siah2 induced polyubiquitination of AR
in vitro (Figure S4G). Because polyubiquitination of AR can occur
on lysine residues other than lysine 48 (K48) (Xu et al., 2009), we
examined the topology of the AR ubiquitin chains by co-express-
ing AR, Siah2, and expression vectors for K48 or K63 mutant
ubiquitin (Figure 4D). Siah2 expression was found to enhance
polyubiquitination of AR in the presence of K63, but not K48,
mutant ubiquitin, suggesting that Siah2 promotes K48-linked
ubiquitination of AR. To determine whether Siah2 alters the
half-life of AR, we performed cycloheximide chase assays in
293T cells ectopically expressing AR, with or without Siah2.
Expression of Siah2 reduced the half-life of AR from 6 hr to
less than 2 hr (Figure S4H). These findings suggest that Siah2
regulates AR stability by targeting it for ubiquitination-dependent
degradation by the proteasomes.
We next mapped the AR domains required for Siah2
interaction by making domain-deletion mutants of AR and
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co-expressing them with Siah2 in 293T cells. Western blot anal-
yses indicated that AR mutants containing the AF2 domain were
degraded by Siah2, whereas AF2-deficient mutants were resis-
tant to Siah2-induced degradation (Figures S4l and S4J), sug-
gesting that Siah2 interacts with the AF2 domain of AR. Indeed,
GST-Siah2 was able to pull down the AF2, but not the AF1,
domain of AR (Figure 4E). Siah2 consists of an N-terminal
domain, a central RING domain/zinc finger domain, and
a C-terminal substrate-binding domain (SBD) (Figure S4K). To
map the Siah2 domain required for AR interaction, we generated
truncation mutants of Siah2 and co-expressed them with AR in
293T cells. Immunoblotting revealed that both the Siah2 SBD
and central RING domain/zinc finger domains interacted with
AR (Figure 4F).

Because Siah2 interacts with the AR LBD, we tested whether
the presence of androgen affects the AR-Siah2 interaction and
whether Siah2 affects androgen-AR binding. The interaction
between ectopic AR and Siah2 was unaffected by R1881
(Figure S4L), suggesting that ligand binding does not affect
the AR-Siah2 interaction. Further, knockdown of Siah2 in Rv1
cells did not influence the affinity of [°H]-labeled R1881 for the
endogenous AR or its dissociation rate (Figure S4M). These
observations indicate that ligand binding does not affect the
AR-Siah2 interaction, nor does Siah2 affect the androgen-AR
interaction.

AR Contains Two Major Siah2-Binding Sites

To identify the regions of the AR LBD that interacted with Siah2,
we mutated AR with a series of single amino acid mutations that
had been previously characterized in human PCa samples. The
mutated ARs were individually co-expressed with Siah2RM in
293T cells, and the binding between AR mutants and Siah2RM
was assessed by co-immunoprecipitation experiments.

AR constructs with the mutations R726L, Q798E, and F754L,
all containing solvent-accessible side chains, showed the great-
est reduction in Siah2 binding. R726L is clustered in the AF2 site
with three other mutations (V715M, H874Y, and V730M) that
cause moderate inhibition of Siah2 binding (Figures 4G-4l).
Two additional mutations (L701H and T877A) in the AR ligand-
binding pocket proximal to the AF2 site had moderate effects
on Siah2 binding to AR.

The two remaining mutations that strongly reduced Siah2-AR
binding (Q798E and F754L) are located in proximity in a hydro-
phobic cleft on the opposite side of the AR hinge region
(Figure 4l). Interestingly, a mutation at V757, which lies just under
this cleft, does not significantly decrease the Siah2-AR associa-
tion, which points to its specific recognition of this cleft. In
summary, the mutational analysis identified two solvent-acces-
sible surfaces on AR LBD that are required for the interaction
with Siah2.

To determine whether the Siah2—-AR interaction is essential for
AR transcriptional activity, we monitored the PSA promoter-
driven luciferase activity in AR null PC3 cells transfected with
AR mutants. Although knockdown of Siah2 reduced luciferase
activity induced by WT AR or an AR mutant (G683A) capable of
associating with Siah2 under both low and normal androgen
conditions, it had limited effect on luciferase activity induced
by AR mutants (R726L or Q798E) with markedly (70%) reduced
Siah2-binding abilities (Figure 4J). Consistently, AR mutants

R726L or Q798E showed impaired Siah2-dependent ubiquitina-
tion, compared with WT AR or G683A mutant AR (Figure S4N).
These observations indicate that AR mutations that prevent
Siah2-binding also prevent Siah2-mediated ubiquitination of
AR and regulation of AR transcriptional activity, and further
support the importance of the Siah2-AR association in the
control of selected AR target genes, illustrated here by the
PSA promoter.

Siah2 Is Required for Degradation of NCOR1-Bound AR
on AREs of Selective AR Target Genes

To further understand Siah2 regulation of AR activity, we as-
sessed whether knockdown of Siah2 affected levels of total,
nuclear, or chromatin-bound AR in PCa cells. Significantly,
Siah2 had no effect on any of these AR pools (Figures S5A-
S5F). Overexpression of Siah2 in 293T cells did not affect the
AR intermolecular N-terminal and C-terminal interaction
(Figure S5G), which is known to regulate AR transcriptional
activity. Because Siah2 knockdown reduced transcripts of
specific AR target genes (Figure 2), we determined if Siah2
modulates AR binding to target gene promoters/enhancers.
For this, we used PSA, NKX3.1, and PMEPAT1 as representative
Siah2-regulated AR target genes and TMPRSS2 as a Siah2-
independent AR target gene. The results of ChIP assays
confirmed androgen-dependent association of Siah2 with the
AREs of PSA, NKX3.1, and PMEPAT in LNCaP cells, but not
with ARE of TMPRSS2 (Figure 5A). Binding of Siah2 to the
AREs of PSA, NKX3.1, and PMEPA1 was reduced by knock-
down of AR or Siah2 (Figure 5A), suggesting that Siah2 was re-
cruited to these chromatin regions by AR. Similar results were
observed for the Siah2 ChIP assays performed in Rv1 cells
(Figure 5B). Because NCOR1 is a known AR corepressor and
a Siah2 substrate (Frasor et al., 2005; Zhang et al., 1998), we per-
formed ChIP assays to determine whether Siah2 knockdown
affected the binding of AR and NCOR1 to the AR target genes.
Siah2 knockdown in LNCaP and Rv1 cells increased the level
of AR and NCOR1 on the AREs of PSA, NKX3.1, and PMEPA1
(Figures 5C, 5D, S5H, and S5I). As expected, binding of AR
and NCOR1 to the ARE of TMPRSS2 was unaffected by Siah2
knockdown (Figures 5D and S5J). Knockdown of Siah2 had no
effect on the global level of AR (Figure S5A) or NCOR1
(Figure S5K). These results suggest that Siah2 is required for
the degradation of AR and NCOR1, at selective AR target genes.
To further evaluate this hypothesis, we performed additional
ChIP assays with 29 randomly selected AR targets (16 Siah2-
dependent and 13 Siah2-independent, based on our global
gene expression analysis; Figure 3). ChIP was performed on
Rv1 cells (pLKO.1 control versus Siah2 knockdown cells) using
antibodies to Siah2, NCOR1, and AR, and the precipitated chro-
matins were subjected to gRT-PCR analyses for AREs of the 29
AR targets. Some of the AREs have been reported in the litera-
ture; for the remainder, we consulted published ChIP-seq or
ChIP-on-chip studies and then validated AR binding to the
AREs by ChIP-PCR analyses. These experiments revealed that
Siah2 knockdown increased the levels of AR and NCOR1 bound
to 11 of the 16 Siah2-dependent AR targets (68.75%) (Figures
S5L and S5M), whereas none of the 13 Siah2-independent
AR targets showed such change (data not shown). This
analysis satisfied statistical power analyses, which indicated

Cancer Cell 23, 332-346, March 18, 2013 ©2013 Elsevier Inc. 337



Cancer Cell
Siah2 Controls AR Signaling in CRPC

A B c -R1881 +R1881

Flag-AR: + + + + + + 4+ +

= HA-Ub: -+ + o+ -+ o+ o+

Flag-AR: S FlaghR: - + + =+ # GFP-S2WT - - + - - - 4 -
GFP-S2RM:  + +  Blot: Flag-S2WT. - - 3 - GFPS2RM. - - -+ - - -+ oo
Flag-S2RM: - - - - +  Blot: = v ot:

o FlagAR . bl |
Flag IP: o E - é Flag-AR Flag IP:

W GFP-Siah2RM Tubuli
e
; . el Actin
Input: e GFP-Siah2RM -A Flag-Siah2 aa’!g'.. Flag-AR

Input: - u@® GFP-Siah2
D E F
2 Myc-AR: + + + + +
HA-Ub: - WT  K48R _KB3R  K48RIG3R
| GST-Siah2 GST Flag-S82N: -+ - - -
Flag-AR: + 0+ o+ o+ o+ o+ o+ o+ 4 nput "~ Flag-S2M: - - + -
GFP-Siah2: - - + -+ 2 + -+ Blot Flag-82C: - - - -
AR-> 4 ~ Flag:S2RM: - - - - + Blot
Flag IP: .
Ub-AR AF1> - RlagllF: e - Myc-AR
AF2> - - e Flag-Siah2RM
GST-Sigh2 > == == =

- en en en en SD SR SR8 R
¢ A== Fegsanznme

GST> Pt——
Input: S ! - GFP-Siah2
a B e i INDUL g e i 8 8 \lyc AR
< r = > < = < woow i
G =2 I Fffgiitcsz i
£ 6§ 55 2 B & 5 50 2 b
Flag-IP: D S e — — — - — . = @ W GFP-Siah2RM
L L L LU L L
S2RMIAR: 10 11 05 05 04 05 03 05 11 03 08 03
Input: GFP-Siah2RM
Hinge
I [ J
_J a &
N (N B "\ 2 150
726 ,.[ ‘I_rl [, W R g 0 pLKO.1
730 T(V,ﬂ"u\ _ 2 120 @ shsiahz
H5 < - 798 g
'S / P f’L g 9
|
H12 L 7 e 2 o
W0 = 4?
o ey et 30
\ o
i 0
P & TS RIBBI: - - 4+ - - 44 -4+ - -t
|
y Be.v AR WT GE83A R726L  Q798E

s N

Figure 4. Siah2 Interacts with and Ubiquitinates AR for Proteasome-Dependent Degradation
(A) 293T cells were transfected with Flag-AR and GFP-Siah2RM for 24 hr before immunoprecipitation with anti-Flag M2 beads. Bound proteins were eluted and
analyzed by western blotting with Flag or GFP antibodies.
(B) 293T cells were transfected with Flag-tagged AR and Siah2 (WT or RM) for 24 hr. Whole cell lysates were analyzed by western blotting with the antibodies of
Flag, tubulin, and actin.
(C) 2983T cells were transfected with Flag-AR, HA-Ub, and GFP-Siah2 (WT or RM) for 24 hr in the presence or absence of 10 nM R1881. Cells were treated with
20 uM MG132 for 5 hr and then Flag-AR was immunoprecipitated with M2 beads under denaturing conditions. The immunoprecipitates were analyzed by western
blotting with HA or Flag antibody. The input of GFP-Siah2 was immunoblotted with GFP antibody.
(D) 2983T cells were transfected with Flag-AR, HA-Ub (WT, K48 mutant, K63 mutant, and K48/K63 double mutant), and GFP-Siah2. The analysis was performed as
described for (C).
(E) Flag-AF2 or-AF1 was in vitro translated (3°S labeling), purified, and incubated with GST-Siah2. Proteins bound to GST-Siah2 were analyzed by SDS-PAGE and
phosphoimaging.

(legend continued on next page)
338 Cancer Cell 23, 332-346, March 18, 2013 ©2013 Elsevier Inc.



Cancer Cell
Siah2 Controls AR Signaling in CRPC

a requirement for 12 genes per group to reach 95% confidence.
Notably, Siah2 binding was demonstrated for nine of the 11
Siah2-dependent AR targets that exhibited increased AR/
NCOR1 binding, compared with only one of the five Siah2-
dependent AR targets that did not show increased AR/NCOR1
binding (Figure S5N). The association between Siah2 binding
to AREs in control cells and the increased NCOR1/AR binding
to these AREs upon Siah2 knockdown was statistically signifi-
cant (p < 0.05, Fisher’s exact test). Importantly, none of the
Siah2-independent AR targets exhibited Siah2 binding (data
not shown).

Collectively, the above data substantiate our conclusion that
Siah2 targets the degradation of NCOR1-bound AR on a select
group of AR target genes. Consistent with this, ChIP assays
revealed that Siah2 knockdown reduced the level of ubiquiti-
nated proteins on AREs of PSA, NKX3.1, and PMEPAT1, but not
TMPRSS2 (Figure 5E). Notably, knockdown of NCOR1 attenu-
ated the recruitment of Siah2 (Figures 5B and S50) and the
accumulation of AR on AREs of PSA, NKX3.1, and PMEPA1
was further reduced upon Siah2 knockdown (Figures 5C, S5H,
and S5I). Moreover, coprecipitation experiments showed a
markedly higher association of Siah2 with the AR/NCOR1
complex than with AR alone (Figure 5F). These results suggest
that the NCOR1-bound AR recruits Siah2 more efficiently.
Indeed, knockdown of NCOR1 in Rv1 cells increased the tran-
scripts of PSA, NKX3.1, and PMEPA1 in both control and
Siah2-knockdown cells, but the effect was more pronounced
in Siah2-knockdown cells (Figure 5G). Together, these results
suggest that Siah2 may promote the AR transcriptional output
via degradation of the transcriptionally-inactive AR (marked by
NCOR1 binding) on the AREs of selective AR targets.

To investigate whether Siah2-mediated degradation of
NCOR1-bound AR could affect binding of a co-activator to AR,
we performed ChIP-reChIP assays that enable detection of
multiple protein-protein interactions on specific chromatin
regions. ChIP of Siah2 followed by reChIP of AR, NCOR1, and
co-activator p300 revealed that Siah2 interacted with AR and
NCOR1 but not with p300 on the PSA promoter (Figure 5H).
Consistent with this, ChIP-reChIP assays revealed that NCOR1
and co-activator p300 are present in distinct AR complexes on
the promoter of PSA gene (Figure 5l), and knockdown of
NCORT1 increased the amount of p300 and acetylated histone
H3 on the PSA promoter (Figures 5J and 5K), suggesting that
competitive binding between p300 and NCOR1 to the AR modu-
lates PSA promoter activity, consistent with findings from

a previous report (Yoon and Wong, 2006). Interestingly, knock-
down of Siah2 decreased the amount of p300 and acetylated
histone H3 on the PSA promoter (Figures 5J and 5K), opposite
to what was seen upon NCOR1 knockdown. Given that Siah2
knockdown increased the amount of NCOR1-bound AR on the
PSA promoter (Figure 5C), these results suggest that Siah2-
mediated degradation of NCOR1-bound AR (transcriptionally
inactive) on PSA promoter allows the subsequent recruitment
of p300-bound AR (transcriptionally active), leading to an
increase in the transcription of PSA gene.

Knockdown of the E3 ubiquitin ligase Mdm2 in MEFs express-
ing ectopic AR has also been reported to disrupt AR turnover at
the PSA promoter (Chymkowitch et al., 2011). To compare the
effects of Siah2 and Mdm2 on AR transcriptional activity, we
knocked down Mdm2 in Rv1 cells and examined transcripts of
representative ARGs. The expression of some ARGs was regu-
lated by both Siah2 and Mdm2 (e.g., PSA, SLC45A3), while
others were regulated only by Siah2 (e.g., NKX3.1, PMEPAT) or
Mdm2 (e.g., TMPRSS?2), and some were unaffected by either
protein (e.g., FKBP5) (Figures 2E and S5P). Knockdown of
Mdm2 had little effect on the total level of AR (Figure S5Q), as
had been observed with Siah2 knockdown. Additional regulatory
layers (i.e., posttranslational modifications) are expected to exist
in the control of AR by distinct ubiquitin ligases.

Modulation of AR Transcriptional Activity by Siah2

Is Required for Growth and Motility of Prostate

Cancer Cells

We next evaluated the physiologic significance of Siah2 regula-
tion of AR activity. Knockdown of Siah2 or AR significantly
reduced proliferation of Rv1 and LNCaP cells (Figures 6A and
6B). However, knockdown of Siah2 in AR-knockdown cells did
not further reduce cell proliferation (Figure 6B), suggesting that
the Siah2 effect on cell proliferation may be AR dependent. Simi-
larly, knockdown of Siah2 or AR in Rv1 or C4-2 cells (a castration-
resistant subline of LNCaP) abolished anchorage-independent
growth, as demonstrated by an inability to form colonies in soft
agar (Figures 6C and 6D). In contrast, knockdown of Siah2 in
AR-negative PC3 or DU145 cells (Figure S6A) had no apparent
effect on cell growth (Figure 6A) or anchorage-independent
growth (Figure S6B). Knockdown of Siah2 or AR in Rv1 cells
reduced sphere formation in three-dimensional Matrigel to the
levels seen with control Rv1 cells cultured under androgen-depri-
vation conditions (Figures 6E and S6C). Further, Siah2 or AR
knockdown inhibited Rv1l and LNCaP cell motility in transwell

(F) Identification of the AR-interacting domains of Siah2. Myc-AR was cotransfected with Flag-tagged Siah2 fragments (N, N-terminal part; C, C-terminal part; M,
middle part) in 293T cells. Siah2 fragments were immunoprecipitated with M2 beads and coprecipitated Myc-AR was analyzed by western blotting using Flag or
AR antibody.

(G) 293T cells were cotransfected with GFP-Siah2RM and Flag-AR mutants as indicated. After 24 hr, immunoprecipitation was performed using M2 beads and
samples were analyzed by western blotting using GFP or Flag antibody. The intensity ratios between GFP-S2RM and Flag-ARs are shown. The input of GFP-
Siah2RM is shown at the bottom panel.

(H and ) Structural location of AR LBD mutants in WT AR. Ribbon presentation of the LBD with the AF2 site helices highlighted in blue and labeled in addition to the
key helix H1 (H). The side chains of residues that were mutated are drawn as sticks, labeled, and colored green (strong), red (moderate), or blue (no effect)
depending on their effect on Siah2 interaction. A 90° rotation of the model is shown to highlight the location of V757, F754, and Q798 (l).

(J) PC3 cells (pLKO.1 or shSiah2) were cotransfected with a PSA promoter Gaussia luciferase construct, a control Cypridina luciferase construct, and the mutant
ARs indicated. Cells were grown in medium containing 5% CS-FBS for 48 hr and treated with 1 nM of R1881 for 16 hr. Gaussia luciferase activity was normalized
to the Cypridina luciferase activity (n = 3). Data are mean + SD. Siah2 knockdown reduced PSA promoter activity in cells expressing WT AR or G683 mutant AR in
the absence or presence of R1881 (p < 0.05).

See also Figure S4.
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Figure 5. Siah2 Promotes the AR Transcriptional Activity by Targeting the NCOR1-Bound AR
(A) LNCaP cells stably transfected with control, AR shRNA, or Siah2 shRNA were grown in the absence or presence of 1 nM of R1881 for 12 hr, treated with 20 uM
MG132 for 5 hr, and collected for ChIP assays using an anti-Siah2 antibody. Purified chromatin was analyzed by qPCR for the ARE regions of PSA, NKX3.1,
PMEPA1, and TMPRSS?2. Siah2 was enriched on AREs of PSA, NKX3.1, and PMEPA1 in the presence of R1881 (p < 0.05), but not on the ARE of TMPRSS2 gene
(p = 0.62).
(B) Rv1 cells stably transfected with control, AR shRNA, or NCOR1 shRNA were grown in the normal growth medium, treated with 20 pM MG132 for 5 hr, and
collected for the ChlIP assays using anti-Siah2 antibody as described in (A). AR or NCOR1 knockdown affected Siah2 presence on the AREs of PSA, NKX3.1, and
PMEPA1 (p < 0.05) and TMPRSS2 (p > 0.1).
(C) Effect of Siah2 knockdown in LNCaP cells on the association of AR and NCOR1 with the PSA promoter. ChIP assays were performed on LNCaP cells (pLKO.1
or shSiah2) using anti-AR or anti-NCOR1 antibodies and purified chromatins were analyzed by gPCR for the ARE region of PSA gene. Relative change in AR
(p < 0.05) or NCOR1 (p < 0.0005) in the presence of R1881 or upon knockdown of Siah2, or NCOR1 (p > 0.1) is shown.

(legend continued on next page)
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assays, and this effect was amplified under androgen-depriva-
tion conditions (Figures 6F, 6G, and S6D). In contrast, knock-
down of Siah2 in AR-negative PC3 cells showed no effect on
cell motility (Figure S6E). Collectively, these data strongly support
akeyrole for Siah2 in the growth and motility of PCa cells, whichis
mediated at least partially through regulation of AR activity.

Siah2 Is Important for Growth of Castration-Resistant
Prostate Tumors

Having established that Siah2 influences the growth and
motility of AR-positive PCa cells in vitro, we next addressed
its role in vivo. To establish CRPC, we used an orthotopic pros-
tate tumor model in which the androgen-independent C4-2 cell
line was injected into the dorsal prostate lobes of nude mice.
We established C4-2 cells with stable knockdown of Siah2
and verified that they were similar to LNCaP Siah2-knockdown
cells in both transcript levels of ARGs and in vitro growth char-
acteristics (Figures S7A-S7C). Tumors derived from the Siah2-
knockdown C4-2 cells were about half the size of those derived
from control C4-2 cells (Figure 7A). Castration had no effect on
tumor size of control cells, consistent with the fact that growth
of C4-2 cells is androgen independent. Interestingly, the size of
Siah2-knockdown tumors was reduced in response to castra-
tion (Figure 7A), suggesting that Siah2 contributed to the
castration resistance of human PCa cells. gRT-PCR analyses
revealed lower transcript levels of selective ARGs in the
Siah2-knockdown C4-2 tumors, which were further lowered
after castration (Figure 7B). In agreement, knockdown of AR
reduced the C4-2 xenograft tumor size and PSA level in the
castrated mice (Snoek et al., 2009). These findings suggest
that Siah2-dependent regulation of AR activity may contribute
to the castration resistance of C4-2 tumors.

Prostatic stromal cells from transgenic mice with a conditional
knockout of the tumor growth factor-@ (TGF-g) receptor type Il in
fibroblasts (Tgfbr2™X° and Tgfbr2®°™ ) conferred resistance
to castration in the prostate cancer models (Bhowmick et al.,
2004). To further test the role of Siah2 in castration resistance,
we knocked down Siah2 expression in a mouse prostate cancer

cell line MPCS3, knocked out for Pten and Trp53. Knockdown of
Siah2 in MPC3 cells also reduced the transcription of selective
AR targets (Figure S7D), characteristic of the Pten prostate
cancer model (Mulholland et al., 2011). Tissue-recombination
experiments combining WT or Tgfbr2-KO prostate stromal cells
with MPC3 cells (control or Siah2 knockdown) were orthotopi-
cally grafted. The tumors grew diffusely in the mouse prostate
and did not form a distinctive mass. The growth of MPCS3 cells
in vivo was evaluated by phosphorylated-histone H3, Ki67, and
TUNEL staining. Knockdown of Siah2 in MPC3 cells recombined
with WT prostate stromal cells led to reduced phospho-histone
H3, Ki67, and TUNEL staining in castrated mice (Figures 7C,
7D, S7E, and S7F), indicative of Siah2’s role in the castration-
resistant growth of MPC3 cells. Notably, co-culture of the
Siah2-knockdown MPC3 cells with Tgfbr2-KO prostate stromal
cells diminished the requirement of Siah2 for the proliferation
of MPC3 cells in the castrated mice (Figures 7D and S7F).
Tgfbr2-KO prostate stromal cells are known to promote the
castration resistance of prostate epithelia via paracrine secretion
of growth factors such as Wnt3a, interleukin-6 (IL-6), IL-18, and
human growth factor (HGF) (Bhowmick et al., 2004; Kiskowski
et al., 2011), which can bypass the requirement for androgen
signaling and thus Siah2 for the progression of MPC3 cells in
the castrated mice. Together, these observations substantiate
the role of Siah2 in the progression of CRPC.

Siah2 Expression Is Upregulated in Castration-Resistant
Human Prostate Cancer

To verify the relevance of our findings to human PCa, we
measured Siah2 expression in human castration-resistant pros-
tate tumor samples. Siah2 was detected immunohistochemically
in a PCa tissue microarray (TMA) containing representative
samples of different Gleason stage tumors and castration-resis-
tant tumors (Figures 7E-7G; Table S7). Siah2 showed a nuclear
expression pattern in both the benign and the cancer cells.
However, in the benign tissues, Siah2 was mostly present in
basal cells, not luminal cells (Figure 7E). Compared to benign
tissues, Siah2 expression was upregulated in PCa tissues, and

(D) Effect of Siah2 knockdown in Rv1 cells on the association of AR and NCOR1 with the AREs of PSA, NKX3.1 and PMEPAT1. ChIP assays were performed on Rv1
cells (pLKO.1 control or shSiah2) using anti-AR or anti-NCOR1 antibodies and purified chromatins were analyzed by qPCR for ARE regions of PSA, NKX3.1,
PMEPA1 and TMPRSS2. Level of AR (p < 0.05) and NCOR1 (p < 0.05) on the AREs of PSA, NKX3.1, and PMEPA1 upon Siah2 KD, compared with the ARE of
TMPRSS2 (p > 0.1).

(E) Effect of Siah2 knockdown in Rv1 cells on the association of ubiquitinated proteins with the AREs of PSA, NKX3.1, and PMEPAT1. ChIP assays were performed
on Rv1 cells (pLKO.1 control or shSiah2) using anti-ubiquitin antibody and analyzed as described in (D). Level of ubiquitinated proteins upon Siah2 KD on the ARE
regions of PSA, NKX3.1, and PMEPAT1 (p < 0.05), compared with the ARE on TMPRSS2 gene (p = 0.55).

(F) 293T cells were transfected with Flag-AR or Flag-AR/myc-NCOR1, which were isolated by purification on M2 beads and then incubated with 293T lysates
expressing GFP-Siah2RM. After three washes, the proteins were eluted and analyzed by western blotting using the antibodies of Flag, Myc or GFP.

(G) qRT-PCR of the indicated genes was performed on Rv1 cells (pLKO.1 or shSiah2) transfected with NCOR1 siRNA. Shown is the change in transcripts of PSA,
NKX3.1, and PMEPAT1 in pLKO.1 or Siah2 KD cells by the NCOR1 siRNA (p < 0.05).

(H) LNCaP cells were treated with 1 nM of R1881 for 12 hr, 20 uM MG132 for 5 hr, and collected for the first round of IP (ChIP) using Siah2 antibody. The eluates of
the first IP were used for the second round of IP (reChlP) using antibodies indicated. The purified chromatins by the reChIP were analyzed by qPCR for the ARE
region of PSA promoter. Relative enrichment by AR or NCOR1 antibody (p < 0.05), or p300 antibody (p = 0.76) is shown.

(I) LNCaP cells were treated with 1 nM of R1881 for 12 hr, and collected for the first round of IP (ChIP) using p300 (left columns) or NCOR1 (right columns) antibody
followed by the second round of IP (reChlIP) using the antibodies indicated, and analyzed by gPCR for the ARE region of PSA gene. Enrichment of reChIP by AR
antibody is shown (p < 0.05).

(J) LNCaP cells subjected to NCOR1 or Siah2 KD were treated with 1 nM of R1881 for 12 hr, collected for the ChIP assays using p300 antibody, and analyzed by
qPCR of the ARE region of PSA promoter. p300 enrichment upon NCOR1 or Siah2 KD (p < 0.05) is shown.

(K) ChiP assays using acetylated histone H3 antibody were performed on LNCaP cells as described in J. Shown is the relative enrichment of acetylated histone H3
antibody on PSA promoter upon NCOR1 or Siah2 knockdown (p < 0.05). Data are mean + SD.

See also Figure S5.
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Figure 6. The Siah2 Effect on AR for the Proliferation and Motility of PCa Cells
(A) Effect of Siah2 knockdown on the growth of human PCa cells. LNCaP, Rv1, PC3, or DU145 cells were stably transfected with Siah2 shRNA or control
pLKO.1 vector. Equal numbers of cells (1 x 10%) were seeded in 12-well plates in medium containing 5% FBS (+androgen) or 5% CS-FBS (—androgen) and
cells were counted after 5 days (n = 3). Change in cell growth upon Siah2 KD in LNCaP or Rv1 cells was maintained in the presence or absence of androgen
(p < 0.05).
(B) Siah2 or AR was stably knocked down individually or in combination in LNCaP or Rv1 cells. Equal numbers of cells (5 x 10 were grown in six-well plates and
cells were counted after 5 days (n = 3). Change in growth of Rv1 (p < 0.01) or LNCaP (p < 0.005) is shown.
(C) Knockdown of Siah2 or AR in Rv1 cells on the colony formation in soft agar assays. Cells (pKLO.1 control, shSiah2, or shAR) were maintained in soft agar for
3 weeks before staining with p-iodonitrotetrazolium violet. The number of colonies per field was quantified (p < 0.0001).
(D) Siah2 or AR KD effect on colony formation of C4-2 cells (p < 0.00005), was carried out as detailed in (C).

(legend continued on next page)
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interestingly, Siah2 upregulation was seen across Gleason
stages within this cohort (Figure 7F). Significantly, levels of
Siah2 expression were closely associated with ADT and devel-
opment of CRPC, reflected in reduction of Siah2 levels after
ADT and elevation of Siah2 levels in CRPC (Figure 7G). Interest-
ingly the level of Siah2 protein in human CRPC resembles the
changes seen in Siah2 transcripts in the human CRPC xenograft
model; while the level of Siah2 transcripts was reduced upon
castration, it increased during development of CRPC (Fig-
ure S7G). Notably, whereas Siah2 level is associated with clinical
recurrence upon ADT, it is not associated with recurrence after
prostatectomy (Figure 7H). Consistent with the upregulation of
Siah2 in CRPCs, the endogenous Siah2 level is higher in the
two androgen-independent PCa cell lines C4-2 and Rv1 than in
the androgen-dependent LNCaP cells or the AR null PC3 cells
(Figure S7H). Immunohistochemical staining of CLGN and
ACPP (Siah2-dependent AR targets) in the human PCa tumor
microarray revealed their elevated expression (~30% increase,
p < 0.05) in CRPCs compared with the naive PCa samples
(Figure S71, data not shown). The latter substantiate the signifi-
cance of Siah2-dependent AR targets in CRPCs.

DISCUSSION

Understanding the mechanisms underlying AR activity is impor-
tant for the development of effective therapeutic modalities to
treat CRPC. Here, we identified an undisclosed facet of AR regu-
lation and demonstrated its consequences for the growth of
castration-resistant prostate tumors. Our studies reveal that
the E3 ubiquitin ligase Siah2 regulates a subset of AR, bound
to the corepressor NCOR1, resulting in removal of the transcrip-
tionally-inactive AR from chromatin. The specificity of Siah2 for
the NCOR1-bound AR is achieved through Siah2 interaction
with two accessible surfaces on AR, concomitant with its inter-
action with the AR/NCOR1 complex. Siah2-dependent removal
of NCOR1-bound AR allows the binding of p300-bound AR to
the AREs of PSA gene. Collectively, our findings suggest a model
whereby Siah2 recognition and degradation of a specific inactive
AR pool enables recycling of AR, whereby inactive AR-NCOR1
is replaced with active AR-p300, thereby sustaining consti-
tutive AR-dependent transcription from selected promoters/
enhancers.

The finding that Siah2 ubiquitin ligase controls a subset of AR
is consistent with the concept that some transcription factors are
removed from target promoters via the ubiquitin-proteasome
pathway to allow binding of new factors and continued transcrip-
tion (Muratani and Tansey, 2003). A similar mechanism has been
proposed for regulation of PSA by Mdm2 (Chymkowitch et al.,
2011), and interestingly, both Mdm2 and Siah2 reportedly regu-
late HIPK2 stability (Calzado et al., 2009; Rinaldo et al., 2007).
Thus, the interplay between these two ligases may dictate the
duration, level, and/or specificity of transcriptional output. It is

equally plausible that Siah2 and Mdm2 play distinct roles in AR
turnover for different pools of AR target genes, or under varying
physiologic conditions. We favor the latter possibility, which is
supported by the observation that Siah2 and Mdm2 regulate
different AR targets (Figures 2E and S5P). Although we provide
evidence that Siah2 contributes to AR turnover on the AREs of
selective AR targets, we cannot exclude the possibility that it
regulates AR activity through additional mechanisms, such as
promoting recruitment of co-activators or degrading/displacing
corepressors.

How do the Siah2-regulated ARGs contribute to CRPC? Our
gene expression profiling studies point to Siah2-dependent
regulation of AR target genes associated with sterol and lipid
metabolism. These findings were confirmed by gPCR analyses
in PCa cells and identification of this gene cluster in independent
data sets reported for PCa and CRPC. Of those, a master regu-
lator of lipid metabolism, SREBF1, a Siah2-dependent ARG,
plays an important role in the proliferation of Rv1 cells under
low androgen condition (Figure S3B) and is upregulated in
CRPC (Table S6). SREBF1 induces the expression of enzymes
involved in fatty acid and cholesterol synthesis, thereby
providing CRPC cells with fatty acids for energy and membrane
synthesis, and cholesterol for intratumoral de novo synthesis of
androgens (Ettinger et al., 2004; Locke et al., 2008). Among the
enzymes underlying the intratumoral androgen metabolism are
AKR1C2, AKR1C3, and UGT2B15, which are upregulated in
CRPC (Cai et al., 2011; Stanbrough et al., 2006), consistent
with their downregulation in the Siah2-knockdown Rv1 cells.

We previously reported that Siah2-dependent regulation of
HIF was important to the neuroendocrine differentiation (NED)
of PCa cells under chronic hypoxic conditions (Qi et al., 2010).
Here, we show that Siah2-dependent regulation of AR activity
is equivalent under normoxia and hypoxia. Notably, NED foci
of prostate cancer express little or no AR protein (Huang et al.,
2006), suggesting that the effect of Siah2 on AR activity is not
applicable for NED foci, where the Siah2 contribution is medi-
ated through its concerted regulation of HIF-1o and FoxA2
(Qi et al., 2010). Siah2 thus elicit distinct effects in different
PCa cell populations: it enhances HIF activity in NED foci
and promotes AR activity in PCa cells surrounding these foci.
Importantly, through independent mechanisms in each of these
cell populations, Siah2 contributes to the castration resistance of
PCa. Thus, the role played by Siah2 in controlling AR signaling,
castration resistance, and NED of PCa makes it a promising
target for PCa therapy, either alone or in combination with other
therapeutic approaches.

EXPERIMENTAL PROCEDURES
Prostate Tumor Samples

A total of 194 prostate cancer specimens were obtained from the Vancouver
Prostate Tissue Bank under approval by Clinical Research Ethics Board

(E and F) Rv1 cells (pLKO.1, shSiah2, and shAR) were grown in the three-dimensional Matrigel in the presence (5% FBS) or absence (5% CS-FBS) of androgen for
1 week (E). The number of spheres (>25 um in diameter) grown in the presence (p < 0.05) or absence (p < 0.005) of androgen is shown (F). Rv1 cells (pLKO.1,
shSiah2, and shAR) were subjected to transwell assays in the presence (5% FBS; p < 0.0005) or absence (5% CS-FBS; p < 0.05) of androgen for 24 hr.

(G) Migration of LNCaP cells upon KD of Siah2 or AR in the presence (p < 0.0005) or absence (p < 0.001) of androgen, monitored using the transwell assays as

described in (F). Data are mean + SD.
See also Figure S6.
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(# H09-01628; informed consent was obtained from all subjects). All the
specimens were from radical prostatectomy except the 12 CRPC
samples, which were obtained from transurethral resections of prostate.
The hematoxylin and eosin (H&E) slides were reviewed and the desired
areas were marked. Three TMAs were manually constructed (Beecher
Instruments, MD, USA) by punching duplicate cores of 1 mm from each
sample.

Animal Studies

Animals were housed in the Sanford-Burnham Medical Research Institute
(SBMRI) animal facility, or Cedars-Sinai Medical Center (CSMC). All experi-
ments were approved by the Institutional Animal Care and Use Committee
(IACUC # 55545 and 56155 at SBMRI and IACUC # 3679 at CSMC) and
were conducted following the Institute’s animal policy in accordance with
National Institutes of Health (NIH) guidelines.

Cell Lines
LNCaP, C4-2, PC3, DU145, and CWR22 Rv1 cells were maintained in RPMI
1640 medium supplemented with 10% FBS and antibiotics.

Generation of Siah2”;TRAMP Mice

Siah2*/~ mice (129/SvJ background) were crossed with TRAMP transgenic
mice (C57BL/6 background) to obtain Siah2*/~;TRAMP mice. Female
Siah2*'~;TRAMP mice were crossed with male Siah2*/~ mice to generate
mice of the genotypes Siah2*/*;TRAMP, Siah2*/~;TRAMP, and Siah2~'~;
TRAMP (Qi et al., 2010).

Antibodies and Reagents

Antibodies to AR, p300, ubiquitin, GFP, myc, Mdm2, tubulin, actin (Santa
Cruz), NCOR1, Histone H3, GFP, NKX3.1, Ki67, SV40 T-antigen (Abcam), acet-
ylated histone H3 (anti-AcH3-K9, Upstate Biotechnology), Siah2 (Novus Bio-
logicals), ACPP (Pierce), CLGN (Abgent), phospho-histone H3, SPINK3 (cell
signaling), and Flag (Sigma) were used according to the manufacturers’
recommendations.

Statistical Analysis
The data were analyzed by Student’s t test, one-way ANOVA, or Fisher’s exact
test. A p value < 0.05 was considered statistically significant.

ACCESSION NUMBER

The GEO accession number for the microarray data reported in this paper
is GSE38851.

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures, seven tables, and Supple-
mental Experimental Procedures and can be found with this article online at
http://dx.doi.org/10.1016/j.ccr.2013.02.016.
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SUMMARY

Imatinib eradicates dividing progenitor cells of chronic myeloid leukemia (CML) but does not effectively
target nondividing leukemia-initiating cells (LICs); thus, the disease often relapse after its discontinuation.
We now show that Fbxw7 plays a pivotal role in maintenance of quiescence in LICs of CML by reducing
the level of c-Myc. Abrogation of quiescence in LICs by Fbxw7 ablation increased their sensitivity to imatinib,
and the combination of Fbxw?7 ablation with imatinib treatment resulted in a greater depletion of LICs than of
normal hematopoietic stem cells in mice. Purging of LICs by targeting Fbxw7 to interrupt their quiescence
and subsequent treatment with imatinib may thus provide the basis for a promising therapeutic approach

to CML.

INTRODUCTION

Cancer-initiating cells (CICs) are thought to constitute a minor
subpopulation of cancer cells that is required for the initiation
and maintenance of cancer (Clevers, 2011; Huntly and Gilliland,
2005). This notion is based largely on the characterization of
leukemia-initiating cells (LICs), a rare subpopulation of cells
that propagates leukemia (Lapidot et al., 1994). LICs were
recently shown to share many properties, including self-renewal,
pluripotency, and quiescence, with normal hematopoietic stem
cells (HSCs) (Clevers, 2011; Huntly and Gilliland, 2005). A funda-
mental problem in treating leukemia is that the quiescent LIC
subpopulation is particularly resistant to conventional chemo-
therapy and radiation, both of which target cells undergoing
DNA replication and are therefore not effective against quiescent

(noncycling) cells (Clevers, 2011; Huntly and Gilliland, 2005).
Failure to eradicate quiescent LICs may result in reinitiation of
malignancy after a period of latency. The development of thera-
peutic approaches that target quiescent CICs might therefore be
expected to have a profound impact on cancer eradication.
Chronic myeloid leukemia (CML) in humans is characterized
by the presence of the Philadelphia chromosome, which is
generated by a chromosomal translocation that joins the BCR
gene on chromosome 22 to the ABL gene on chromosome 9
(de Klein et al., 1982; Rowley, 1973). CML is a biphasic myelo-
proliferative disorder, which initially assumes a chronic phase
before progressing to an accelerated phase and finally to blast
crisis. Given that individuals with CML in blast crisis have
a poor prognosis associated with a short survival time, it is crit-
ical to treat CML patients during the chronic phase. Several lines

Significance

Most cancer-initiating cells (CICs) are quiescent and therefore resistant to anticancer drugs that preferentially target
dividing cells. CICs that survive therapy are a potential cause of relapse. Elucidation of the mechanism by which CICs main-
tain quiescence is thus critical for the elimination of cancer. Here, we show that Fbxw?7 plays a pivotal role in maintenance of
quiescence in leukemia-initiating cells (LICs) of chronic myeloid leukemia. Our findings reveal that ablation of Fboxw?7 in LICs
results in deregulated activation of c-Myc and impaired maintenance of quiescence followed by p53-dependent apoptosis
and consequent cell exhaustion. Moreover, they provide a rationale for Foxw7-targeted therapy to sensitize LICs to
currently available drugs by interrupting their quiescence, potentially resulting in a substantial survival benefit.
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of evidence indicate that LICs of CML emerge as a result of
expression of BCR-ABL in normal HSCs (Pear et al., 1998), sup-
porting the notion that CML is a “stem cell disease.”

The BCR-ABL fusion protein possesses constitutive tyrosine
kinase activity and triggers molecular events that result in the
expansion of malignant hematopoiesis (Deininger et al., 2000).
The recent development of the tyrosine kinase inhibitor (TKI) ima-
tinib represented a breakthrough in treatment of the chronic phase
of CML, resulting in a marked improvement in the prognosis
of CML patients (Druker et al., 2001; Kantarjian et al., 2002).
The French CML Intergroup Stop Imatinib study recently found
that ~40% of CML patients in complete molecular remission
for >2 years while on treatment with imatinib did not relapse within
12 months after discontinuation of imatinib treatment (Mahon
et al., 2010). However, this observation suggests that LICs of
CML persist in more than half of patients treated with imatinib
alone, resulting in relapse after discontinuation of imatinib treat-
ment. Several mechanisms of resistance of CML LICs to imatinib
therapy have been suggested, including the maintenance of quies-
cence (Holtz et al., 2007) and the lack of addiction to BCR-ABL in
these cells (Corbin et al., 2011). Although more potent TKIs such
as nilotinib and dasatinib have been developed, these drugs
also do not target quiescent LICs of CML (Copland et al., 2006;
Jorgensen et al., 2007). Therapy with these TKis thus serves to
suppress, not to eliminate, the disease. Moreover, quiescence in
CML LICs is thought not only to contribute to TKI resistance but
also to be essential for their long-term maintenance. Elucidation
of the molecular mechanism by which LICs maintain quiescence
is therefore expected to provide a basis for the development of
approaches to sensitize CML LICs to TKl therapy, thereby allowing
efficient eradication of leukemia cells, prevention of relapse, and
increased patient survival. Although several key molecules and
signaling pathways have been implicated in LIC maintenance (Ito
et al., 2008; Naka et al., 2010; Zhao et al., 2007), the mechanism
by which LICs maintain quiescence has been poorly understood.

c-Myc is one of the best characterized proteins found to deter-
mine the state of cell proliferation or quiescence (Laurenti et al.,
2009). Regulation of the abundance of c-Myc is achieved at
several levels, one of which is control of protein stability medi-
ated by posttranslational modification. We and others have
shown that the F-box protein Fbxw7 (also known as Fbw?7,
Sel-10, hCdc4, or hAgo), the substrate-recognition subunit of
an SCF-type ubiquitin ligase complex, interacts with and medi-
ates the ubiquitylation of c-Myc (Nakayama and Nakayama,
2006). The ubiquitin-dependent degradation of c-Myc mediated
by Fbxw7 has been found to be essential for maintenance of the
quiescence and reconstitution capacity of normal HSCs (Mat-
suoka et al., 2008; Reavie et al., 2010; Thompson et al., 2008).
Given that LICs share many properties with normal HSCs, we
hypothesized that Fbxw7 might also be required for the mainte-
nance of LICs and that the Fbxw7-c-Myc axis might be a prom-
ising target for leukemia therapy.

RESULTS

Fbxw?7 Is Required for Maintenance of Quiescence
inLICs

To examine whether Fbxw7 expression is modulated during
leukemogenesis, we first measured the amount of Fbxw7
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mRNA at various stages of the differentiation of leukemic cells
in a mouse model of CML caused by the human BCR-ABL
fusion protein (Pear et al., 1998). For generation of the model,
a c-Kit*Sca-1"Lin~ (KSL) fraction of bone marrow cells, which
represents immature hematopoietic cells, was infected with
a retrovirus encoding both p2108¢RBL and green fluorescent
protein (GFP) and was subsequently transplanted into syngeneic
recipients (Figure 1A). Recipient mice developed signs of CML,
including decreased activity, weight loss, an increased number
of myeloid cells in peripheral blood, and splenomegaly, and all
mice died within 4 weeks after transplantation. Bone marrow
cells were collected from the recipient mice after they began to
show such signs of CML. Reverse transcription (RT) and real-
time PCR analysis revealed that Foxw7 mRNA was highly abun-
dant in the LIC compartment (GFP*KSL population), whereas
it was present in much smaller amounts in the leukemic
progenitor compartment (GFP*c-Kit*Sca-1"Lin~ population)
and its abundance decreased further as cell differentiation pro-
gressed (Figure 1B). Similar results were obtained by quantifica-
tion of the copy number of Foxw7 mRNA per cell in these various
compartments (Figure S1A available online). These data thus
suggested that Fbxw7 expression during leukemogenesis is
regulated at least in part at the transcriptional level.

We next examined the role of Fboxw?7 in the maintenance of LIC
quiescence by conditional disruption of the Fbxw7 gene in this
CML mouse model. KSL cells from Mx1-Cre;Fbxw7*"* (control)
and Mx1-Cre;Fbxw7™F mice were infected with the retrovirus
encoding BCR-ABL and GFP and were then transplanted into
syngeneic wild-type mice. The donor mice harbored wild-type
(+) or floxed (F) alleles of Fbxw?7, as well as a transgene for Cre
recombinase under the control of the Mx1 gene promoter. The
number of white blood cells in peripheral blood of the recipient
mice was determined every 5 days; when it had increased
to >20,000/ul, GFP*KSL cells (2 x 10% were collected from
the recipients and transplanted into additional recipient mice
(first bone marrow transplantation [BMT]). These recipients
were then injected with polyinosinic:polycytidylic acid (plpC)
beginning the day after the first BMT to activate the Mx1-Cre
transgene and thereby to delete the floxed Fbxw?7 allele in
Mx1-Cre;Fbxw7™F leukemia cells (to yield the Fbxw7*® geno-
type) (Figure 1C). One week after the final injection of plpC, we
confirmed that almost all floxed alleles of Fbxw7 were inacti-
vated in each fraction of the targeted leukemia cells (Figure S1B).
Analysis of the cell cycle status of leukemic cells from the recip-
ients of the first BMT by flow cytometry revealed that
the frequency of Hoechst®"pyronin Y'®" cells, which represent
cells in Gy phase (quiescence), was significantly smaller in the
GFP*KSL compartment of Fbxw7*’» leukemia cells than in the
corresponding compartment of plpC-treated Mx1-Cre;Fbxw7*"*
(control) leukemia cells (Figure 1D). Given that gene ablation
induced by plpC is mediated by interferon, which has been
shown to act directly on HSCs to induce cell cycle progression
(Essers et al., 2009), recipients of control bone marrow cells as
well as those of Mx1-Cre;Fbxw7™" cells were injected with
plpC to eliminate any bias attributable to interferon action. In
contrast to LICs, most cells in the GFP*c-Kit*Sca-1"Lin~
compartment were actively cycling, and the proportion of quies-
cent cells in this compartment did not differ between the two
genotypes (Figure 1D), consistent with our observation that
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and real-time PCR analysis (right panel; n = 3).

(C) Experimental strategy for deletion of the floxed Fbxw?7 allele in leukemic cells.
(D) CML bone marrow cells from recipients of the first BMT were subjected to flow cytometry (left panels) for determination of the percentage of quiescent cells in

the indicated fractions (right panel; n = 3).
Data are means + SD. **p < 0.01; NS, not significant. See also Figure S1.

these cells express Fbxw?7 at a low level (Figure 1B). Together,
these results suggested that Fbxw?7 is expressed predominantly
in the LIC fraction of leukemia cells and is required for mainte-
nance of quiescence in LICs.

Fbxw?7 Is Required for Leukemic Stemness

The critical role of Fbxw?7 in the maintenance of quiescence in
LICs and the fact that quiescence is thought to be essential for
maintenance of normal HSCs prompted us to examine whether
Fbxw?7 is essential for LIC maintenance. To test this possibility,
we first performed long-term culture-initiating cell assays.
Control and Fbxw7* GFP*KSL cells were isolated from recipi-
ents of the first BMT, cultured on OP-9 stromal cells for 2 or
6 weeks, and then subjected to colony-formation assays (Fig-
ure 2A). In these assays, the number of colony-forming cells
arising after short-term culture (2 weeks) on OP-9 cells mainly
reflects progenitor function, whereas that arising after long-
term culture (6 weeks) reflects stem cell function (Matsumoto
et al.,, 2011b). We confirmed that the floxed alleles of Fbxw7
were indeed inactivated efficiently in the Fbxw 72’2 leukemic cells
cultured on OP-9 cells (Figure S2A). The number of cells derived
from Fbxw72/> GFP*KSL cells during culture on OP-9 cells was

smaller than that derived from the corresponding control cells
(Figure S2B). Furthermore, whereas the number of colonies
derived from the cells cultured for the short term (2 weeks) did
not differ between the two genotypes (Figure 2B), the number
of colonies formed by Fbxw7*/* GFP*KSL cells was significantly
smaller than that formed by the control cells after long-term
culture (6 weeks), suggesting that increased cycling of Fbxw72/2
LICs eventually results in their exhaustion. We also performed
serial replating assays and confirmed that almost all floxed
alleles of Fbxw7 were inactivated in the targeted leukemic cells
after serial replating (Figure S2C). Whereas the number of colo-
nies formed did not differ between control and Fbxw7-deficient
LICs in the first plating, the number of colonies derived from
Fbxw7-deficient LICs was significantly smaller than that derived
from control LICs in the second plating (Figure S2D).

To assess the repopulating ability of Fbxw 72’2 LICs in vivo, we
performed serial BMT experiments in which we collected control
and Fbxw7® GFP*KSL cells (2 x 10% from the recipients of the
first BMT and transplanted these cells into new recipients
(second BMT) (Figure 2C). Almost all floxed alleles of Fbxw?7
were inactivated in the targeted leukemic cells isolated from
the recipients of the second BMT (Figure S2E). Whereas the
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Figure 2. Loss of Fbxw?7 in LICs Results in Cell Exhaustion

(A) Experimental strategy for colony formation assays.

(B) Colony formation by BCR-ABL-transduced KSL cells of the indicated genotypes after 2 or 6 weeks of culture on OP-9 cells (n = 3).

(C) Experimental strategy for serial BMT experiments.

(D) Flow-cytometric determination of the absolute number of GFP*KSL cells in bone marrow of recipients (n = 5) after the first and second BMTs.
(E) Numbers of white blood cells (WBC) in peripheral blood of recipient mice (n = 10) after the first and second BMTs.

(F) Representative appearance (scale bar, 10 mm) and weight (n = 5) of the spleen in recipients of the second BMT.

(G) Survival of recipient mice (n = 10) after the first and second BMTs.

Data are means + SD. **p < 0.01; NS, not significant. See also Figure S2.
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number of GFP*KSL cells isolated from recipients of the first
BMT did not differ between the two genotypes, that of GFP*KSL
cells isolated from recipients of the second BMT was greatly
reduced in the case of Fbxw7*’® donor cells compared with
that for control donor cells (Figure 2D). These results thus sug-
gested that the loss of Fbxw?7 results in disruption of quiescence,
followed by eventual exhaustion of LICs. We also observed that
both the proportion and absolute number of Fbxw7-deficient
leukemic progenitors were significantly smaller than those of
control leukemic progenitors in recipients of the second BMT
(Figures S2F and S2G). Given that Fbxw7 deficiency did not
affect the cell cycle status of the progenitors (Figure 1D), these
latter results were likely attributable to a functional defect in
Fbxw7-deficient LICs. Consistent with these observations, the
timing of CML development did not differ between the two types
of recipients of the first BMT (Figure 2E). In contrast, after the
second BMT, Fbxw?7 deficiency prevented the propagation of
leukemic cells in peripheral blood (Figure 2E) and the spleen (Fig-
ure 2F). Furthermore, whereas most recipients of control LICs
died of CML at ~30 days after the second BMT, ~70% of mice
receiving Fbxw7%* LICs survived for >120 days (Figure 2G;
data not shown). In a similar mouse model of CML, LICs were
also shown to give rise to acute lymphocytic leukemia (ALL)
with a long latency (Pear et al., 1998). Notably, we did not
observe development of ALL or CML in recipients of Foxw7~/»
LICs later than 40 days after the second BMT. Flow cytometric
analysis and histological examination revealed the almost
complete absence of leukemic cells in peripheral blood and no
infiltration of leukemic cells in the spleen, liver, or lungs of the
recipients of Fbxw7-deficient LICs that survived for >90 days
after the second BMT (Figure S2H), suggesting that Fbxw7-defi-
cient LICs lose their potential to generate malignancies. Fbxw7
thus appears to be essential for the long-term maintenance of
leukemia-initiating potential.

Accumulation of c-Myc Is Responsible for Loss

of Leukemic Stemness

We next investigated the mechanism underlying LIC exhaustion
associated with Fbxw7 deficiency. Fbxw7 targets many
proteins related to HSC maintenance, including c-Myc, Notch1
intracellular domain (NICD1), and mammalian target of rapamy-
cin (MTOR) (Nakayama and Nakayama, 2006). To determine
whether these substrates accumulate in Foxw7-deficient LICs,
we examined their abundance in LICs isolated from recipients
of the first BMT and found that the abundance of c-Myc was
increased in Fbxw7*® GFP*KSL cells compared with control
GFP*KSL cells (Figure 3A). In contrast, the expression levels of
NICD1 and mTOR did not differ between control and Fbxw?7-
deficient GFP*KSL cells (Figures S3A and S3B).

To determine whether c-Myc accumulation is responsible for
the phenotype of Fbxw7*’2 LICs, we first cultured control and
Fbxw7*' GFP*KSL cells isolated from recipients of the first
BMT with the c-Myc inhibitor 10058-F4 (Follis et al., 2009). A
colony-formation assay performed after culture of GFP*KSL
cells for 2 or 6 weeks in the presence of 10058-F4 revealed
that the number of colonies did not differ between the two geno-
types (Figure 3B). To confirm that 10058-F4 indeed inhibited
c-Myc function in these cells, we measured the abundance of
mRNAs for cyclin D2 and ornithine decarboxylase 1 (ODC1),

the genes for which are direct targets of c-Myc. The abundance
of these mRNAs was increased in Fbxw7-deficient LICs
compared with that in control cells, and each increase was
attenuated by 10058-F4, suggesting that 10058-F4 indeed
inhibits c-Myc activity in these cells (Figure 3C). To demonstrate
further that c-Myc accumulation contributes to the phenotype
of Fbxw7-deficient LICs, we next generated Mx1-Cre;Fbxw7™F;
c-Myc*’F mice in order to analyze the cell cycle status and
colony-forming ability of Fbxw7%*;c-Myc*’* LICs. The loss of
quiescence and impaired colony-forming ability apparent for
Fbxw?7-deficient LICs were normalized by the additional deletion
of one allele of the c-Myc gene (Figures 3D and 3E). In contrast,
neither a y-secretase inhibitor, N-[N-(3,5-difluorophenacetyl)-L-
alanyl]-S-phenylglycine t-butyl ester (DAPT), which antagonizes
Notch signaling, nor rapamycin, which antagonizes mTOR,
mimicked the effects of 10058-F4 or c-Myc depletion (Figures
S3C and S3D), suggesting that neither Notch nor mTOR contrib-
utes to the phenotype of Fbxw7-deficient LICs. Collectively,
these results thus indeed suggested that the phenotype of
Fbxw7*’2 LICs is attributable to increased activity of c-Myc.

We next compared the amount of BCR-ABL between control
and Fbxw7-deficient LICs. Immunoblot analysis revealed no
substantial difference in the level of BCR-ABL between these
cells (Figure S3E). We further examined whether Fboxw7 defi-
ciency affects signaling downstream of BCR-ABL in LICs by
analyzing the phosphorylation of Stat5 (on Tyr®®%), Crkl (on
Tyr*®"), and Akt (on Ser*”®). Intracellular flow cytometric analysis
revealed that the proportions of cells expressing the phosphory-
lated forms of Stat5 or Crkl were similar for control and Fbxw?7-
deficient LICs (Figures S3F and S3G). In contrast, the frequency
of cells positive for phosphorylated Akt was greater for Foxw7-
deficient LICs than for control LICs (Figure S3H). We previously
showed that Akt phosphorylation is inhibited by transforming
growth factor—f (TGF-B) signaling in CML LICs (Naka et al.,
2010), and a recent study indicated that TGF-8 is activated by
a niche for HSCs (Yamazaki et al., 2011). These observations
suggest that Fbxw7-deficient LICs might enter the cell cycle
and cease to interact with a LIC niche, resulting in a decrease
in TGF-B signaling and an increase in Akt phosphorylation.
Consistent with this notion, we found that the frequency of cells
positive for phosphorylated Smad2/3 was smaller for Fbxw7~/2
GFP*KSL cells than for control cells (Figure S3l). Moreover,
TGF-B1 treatment reversed the increase in the proportion of
Fbxw7-deficient LICs positive for phosphorylated Akt (Fig-
ure S3J), suggesting that downregulation of TGF-B signaling
indeed contributes to this increase. Collectively, our results
exclude the possibility that the phenotype of Fbxw7-deficient
LICs is attributable to downregulation of BCR-ABL itself or of
signaling downstream of BCR-ABL.

To further exclude the possibility that Fbxw7 deficiency in LICs
impairs their homing ability, we collected the same number of
control and Fbxw7%/2 GFP*KSL cells from recipients of the first
BMT, transplanted the cells into new recipient mice, and deter-
mined the proportion of GFP* cells among bone marrow cells
by flow cytometry at 12 hr after transplantation. We found that
the frequency of GFP* cells did not differ significantly between
the two genotypes (Figure S3K), suggesting that the phenotype
of mice receiving Fbxw7-deficient LICs was not likely a conse-
quence of impaired homing.
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Figure 3. Inhibition of c-Myc Rescues the Phenotype of Fbxw7-Deficient LICs

(A) The abundance of c-Myc in Fbxw7*"2 or control GFP*KSL cells from mouse recipients of the first BMT was measured by flow cytometry (left panel). Relative
c-Myc immunofluorescence intensity (IFl) was determined (n = 5) (right panel). IgG, immunoglobulin G.

(B) Colony formation by Fbxw7*2 and control LICs after culture for 2 or 6 weeks with or without 10058-F4 (n = 5).

(C) Control and Fbxw7*’* LICs were assayed for cyclin D2 and ODC1 mRNAs by RT and real-time PCR analysis after culture on OP-9 cells for 2 weeks with or

without 10058-F4 (n = 5).

(D) The percentage of quiescent cells among GFP*KSL cells was determined for control, Fbxw7*'2, or Fbxw7**;c-Myc** bone marrow cells from recipients

(n = 5) of the first BMT.

(E) Colony formation by BCR-ABL-transduced KSL cells of the indicated genotypes after 2 or 6 weeks of culture on OP-9 cells (n = 3).

Data are means + SD. **p < 0.01. See also Figure S3.

Loss of Fbxw?7 in LICs Induces Apoptosis

in a p53-Dependent Manner

Given that deregulation of c-Myc activation often triggers
apoptosis in a p53-dependent manner (Matsuoka et al., 2008;
Onoyama et al., 2007), we postulated that p53-dependent
apoptosis might be induced by accumulation of c-Myc in
Fbxw7-deficient LICs and contribute to LIC exhaustion. The
proportion of apoptotic cells did not differ significantly between
control and Fbxw7-deficient LICs isolated from recipients of the
first BMT. However, the frequency of annexin V* apoptotic cells
was markedly greater among Fbxw7*2 GFP*KSL cells than
among control GFP*KSL cells from recipients of the second
BMT, whereas such a difference was not apparent for leukemic
progenitors (Figure 4A). To determine whether this apoptosis in
Fbxw7-deficient LICs is induced in a p53-dependent manner,
we next cultured control or Fbxw7*/ GFP*KSL cells isolated
from recipients of the first BMT with the p53 inhibitor pifithrin-o.
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(PFTa) (Komarov et al., 1999). Analysis of colony formation
revealed that the exhaustion apparent in Fbxw7** GFP*KSL
cells after 6 weeks of culture was efficiently inhibited by treat-
ment of the cells with PFTa. (Figure 4B). To confirm that PFTa
indeed inhibits p53 function in these cells, we measured the
abundance of mRNAs for p21 and Noxa, the genes for which
are direct targets of p53. The amounts of these mRNAs were
increased in Fbxw7-deficient LICs compared with those in
control cells, and each increase was attenuated by treatment
with PFTa (Figure 4C), suggesting that PFTo indeed inhibits
p53 activity in these cells. To further show that Fbxw?7 deficiency
in LICs induces apoptosis in a p53-dependent manner, we
generated Mx1-Cre;Fbxw7™F;p53~~ mice in order to determine
the proportion of apoptotic cells and colony-forming ability
for Fbxw7~/2;p53~/~ LICs. The increase in the frequency of
apoptosis apparent for Fbxw7-deficient LICs from recipients of
the second BMT was not observed with Fbxw 722,053/~ LICs
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Figure 4. Apoptosis Is Induced in Fbxw7-Deficient LICs in a p53-Dependent Manner

(A) The frequency of annexin V* cells among Fbxw7*’* and control cells of the indicated fractions from mouse recipients (n = 3) of the first or second BMT was
determined by flow cytometry. 7-AAD, 7-aminoactinomycin D.

(B) Colony formation by Fbxw7** and control LICs after culture for 2 or 6 weeks with or without PFTa. (n = 5).

(C) Control and Fbxw 7’2 LICs were assayed for p21 and Noxa mRNAs by RT and real-time PCR analysis after culture on OP-9 cells for 2 weeks with or without
PFTo (n = 5).

(D) The proportion of annexin V* cells among GFP*KSL cells was determined by flow cytometry for control, Foxw7*/2, or Fbxw7*/*;053~'~ bone marrow cells
from recipients (n = 3) of the second BMT.

(E) Colony formation by cells of the indicated genotypes after culture for 2 or 6 weeks on OP-9 cells (n = 3).

Data are means + SD. **p < 0.01; NS, not significant.
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(Figure 4D). Consistent with this finding, the decrease in the
number of colonies derived from Fbxw7-deficient LICs after
6 weeks of culture on OP-9 cells was reversed by deletion of
the p53 gene (Figure 4E). Collectively, these results indicated
that Fbxw?7 deficiency in LICs results in deregulated c-Myc acti-
vation, impaired maintenance of quiescence, subsequent
apoptosis as a result of p53 induction, and consequent cell
exhaustion.

The Combination of Fbxw7 Ablation and Anticancer
Drug Treatment Is Effective for LIC Eradication

Although our results implicated Fbxw7 as a potential target for
leukemia therapy, the timing of CML development and the
survival rate did not differ between the recipients of the first
BMT harboring control or Fbxw7-deficient LICs (Figures 2E
and 2G), suggesting that inhibition of Fbxw7 alone would not
suffice as an effective therapy for CML. To address this problem,
we examined the effects of combining Fbxw7 ablation with ima-
tinib. Recipients of the first BMT were injected with plpC on 7
alternate days beginning the day after transplantation and were
then administered imatinib twice a day at 100 mg/kg for 2 weeks
beginning 20 days after transplantation (Figure 5A). Determina-
tion of the proportion of annexin V* cells among GFP*KSL
cells revealed that the frequency of apoptosis among imatinib-
treated Fbxw7“® LICs was significantly greater than that
among imatinib-treated control LICs (Figure 5B), indicating that
Fbxw7-deficient LICs are sensitive to imatinib. In contrast, ima-
tinib was able to efficiently induce apoptosis in both control
and Fbxw?7-deficient leukemic progenitors and bulk leukemic
cells. The number of colonies formed by imatinib-treated
Fbxw7*'® GFP*KSL cells was smaller than that formed by
vehicle-treated Fbxw7*® GFP*KSL cells or by imatinib-treated
control GFP*KSL cells (Figure 5C).

Analysis of the effects of this combination therapy on CML
development in vivo revealed that it markedly reduced the
number of Fbxw7-deficient LICs (Figure 5D). Consistent with
these findings, most mice treated with imatinib alone showed
a moderate delay in the onset of disease but developed CML
after discontinuation of imatinib (Figure 5E), dying within
60 days after BMT (Figure 5F). In contrast, combination therapy
with Fbxw7 ablation and imatinib resulted in a marked attenua-
tion of CML development that remained apparent even after
discontinuation of imatinib treatment (Figures 5E and 5F).
Furthermore, when LICs isolated from recipients of the first
BMT were transplanted into new recipients, we found that,
whereas LICs treated with imatinib alone still had the potential
to confer disease, an apparently complete cure was achieved
in all recipients of LICs treated with the combination therapy of
Fbxw7 ablation and imatinib (Figure 5F). These results indicated
that the effectiveness of the combination therapy is attributable
to disrupted maintenance of LICs. We also combined Fbxw7
deletion and treatment with the conventional anticancer drug
cytosine arabinoside (Ara-C) and obtained similar results
(Figures S4A-S4D). Analysis of signaling downstream of BCR-
ABL in GFP*KSL cells isolated from recipients of the first BMT
at 36 days after transplantation revealed no differences in the
proportions of cells expressing phosphorylated forms of Stat5,
Crkl, or Akt between imatinib-treated control and Fbxw7*/2
LICs (Figures S4E-S4G). Collectively, these data thus suggested
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that LICs whose quiescence is interrupted by Fbxw7 loss are
actively cycling and thus sensitive to imatinib or Ara-C treatment
and that these combination therapies of Fbxw7 ablation and
anticancer drug administration are able to eradicate LICs and
provide a survival advantage compared with currently available
treatments.

Fbxw7 Deficiency Affects LICs More than It Does

Normal HSCs

Given that Fbxw?7 is essential for maintenance of both HSCs and
LICs, the targeting of LICs by Fbxw7 ablation combined with
anticancer drugs might also be expected to damage HSCs.
We thus compared the sensitivity of HSCs and LICs to Fbxw7
ablation. To this end, we infected KSL cells from control or
Mx1-Cre;Fbxw7™F mice with the retrovirus encoding the
p210BCR-ABL gncoprotein and GFP (to yield LICs) or with a virus
encoding GFP alone (to yield HSCs) and then transplanted the
cells into recipient mice. GFP*KSL cells from these mice were
subsequently transferred to new recipients, which were then
injected with plpC (Figure 6A). Analysis of GFP*KSL cells from
these latter recipients revealed that exit from quiescence
induced by Fbxw7 ablation was more pronounced for LICs
than for HSCs (Figure 6B). Accordingly, whereas the proportion
of apoptotic cells among LICs did not differ from that among
HSCs isolated from recipients of the first BMT, it was greater
for Fboxw7-deficient LICs than for Fbxw7-deficient HSCs isolated
from recipients of a second BMT (Figure 6C). Consistent with
these results, whereas Fbxw7 deficiency did not affect the
number of HSCs or LICs in recipients of the first BMT, it reduced
the number of LICs to a greater extent than it did that of HSCs in
recipients of the second BMT (Figure 6D).

To examine the mechanism underlying this difference in sensi-
tivity to Fbxw7 deficiency between HSCs and LICs, we first
compared the amount of Foxw7 mRNA in these cells. RT and
real-time PCR analysis revealed that the abundance of Fbxw7
mRNA in LICs was more than twice that in HSCs (Figure S5A).
Given that such an increase in the amount of Fbxw7 mRNA
was not observed in KSL cells expressing a kinase-dead
(K1176R) mutant of BCR-ABL (Zhang and Ren, 1998), the upre-
gulation of Fbxw7 mRNA in LICs is likely attributable to BCR-ABL
kinase activity. The level of c-Myc mRNA was also markedly
increased in LICs compared with that in HSCs or in KSL cells
expressing the kinase-dead mutant of BCR-ABL (Figure S5B),
and intracellular flow cytometric analysis revealed that the abun-
dance of c-Myc in LICs was about five times that in HSCs or in
KSL cells expressing the BCR-ABL mutant (Figure S5C). We
also confirmed that these effects of BCR-ABL on KSL cells
were reversed by imatinib treatment (Figures S5A-S5C). We
further examined whether the difference in sensitivity to Foxw7
deficiency between HSCs and LICs might be attributable to the
difference in the abundance of c-Myc in these cells. Both exit
from quiescence and apoptosis induced by Fbxw7 deletion
were more pronounced in HSCs overexpressing c-Myc and
were less pronounced in c-Myc*® HSCs, than in control HSCs
(Figures S5D and S5E). Accordingly, the decrease in the number
of stem cells induced by Fbxw7 ablation in recipients of the
second BMT was greater for HSCs overexpressing c-Myc, and
smaller for c-Myc*® HSCs, than for control HSCs (Figure S5F).
We next compared sensitivity to combination therapy with
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Figure 5. Combination Therapy with Fbxw7 Ablation and Imatinib Eliminates LICs

(A) Experimental strategy for combination therapy with Fbxw7 ablation and imatinib administration.

(B) Frequency of annexin V positivity among Fbxw7*'2 or control cells of the indicated fractions isolated from recipients (n = 3) of the first BMT after treatment with
imatinib or vehicle.

(C) Colony formation by Fbxw7*’2 and control LICs cultured on OP-9 cells with imatinib or vehicle for 2 or 6 weeks (n=3).

(D) Absolute number of GFP*KSL cells in bone marrow from mice (n = 5) treated as in (A).

(E) Frequency of GFP* cells in peripheral blood from mice (n = 10) treated as in (A).

(F) Survival of recipients (n = 10) of the first and second BMT treated as in (A).

Data are means + SD. **p < 0.01. See also Figure S4.
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Figure 6. Fbxw7 Deficiency Affects LICs to a Greater Extent than It Does Normal HSCs
(A) Experimental strategy to compare the sensitivity of LICs to Foxw7 deficiency with that of normal HSCs.
(B) The relative percentage of quiescent cells among GFP*KSL cells for Fbxw7/2 cells compared with that for control cells infected with the corresponding vector
was determined for recipients of the first BMT (n = 5).
(C) The frequency of annexin V* cells among GFP*KSL cells for Fbxw7*’2 cells compared with that for control cells infected with the corresponding vector was
determined for recipients of the first and second BMTs (n = 3).

(legend continued on next page)
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Fbxw7 ablation and imatinib administration between HSCs and
LICs. The frequency of apoptosis among cells from recipient
mice treated with this combination therapy was markedly greater
for LICs than for HSCs (Figure 6E). Consistent with these results,
the decrease in the number of stem cells was more prominent for
LICs than for HSCs after combination therapy (Figure 6F).

Finally, to determine directly whether this combination therapy
is able to eradicate LICs while preserving normal HSC function,
we transplanted an equal number (1 x 10% of KSL cells infected
with a retrovirus encoding the fluorescent marker tdTomato (to
yield HSCs) and of KSL cells infected with the virus for BCR-
ABL and GFP (to yield LICs) into the same recipient mice and
then subjected the animals to combination therapy (Figure 6G).
Flow cytometric analysis revealed that this regimen reduced
the number of GFP*KSL cells (LICs) to a greater extent than it
did that of tdTomato*KSL cells (HSCs) (Figure S5G). We then
collected the same number (1 x 10% of tdTomato*KSL cells
and GFP*KSL cells from these recipients and again transplanted
them together into new recipients. Whereas Fbxw7-deficient
tdTomato*KSL cells (HSCs) persisted in these new recipients,
almost all Foxw7-deficient GFP*KSL cells (LICs) were eradi-
cated (Figure 6H). Furthermore, whereas tdTomato* cells
(normal progeny of HSCs) were detected in the peripheral blood,
virtually no GFP™ cells (leukemic progeny of LICs) were detected
(Figure 6l). Collectively, these observations thus reveal a differ-
ence in sensitivity to the combination therapy between HSCs
and LICs, referred to as a “therapeutic window,” and they thus
provide a rationale for further development of this potential
approach to the treatment of human leukemia.

Downregulation of Fbxw?7 Is Effective for Eradication

of Human LICs

To examine whether Fbxw?7 ablation is indeed effective for erad-
ication of human LICs in CML, we first measured the amount of
Fbxw7 mRNA at various stages of the differentiation of bone
marrow cells from patients in the chronic phase of CML. Similar
to our findings with the mouse model of CML (Figure 1B), Foxw7
mRNA was abundant in the LIC compartment (CD34*CD38 Lin~
fraction), and its amount decreased markedly as the cells
differentiated (Figure 7A). We next transfected bone marrow
cells from such patients with small interfering RNAs (siRNAs)
specific for Fboxw7 by electroporation, and we confirmed that
almost all LICs were successfully transfected without induction
of a substantial level of apoptosis by the procedure (Figure S6A)
and that Foxw7 mRNA was depleted efficiently (Figure 7B).
Transfection with either of two independent such siRNAs re-
sulted in a decrease in the proportion of quiescent cells in the

LIC compartment (Figure 7C). Depletion of Fbxw7 in human
LICs resulted in marked enhancement of the induction of
apoptosis (Figure 7D) and the inhibition of colony formation (Fig-
ure 7E) by imatinib. Similar results were obtained with human
LICs subjected to combination therapy with Fboxw7 depletion
and Ara-C (Figures S6B and S6C).

Finally, we compared the sensitivity to Fbxw7 deficiency and
combination therapy between human HSCs and LICs. We first
measured the amount of Foxw7 mRNA at various stages of the
differentiation of bone marrow cells from healthy volunteers
and found that Fboxw7 mRNA was abundant in HSCs and was
downregulated during cell differentiation (Figure S6D). Depletion
of Fbxw?7 induced entry of human HSCs into the cell cycle (Fig-
ure S6E), and, as with mouse HSCs and LICs, this effect was
greater in LICs than in HSCs (Figure 7F). In addition, induction
of apoptosis and inhibition of colony formation by the combina-
tion of Fbxw7 depletion and imatinib treatment were more
pronounced in LICs than in HSCs (Figures 7G and 7H; Fig-
ure S6F). Together, these results suggested that the sensitivity
to combination therapy differs markedly between human HSCs
and LICs, as was the case with mouse HSCs and LICs and
that such therapy is a promising approach to the treatment of
human CML.

DISCUSSION

With the use of a mouse model of CML, we have found that
Fbxw7 has an indispensable role in maintenance of the quies-
cence as well as the stemness of LICs. Fbxw7-deficient LICs
became exhausted with time and incapable of generating CML
in transplanted animals. In contrast to LICs, leukemic progeni-
tors proliferated rapidly, and their cell cycle status was not
affected by Fbxw7 deficiency. The abundance of Fbxw7
mRNA was high in LICs and relatively low in leukemic progeni-
tors, suggesting that Foxw7 expression is regulated at the tran-
scriptional level during leukemogenesis. The difference in cell
cycle status between LICs and leukemic progenitors is therefore
likely attributable, at least in part, to the difference in the abun-
dance of Fbxw7 in these cells. Although the mechanisms
responsible for regulation of Fboxw7 expression remain unknown,
given that the HSC niche is thought to maintain HSCs in a quies-
cent state, it is possible that signals from the LIC niche may
control Fbxw?7 expression in LICs.

Our data also provide mechanistic insight into the mainte-
nance of LIC quiescence by Fbxw7. We found that c-Myc accu-
mulated in Fbxw7-deficient LICs, and either treatment with a
c-Myc inhibitor or deletion of one allele of the c-Myc gene

(D) The relative number of GFP*KSL cells among Fbxw 7’2 cells compared with that for control cells infected with the corresponding vector was determined for

recipients of the first and second BMTs (n = 5).

(E) The proportion of apoptotic cells among GFP*KSL cells isolated from recipient mice harboring retrovirus-infected Mx1-Cre;Fbxw7"™'" or control cells and
injected with plpC and then treated with imatinib or vehicle for 14 days was determined (n = 3).

(F) The number of GFP*KSL cells in recipient mice processed as in (E) was determined relative to that in corresponding vehicle-treated recipients (n = 5).

(G) Experimental strategy to examine directly the difference in sensitivity to combination therapy between LICs and normal HSCs.

(H) An equal number (1 x 10% of tdTomato*KSL cells and GFP*KSL cells was collected from the recipients treated as in (G) and transplanted into new recipient
mice together with 2 x 10° bone marrow cells from wild-type mice (second BMT). The relative numbers of tdTomato*KSL cells and GFP*KSL cells in the

recipients (n = 5) of the second BMT were determined.

() The frequencies of tdTomato* cells and GFP* cells in peripheral blood from the recipients (n = 10) of the second BMT obtained as in (H) were determined.

Data are means + SD. **p < 0.01; NS, not significant. See also Figure S5.
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Figure 7. Combination Therapy with Foxw7 Downregulation and Imatinib Is Effective for Eradication of Human LICs

(A) Bone marrow cells at various stages of differentiation from CML patients were fractionated by FACS and assayed for Fboxw7 mRNA by RT and real-time PCR
analysis (n = 3).

(B) Bone marrow cells from patients with CML were transfected with a control siRNA or one of two independent Fbxw7 siRNAs (KD#1 or KD#2), after which the
CD34*CD38 Lin~ fraction was cultured on OP-9 cells for 3 days and then assayed for Foxw7 mRNA (n = 3).

(C) Bone marrow cells from CML patients were transfected with Foxw7 siRNAs, after which the CD34*CD38Lin~ fraction was sorted and cultured on OP-9 cells
as in (B). The frequency of quiescent cells was then measured by flow cytometry (n = 3).

(D) Cells from CML patients were transfected, sorted, and cultured on OP-9 cells for 7 days. The cells were exposed (or not) to imatinib for the last 4 days of the
culture, after which the proportion of apoptotic cells was determined by staining with annexin V (n = 3).

(E) Colony formation by human CML LICs transfected with Fbxw7 siRNAs and treated with imatinib as in (D) (n = 3).

(F) The relative frequencies of quiescent cells among human HSCs and LICs transfected with Foxw7 or control siRNAs were determined as in (C) (n = 3).

(G) The frequency of annexin V* cells in human HSCs and LICs treated as in (D) (n = 3).

(H) The relative numbers of colonies formed by human HSCs and LICs transfected with Fbxw?7 or control siRNAs and treated with vehicle or imatinib as in (D) were
determined (n = 3).

Data are means + SD. *p < 0.05; **p < 0.01. NS, not significant. See also Figure S6.
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normalized the phenotype of these cells, including their cell cycle
status and colony formation capacity. These results support the
notion that c-Myc activation is responsible for cell cycle progres-
sion and the resulting exhaustion of Fbxw7-deficient LICs.
Previous studies have indicated that an increase in metabolic
growth signaling alone, including activation of the mTOR
signaling pathway, is sufficient to drive quiescent HSCs into
the proliferative state (Yilmaz et al., 2006). Given that mTOR is
a candidate substrate of Fbxw7 (Mao et al., 2008), it was
possible that increased mTOR activity might be responsible for
the phenotype of Fbxw7-deficient LICs. However, we found
that mTOR did not accumulate in Foxw7-deficient LICs, and
the mTOR signaling inhibitor rapamycin did not rescue the
phenotype of these cells. We therefore conclude that mTOR
activity is not related to the phenotype of Fbxw7-deficient LICs.

We also provide evidence that Foxw7-deficient LICs are sensi-
tive to anticancer drugs and that combination therapy with
Fbxw7 ablation and such drugs is effective for LIC eradication,
resulting in a survival advantage over treatment with anticancer
drugs alone. Although the development of imatinib has substan-
tially improved the prognosis of CML patients (Druker et al.,
2001; Kantarjian et al., 2002), CML LICs are resistant to imatinib
and residual LICs give rise to relapse after discontinuation of
imatinib treatment (Mahon et al., 2010). Several mechanisms
underlying resistance to imatinib have been proposed, including
quiescence, BCR-ABL mutations such as T315l, and the lack
of addiction to BCR-ABL in LICs (Corbin et al., 2011; Gorre
et al.,, 2001; Holtz et al., 2007). Although more potent TKils
such as nilotinib and dasatinib have been developed, these
drugs are also not able to overcome these mechanisms of TKI
resistance in LICs (Copland et al., 2006; Jergensen et al.,
2007). We now show that combination therapy with Foxw7 abla-
tion and imatinib markedly reduced the rate of relapse after
discontinuation of imatinib. We also obtained results suggesting
that such combination therapy is effective for eradication of LICs
in human CML.

Although our study suggests that inhibition of Fbxw7 might
represent a promising therapeutic approach for CML patients,
the application of Fbxw?7 inhibition to the treatment of cancer
warrants careful consideration. Given that Fbxw7 has been
regarded as an oncosuppressor protein because it targets
many proto-oncoproteins, growth promoters, and antiapoptotic
molecules including cyclin E, c-Myc, Notch, c-Jun (Nakayama
and Nakayama, 2006), mTOR (Mao et al., 2008), and Mcl-1
(Inuzuka et al., 2011; Wertz et al., 2011), suppression of Fbxw7
might induce carcinogenesis or promote cancer growth. Never-
theless, our experimental evidence indicates that the combina-
tion therapy with Fbxw7 ablation and anticancer drugs is
effective for treatment of CML in a mouse model at the animal
level as well as for eradication of human LICs.

Another concern about Fbxw?7-targeted therapy is whether
normal stem cells might be damaged. Fbxw?7 also plays a pivotal
role in HSC maintenance (Matsuoka et al., 2008; Thompson
et al.,, 2008), and recent studies have shown that Fbxw7 is
a key regulator of the viability of neural stem and progenitor cells
(Hoeck et al., 2010; Matsumoto et al., 2011a). Although we found
that LICs are more sensitive to Fbxw?7 deficiency than are HSCs,
suggesting that there is a therapeutic window in targeting Foxw7
for therapy, it remains to be determined to what extent Foxw7

inhibition might damage stem cells in other tissues. To minimize
damage to normal stem cells, we propose that Foxw7 inhibitors
should be used for only a limited period. Our present study
suggests that the difference in sensitivity to Fboxw7 inhibition
between LICs and HSCs is attributable at least in part to the
difference in the abundance of Fbxw7 or c-Myc in these cells
and that such therapy may be expandable to other types of
human cancer. Fbxw7 is therefore a promising target for the
discovery of anticancer drugs with a broad spectrum of activity
against many human cancers.

EXPERIMENTAL PROCEDURES

Mice

Generation of Fbxw7™'F mice was described previously (Onoyama et al., 2007).
They were crossed with Mx1-Cre transgenic mice (kindly provided by
K. Rajewsky) to generate Mx1-Cre;Fbxw7"™/F mice, and Mx1-Cre;Fbxw7*"*
mice were used as controls. Fbxw7"F mice were also crossed with c-Myc™"
mice (kindly provided by .M. de Alboran) or p53~  mice (Taconic). All
these mice were backcrossed with C57BL/6 mice for more than five genera-
tions. Expression of Cre recombinase in transplant recipients was induced
by intraperitoneal injection of plpC (Merck) at a dose of 20 mg per kilogram
of body mass on 7 alternate days. C57BL/6 mice were obtained from The
Jackson Laboratory and were used as recipients. All mouse experiments
were approved by the Animal Ethics Committee of Kyushu University. For
some experiments, mice were injected intraperitoneally with Ara-C (Sigma)
at a dose of 150 mg/kg. Imatinib (Novartis) was administered by oral gavage
twice a day at a dose of 100 mg/kg.

Generation of CML Model

Immature c-Kit*Sca-1*Lin~ hematopoietic cells (KSL cells) were isolated by
fluorescence-activated cell sorting (FACS) from bone marrow of Mx1-
Cre;Fbxw7™F and Mx1-Cre;Fbxw7*’* mice and were cultured in serum-free
S-Clone SF-O3 medium (Sanko Junyaku) supplemented with mouse stem
cell factor (Wako) at 100 ng/ml as well as human thrombopoietin (PeproTech)
at 100 ng/ml. For generation of the CML mouse model, the KSL cells were
infected for 2 days with a retrovirus harboring the MSCV-BCR-ABL-IRES-
GFP construct (see Supplemental Experimental Procedures) with the use of
CombiMag (OZ Biosciences). GFP* cells (2 x 10% were then isolated by
FACS and were injected intravenously into lethally irradiated (9.5 Gy)
C57BL/6 mice together with 2 x 10° bone marrow cells from C57BL/6 mice.
The efficiency of gene transduction as evaluated on the basis of GFP expres-
sion was 30 to 40% in all experiments. When the number of white blood cells
had increased to >20,000 /ul, we collected 2 x 10* GFP*KSL cells from the
recipient mice and transferred them to new recipients together with 2 x 10°
bone marrow cells from C57BL/6 mice (first BMT). These new recipients
were injected with plpC beginning the day after BMT as described earlier.
For serial transplantation, 1 x 10% or 2 x 10* GFP*KSL cells were collected
from recipient mice 3 weeks after the first BMT and were transplanted into
other recipient mice together with 2 x 10° bone marrow cells from C57BL/6
mice (second BMT).

Colony Formation Assays

Colony formation by mouse cells was examined with the use of Methocult
medium (MethoCult GF M3434, StemCell Technologies). Control and
Fbxw7'% GFP*KSL cells (1 x 10% were collected from recipients of the first
BMT and then cultured under hypoxic (5% O,) conditions with OP-9 stromal
cells (Kodama et al., 1994) (RIKEN Cell Bank) for 2 or 6 weeks in six-well dishes
containing a—minimum essential medium (Sigma) supplemented with 12.5%
fetal bovine serum (Invitrogen), 12.5% horse serum (Invitrogen), and 1 nM
dexamethasone (Wako). The cells (2 x 10% were then collected and trans-
ferred to Methocult medium. Colonies were scored 1 week after plating for
determination of the number of colonies per 1000 GFP*KSL cells. For some
experiments, 100 uM 10058-F4 (Merck), 10 uM DAPT (Merck), 25 nM rapamy-
cin (Cell Signaling Technology), 10 pM PFTa (Merck), 100 nM Ara-C, or 5 uM
imatinib was added to the culture medium.
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Analysis of Primary Human CML Samples

Viable bone marrow mononuclear cells from treatment-naive patients in the
chronic phase of CML and from healthy volunteers who had given informed
consent were obtained from AllCells. The use of these purchased samples
was considered exempt by the Ethics Committee of Kyushu University. To
examine the role of Fbxw?7 in the maintenance of LICs for human CML and
normal HSCs, we transfected bone marrow mononuclear cells with 300 nM
Fbxw7 siRNAs (Stealth Select RNAi siRNA, Invitrogen) by electroporation
with the use of an Amaxa Nucleofector Il device (Lonza) according to the
recommended protocol. The transfected cells were then stained with anti-
bodies to human CD34 (8G12), CD38 (HIT2), CD3 (SK7), CD16 (3G8), CD19
(SJ25C1), CD20 (L27), CD14 (M$pP9), and CD56 (NCAM16.2) (BD Biosci-
ences). CD3, CD16, CD19, CD20, CD14, and CD56 were used as lineage
markers. CD34*CD38 Lin~ cells (1 x 10% were purified by FACS and cocul-
tured with OP-9 cells for 7 days. For some experiments, 100 nM Ara-C or
5 uM imatinib was added to the cultures for Days 3 to 7. The human cells
were then assayed for apoptosis (see Supplemental Experimental Procedures)
or for colony formation; for the latter assay, the cells were transferred to
Methocult medium (MethoCult GF H4435, StemCell Technologies), and the
number of colonies was counted 1 week after plating.

Statistical Analysis

Quantitative data are presented as means + SD and were analyzed by
Student’s t test, with the exception that survival curves were analyzed by
the log-rank nonparametric test. A p value of < 0.05 was considered statisti-
cally significant.

Other Experimental Procedures

Flow cytometry, preparation of recombinant retroviruses, cell cycle analysis,
detection of apoptosis, RT and real-time PCR analysis, and immunoblot anal-
ysis are described in Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures and Supplemental Experimental
Procedures and can be found in this article online at http://dx.doi.org/10.1016/
j.ccr.2013.01.026.
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SUMMARY

The molecular mechanisms regulating leukemia-initiating cell (LIC) function are of important clinical signifi-
cance. We use chronic myelogenous leukemia (CML) as a model of LIC-dependent malignancy and identify
the interaction between the ubiquitin ligase Fbw7 and its substrate c-Myc as a regulator of LIC homeostasis.
Deletion of Fbw7 leads to c-Myc overexpression, p53-dependent LIC-specific apoptosis, and the eventual
inhibition of tumor progression. A decrease of either c-Myc protein levels or attenuation of the p53 response
rescues LIC activity and disease progression. Further experiments showed that Fow7 expression is required
for survival and maintenance of human CML LIC. These studies identify a ubiquitin ligase:substrate pair
regulating LIC activity, suggesting that targeting of the Fbw7:c-Myc axis is an attractive therapy target in

refractory CML.

INTRODUCTION

Chronic myeloid leukemia (CML) was the first type of cancer
for which a specific chromosomal abnormality was identified —
the Philadelphia chromosome (Nowell and Hungerford, 1960).
Subsequent studies identified that the translocation event
occurred between t(9;22)(q34;911), which fused the breakpoint
cluster region gene (BCR) with the Abelson kinase gene (ABL7)
to produce the BCR-ABL oncogene (Bartram et al., 1983; Row-
ley, 1973). This Bcr-Abl fusion protein possesses constitutive
tyrosine kinase activity resulting in development of myeloid leu-
kemia through aberrant differentiation of hematopoietic stem

cells (HSC) toward the myeloid lineage. CML is dependent on
Bcr-Abl-induced c-Myc expression (Sawyers et al., 1992). Clini-
cally, CML progresses through at least three different phases:
a chronic phase (CP), a late chronic/accelerated phase (AP),
and a blast crisis (BC).

Patients diagnosed with CML in the early CP have been
successfully treated with tyrosine kinase inhibitors (TKIs), such
as imatinib, that inhibit the tyrosine kinase activity of Bcr-Abl
and have a 5-year progression-free survival rate of 89% (Druker
et al., 2006). However, only a fraction of TKl-treated patients
achieve long-term remission, suggesting that the compound is
unable to target CML-initiating cells (de Lavallade et al., 2008;

Significance

targeting Fbw?7 activity in CML.

CML is initiated by the BCR-ABL translocation and maintained by LIC. Although current therapies can suppress disease,
they are insufficient to target LIC. Utilizing a Ber-Abl model of CML and human CML samples, we demonstrate that the
E3 ligase Fbw?7 is required for the initiation and progression of CML as well as maintenance of the LIC. We demonstrate
that interaction between Fbw7 and its protein substrate c-Myc is required for CML progression, and Fbw7 deletion leads
to p53-mediated apoptosis of LIC. In agreement with these findings, silencing of FBW7 leads to loss of human CML LIC
self-renewal. These studies identify Fow7 ligase as an essential regulator of CML LIC maintenance and open the way for
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A?O ; . (A) Average CFU from VavCre*;Fbw7** and
g’5 0 ' | VavCre*;Fbw7 '~ cells infected with Bcr-Abl-ex-
< 24% | 1% pressing retrovirus at the first plating. Images on
E 30 . et ° I/ T e A R right are representative colonies from control or

o - Fbw7 ST ST Fbw7 '~ Ber-Abl* LSKs. Scale bar, 100 pm.
10 ! k) T 10" 10210° © T i0 702105 (Band C) FACS analysis (B) and blood smears (C)
Control Fbw7-- o *o_ of PB taken from host mice transplanted with
Ber-Abl Ber-Abl VavCre*;Fbw7** (Control) or VavCre*;Fbw7 /'~

Ber-Abl* LSK cells.
c D (D) Kaplan Meier survival curves of irradiated
-~ animals that were transplanted with VavCre®;
@100 Fbw7*"* or VavCre*;Fbw7 ' Ber-Abl* LSKs. (n =5
.g e < 80 for each genotype). Error bars indicate + SD.
Control E & _ o
3 £ 60 - Contr?l p < 0.0001.
& 20um % 421,8 pig‘_"& See also Figure S1.
w
. % 20 40 60 80 100
Fbw7-- ‘. Time(days)

204m

Hochhaus et al., 2009). Indeed, the majority of the patients expe-
rience relapse upon cessation of treatment (Michor et al., 2005).
Moreover, resistance to imatinib treatment can develop in some
patients, particularly those who present with advanced disease
(O’Hare et al., 2006). The mechanisms thought to drive resis-
tance and disease relapse include the acquisition of mutations
in the kinase domain of Bcr-Abl, amplification of BCR-ABL,
and clonal evolution (Gorre et al., 2001; le Coutre et al., 2000;
Shah et al., 2002).

An increasing body of work has suggested that disease
relapse upon cessation of TKI therapy could be due to a rare
population of leukemia-initiating cells (LICs) that are resistant
or refractory to treatment (Bhatia et al., 2003; Corbin et al.,
2011; Jankowska et al., 2009). LICs are thought to possess
properties similar to normal HSC such as self-renewal, quies-
cence, and resistance to traditional chemotherapy (Bonnet
and Dick, 1997; Huntly and Gillland, 2005). Thus, the LIC
subset might act as a reservoir contributing to relapse by
passing BCR-ABL on to its progeny. In different types of
leukemia, evidence in support of the LIC determined that
only a small fraction of acute myeloid leukemia cells from
patients were able to recapitulate the disease when trans-
planted into immunocompromised animals (Bonnet and Dick,
1997; Lapidot et al., 1994). Using similar assays, putative LIC
populations were also identified in patients diagnosed with CP
and BC CML (Jamieson et al., 2004; Sirard et al., 1996; Wang
et al., 1998).

The development of disease animal models, which proved that
expression of Ber-Abl is indeed leukemogenic, provided an im-
portant tool to investigate the mechanisms involved in LIC mainte-
nance (Daley et al., 1990; Heisterkamp et al., 1990; Pear et al.,
1998). Over the years, Ber-Abl has been shown to contribute to
tumorigenesis through deregulation of molecular pathways that
control HSC self-renewal and differentiation (Heidel et al., 2012;
Zhaoetal., 2007, 2009). Moreover, transplantation studies in mouse
models of Ber-Abl-induced CP CML suggested that LIC activity
is confined to Bcr-Abl-expressing Lineage (Lin)”Scal*c-Kit*

(LSK) cells, which contain the HSC popu-
lation (Neering et al., 2007).
Fbw?7 is an E3 ubiquitin ligase and is a
substrate recognition component of the
Cullin-1/SCF complex that targets specific substrate proteins
for poly-ubiquitination and degradation by the 26S proteasome.
Fbw7 has been shown to regulate a number of oncoproteins
such as c-Myc, Notch, and cyclinE (Gupta-Rossi et al., 2001;
Koepp et al., 2001; Welcker et al., 2004; Yada et al., 2004). More-
over, we and others have shown that Fow?7 is essential for the
maintenance of adult HSC quiescence (Matsuoka et al., 2008;
Thompson et al., 2008). Indeed, deletion of Fow7 in HSC leads
to c-Myc accumulation, aberrant cell cycle entry, and eventual
HSC exhaustion (Reavie et al., 2010). Here, we explore the role
of the Fbw7:c-Myc axis and relative abundance of c-Myc protein
in the maintenance of CML LIC.

RESULTS

Fbw?7 Deletion Suppresses Initiation of Bcr-Abl-

Induced CML

To address the role of Fbw?7 in the self-renewal and differentia-
tion of LIC, we used a well-established animal model of Bcr-
Abl-induced CP CML (Pear et al., 1998). In this model, Ber-
Abl-expressing retroviruses are used to infect highly-purified
hematopoietic stem and progenitor cells, LSK. Transduced
LSKs are then transplanted into lethally irradiated recipients,
which develop a CML-like disease that is characterized by the
accumulation of Bcr-Abl*CD11b*Gr1* cells in the peripheral
blood (PB), splenomegaly, and tissue infiltration. The pathology
of the disease replicates the CP of CML due to less than 2% of
the mononuclear population in the PB has blast morphology,
a hallmark of disease progression, whereas the majority dis-
plays morphology consistent with mature myeloid cells. Mice
succumb to disease starting at ~25-30 days posttransplantation
(Figure 1 and data not shown). To initially test the role of Fow7
function in CML in vitro, we used a conditional Fbw7 allele
(Vavicre*;Fbw7™ that specifically targets deletion in hemato-
poietic cells, starting from the HSC subset during development,
and purified LSK cells from 2- to 4-week-old mice (before any
significant alterations of the LSK compartment are evident)
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(Matsuoka et al., 2008; Stadtfeld and Graf, 2005; Thompson
etal., 2007, 2008). Fbw7~’~ and Fbw7** LSK cells were infected
with Ber-Abl retroviruses, sorted by flow cytometry for Ber-Abl™,
and plated on colony-forming unit (CFU) assays. Control (Bcr-
Abl*;Fbw7**) LSK cells generated colonies at the first plating
and were able to serially replate demonstrating extensive prolif-
eration potential (Figure 1A and data not shown). Interestingly,
Ber-Abl*;Fbw7 /'~ LSK cells generated only a few small colonies
at the first plating and were unable to replate, suggesting direct
effects of Fbw7 deletion on survival of the cells. This was an
unexpected finding, as WT (Bcr-Abl™) Fbw7 '~ LSK cells are
able to efficiently generate colonies at the first plating, and
their colony-forming ability is only progressively lost (Figure S1
available online), suggesting distinct responses to Fbw?7 deletion
between physiologic and leukemic LSK cells (Thompson et al.,
2008). To address Fbw7 function in CML in vivo, LSKs were
infected with Bcr-Abl-expressing retroviruses and transplanted
into lethally irradiated recipient mice. Control Bcr-Abl-express-
ing cells were able to initiate disease and progress to lethal
CML (Figures 1B-1D). On the other hand, Bcr-Abl-expressing
Fbw7~'~ LSK cells were unabile to initiate disease and recipient
animals did not develop CML (Figures 1B-1D). These effects
on the initiation of CML were not a consequence of Fbw7
deletion on HSC homing and engraftment, suggesting a direct
role on the maintenance of Bcr-Abl* cells (Figure S1; data not
shown). These data suggest that Fbw7 deletion inhibits Bcr-
Abl induction of CML due to direct effects on Ber-Abl* LSK cell
maintenance.

Fbw?7 Deletion Suppress Bcr-Abl-Induced Disease
Progression

The above experiments address the effects of Fow7 on transfor-
mation but do not study its role during progression of CML in vivo.
To experimentally address this question we took advantage of an
inducible Fbw?7 allele and crossed these mice to the Mx1cre
strain, of which Cre-recombinase is expressed as early as the
HSC stage upon administration of poly(l:C) (MxTcre*;Fow7™)
and allows for gene deletion after the onset of the disease. In
these experiments, CML was established by Bcr-Abl-expressing
Mx1cre*;Fbw7” and littermate control LSK cells. Disease onset
was verified by flow cytometry 7 days posttransplantation (Fig-
ure 2A). Fbw?7 deletion was achieved by three poly(l:C) injections
and confirmed by quantitative reverse transcriptase PCR (qRT-
PCR) analysis (Figure 2B). Notably, tumor LSKs expressed the
highest levels of Fbw7 when compared to more differentiated
subsets (Figure 2B). Control recipients developed CML as char-
acterized by the accumulation of Bcr-Abl*CD11b*Gr1* cells in
the bone marrow (BM) (Figure 2C), PB (Figures 2A and 2D),
and peripheral organs such as the spleen, liver, and lung
(Figure 2E and data not shown). In contrast, poly(l:C)-mediated
deletion of Fbw7 led to a rapid reversal of CML progression
(as judged by both Ber-Abl* and CD11b™ absolute cell numbers,
Figures 2A and 2C), resulting in almost no infiltration of
secondary tissues by leukemic cells (Figure 2E). More impor-
tantly, while all control mice succumbed to the disease by day
50 posttransplantation, the majority of recipient animals trans-
planted with Ber-Abl*;Mx7cre*;Fbw7” cells and injected with
poly(l:C) survived (Figure 2F). These studies demonstrated that
Fbw7 deletion suppresses further development of CML and
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leads to disease remission, suggesting effects on putative
leukemia-initiating cells.

Fbw7-Deficient Ber-Abl Cells Have No Leukemia-
Initiating Activity In Vivo

To directly test the self-renewal capacity of the LIC fraction,
we performed secondary transplantation experiments using
whole spleen cells isolated ~10 days after poly(l:C)-treatment
from Mx7cre*;Fbw7~'~ and littermate controls. To ensure that
identical numbers of Ber-Abl* LSKs were transplanted in both
cohorts, we normalized the total number of spleen cells based
on the frequency of Ber-Abl™ LSK cells. In agreement with our
previous findings, recipients of Fbw7~~ tumor cells did not
develop CML (Figure S2). In contrast, control Bcr-Abl* cells
harbored LIC activity when transplanted into secondary recipi-
ents and transferred disease exhibiting the same hallmarks as
the primary CML (Figure S2). These results strongly suggested
that Fbw7 deletion specifically inhibits CML LIC activity.

Fbw?7 Deletion Affects Survival of CML-Initiating Cell
Populations

It was previously shown that the LIC activity in Ber-Abl-induced
CML is confined to the Lin~c-Kit* and specifically the LSK subset
of the Bcr-Abl-expressing tumor (Neering et al., 2007). To
directly study putative effects of Fbw7 deletion in these subsets,
we studied both their relative representation and their absolute
numbers in response to Fbw7 deletion (using the inducible
Mx1cre*;Fobw7™ in vivo model). Fbw7 deletion in established
CML led to the rapid and significant loss of Ber-Abl* Lin-c-Kit*
and more specifically the Ber-Abl™ LSK population (Figure 3A).
Interestingly, at the same time points, we were able to detect
more differentiated Bcr-Abl-expressing tumor cells, suggesting
that deletion of Fbw7 specifically targets immature LIC subsets
(Figure 2C). The acute loss of Ber-Abl* LSK cells following
Fbw?7 deletion was significantly more rapid than what has been
reported for WT LSK cells, which takes 3-4 months (Matsuoka
et al., 2008; Thompson et al., 2008). QRT-PCR studies showed
that CML LSK cells express slightly higher levels of Fbw7
mRNA than WT LSK but the difference is not statistically signifi-
cant (Figure S1D). To identify a putative mechanism to explain
the impact of Fbw7 deletion on the Bcr-Abl* LSK population,
we evaluated apoptosis and cell death using Annexin-V and
7AAD. As shown in Figure 3B, Fbw7 deletion led to a rapid and
significant increase (5- to 8-fold) in the fraction of the Becr-Abl*
LSK cells undergoing apoptosis, suggesting direct induction of
cell death in this stem and progenitor subset. We further evalu-
ated p53 pathway target genes associated with cell survival by
qRT-PCR and found Puma, Bax, p21, and Noxa upregulated in
Fbw7~'~ tumor LSKs (Figure 3C and data not shown), sug-
gesting that p53 pathway activation mediates the induced death
of Fbw7-deficient Ber-Abl* LSK cells. These studies provide
the biologic mechanism explaining the loss of Bcr-Abl* LICs
and the suppression of disease progression in response to
Fbw7 deletion.

c-Myc Is the Key Substrate Targeted by Fbw7

in CML-Initiating Cell Populations

As we have previously shown that c-Myc is an Fbw7 substrate
during early hematopoiesis (Reavie et al., 2010) and CML is
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Figure 2. Fbw?7 Is Essential for Progression of Established CML In Vivo

(A) PB from mice transplanted with MxCre*;Fbw7*+ and MxCre*;Fbw7 '~ Ber-Abl infected LSK cells. The bar graph on right is a quantification of Bcr-Abl* cells in
the PB.

(B) gRT-PCR analysis of Fbw7 expression in sorted populations from WT and Fbw7~/~ CML 5 days after the post-poly(l:C) injection.

(C) FACS analysis of the BM of animals transplanted with Bcr-Abl* LSK cells.

(D) Blood smears ~10 days post-poly(l:C) injections.

(E) Hematoxylin and eosin (H&E) staining of liver and lung.

(F) Kaplan Meier survival curves of irradiated animals that were transplanted with Fbw7** or Fbw7 '~ Ber-Abl* LSKs. (n = 9 for each genotype). Error bars
indicate +SD. *p < 0.01, **p < 0.001.

See also Figure S2.
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Figure 3. Fbw7 Deletion Affects CML-Initiating Cell Survival through the Activation of the p53 Pathway
(A) FACS plots depicting the relative percentage of Bcr-Abl expressing stem and progenitor (LSK), and progenitors (Lin c-Kit*Sca™) cells in the BM of
MxCre*:Fbw7** or MxCre*;Fbw7 '~ mice. Bar graphs depict the number of tumor stem and progenitor cells based on the frequency of LSK in total number of

BM cells.

(B) FACS plots showing relative annexin V and 7-AA-positive cells in the Ber-Abl* LSK subset in the BM. Graph on right represents percent of annexin V* cells in

the Ber-Abl™ LSK.

(C) gRT-PCR analysis showing expression of the p53 target genes, Puma, Bax, and p21, in sorted control or Fbw7~’~ LSKs from the tumor. Error bars indicate +

SD (n = 4 for each genotype). *p < 0.05, **p < 0.01.

dependent on c-Myc induced by Bcr-Abl (Sawyers et al., 1992),
we investigated the possibility that unphysiologically high levels
of the oncogenic c-Myc protein could cause the cell death
observed upon loss of Fbw7 expression in CML. We further
hypothesized that this was most likely through activation of the
p53 pathway since p53 target genes were upregulated in
Fbw7~~ Ber-Abl* LSKs (Figure 3C). Because we have shown
differential effects of Fow7 deletion on WT and Bcr-Abl* LSK
function in vitro (Figures 1 and S1), we directly compared levels
of c-Myc protein in these two subsets using a targeted c-Myc
allele that expresses a c-Myc-eGFP fusion protein (c-Myc®SFF),
which has been shown to be a functional protein fusion and
a faithful indicator of endogenous c-Myc protein levels (Huang
et al., 2008). Despite the fact that c-Myc mRNA levels were
unchanged between control and Fbw7-deficient Ber-Abl* LSKs
(Figure 4A), using this allele (Mx7cre*;Fbw7":c-Myc®GP), we
showed that Ber-Abl* LSK cells expressed significantly higher
c-Myc protein levels than WT LSK cells (Figure 4B). These data
were further corroborated by western blot (Figure 4C). Notably,
c-Myc protein levels were higher in leukemic LSKs when com-
pared to both WT LSK and Fbw7 '~ LSKs, explaining the
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different physiologic responses observed between nonleukemic
and leukemic LSKs in response to Fbw?7 deletion (Figure 4C). In
Ber-Abl* LSK cells, loss of Fbw7 expression further induced the
levels of c-Myc protein beyond that observed in WT leukemic
LSK cells (Figure 4D). These observations suggested that slight
changes in c-Myc protein abundance could result in distinct
phenotypic responses.

Additional Fbw7 substrates, particularly Notch, have been
previously implicated in CML progression (Ito et al., 2010) and
could influence the observed LIC defects upon Fbw7 deletion
in Ber-Abl* LSKs. To address this question, we initially evaluated
the expression level of cleaved Notch1 in WT and Fbw7 '~ Ber-
Abl* c-Kit* cells. Expression of Notch1 was not detected in either
population (Figure S3A). Of note, Notch1 and Notch2 do not
appear to be important Fow7 substrates in WT HSCs because
generation of triple knockout mice (MxCre*;Fbw7"":Notch1™;
Notch2™) could not rescue the HSC defects observed in
Fbw7~/~LSKs (nonleukemic) (Figures S3B-S3E). More spe-
cifically, the frequency (total cell number) of CD150* CD48~
LSKs and aberrant cell cycle status were unaffected by reduc-
ing Notch levels in Fbw7-deficient mice (Figures S3B-S3D;
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Figure 4. Decrease of c-Myc Protein Levels and Inhibition of p53 Activation Rescue CML-Initiating Activity

(A) qRT-PCR analysis of c-Myc expression in sorted tumor subsets (LSK, c-Kit*, and Lin*).

(B) c-Myc protein expression in normal and Ber-Abl* LSK cells in the BM. Graph on right shows mean fluorescence intensity (MFI) for eGFP (c-Myc protein).
(C) Western blot analysis of c-Myc protein expression in LSKs sorted from WT tumor, Fbw7~'~ and WT mice.

(D) c-Myc protein expression in MxCre*;Fbw7** or MxCre*;Fbw7 '~ Ber-Abl* LSK.

(E) Average CFU from sorted Ber-Abl* LSK cells from MxCre*;Fbw7*/*, MxCre*;Fbw7~'~, or MxCre*;Fbw7~'~;Myc*'~ mice.

(F and G) Average CFU from sorted Ber-Abl* LSK cells from MxCre*;Fbw7*/*, MxCre*;Fbw7 =, MxCre*;Fbw7~’ ~;shp53, or MxCre*;Fbw7 "/~ ;p53‘/ ~ mice onthe
first (F) and secondary (G) platings.

(H) Images of Bcr-Abl* colonies generated from the indicated genotypes (n = 3 for each genotype). Scale bar 100 um.

() Kaplan Meier survival curves of animals transplanted with control (red), Fow7~—;Myc*'~ (blue) LSKs transduced with a retrovirus expressing Bcr-Abl, or
Fbw7 '~ LSKs transduced with a retrovirus expressing Ber-Abl and a shRNA targeting p53 (green). Error bars indicate + SD. *p < 0.01, **p < 0.001.

See also Figure S3.
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Thompson et al., 2008 and unpublished). These in vivo studies
have defined the effects of Fbw?7 on leukemia-initiating cell pop-
ulations. They have also demonstrated that c-Myc (and not
Notch1/2) is the major Fbw7 substrate in CML. However, we
cannot exclude that other Fbw7 substrates may play a part in
the regulation of CML LIC.

Decrease of c-Myc Protein Levels and p53 Silencing
Rescues Fbw7 ™/~ LIC Function

To directly address the mechanisms of action of Fow7 in CML-
initiating cells, we attempted to genetically rescue Fbw7 deletion
effects on the survival of the Ber-Abl* LSK population. We gener-
ated MxTcre*;Fbw7™":c-Myc”* mice and silenced p53 expres-
sion in Mx1cre*;Fbw7™ cells by using a p53-specific ShRNA
or by deleting p53, MxTcre*;Fbw7";p53~/~ mice (Bric et al.,
2009). We hypothesized that a decrease in c-Myc protein levels
or the inhibition of p53 response could rescue the ability of
Fbw7~'~ Ber-Abl*LSK cells to maintain CML disease progres-
sion in vivo and serially replate in vitro. As shown in Figures
4E-4l, both genetic modifications led to a significant rescue of
the ability of the Fbw7-deficient LSK cells to generate colonies
in vitro and to induce disease in vivo. The Fbw7 ' ~;c-Myc™"*,
Fbw7~~:shp53 and Fbw7/~;p53~/~ colonies were almost in-
distinguishable in numbers from colonies generated by WT
cells and no lineage differences were noted (Figures 4E-4H).
Fbw7~'~;c-Myc™* and Fbw7~/~;p53~~ colonies were able to
serially replate in a fashion identical to WT counterparts (Fig-
ure 4G). To directly assess the self-renewal ability of LICs,
we transplanted transduced LSKs from Fbw7~/~;c-Myc™"* or
Fbw7~/~;shp53 into lethally irradiated recipients. Importantly,
mice receiving Ber-Abl* LSKs from Fbw7~'~;c-Myc™* devel-
oped a CML-like disease with similar kinetics to Ber-Abl* control
cells restoring Fbw7 /" LIC self-renewal capacity (Figure 4).
However, as previously shown by Lowe and colleagues, loss of
p53 in CML leads to disease progression, and Bcr-Abl* shp53*
LSKs from Fbw7 '~ progressed to an AP based on pathology
and ~5% blasts in the periphery (data not shown) (Wendel
et al., 2006). These experiments demonstrate that c-Myc overex-
pression and p53-mediated cell death are responsible for the
apoptotic phenotype of the Fbw7-deficient LIC.

In Vivo Visualization of c-Myc Protein Expression in CML

These studies suggested that CML-initiating cells express
c-Myc protein and depend on its activity. Although it was previ-
ously shown that Ber-Abl induces the transcription of c-Myc (Na-
kamura et al., 2012; Xie et al., 2002), it is unclear whether c-Myc
function is essential for the initiation and/or the progression of
the disease in vivo. To address this question, we utilized the
c-Myc®fP genetic model and visualized c-Myc expression in
established CML. As shown in Figure 5A, only a minority of
CML (Bcr-Abl™) cells express detectable levels of c-Myc protein.
All c-Myc protein expression is confined within the Lin™ fraction
and comprises approximately 10%-20% of the bulk of the
tumor. Myc protein expression was detected in both Ber-Abl*
Lin~ c-Kit* and Ber-Abl™ LSK populations. In contrast, Ber-Abl*
CD11b*Gr1™ cells are negative for GFP expression (Figure 5A).
To test whether there is a correlation between leukemia-initiating
activity and c-Myc protein expression, identical numbers of puri-
fied different tumor subsets were transplanted into secondary
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recipients. Neither the Lin* c-Myc/eGFP™ nor the Lin~ c-Myc/
eGFP~ fractions were able to transfer disease (Figure S4 and
data not shown). On the other hand, all leukemia-initiating
activity was confined to the c-Myc®®™ leukemic cell fraction
(Figures S4B and S4C). However, flow-cytometry-based separa-
tion of Ber-Abl*Lin~c-Kit*Sca1l™ and Bcer-Abl* Lin~c-Kit*Scal*
fractions, coupled to subsequent transplantation experiments,
demonstrated that only the LSK fraction could transfer disease
in secondary hosts (Figures S4B and S4C). This finding contrasts
with c-Myc protein expression and function in normal LSK cells,
where two distinct populations exist. The c-Myc™ population
contains HSC activity and a c-Myc™* population contains multipo-
tential progenitors (Reavie et al., 2010). These studies demon-
strate in vivo c-Myc visualization in leukemia and suggest that
although LIC activity lies within the c-Myc-expressing fraction,
c-Myc protein expression is not sufficient to guarantee leukemia
initiation.

Bcr-Abl-Induced CML Is Addicted to c-Myc Expression
and Function

To test the importance of c-Myc protein expression in CML
initiation and progression, we used a conditional c-Myc allele
(Mx1cre*;c-Myc™). All genotypes prior to deletion were able to
initiate disease as verified by PB analysis (Figure 5B). Once
disease onset was verified, c-Myc was deleted using poly(l:C)
administration. Deletion of c-Myc led to an almost complete
absence of Ber-Abl™ cells from PB and infiltration in secondary
tissues such as liver and lung within 3 weeks (Figures 5B and
5C). Mice carrying c-Myc ™'~ Ber-Abl* cells were followed up to
6-8 months posttransplantation and never developed any signs
of a CML-like disease. On the other hand, control mice carrying
Mx1cre*;c-Myc** Ber-Abl* cells succumbed to a lethal CML-
like disease within 5 weeks posttransplantation (Figure 5D).

To further quantify c-Myc protein levels, we utilized mice
carrying only one allele of c-Myc (Mx7cre*;c-Myc”™). We had
previously shown that these LSK cells express lower levels of
c-Myc protein (Reavie et al., 2010). Ber-Abl*c-Myc*/~ LSK cells
were able to generate colonies in vitro, at similiar efficiency
to their Ber-Abl*c-Myc** counterparts in both primary and
secondary platings (Figure S4D). We then initiated disease by
transplanting Ber-Abl-expressing LSK (Ber-Abl*c-Myc*' ™) cells
and upon verification of CML initiation, deleted one c-Myc allele
by poly(l:C) administration. Interestingly, a single allele of c-Myc
was sufficient to maintain disease progression (Figures S4E-
S4G). These studies suggest that there are well-defined thresh-
olds of c-Myc protein expression, which is controlled by
Fbw7-mediated ubiquitination, essential for CML induction and
progression. Indeed, both are lacking and nonphysiologically
increased levels of c-Myc severely affect CML progression.

Fbw7 Deletion Inhibits Progression of Established,
Bcr-Abl-Induced B-Cell Acute Lymphoblastic Leukemia
The BCR-ABL translocation is also found in B cell acute lympho-
blastic leukemia (B-ALL). We thus determined whether Fbw7
plays a role in progression of B-ALL. To establish B-ALL, we
transduced MxCre*;Fbw7*"* or MxCre*;Fbw7”" whole BM with
retrovirus expressing Bcr-Abl-GFP followed by transplanta-
tion into lethally irradiated recipient mice. PB was analyzed
12 days posttransplantation to determine initiation of disease
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Figure 5. CML-Initiating Cell Activity and Disease Progression Depends on c-Myc Expression and Activity

(A) c-Myc protein expression in Ber-Abl* CML tumor subsets.

(B-D) Mice transplanted with LSKs expressing Bcr-Abl from MxCre*;c—Myc*/ *and MxCre*;c-Myc” " mice and treated with poly(l:C) following disease initiation. PB
analysis of mice (B), H&E staining of liver and lung (C), and Kaplan Meier survival curves of animals transplanted with MxCre*;Myc*'* (red), MxCre*;Myc‘/ ~ (blue)

(n = 5 for each genotype) (D).
See also Figure S4.

by Ber-Abl*B220*. Both cohorts of mice showed approximately
40% Bcr-Abl*B220" cells. At that point, deletion of Fbw7 was
initiated by administration of poly(l:C) (Figure 6A) and disease
progression was monitored. As expected, mice transplanted
with Ber-Abl*MxCre*;Fbw7*+ BM had an increase in the per-
centage of Bcr-Abl*B220* cells in the PB. However, mice
transplanted with Ber-Abl* MxCre*;Fbw7”" BM showed a sig-
nificant reduction in Ber-Abl*B220* cells (Figure 6A) and these
cells were virtually undetectable 3 weeks after the initiation
of Fbw7 deletion (Figure 6B). MxCre*;Fbw7*"* mice showed
signs of B-ALL including infiltration of secondary tissues and
splenomegaly, whereas mice transplanted with MxCre*;Fbw7"
showed no sign of disease following treatment with poly(l:C)
(Figures 6C-6E). Once more, utilizing the c-Myc®E* mouse
model, we evaluated c-Myc protein expression in the tumor to

determine whether loss of B-ALL was due to stabilization of
c-Myc as seen in the CML model. Unlike the CML model,
approximately 100% of Bcr-Abl* cells were B220* and Bcr-
Abl* LSKs were not observed. Although a significantly greater
percentage of the tumor in Fbw7 '~ expressed c-Myc® ', no
overall increase in expression was observed suggesting that
Fbw7 could have additional substrates in B-ALL (Figures 6F
and 6G). Analysis of Annexin V and 7-AAD in the Bcr-Abl*
B220" BM cells showed a significant increase in cell apoptosis
and cell death along with induction of apoptosis-associated
p53 targets in MxCre*;Fbw7~'~ BM (Figures 6H and 6l). This is
an exciting finding because it suggests that Fow7 could be an
attractive therapeutic target in Ber-Abl* B-ALL. In agreement
with this notion, sequencing of FBW?7 in the cDNA of patients
with B-ALL failed to identify any inactivating mutations (0/50
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Figure 6. Depletion of Fbw7 Inhibits Progression of B-ALL

(A) FACS analysis of PB from mice transplanted with MxCre*;Fbw7*"* and MxCre*;Fbw7 '~ total BM cells expressing Bcr-Abl. Upper panel: 12 days post-
transplant but prior to poly(l:C) treatment. Middle and lower panels: d21 and 28 days post-poly(l:C) treatment, respectively.

(B) Graph depicting the percent of Ber-Abl* B220* cells in the PB of both cohorts.

(C) Genotyping PCR from recipient BM.

(D) H&E staining of spleen and lung.

(E) Representative spleen at day 28.

(F) gRT-PCR analysis of Fbw7 and c-Myc expression in sorted tumor.

(G) c-Myc protein expression in spleen of recipient animals gated on Ber-Abl™ B220*.

(H) FACS plots showing annexin V* and 7-AAD* cells in the Bcr-Abl* B220* cells in the BM.

() gRT-PCR analysis showing the expression of p53 target genes, Puma, Bim, and Noxa, in sorted control or Fbw7 '~ tumors. Error bars indicate + SD. *p < 0.01,
**p < 0.001.

370 Cancer Cell 23, 362-375, March 18, 2013 ©2013 Elsevier Inc.



Cancer Cell
Fbw7 Controls CML-Initiating Cell Maintenance

100

o Relative Expression >
@O 33 |

CP #2

Figure 7. FBW7 and c-MYC Expression
Patterns in Human CML
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(D) FACS plots showing CD45 and CD34 ex-
pression in human CML patients used to sort
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samples), suggesting that FBW7 function is required for B-ALL
disease progression (data not shown).

Human CML Leukemia-Initiating Cells Require FBW7
Function

Depletion of Fbw7 in the mouse model eradicates the CML LIC;
we next asked whether these findings are relevant to the human
disease. Consistent with the findings that Bcr-Abl induces
c-MYC expression (Xie et al., 2002), we observed that c-MYC
expression level in PB mononuclear cells (PBMNCs) of patients
is higher in patients with newly diagnosed or untreated CP
CML than in normal PBMNC. Patients with TKl-treated CML
CP displayed almost physiologic levels of c-MYC (Figure 7A).
c-Myc protein levels followed similar patterns of expression (Fig-
ure 7B). On the other hand, no significant differences in the levels
of FBW?7 expression were noted (Figure 7A), consistent with the
idea that FBWY7 is also controlled at the activity level and not
merely transcriptionally.

We further determined the levels of c-MYC and FBW?7 expres-
sion in stem and progenitor populations in patients with CML by
sorting CD34*CD38* and CD34*CD38"°" populations, respec-
tively, from CP, and patient BC BM samples (Figures 7C and
7D). c-MYC mRNA expression was detected in all subsets;
however, its highest level was in BC CD34*CD38"°" cells. Inter-
estingly, although FBW?7 was also expressed in all samples, CP
CD34*CD38"" cells expressed significantly higher levels than
CD34*CD38" cells from the same samples, in agreement with
our animal modeling data that detected the highest Fbw7
expression in the LSK LIC population.

To address whether Fbow7 possesses a similar functional role
in human CML, we transduced the Ber-Abl* human CML cell line
KU812with lentiviruses expressing shRNAs against Fbw7. Effi-
cient knockdown was confirmed by gRT-PCR (Figure S5A).
Loss of Fbw7 induced apoptosis and lead to the accumulation
of c-Myc (Figures S5B and S5C). Degradation of c-Myc requires
a priming phosphorylation event on T58 by GSK3p (Gregory
et al., 2003), and in agreement with this, Fow?7 silencing lead to
the specific enrichment of phosphorylated c-Myc (Figure S5C).
To further study potential Fow7 functions in human cells, we first
silenced Fbw7 using lentiviruses expressing shRNAs against

10710210°
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a
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Fbw7 in normal umbilical cord blood (UCB)-derived CD34*
with or without co-infection with Bcr-Abl retrovirus and subse-
quently plated the cells in colony-forming assays. Fbw7 silencing
showed no alterations in the colony-forming ability of normal
CD34" cells, but significantly decreased plating capacity of
Bcr-Abl* CD34" cells (Figures 8A and 8B). Fow7 silencing led
to accumulation of both c-Myc and phospo-c-Myc protein in
total progeny derived from Bcr-Abl*-infected CD34" cells (Fig-
ure 8C). Overexpression of c-Myc protein was further verified
in the Becr-Abl* CD34" population compared to normal CD34*
population by intracellular FACS for c-Myc expression. Consis-
tent with the finding in the mouse model, Bcr-Abl expression
results in increased c-Myc expression, which is further increased
by silencing of Fbw7 (Figure 8D). Finally, FBW7 silencing in
purified primary human CP (from either newly diagnosed or
untreated patients) CML CD34+ cells led to a significant loss of
plating ability in CFU assays (Figures 8E, S5D, and S5E), most
likely due to the elevated levels of c-Myc, and significant induc-
tion of cell death (Figures 8F, 8G, and S5F). These combined
human data are in agreement with our animal experiments.

DISCUSSION

We demonstrate here the essential function of the Fbw7 E3
ligase for the initiation and the progression of CML. Fbw7 dele-
tion leads to LIC apoptosis due to aberrantly high levels of
c-Myc protein expression and activation of the p53 pathway.
Interestingly, p53 mutations can accompany disease progres-
sion in human CML and p53 loss in some cases impedes
the antileukemic response to Bcr-Abl inhibition (Kelman et al.,
1989; Wendel et al., 2006), suggesting that loss of p53 in some
tumors could constitute an adaptive response to the increase
in the levels of c-Myc during CML progression. Overall, our
experiments suggest that Fbow7 expression is absolutely essen-
tial for the maintenance of nontoxic levels of c-Myc protein within
CML LIC cells. Interestingly, although Fbw?7 is a ubiquitin ligase
capable of targeting a large number of substrates, our results
suggest that c-Myc is its key substrate in CML, in contrast with
human T-ALL, where Notch1 appears to be a main targets
(O’Neil et al., 2007; Thompson et al., 2008). However, we cannot
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exclude that additional Fow7 substrates, except for Notch1, play
roles in its function. Further studies are required to address the
identity and function of such substrates.

We were able to visualize, using flow cytometry, c-Myc protein
abundance in vivo, and show that c-Myc expression is restricted
within the LIC population, with the bulk of the tumor being
c-Myc™. These results prove that Fbw7 function is specifically
required by cells with leukemia-initiating activity but is dis-
pensable for the maintenance of the more differentiated CML
subset. Moreover, genetic deletion of c-Myc during disease
progression showed that Bcr-Abl-driven CML is addicted to
physiologic c-Myc function, suggesting that the disease requires
well-defined and Fbw7-regulated thresholds of c-Myc abun-
dance and activity. This is an intriguing idea with potential
important clinical ramifications in the field of cancer biology, as
it would suggest that both depletion and overabundance of
c-Myc protein levels in tumors could lead to similar clinical
outcomes, albeit with distinct mechanisms of action. Recent
development of small molecules targeting c-Myc co-activator
bromodomain inhibitors (Delmore et al., 2011) opens the way
for therapeutic protocols that include c-Myc activity inhibition
in established CML.

Classic experiments have shown that introduction of v-abl in
a myeloid cell line can specifically induce c-Myc expression in
a tyrosine kinase-dependent manner (Cleveland et al., 1989).
Subsequent seminal studies by Sawyers and colleagues demon-

372 Cancer Cell 23, 362-375, March 18, 2013 ©2013 Elsevier Inc.

et al., 1992). In agreement with these

studies, we visualized c-Myc protein

levels in vivo in progressing CML and
identify the populations that retain c-Myc protein expression.
Interestingly, only a minority of the established leukemia cells
express c-Myc®®™ These cells are characterized by the expres-
sion of c-Kit and include the CML LSK population, previously
suggested to possess all LIC activity (Neering et al., 2007; Rey-
naud et al., 2011). When we subdivided the c-Myc-expressing
population using the c-Myc®®™ reporter, we were able to trans-
plant disease only using the c-Myc®SFP LSK fraction suggesting
that although LIC activity lies within the c-Myc-expressing frac-
tion, c-Myc protein expression is not sufficient to guarantee
leukemia-initiating properties. This is an intriguing distinction
between normal and leukemic hematopoiesis as we showed
that normal c-Myc®SF" LSK cells are multipotential progenitors
but not bona fide HSC (Reavie et al., 2010).

We have shown that Fbw?7 is required for normal hematopoi-
esis, because its deletion leads to progressive adult stem cell
exhaustion. This would suggest that inhibition of Fbw7 activity
is not an ideal therapeutic target in leukemia. However, the
response of normal and malignant stem and progenitor cells to
the deletion of Fbw7 is vastly distinct. Putative LIC respond
acutely, as Fbw?7 deletion leads to rapid (<2 weeks) loss of cell
numbers and activity, whereas the response of normal HSC is
delayed and there are no significant changes in the number of
HSC cells until 10-12 weeks post Fbw7 deletion (Matsuoka
et al., 2008; Thompson et al., 2008) (data not shown). We believe
that this differential response to Fbw7 deletion can be explained
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by the significantly higher levels of c-Myc protein in the Ber-Abl-
expressing LIC. These data suggest that it should be possible to
define a therapeutic window altering either the concentration of
the inhibitor or the length of the treatment. Drug combination
could be another therapeutic avenue, especially as TKI fail
to target CML LIC. Indeed, Nakayama and colleagues have
demonstrated that Fow7 inhibition can be used in combina-
tion with other established CML treatments, including imatinib,
to achieve efficient targeting of CML-initiating cells (Takeishi
et al., 2013), both in animal models and primary human disease.
At this point, no Fbw?7 inhibitors have been identified. However,
recent studies suggested that a small molecule targeting Fow7
is a feasible approach. Tyers and collegues have recently identi-
fied a biplanar dicarboxylic acid compound as an inhibitor of
substrate recognition by the yeast Fbw7 ortholog (Cdc4) (Agha-
jan et al., 2010; Orlicky et al., 2010). Moreover, as Fbw7-medi-
ated c-Myc recognition is induced by the priming phosphoryla-
tion of c-Myc™®® by GSK3, GSK3 inhibitors could also be
used to target Fbw7 function and c-Myc stability. Such inhibitors
have been developed and their efficacy in vivo was tested using
MLL-induced models of AML (Wang et al., 2008). These GSK3
inhibitors are currently in Phase Il clinical trials for the treatment
of Alzheimer disease (Martinez et al., 2011), opening the way for
their future use for the treatment of CML in combination with
TKis. Finally, because c-Myc activity is a driver of distinct tumor
types, it is conceivable that Fbw7 inhibitors could be promising
therapeutic tools in a wide range of blood and solid tumors.

EXPERIMENTAL PROCEDURES

Animals

Fbw7"* mice were previously published (Thompson et al., 2008). Myc"®* mice
were a kind gift from F. Alt (de Alboran et al., 2001), and Myc®" mice were
a kind gift from Dr. Barry Sleckman (Huang et al., 2008). Interferon-a-inducible
Mx1cre, p53 germline knockout, and C57BI6 recipient mice were purchased
from Jackson Laboratories. All mice were housed in a pathogen-free animal
facility at the NYU School of Medicine. All animal procedures were approved
by Institutional Animal Care and Use Committee of the NYU School of Medi-
cine and carried out in compliance with NIH guidelines.

flox

Generation and Analysis of CML Animals

LSK were isolated from 4- to 6-week-old mice using the mouse hemato-
poietic progenitor enrichment kit (Stem Cell Technologies) per manufacturer’s
protocol and stained with a lineage cocktail, c-Kit, and Sca-1 antibodies
followed by FACS purification. LSK were cells were infected with Bcr-
Abl-NGFR or Bcr-Abl-GFP retrovirus (Wertheim et al., 2002) and spun at
2500 rpm for 90 min at 30°C. Forty-eight to 72 hr posttransfection,
~20,000-40,000 Lin~ Bcr-Abl* LSKs were transplanted intravenously into
lethally irradiated recipient mice with 2-5 x 10° support BM cells. For donor
cells deleted posttransplantation, deletion was initiated on day 7 posttrans-
plantation with three injections of poly(l:C) (Amsersham) at a concentration
of 5 pg/g of body weight, and disease was monitored by flow cytometry.
Further details of culture and analysis are provided in the Supplemental Exper-
imental Procedures.

Analysis and Culture of Human CML Samples

Primary patient samples were obtained with informed consent from all donors
in accordance with the Declaration of Helsinki and studies were approved
by the Institutional Review Boards at NYU Medical Center, and Memorial
Sloan-Kettering Cancer Center. UCB or patient BM CD34* cells were isolated
using CD34" selection kit following manufacturer’s instructions (Stem Cell
Technologies). Cells were cultured in Stemspan (Stem Cell Technologies),
supplemented with 50 ng/ml SCF, 50 ng/ml FIt3L, and 100 ng/ml Tpo for

24 hr followed by lentiviral transduction. Further details of culture and analysis
are provided in the Supplemental Experimental Procedures.

FACS Analysis

All antibodies used for FACS analysis were procured from e-Bioscience.
Specifically, the antibodies we used were as follows: c-Kit (2B8), Sca-1 (D7),
Mac-1 (M1/70), Gr-1 (RB6-8C5), NK1.1 (PK136), TER-119, CD3 (145-2C11),
CD19 (1D3), IL7R (RAM34), CD4 (RM4-5), CD8 (53-6.7), CD271 (NGFR), and
(ME20.4). BM lineage antibody cocktail includes the following: Mac-1, Gr-1,
NK1.1, TER-119, CD4, CD8, IL7R, and CD19. Apoptosis was detected using
an Annexiv-V PE-conjugated detection kit (BD PharMingen) along with
7-AAD following manufacturer’s protocol. For intracellular c-Myc staining,
cells were stained with anti-CD34 (BD PharMingen), washed, fixed, and per-
meabilized using BD cytofix/cytoperm kit following manufacturer’s protocol.
Stainings were performed with rabbit anti-c-Myc (Cell Signaling) followed by
goat anti-rabbit Alexa Fluor 647 (Invitrogen).

Quantitative Real-Time PCR

Total RNA was harvested from cells using the QIAGEN RNeasy Kit (QIAGEN,
Germany). RNA was quantified by absorbance at A260 nm and 2 pg of total
RNA used for cDNA synthesis using Superscript Il first strand synthesis kit
(Invitrogen). gRT-PCR was carried out using SYBR green universal mix PCR
reaction buffer (Roche) using an Roche lightcycler 480 Il (Roche). All signals
are normalized to levels of Gapdh.

Statistical Analysis
All statistical analyses were performed using an unpaired two-tailed Student’s
t test, unless otherwise specified.

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.ccr.2013.01.025.
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SUMMARY

While all-trans retinoic acid (ATRA) treatment in acute promyelocytic leukemia (APL) has been the paradigm
of targeted therapy for oncogenic transcription factors, the underlying mechanisms remain largely unknown,
and a significant number of patients still relapse and become ATRA resistant. We identified the histone
demethylase PHF8 as a coactivator that is specifically recruited by RARa fusions to activate expression of
their downstream targets upon ATRA treatment. Forced expression of PHF8 resensitizes ATRA-resistant
APL cells, whereas its downregulation confers resistance. ATRA sensitivity depends on the enzymatic
activity and phosphorylation status of PHF8, which can be pharmacologically manipulated to resurrect
ATRA sensitivity to resistant cells. These findings provide important molecular insights into ATRA response
and a promising avenue for overcoming ATRA resistance.

INTRODUCTION

Transcriptional deregulation plays a key role in a large array of
human malignancies, in particular, in acute leukemia, which is
mostly initiated by chimeric transcription factors (CTFs) that
induce oncogenic transcriptional programs resulting in cellular
transformation (Cheung and So, 2011). The successful applica-
tion of all-trans retinoic acid (ATRA) treatment to acute promye-
locytic leukemia (APL) induced by RARg. fusion proteins repre-
sents a major breakthrough and is the paradigm for targeted
therapy of oncogenic transcription factors (Wang and Chen,
2008). In spite of its success in achieving a complete remission

(CR), APL patients receiving ATRA treatment alone do not
achieve definite cure of the disease. Although refined APL
treatment regimens in combination with anthracycline-based
chemotherapy or arsenic trioxide (ATO) result in 90% of initial
CR, a significant proportion of patients still relapse and are
resistant to the treatment with 3 years overall survival in second
remission of only around 50% (Sanz and Lo-Coco, 2011). Also,
while the success of ATRA treatment in APL sets the stage for
targeted therapy of oncogenic transcription factors, retinoic
acid (RA) treatment is ineffective to other malignant diseases.
Therefore, understanding the molecular mechanisms of APL
pathogenesis and ATRA response are of major interest, because

Significance

therapeutics.

Identification of the molecular functions of oncogenic transcription factors and their associated epigenetic-modifying
enzymes in drug response has been an important goal for development of targeted therapy. In this study, we discover
the histone demethylase PHF8 as a critical molecular sensor for mediating retinoic acid (RA) treatment response in
RARa-fusion-induced leukemia. RA sensitivity is governed by both the enzymatic activity and phosphorylation status of
PHF8, which mediate transactivation of downstream targets. Molecular or pharmacological manipulation of PHF8 activity
can enhance or even resurrect RA response to resistant leukemic cells. These results reveal a critical function of histone
demethylase in mediating drug response and open up an attractive avenue for modulation of RA sensitivity for cancer
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it may help to design better therapeutic strategies to overcome
ATRA resistance and potentially extend its application to other
malignancies.

Over the years, we and others have shown that RAR« fusions
form high-order homo-oligomers (Kwok et al., 2006; Lin and
Evans, 2000; Minucci et al., 2000; Sternsdorf et al., 2006) that
aberrantly recruit DNA binding cofactor RXRa. (Zeisig et al.,
2007; Zhu et al., 2007) and epigenetic modifying enzymes such
as histone deacetylases (HDACs) (Grignani et al., 1998; Lin
et al., 1998) and polycomb-repressive complexes (PRCs)
(Boukarabila et al., 2009; Smith et al., 2011; Villa et al., 2007)
for transcriptional suppression of their downstream targets
(e.g., RARB) and oncogenic transformation. A pharmacological
level of ATRA induces conformational changes of RARa. fusions,
which result in dissociation of corepressor complexes and
recruitment of coactivators, leading to activation of downstream
targets and subsequent degradation of the fusion proteins (de
Thé and Chen, 2010; Wang and Chen, 2008). In spite of its critical
functions in mediating ATRA response, the identity of the
coactivator complex responsible for gene activation upon
ATRA treatment remains unknown, and this becomes a major
hurdle that significantly hinders the progress in understanding
underlying mechanisms of ATRA response and designing more
effective therapeutic strategies for overcoming resistance
(Martens et al., 2010; Mikesch et al., 2010).

Emerging evidence indicates that dynamic histone modifica-
tions by lysine methyltransferases (KMTs) and demethylases
(KDMs) play a key role in regulation of gene expression
(Cheung and So, 2011; Kouzarides, 2007). Members of
Jumoniji-C domain (JmjC) KDMs involved in diverse biological
processes including embryonic development, stem cell self-
renewal, and differentiation are known to work closely together
with specific KMTs by removing opposite epigenetic marks to
govern gene expression (Cheung and So, 2011; Kooistra and
Helin, 2012). PHF8 (also called KDM7B) is a member of the
plant homeodomain finger (PHF) family KDM harboring an
N-terminal plant homeodomain (PHD) that mediates binding
to nucleosomes at active gene promoters as well as an active
JmjC domain that is able to catalyze the demethylation of
mono- or dimethyl-lysines (Feng et al., 2010; Fortschegger
et al., 2010; Kleine-Kohlbrecher et al., 2010; Liu et al., 2010;
Loenarz et al., 2010; Qi et al., 2010). PHF8 preferentially acts
on H3K9mMe2 and H3K9mel (however, some results also
suggest that it can demethylate H4K20me1) and associates
with transcriptional activation and retinoic acid signaling
pathway in neuronal differentiation (Qiu et al., 2010). Mutations
in the PHF8 gene are found in patients with X-linked mental
retardation (XLMR), and knockdown of PHF8 homolog leads
to brain defects in zebrafish (Abidi et al., 2007; Koivisto et al.,
2007; Laumonnier et al., 2005), revealing its potential involve-
ment in human disease.

RESULTS

PHF8 Interacts with PML-RAR« and Functions

as a Transcriptional Coactivator in Response to

ATRA Treatment

Given the critical functions of JmjC-KDMs in transcriptional
regulation, we performed a systematic biochemical screening

by immunoprecipitation assay in human 293T cells for interac-
tions between PML-RARa and seven different JmjC-KDMs
from each of the subfamily (KDM2-7) with known enzymatic
activity upon ATRA treatment. As a result, we identified PHF8
as the only KDM that exhibited a highly specific interaction
with PML-RARq, and this interaction increased significantly in
the presence of ATRA (Figure 1A; data not shown). To validate
this finding in APL, we showed that endogenous PHF8 binds to
PML-RARa in human NB4 cells (Figure S1A available online),
which express the PML-RARa fusion.

To further characterize this interaction, a series of PML-RARa
and PHF8 mutants were constructed for structure/function
analyses to define the respective interaction domains. In con-
trast to the regions D (hinge region), E (ligand binding domain,
LDB), and F (unknown function) of the PML-RARq. that were
dispensable for PHF8 interaction, the region C that partly over-
laps with the DNA binding domain in the PML-RARo fusion
was absolutely required for the recruitment of PHF8 (Figure 1B).
On the other hand, the JmjC domain but not the catalytic activity
of PHF8 was essential for the interaction with PML-RARa
(Figure 1C). In contrast, the PHD domain and the C-terminal
domain of PHF8 were not part of the PML-RARa-interacting
motif (Figure 1C). Consistent with the recent findings of its
involvement in retinoic acid signaling (Qiu et al., 2010), mapping
of the PML-RAR« interaction domain to the region C suggests
a potential interaction between PHF8 and wild-type RARa. To
gain further insights into this issue, we revealed that PML-
RARa had a much higher ability than wild-type RARa. to form
complex with PHF8 in the presence of ATRA (Figure 1D). More-
over, the interaction between wild-type RARa and PHF8 rapidly
dissociated under the stringent washing condition, while the one
between PML-RARa and PHF8 remained stable (Figure 1E).
Consistently, only the PML-RARa/PHF8 interaction could be de-
tected upon ATRA treatment even when wild-type RARa was
coexpressed at the almost identical level as PML-RAR« in the
same cells with endogenous or ectopic expression of PHF8 (Fig-
ure 1F). Together these results indicate that PML-RARua. is by far
the dominant PHF8 binding partner compared to wild-type RAR«
in response to the ATRA treatment.

To assess the effect of PHF8 expression on histone modifica-
tion, we ectopically expressed PHF8 in NB4 and 293T cells. As
shown in Figures 1G, 1H, and S1B, PHF8 expression resulted in
a significant reduction of H3K9me2 levels in NB4 and 293T
cells, consistent with its role in promoting transcriptional activa-
tion (Feng et al., 2010; Fortschegger et al., 2010; Kleine-
Kohlbrecher et al., 2010; Liu et al., 2010; Loenarz et al., 2010;
Qi et al., 2010). To further demonstrate that PHF8 is indeed
recruited by PML-RAR« to activate expression of downstream
targets upon ATRA treatment in APL cells, chromatin immuno-
precipitation (ChIP) assays revealed specific binding of PHF8
to the promoter region of RARB, a RARa fusion target, but not
to GAPDH control, upon ATRA treatment in NB4 cells (Figure 11).
Recruitment of PHF8 was also associated with a reduction of
the H3K9me2 repressive mark, increase in H3K4me3 and
H3K9Ac activation marks (Figure 1J), and an increased in
RARB mRNA level (Figure S1C). These results demonstrate
that PHF8 binds to and modifies the promoter regions of
PML-RARqa. targets for active gene expression in APL cells
upon ATRA treatment.

Cancer Cell 23, 376-389, March 18, 2013 ©2013 Elsevier Inc. 377
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Figure 1. Specific Interaction of PHF8 with PML-RAR« Results in Alternation of Histone Marks of Transcriptional Targets in Response to
ATRA Treatment

(A-F) Representative coimmunoprecipitation (colP) analysis in 293T cells coexpressing PML-RARa. and Flag-tagged Jumoniji family members cultured in the
presence or absence of ATRA (A). Deleted or point mutants of PML-RARa were coexpressed with PHF8 (B), or deleted or point mutants of PHF8 were coex-
pressed with His-PML-RAR«. (C); and all samples were processed in presence of ATRA. Black arrowheads indicate mutants that cannot interact. PML-RARq. or/
and wild-type RARa were expressed with Flag-tagged PHF8 using the indicated amounts of expression vectors, and cells were treated with ATRA as indicated;
samples were processed under mild washing conditions (D) or stringent washing conditions (E and F). Asterisk indicates unspecific band.

(G) Immunobilotting of purified histone extracts from NB4 and NB4-PHF8 cells.

(H) Histone demethylase activity of YFP-tagged PHF8 protein in 293T cells was assessed by immunostaining using confocal microscopy. White arrowheads
indicate cells transfected with YFP-PHF8. Scale bar, 10 um. Anti-H3K9me2 and anti-H3K9me3 antibodies were used.

(Iand J) ChIP analysis of the binding of the endogenous PHF8 (l) and histone H3 modifications (J) on typical RARE RARB promoter region in human NB4 cells after
24 hr with or without 1078 M ATRA.

Data representative of at least three independent experiments are shown (+SD, *p < 0.05, **p < 0.01). See also Figure S1.

PHF8 Sensitizes APL Cells to Physiological Levels of
ATRA

et al., 2007). NB4 cells are highly sensitive to pharmacological
concentrations (1078 M) but only have a mild response to phys-

To investigate the functional significance of PML-RAR«/PHF8
interaction in mediating cellular response to ATRA treatment,
we performed both gain-of-function and loss-of-function studies
using human NB4 cells and mouse primary hematopoietic cells
transformed by APL fusion proteins (Kwok et al., 2006; Zeisig

378 Cancer Cell 23, 376-389, March 18, 2013 ©2013 Elsevier Inc.

iological level (1078 M) of ATRA as assessed by activation of
a RARa fusion target, RARB, and inhibition of transformation
(Figures S2A and S2B). Strikingly, forced expression of PHF8
in NB4 cells (Figures 2A, 2B, S2C, and S2D) or primary hemato-
poietic cells transformed by different RARa fusions, including
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Figure 2. PHF8 Governs ATRA Sensitivity of APL Cells

(A-D) Typical p-iodonitrotetrazolium-violet (INT)-stained colony pictures and bar charts representing normalized colony number of human NB4 and K562 cells (A
and B) or murine primary bone marrow cells transformed by the indicated RARa fusion constructs (C and D) treated with and without indicated concentration of
ATRA. Black arrowheads indicate the lowest optimal ATRA concentration employed in most of the subsequent studies. Representative data of three experiments

are shown (+SEM, **p < 0.01).

(E) Quantitative RT-PCR (qQRT-PCR) analysis for RARB expression in the indicated cells.

(F-J) gRT-PCR (F and I) and western blot analysis (G and J) for PHF8 expression in cell transduced with specific human (F and G) or mouse (I and J) PHF8 shRNA.
Error bars indicate SD of at least three independent experiments. (H) Human NB4 cells or (K) murine primary bone marrow cells transformed by PLZF-RARa were
transduced with either shRNAs for specific PHF8 knockdown (KD) or scramble control before they were plated into methylcellulose medium in the absence or

presence of ATRA for colony formation assay.

Data representative of three experiments are shown (+SEM, *p < 0.05, **p < 0.01, **p < 0.001). See also Figure S2.

PLZF-RARa-transformed cells that are usually more resistant
to ATRA treatment in the presence of the reciprocal RARa-PLZF
fusion (Guidez et al., 2007), significantly sensitized their
response to ATRA (Figures 2C, 2D, S2E, and S2F). This function
of PHF8 highly depended on the following: (1) its enzymatic
activity as a single-point mutation F279S on the catalytic domain
identified in X-linked mental retardation patients (Kleine-Kohl-
brecher et al., 2010; Koivisto et al., 2007) completely abolished
the enhanced ATRA sensitivity including colony suppression
(Figures 2A-2D and S2D), enhanced RARB expression (Figures
2E and S2G), and differentiation of APL cells (Figure S2H); and
(2) the presence of RARa. fusions as expression of PHF8 had
no effect on the ATRA response in the control human K562
leukemic cells or E2A-PBX1-transformed primary cells (Figures

2A-2E, S2G, and S2l), which expressed the same or even higher
levels of RARa protein compared with those in NB4 cells and
PML-RARa-transformed primary cells, respectively (Figure S2J).
Consistently, the levels of PML-RARa were much higher than
those of wild-type RARa in both NB4 and PML-RARa-trans-
formed cells (Figure S2J). Together with the competitive/dilution
assays in Figures 1D-1F, these results strongly suggest that
PML-RARa. is the major and dominant mediator for the PHF8/
ATRA response.

To demonstrate a critical function of endogenous PHF8 in
governing ATRA response, we further confirmed the expression
of endogenous PHF8 in NB4, which was indeed much higher
than that in the ATRA-resistant variant, NB4-MR2 cells (Fig-
ure S2K), suggesting an association of ATRA resistance with

Cancer Cell 23, 376-389, March 18, 2013 ©2013 Elsevier Inc. 379



a reduced level of PHF8. To further validate this hypothesis,
endogenous PHF8 expression was downmodulated by small
hairpin RNAs (shRNAs) in human NB4 cells (Figures 2F-2H) or
RARa-fusion-transformed primary cells (Figures 2I-2K). As a
result, suppression of PHF8 conferred ATRA resistance in both
NB4 cells (Figure 2H) and RARa-fusion-transformed primary
cells (Figure 2K), although the effect was more pronounced in
the latter with a more defined genetic background. Together,
these results indicate that PHF8 may act as a sensor to mediate
ATRA response in APL and its level may govern ATRA sensitivity.

PHF8 Resensitizes ATRA-Resistant APL Cells In Vitro
and In Vivo

To investigate if PHF8 can indeed sensitize ATRA-resistant cells
to the treatment, we induced expression of wild-type PHF8 and
the catalytically dead mutant PHF8-F279S in the ATRA-resistant
NB4-MR2 cells (Figures S3A and S3B). NB4-MR2 cells have an
increased level of topoisomerase 2B (TOP2p) that could
decrease ATRA-mediated gene expression and granulocytic
differentiation by enhancing the association of repressor
complexes with PML-RARa downstream target genes including
RARB (McNamara et al., 2008). NB4-MR2-PHF8 cells showed
a significant reduction in colony number, induction of the
RARB expression, and increased differentiation of the APL cells
after ATRA treatment (Figures 3A-3C and S3C-S3E). On the
contrary, expression of PHF8-F279S failed to sensitize NB4-
MR2 cells to the treatment, indicating an important enzymatic-
activity-dependent function of PHF8, in governing ATRA
response even in resistant cells (Figures 3A-3C and S3A-S3E).
To further assess if PHF8 is also able to sensitize ATRA-resistant
cells to treatment in vivo, we transplanted NB4-MR2, NB4-MR2-
PHF8, and NB4-MR2-F279S cells into sublethally irradiated
NOD-SCID-Gamma (NSG) mice for in vivo leukemogenic assay
(Figures 3D and 3E). As expected, mice transplanted with
NB4-MR2 cells succumbed to leukemia regardless of ATRA
treatment. Strikingly, mice transplanted with NB4-MR2-PHF8
cells responded very well to the ATRA treatment, and most of
them remained healthy (Figure 3D). This was in stark contrast
to the untreated NB4-MR2-PHF8 control group that rapidly
succumbed to leukemia. Consistent with the in vitro results
(Figures 3A-3C), mice transplanted with NB4-MR2-F279S failed
to respond to the ATRA treatment in vivo and developed
leukemia with a similar latency as the untreated controls,
confirming the importance of its enzymatic activity in ATRA
response (Figure 3E). These results strongly indicate that PHF8
plays a critical role in mediating ATRA response, and its activa-
tion by an overexpression approach reverses ATRA resistance
in APL cells.

Another major mechanism for ATRA resistance in human APL
is the mutation of ligand binding domain (LBD) of PML-RAR«
(Coté et al., 2000). To further extend the role of PHF8 in ATRA-
resistant APL, we employed two different APL models, namely,
human NB4-LR2 cells (Roussel and Lanotte, 2001) and primary
leukemic cells from a PML-RARam4 transgenic mouse (desig-
nated “M4” herein) (Kogan et al., 2000), each carrying a different
PML-RARa LBD mutation identified in human APL patients. As
expected, NB4-LR2 cells were resistant to ATRA (Figures 3F,
3G, and S3F-S3H). Conversely, expression of PHF8 resensitized
their response to ATRA 108 M (Figures 3F, 3G, and S3F-S3H).
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However, this effect disappeared when the mutation abolishing
the catalytic activity was introduced to PHF8, consistently
indicating the critical function of PHF8 enzymatic activity in
mediating the ATRA response even in the PML-RARo LBD
mutant (Figures 3F and 3G, S3A, and S3F-S3H). Finally, trans-
plantation of NB4-LR2 cells into NGS mice induced ATRA-
resistant leukemia, which could, however, be sensitized to
ATRA treatment again when PHF8 was expressed (Figure 3H).
To further validate these results in a well-defined genetic back-
ground, we performed similar in vivo experiments using the
well-characterized ATRA-resistant M4 primary cell model
(Kogan et al., 2000). M4 cells induced leukemia in mice regard-
less ATRA treatment. M4 cells expressing PHF8 also induced
leukemia in mice. However, expression of active PHF8 in combi-
nation with ATRA treatment significantly extended the survival
of mice and induced differentiation of M4 cells (Figures 3| and
3J). Together, these results strongly indicate that activation of
PHF8 can resurrect ATRA sensitivity in a wide range of clinically
relevant ATRA-resistant APL cells.

PHF8 Switches Promoter Occupancy after ATRA
Treatment

It has been shown that the binding of PHF8 to its targets is regu-
lated by its phosphorylation status (Liu et al., 2010). PHF8 binds
to promoter regions of genes involved in cell cycle progression
such as RBL1 to remove H4K20me1 mark and dissociates
from these promoters upon phosphorylation of S33/S84 resi-
dues by CDK1 (Liu et al., 2010). To gain further insights into
the molecular regulation of PHF8 upon ATRA treatment in APL,
we investigated the dynamics of PHF8 promoter occupancy by
ChIP analysis in NB4-MR2 cells. Upon ATRA treatment, the
binding of PHF8 to the promoter regions of multiple RAR« fusion
targets, including RARB, PRAM1, TGM2, and ID1 (Martens et al.,
2010; Wang et al., 2010), was increased (Figure 4A), while its
binding to naive PHF8 targets such as RBL1 and CCNET
promoters that are occupied by PHF8 in the absence of ATRA
was reduced (Figure 4B). ATRA treatment had no effect on the
binding of PHF8 at the control GAPDH promoter (Figure 4C).
This switch in promoter occupancy was also accompanied by
changes in corresponding histone marks. A significant reduction
in PHF8-specific repression marks (H3K9me2) and an increase
in activation marks (H3K4me3 and H3K9Ac) were detected in
the same promoter regions of RARB (Figure 4D), PRAM1
(Figure 4E), TGM2 (Figure 4F), and ID1 (Figure 4G), whereas
H4K20me1 histone mark was significantly increased at the
RBL1 (Figure 4l) and CCNET (Figure 4J) promoters. None of
these changes could be detected in the noncoding control
region (NC1) of NB4-MR2 cells (Figures 4H and 4K) or the
same RARB regions in K562 cells that do not carry RARa. fusions
(Figures S4A and S4B). Thus, these findings suggest that PHF8
may switch promoter occupancy for driving the expression of
PML-RARq. targets in human APL cells upon ATRA treatment.

PHF8-Mediated ATRA Response Is Regulated by Serine
Phosphorylation

Interestingly, ATRA is known to relocate cyclin A to the nuclear
compartment in leukemic cells, resulting in activation of CDK1
in AML cells (Ekberg et al., 2004). Thus, we speculated that
the promoter occupancy of PHF8 might be regulated by ATRA
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Figure 3. PHF8 Sensitizes ATRA-Resistant APL Cells to Physiological Concentrations of ATRA

(A-H) Human APL cells transduced with vector control or PHF8 wild-type or its catalytically inactive mutant F279S were treated with and without ATRA at the
indicated concentrations. Typical INT-stained colony pictures of NB4-MR2 (A) and NB4-LR2 (F) cell lines. The bar charts represent NB4-MR2 normalized
numbers of colonies (B). Error bars are representative of four independent experiments. (+SEM, ***p < 0.001). gRT-PCR analysis for human RARB expression
in NB4-MR2 (C) or NB4-LR2 (G) cell lines. Error bars indicate SD of three independent experiments. Disease-free survival of NSG mice injected with NB4-MR2,
NB4-MR2-PHFS8 cells (D), NB4-MR2-F279S cells (E), or NB4-LR2, NB4-LR2-PHF8 cells (H), with and without ATRA treatment.

(l'and J) M4 cells from PML-RARo LBD transgenic mouse model transduced with vector control (control M4) or PHF8 wild-type (PHF8 M4). Disease-free survival
of FVB mice injected with control M4 or PHF8 M4 cells with and without ATRA treatment. Black arrowheads indicate the end of ATRA treatment (I). FACS analysis
of bone marrow cells stained with Gr-1, Mac-1, and c-Kit markers for differentiation status of murine myeloid cells (J).

See also Figure S3.
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Figure 4. Changes of PHF8 Promoter Occupancy and Associated Histone Modifications after ATRA Induction

ChlIP analysis of PHF8 (A-C) or various histone marks including H3K9me2, H3K4me3, H3K9Ac, H4K20me1 (D-K) on both RARa-fusion-targeted promoters (e.g.,
RARB, PRAM1, TGM2, and ID7) and naive PHF8-targeted promoters (e.g., RBL1, CCNET) before and after 24 hr of ATRA treatment at 0 M or 108 M in NB4-MR2-
PHF8 cells. ChIP signals are presented as percentage of input. Error bars indicate SD of three independent experiments (+SD, *p < 0.05, **p < 0.01). GAPDH
was used as negative control for PHF8 occupancy, and NC1 was used as negative control for histone marks. See also Figure S4.

in part by CDK1-mediated phosphorylation. Indeed, we de-
tected an increase in PHF8 phosphorylation with increasing
levels of ATRA in NB4-MR2-PHF8 cells (Figure 5A). Next, we
investigated if CDK1-mediated PHF8 phosphorylation would
be able to mimic ATRA response in PHF8-transduced NB4 or
NB4-MR2 cells (Figures 5B-5D, S5A, and S5B). In the absence
of ATRA treatment, cells transduced with PHF8 (NB4-MR2-
PHF8) or CDK1 (NB4-MR2-CDK1) exhibited a mild increase of
RARB gene expression as compared with vector-control (NB4-
MR2)-transduced cells (Figure 5B). In contrast, cells cotrans-
duced with CDK1 and PHF8 (NB4-MR2-CDK1-PHF8) signifi-
cantly activated RARB expression even in the absence of
ATRA (Figure 5B). These transcriptional activities also directly
correlated with the biological readouts, in which coexpression
of PHF8 with CDK1 significantly suppressed transformation

382 Cancer Cell 23, 376-389, March 18, 2013 ©2013 Elsevier Inc.

and enhanced differentiation of NB4-MR2 cells even in the
absence of ATRA treatment (Figures 5C and 5D). Similar results
could also be obtained for NB4 cells (Figure S5B). These results
suggest a critical function of CDK1 in mediating PHF8 func-
tions, although it is known that CDK1 can have many different
targets and functions, and likewise other kinases may also be
able to modulate PHF8 activity. To confirm the critical role of
PHF8 phosphorylation in mediating ATRA response, we gener-
ated two additional PHF8 variants at those two serine
phosphorylation sites by replacing S33 and S84 with either
alanines to generate a phosphorylation defective mutant
(PHF8AA) or aspartic acids to mimic a constitutively phosphor-
ylated form (PHF8DD) (Liu et al., 2010). To further demonstrate
their specific activity in mediating ATRA response, these three
PHF8 variants were fused to the ligand binding domain of the
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Figure 5. PHF8-Mediated ATRA Response Is Regulated by Serine Phosphorylation

(A) PHF8 was immunoprecipitated from total cell lysate of NB4-MR2-PHF8 cells treated with the indicated concentrations of ATRA and immunoblotted for
phospho-Ser (upper panel); the membrane was stripped and then immunoblotted for total PHF8 protein (lower panel). The bar chart at the right represents
quantification of serine-phosphorylated PHF8 relative to the total PHF8 protein. Error bars represent SD of three independent experiments.

(B-D) NB4-MR2 cells were transduced with empty vector control, wild-type PHF8, wild-type CDK1, or PHF8 and CDK1 together. The RARB mRNA level
(B, measured by qRT-PCR, error bars indicate SD of three independent experiments), the number of colony formed (C, error bars represent SEM of three
independent experiments, “**p < 0.001), and expression of the differentiation marker for myeloid cells CD11b (D, FACS analysis) of these cells were determined.
(E) The number of colonies of NB4-MR2 cells transduced with ER-fused enzymatic active (left) or dead (right) PHF8, PHF8AA, or PHF8DD in the absence or
presence of 100 nM 4-OHT. Error bars represent three independent experiments (+SEM, **p < 0.01, **p < 0.001).

(F) RARB mRNA level in cells transduced with indicated PHF8 constructs after induction with 100 nM 4-OHT shown in (E). Error bars indicate SD of three
independent experiments.

(G) FACS analysis for CD11b expression of NB4-MR2-ER cells expressing PHF8 or different PHF8 mutants.

(H) Typical INT-stained colony pictures of NB4-MR2 cells transduced with empty vector control, PHF8, PHF8AA, or PHF8DD.

(I) ChIP analysis comparing the PHF8 occupancy at the indicated promoter regions of NB4-MR2 cells transduced with PHF8AA and PHF8DD variants. ChIP
signals are presented as fold enrichment over MYOG (+SD, *p < 0.05, **p < 0.01).

(J) Representative coimmunoprecipitation (colP) analysis in 293T cells. PML-RARa was coexpressed in the presence of GFP-SMRT, Flag-PHF8, or Flag-PHF8DD.
(K) Disease-free survival curves of NSG mice injected with NB4-MR2 cells expressing PHF8AA or PHF8DD.

See also Figure S5.
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Figure 6. Okadaic Acid Specifically Inhibits PHF8 Dephosphorylation and Sensitizes NB4-MR2 Cells to ATRA Treatment
(A) Western blot analysis of PHF8 phosphorylation in NB4-MR2-PHF8 cells upon 10 min treatment with 0.5 uM OKA. Flag-tagged PHF8 was immunoprecipitated
from the total lysate using anti-Flag antibody and blotted for phospho-Ser detection (upper panel) or for total PHF8 protein on the stripped membrane (lower

panel).

(B and C) The effect of OKA treatment on NB4-MR2 cells transduced with PHF8, PHF8AA, or PHF8DD. Cells were plated in methylcellulose after 10 min of OKA
pretreatment at the indicated concentrations without (B) or with (C) ATRA treatment. Data are representative of three independent experiments (+SEM, **p < 0.01,

**p < 0.001).

(D-G) K562 and NB4-MR2 cells were pretreated with OKA as described above and plated in methylcellulose with or without 10~8 M ATRA. The bar charts show
the number of colonies after indicated treatment for K562 (D) and NB4-MR2 (F), while INT-stained represent typical results for K562 (E) and NB4-MR2 (G) colony
formation assay. Data are representative of three independent experiments (+SEM, **p < 0.01).

(legend continued on next page)
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estrogen receptor (ER) to allow an inducible activation of the
proteins by 4-hydroxy-tamoxifen (4-OHT) treatment. As ex-
pected, activation of PHF8 in the absence of ATRA had little
impact on NB4-MR2 cells, and similar results were obtained
for PHF8AA mutant (Figures 5E-5G, S5C, and S5D). However,
expression of PHF8DD mutant significantly suppressed colony
formation (Figure 5E) as well as enhanced expression of
RARB (Figure 5F) and differentiation (Figure 5G) of APL cells
without a significant impact on apoptosis (Figure S5D) even in
the absence of ATRA. These results from ER-inducible mutants
could also be directly reproduced using corresponding consti-
tutive mutants (Figure 5H), in which the PHF8AA mutant as
expected failed to collaborate with CDK1 for suppression of
NB4-MR2 colony formation in the absence of ATRA (Fig-
ure S5E). Moreover, PHF8DD as compared with PHF8AA
exhibited a much stronger binding to target promoters of
PML-RARa (e.g., RARB, PRAM1, TGM2, and ID1) but not the
MYOG control, consistent with a critical function of phosphory-
lation status in determining the promoter occupancy (Figure 5I).
To further investigate if the inhibitory effects by PHF8DD mutant
also require enzymatic activity of PHF8, the F279S mutation
was introduced to these three PHF8 variants. The F279S muta-
tion completely abolished both the transformation suppressive
function and the transactivation activity of PHF8DD (Figures
5E-5G), strongly suggesting that ATRA response mediated by
PHF8 is regulated by both serine phosphorylation and enzy-
matic activity of PHF8. Consistently, expression of PHF8DD
mutant but not wild-type PHF8 could displace the transcrip-
tional corepressor SMRT from PML-RARa in the absence of
ATRA (Figure 5J). To further demonstrate that phosphorylation
of PHF8 plays a key role in mediating ATRA response in APL
in vivo, NB4-MR2 cells expressing either PHF8AA or PHF8DD
mutant were transplanted into NSG mice for in vivo leukemo-
genic assay. PHF8DD significantly extended the disease
latency even in the absence of ATRA treatment, confirming
a key role of PHF8 phosphorylation status for APL leukemogen-
esis (Figure 5K).

Inhibition of PHF8 Dephosphorylation by Okadaic

Acid Sensitizes ATRA-Resistant Human APL Cells

to the Treatment

Considering the critical function of PHF8 in mediating ATRA
response, we asked if pharmacological inhibition of PHF8
dephosphorylation could sensitize resistant APL cells to the
ATRA treatment. To this end, we tested the effect of two
common phosphatase inhibitors, calyculin A and okadaic acid
(OKA), on NB4-MR2-PHF8 cells for their ability to suppress
dephosphorylation of PHF8. OKA showed good efficacy in
inhibiting PHF8 dephosphorylation as revealed by a significant
increase of PHF8 serine phosphorylation in NB4-MR2-PHF8
cells upon OKA treatment (Figure 6A; data not shown). Consis-
tent with this result, colony formation assays revealed that OKA
alone could suppress colony formation by NB4-MR2-PHF8
cells, while it had no effect on NB4-MR2 cells expressing phos-

phorylation mutants NB4-MR2-PHF8AA and NB4-MR2-
PHF8DD (Figure 6B). In addition, combined OKA/ATRA
treatment had further enhanced tumor suppression effect on
NB4-MR2-PHF8 cells but not on NB4-MR2 cells expressing
PHF8AA or PHF8DD mutants (Figure 6C), indicating a critical
function of these two PHF8 phosphorylation sites in mediating
OKA response. To further assess if OKA can be used to sensi-
tize ATRA-resistant APL to the treatment without genetic
manipulation of PHF8, NB4-MR2 cells and K562 control cells
were treated with OKA, ATRA, or their combination and sub-
jected to colony formation assay (Figures 6D-6l). As expected,
K562 cells did not respond to any of the treatments with ATRA,
OKA, or their combination (Figures 6D and 6E). NB4-MR2 cells
were also refractory to ATRA treatment and exhibited a very
mild response to OKA treatment alone (Figures 6F and 6G).
However, the combined treatment of ATRA and OKA could
significantly reduce the colony formation ability of NB4-MR2
cells (Figures 6F and 6G), which was also accompanied by
increased expression of RARB (Figure 6H) and expression of
differentiation marker CD11b (Figure 6l). Consistently, very
similar effects were also obtained using NB4 cells and NB4-
LR2 cells carrying wild-type and LBD mutant of PML-RARa
(Figures S6A and S6B), indicating a more general effect of
OKA on different ATRA-resistant APL cells. Finally, in order to
assess the in vivo efficacy of OKA/ATRA treatment on ATRA-
resistant APL, NB4-MR2 cells were transplanted into NSG
mice and subjected to the treatments. Mice receiving ATRA
or OKA treatment alone died at almost the identical time points
as the untreated control (Figure 6J). In contrast, combined OKA/
ATRA treatment significantly prolonged the survival of mice
even after ceasing treatment (Figure 6J). Together, these results
reveal PHF8 as a critical sensor in mediating ATRA response,
and pharmacological manipulation of its activity represents
a potential avenue to sensitize resistant APL cells to the ATRA
treatment.

DISCUSSION

Transcriptional deregulation plays a key role in a large array of
human cancer, in particular, in acute leukemia, which is mostly
initiated by mutations affecting master transcription factors
(Cheung and So, 2011). While development of small molecule
inhibitors targeting transcriptional machinery has been proved
extremely difficult, the discovery of epigenetic modifying
enzymes such as EZH2 and DNMT3 with rigid catalytic domains
that are mutated or aberrantly recruited by oncogenic transcrip-
tion factors for their functions have fueled the enthusiasm for
targeting these classically intractable factors (Zeisig et al.,
2012). This has also led to a recent burst of international efforts
in developing specific inhibitors toward these enzymes (Arrow-
smith et al., 2012). In addition to their emerging role in disease
development, here we reveal a critical function of KDM in regu-
lation of treatment response, in which PHF8 governs the ATRA
sensitivity in APL.

(H and I) NB4-MR2 cells were treated with OKA and ATRA as indicated and then analyzed for the expression of RARB by gRT-PCR (H, error bars indicate SD of

three independent experiments) or CD11b by FACS ().

(J) Disease-free survival curves of NSG mice transplanted with NB4-MR2 cells and then treated as indicated. Arrow indicates the end point of the treatment.

See also Figure S6.
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Although significant progress has been made in recent years
in characterizing the corepressor complexes and the resultant
epigenetic landscapes in APL cells (Martens et al., 2010; Wang
et al., 2010), the molecular basis and regulation of the resultant
transcriptional reactivation upon ATRA treatment are still largely
unknown (Mikesch et al., 2010). In this study, we provide several
lines of evidence that PHF8 functions as a critical coactivator and
molecular sensor in regulating transcriptional and cellular
responses to ATRA treatment in APL. In contrast to HDAC or
PRC2, PHF8 is differentially recruited by the RAR«. fusions to
remove repressive histone marks and favors active gene tran-
scription in response to ATRA treatment, which is in agreement
with PHF8 as a class of transcriptional coactivators recruited
by RARa fusions to create a more permissive chromatin environ-
ment at promoters in response to ATRA treatment (Figure 7).
Activation of PHF8 activity by increasing its level of either ex-
pression or phosphorylation at S33/S84 residues can sensitize
ATRA-responsive or ATRA-resistant APL. Under these condi-
tions, the respective demethylated lysine residues can be targets
for acetylation and additional interactions with RNA polymerases
and other proteins, which may further stimulate transcription
(Fortschegger et al., 2010). Consistently, inhibition of LSD1
resulting in an increase of H3K4me2 has recently been shown
to be able to reactivate ATRA differentiation pathway in AML
(Schenk et al., 2012), whereas histone acetylation has been
one of the highly regulated histone marks in RARE binding
sites with a strong correlation with RNA polymerase Il occupancy
near PML-RARa binding sites upon ATRA treatment (Martens
et al., 2010; Mikesch et al., 2010). Interestingly, inhibition of
TOP2p that overcame ATRA resistance in NB4-MR2 also caused
hyperaceylation of H3K9 (McNamara et al., 2008), which is
consistent with the observed transcriptional function of PHF8.
Thus, identification of PHF8 as a coactivator for RARa fusions
may provide a molecular explanation for epigenetic changes
associated with ATRA response and opens up promising
avenues to sensitize cancer cells to ATRA treatment.

RA signaling and subsequent activation of target genes for
induction of differentiation, cell cycle arrest, and apoptosis
have been a focus for development of differentiation-based
cancer therapy (Gronemeyer et al., 2004). ATRA and 13-cis RA
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Figure 7. Schematic Diagram lllustrates the
Molecular Regulation of PHF8 in Mediating
ATRA Response in APL

In leukemia, PML-RARa (PR) recruits corepressor
complexes (CoR) to suppress expression of
downstream targets. Upon ATRA treatment, PHF8
is phosphorylated and detaches from the original
binding sites (naive PHF8 targets, e.g., RBL1
promoter) to bind to PR. PHF8 removes H3K9me2
marks and recruits additional histone modification
enzymes and RNA polymerase Il (RNAPII) to drive
the expression of PR downstream targets (e.g.,
RARB) for differentiation.

have been used in the clinic to treat cuta-
neous T cell lymphoma (CTCL) and
neuroblastoma (NB) by targeting endoge-
nous RAR to induce cell proliferation
arrest and morphological differentiation in these tumors. While
RA treatment after completion of chemoradiotherapy signifi-
cantly improves event-free survival in high-risk NB patients (Mat-
thay et al., 2009), more than 40% of the patients will relapse, and
virtually all become resistant to the treatment. Interestingly,
PHF8 can also interact with endogenous RAR in the absence
of RARa fusions, and its knockdown suppresses RA-induced
neuronal differentiation from mouse embryonic P19 cells (Qiu
et al., 2010), suggesting its potential function in regulating RA
response in the neuronal lineage. This property is reminiscent
of ZNF423, which is activated by tumor suppressor NF1 (Holzel
et al.,, 2010) and is critically required for RA-induced differen-
tiation of NB cells (Huang et al., 2009). However, ZNF423
constitutively associates with RAR regardless of ATRA treat-
ment; thus, additional RA modulators (RAMs) that are differen-
tially recruited to RAR/RXR complexes are likely required to
mediate the RA response in NB. While PRAME has been re-
ported to differentially bind to RAR upon RA treatment, it acts
as a transcriptional repressor to prevent ligand-induced activa-
tion (Epping et al., 2005), and the equivalent positive RAM is still
missing. In analogy to PRAME, PHF8 is differentially recruited to
RAR in response to ATRA. Instead of complexing with EZH2 for
making transcriptional repressive marks (Epping et al., 2005),
PHF8 possesses enzymatic activity that can actively remove
repressive marks and recruits other epigenetic modifying
enzymes and basal transcriptional machinery for active gene
expression. Discovery of the critical functions of PHF8 in
ATRA-mediated transcriptional and in vivo cellular responses
in APL may also suggest PHF8 as the missing positive RAM.
While the activity of RAM is likely tissue specific and requires
other cofactors to mediate its full response, it will be of interest
to determine if PHF8 may fulfill the role of positive RAM in
mediating RA response in other cell types as well. As a proof-
of-principle study, we were able to show that combined treat-
ment of ATRA and OKA, a phosphatase inhibitor suppressing
PHF8 dephosphorylation, could be used successfully to treat
ATRA-resistant human APL cells in vivo. Together, these results
describe an important molecular regulation of PHF8 in mediating
ATRA response and raise hope to develop effective therapeutic
strategies combining ATRA treatment with drugs inducing
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specific epigenetic modifications to target RA-resistant cancer
cells.

EXPERIMENTAL PROCEDURES

Plasmids and antibodies are described in Supplemental Experimental
Procedures.

Immunoprecipitation and Western Blot Analysis

For generic immunoprecipitation, transfected cells were lysed in 0.5% NP-40
lysis buffer (50 mM Tris-HCI [pH 8], 150 mM NaCl, 5 mM EDTA, 0.2 uM DTT,
10% glycerol, protease inhibitor, 0.5% NP-40 detergent) for mild conditions
or RIPA lysis buffer (50 mM Tris-HCL [pH 8], 150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, protease inhibitors) for stringent
condition during 1 hr at 4°C. They were then incubated with the respective
antibody overnight, precipitated with protein A/G Dynal beads (Invitrogen) at
4°C for 1 hr, and then washed with mild 0.5% NP-40 lysis buffer or stringent
RIPA buffer. The indicated amount of ATRA was present throughout the
processes. Eluted proteins were resolved by SDS-PAGE. Membranes were
probed with described antibodies.

Histone Purification

Nuclei were extracted in acidic conditions to selectively remove histones,
which were used subsequently for immunoblotting analysis. Details are in
Supplemental Experimental Procedures.

Immunofluorescence Staining

Cytospins of a total of 5 x 10* cells were performed onto glass microscope
slides and then fixed with 4% formaldehyde in phosphate-buffered saline
(PBS) (pH 7.4) for 30 min on ice. Cells were washed in PBS, permeabilized,
and blocked using 10% fetal calf serum (FCS)/1% BSA/0.2% TX-100/PBS
for 15 min. Anti-H3K4 was used at 1:50 dilution in 10% FCS/1% BSA/PBS
and incubated overnight at 4°C. Slides were washed three times with
PBS and subsequently incubated with 1:100 donkey anti-mouse fluorescein
isothiocyanate for 30 min at room temperature. Slides were washed five
times with PBS and mounted with Vectashield (Vector Laboratories, Peterbor-
ough, UK).

Chromatin Immunoprecipitation

NB4, NB4-MR2, and K562 cells were cultured in R10 medium at 37°C and,
when indicated, treated for 24 hr with 1078 M ATRA and crosslinked with
1% formaldehyde (Sigma). Details are described in Supplemental Experi-
mental Procedures.

Retroviral/Lentiviral Transduction and Transformation Assays
Retroviral/lentiviral transduction and transformation assays (RTTAs) were
performed on primary murine or human hematopoietic cells as previously
described (Zeisig and So, 2009). In brief, c-kit* cells were isolated from murine
bone marrow and cultured overnight in R10 medium (RPMI 1640, 10% FCS,
2 mM L-glutamine) supplemented with 20 ng/ml SCF, 10 ng/ml IL-3, and
IL-6. Spinoculation was carried out by centrifugation at 800 x g in the pres-
ence of 5 ug/ml polybrene (Sigma-Aldrich, UK) at 32°C for 2 hr. Cells were
plated in M3231 methylcellulose medium (Stem Cell Technologies, Canada)
supplemented with recombinant murine 20 ng/ml SCF, 10 ng/ml IL-3, IL-6,
and GM-CSF (PeproTech EC, UK), and antibiotic on the following day.
Colonies were scored and replated every 7 days.

For human cell studies, cells were transduced as described before and kept
in R10 with appropriate antibiotics until cells were plated into methylcellulose
medium. Colonies were scored after 8 days of culture.

Flow Cytometric Analysis

Immunophenotypic analysis was performed by flow cytometric analysis using
fluorochrome-conjugated monoclonal antibody to human CD11b (PE/Cy5
anti-human CD11b Clone ICRF44 Biolegend). Protocols and reagents used
for murine cell analysis were as previously described (Yeung and So, 2009)
and detailed in Supplemental Experimental Procedures.

In Vitro Drug Studies

Drug studies were carried out by pretreating cells at 3 x 10 cells/ml in R10
with different concentrations of Okadaic Acid (Sigma-Aldrich), 0, 100, 250,
and 500 nM at different time points 0, 5, 10, or 20 min. After washing, cells
were plated in 1 ml of methylcellulose in the absence or presence of 108
M ATRA (Sigma-Aldrich). Colony formation was examined after 8 days of
incubation at 37°C in 5% CO..

Animals and Drug Treatment Studies

All experimental procedures were approved by King’s College London
and conform to the UK Home Office regulations. NOD.Cg-Prkdc®
l12rg™"™i/SzJ (also termed NSG) (Shultz et al., 2005) or FVB mice were
used for transplantation experiments. Mice were given 2.5 Gy total body
gamma-irradiation and injected intravenously with up to 1 x 10° test cells.
For drug studies, all treatments commenced on the next day after injection
of cells. Mice were given intraperitoneal injection of daily 1 ng ATRA/g of
body weight (He et al., 1998) or/and 50 ng OKA/g of body weight every
other day.

Statistical Analysis

Two-tailed Student’s test was used to determine statistical significance for all
bar charts. The log-rank test and Gehan-Breslow-Wilcoxon test were used
to compare survival curves as previously described (Yeung et al., 2010). The
p values less than 0.05 were considered statistically significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures and Supplemental Experimental
Procedures and can be found with this article online at http://dx.doi.org/
10.1016/j.ccr.2013.02.014.
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SUMMARY

Notch1 is a rational therapeutic target in several human cancers, but as a transcriptional regulator, it poses
a drug discovery challenge. To identify Notch1 modulators, we performed two cell-based, high-throughput
screens for small-molecule inhibitors and cDNA enhancers of a NOTCH1 allele bearing a leukemia-
associated mutation. Sarco/endoplasmic reticulum calcium ATPase (SERCA) channels emerged at the
intersection of these complementary screens. SERCA inhibition preferentially impairs the maturation and
activity of mutated Notch1 receptors and induces a Go/G, arrest in NOTCH17-mutated human leukemia cells.
A small-molecule SERCA inhibitor has on-target activity in two mouse models of human leukemia and
interferes with Notch signaling in Drosophila. These studies “credential” SERCA as a therapeutic target in
cancers associated with NOTCH1 mutations.

INTRODUCTION

Selective expression of transcription factors directs the hierar-
chical specification of the hematopoietic lineage, and acquired
mutations that perturb the function of these factors have a central
role in leukemia pathogenesis. A prime example involves
Notch1, a surface receptor that is essential for T-cell progenitor
specification and maturation. Acquired mutations that activate

Notch1 are found in 40% to 70% of childhood and adult T-cell
acute lymphoblastic leukemia (T-ALL) (Lee et al., 2005; Mansour
et al., 2006; Weng et al., 2004). Moreover, recent reports identi-
fied NOTCH1 activating mutations in 10%-15% of chronic
lymphocytic leukemia (CLL) (Di lanni et al., 2009; Puente et al.,
2011) and mantle cell ymphoma (Kridel et al., 2012).

Notch receptors regulate many aspects of normal develop-
ment and tissue homeostasis (reviewed in Kopan and llagan,

Significance

to altered Notch signaling.

Notch1 is aberrant in many malignancies, with both gain and loss-of-function mutations reported, highlighting the need for
therapies selectively targeting mutant Notch1 receptors. T cell acute lymphoblastic leukemia (T-ALL), a high-risk leukemia in
need of better treatment approaches, is one disease notable for frequent, activating mutations in NOTCH1. In this study, we
identify SERCA inhibition as an approach to selectively impair the maturation of mutant Notch1 receptors in T-ALL and
demonstrate the antileukemia activity of this strategy both in vitro and in vivo. With increasing evidence of SERCA mutations
in hereditary diseases and cancer, our study also suggests that aberrant SERCA activity might contribute to diseases linked
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2009). Mammalian Notch receptors are processed during matu-
ration by a furin-like protease, leading to the formation of two,
noncovalently associated subunits. Signaling is normally initi-
ated by binding of the Notch ectodomain to a ligand of the
DSL family expressed on a neighboring cell. This interaction trig-
gers two additional, successive proteolytic cleavages in the
Notch transmembrane subunit. The first, mediated by ADAM-
10 or ADAM-17 (Brou et al., 2000), occurs within a juxtamem-
brane negative regulatory region (NRR) at a site that is protected
in the Notch off state (Gordon et al., 2009; Gordon et al., 2007).
This cleavage within the Notch transmembrane domain creates
a short-lived intermediate that is primed for secondary cleavage
by the y-secretase complex, an event that liberates the intracel-
lular domain of Notch1 (ICN). ICN translocates to the nucleus,
associates with the DNA-binding factor RBPJ, and recruits co-
activators of the Mastermind-like (MAML) family to activate
expression of target genes.

Each of the proteolytic steps involved in the activation
of Notch receptors is a potential therapeutic target. Indeed,
y-secretase inhibitors (GSls) have anti-T-ALL activity in vitro
(Weng et al., 2004) and in vivo (Cullion et al., 2009; Real et al.,
2009). The GSI MK-0752 was tested in a phase | clinical trial in
patients with relapsed acute leukemia (DeAngelo et al., 2006).
This trial was halted, however, due to gastrointestinal toxicity
thought to be related to chronic pan-Notch receptor inhibition in
gut progenitor cells (Wong et al., 2004). Thus, other approaches
to Notch1 inhibition are desirable.

Historically, it has been difficult to develop high-throughput
assays for small molecules that disrupt protein-DNA or
protein-protein interactions (Darnell, 2002). Recently, there has
been renewed interest in cell-based screening to address the
problem of “undruggable” targets using various approaches
(Carpenter, 2007; Inglese et al., 2007; Stegmaier et al., 2004).
Gene expression-based high-throughput screening (GE-HTS)
is a chemical genomic approach in which gene expression
signatures serve as surrogates for cellular states (Hahn et al.,
2008; Stegmaier et al., 2004). One application of GE-HTS is for
the identification of small molecules that modulate transcrip-
tional signatures produced by aberrantly activated transcription
factors (Corsello et al., 2009). A limitation of cell-based assays is
that identifying the biologically relevant target of the small mole-
cule can be a daunting task. One way to overcome this chal-
lenge is to design multiple, integrated cell-based screens and
then to focus on common emerging hits. With the availability
of genome-scale cDNA collections, overexpression screens
have also proven to be powerful tools to probe biological path-
ways and to identify the protein targets of small molecules. Here,
we used complementary GE-HTS and cDNA overexpression
screens to search for small-molecule modulators of Notch1
signaling in T-ALL.

RESULTS

Development of a GE-HTS Assay for Notch1 Inhibitors

Figure 1A outlines our approach. We first defined a robust
Notch1 transcriptional signature for the GE-HTS assay. We
selected a set of genes that defined the Notch1 activation state
from genomewide expression profiling of seven NOTCH1-
mutated T-ALL cell lines treated with the GSI compound E

(Cpd E) (Palomero et al., 2006b). From a set of approximately
500 genes with differences of p < 0.01 by two-sided Student’s
t test, 28 genes with mean fold changes > 1.5 between the
Notch1 on versus off states (Figure 1B) and four invariant
control genes were selected and validated (Figure S1A avail-
able online). To confirm that the signature reports on Notch1
inhibition and not GSI treatment per se, we transduced
DND41 cells with Notch1-specific shRNA and demonstrated
induction of the Notch1 off signature (Figures S1B-S1D). This
is consistent with prior work in which we showed that GE-
HTS identified a Notch1 off signature in T-ALL cells treated
with a Notch1-specific inhibitory antibody (Aste-Amézaga
et al.,, 2010). To ensure that the signature does not identify
generic growth inhibitors or cellular toxins, we treated DND41
cells with drugs known to be active against T-ALL cells. These
drugs inhibited growth but did not induce the Notch1 off signa-
ture (Figures S1E-S1F).

Identification of Small Molecules that Modulate Notch1
We screened 3,801 drugs or drug-like compounds in the human
T-ALL cell line DND41. GE-HTS data were collected after 72 hr of
treatment as previously described (Peck et al., 2006). Because
true-positives are more likely to score by multiple scoring
metrics, we applied a consensus classification system requiring
hits to score in multiple algorithms: summed score, weighted
summed score, K-nearest neighbor, naive Bayes classification,
and support vector machine (Figure 1C; Figure S1G) (Banerii
etal., 2012). Atotal of 16 compounds (Table S1) selected for vali-
dation based on these criteria were retested in a 2-fold dose-
response series in DND41, MOLT4, and PF382 cell lines.
Notably, multiple compounds reported to modulate calcium
ion flux scored as dose-dependent Notch pathway inhibitors in
all of the cell lines tested (Figures STH-S1J).

A cDNA Library Screen Identifies SERCA as a Notch
Signaling Enhancer

A complementary cDNA library screen for factors that enhance
the signaling activity of the Notch1 mutant L1601PAP
was simultaneously conducted in the osteosarcoma cell line
U20S. L1601PAP contains the same heterodimerization muta-
tion that is present in the MOLT4 and KOPTK1 cell lines in cis
with a PEST domain deletion (Chiang et al., 2008), a com-
bination that is found in approximately 10%-15% of human
T-ALL (Weng et al., 2004). U20S cells were selected for the
screen because they are readily transfected and have very
low basal Notch signaling tone, a feature that produces favor-
able signal-to-noise ratios. A total of 18,000 open reading
frames were scored for their ability to enhance L1601PAP-
dependent activation of a Notch luciferase reporter. Among the
top hits were ATP2A1, ATP2A2, and ATP2A3 (Figure 1D), which
encode SERCA1, SERCA2, and SERCAS, respectively. Sarco/
endoplasmic reticulum calcium ATPases (SERCAs) are closely
related, inwardly directed, ATP-dependent calcium pumps that
localize to the endoplasmic reticulum (ER). Retesting confirmed
that ATP2A2 and ATP2A3 potentiate L1601PAP-dependent
signaling (Figure 1E). Of note, loss-of-function mutations in
a Drosophila SERCA homolog, Ca-P60A, have been reported to
produce Notch loss-of-function phenotypes in this model
organism by altering Notch trafficking (Periz and Fortini, 1999).
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Figure 1. Identification of SERCA at the Intersection of Two High-Throughput Screens

(A) Notch1 inhibitory modulators were identified using GE-HTS in DND41 cells, and these results were integrated with results from a cDNA library screen for

factors enhancing the signaling activity of the leukemogenic NOTCH1 allele, L1601PAP. ORF, open reading frame; LMA, ligation-mediated amplification.
(legend continued on next page)
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Thus, calcium modulators emerged at the nexus of two comple-
mentary screens.

Thapsigargin Targets the Notch Pathway

One of the small molecules that scored in our GE-HTS screen
across four scoring metrics was thapsigargicin, an analog of
thapsigargin, a highly potent natural product inhibitor of SERCA.
Low nanomolar concentrations of thapsigargin induced the
Notch1 off signature in a dose-dependent fashion in NOTCH1
mutant T-ALL cells (Figure 2A) and reduced the expression of
the direct Notch1 target genes MYC, HES1, and DTX1 (Fig-
ure 2B). Subnanomolar concentrations of thapsigargin also
inhibited the expression of a Notch reporter by L1601PAP in
U20S cells (Figure 2C).

Notch1 inhibition results in Go/G4 arrest in human T-ALL cells
(Weng et al., 2004) and decreased T-ALL cell size (Palomero
et al., 2006b; Weng et al., 2006). As expected, thapsigargin also
induced a Go/G1 arrest (Figure 3A) and a decrease in cell size (Fig-
ure 3B) in NOTCH1-mutated T-ALL cell lines. We next studied the
effect of thapsigargin in a panel of T-ALL cell lines that contain
activating mutations in the heterodimerization domain (HD) of
Notch1 and/or deletions in the degradation domain (PEST). Three
T-ALL cell lines reported to be highly sensitive to GSI (ALL/SIL,
DND41, and KOPTK1) were more sensitive to thapsigargin as
measured by inhibition of cell growth and induction of apoptosis
compared to two cell lines with intermediate sensitivity to GSI
(MOLT4 and PF382) (Figure 3C). Furthermore, 24 hr of thapsigar-
gintreatment decreased ICN1 levels in T-ALL cells (Figure 4A). As
a further test of the idea that thapsigargin acts by preventing
Notch1 activation, the Notch1-dependent T-ALL cell lines
MOLT4 and DND41 were transduced with an empty MigR1 vector
or with MigR1-ICN1 (Figure 4B). Transduction of ICN1, which lies
downstream of the y-secretase cleavage step in Notch activa-
tion, prevented induction of the Notch1 off signature (Figure 4C),
growth inhibition (Figure 4D), Go/G1 cell cycle arrest (Figure 4E),
and induction of apoptosis (Figure 4F) by thapsigargin. In
contrast, empty MigR1 had no effect on these readouts of Notch
inhibition. These results are consistent with a Notch pathway
inhibitory effect of thapsigargin at low nanomolar concentrations.

Thapsigargin Interferes with Notch1 Maturation

Multiple compounds scoring in our screen, including thapsigar-
gin, are predicted to alter intracellular calcium. For example,
thapsigargin and cyclopiazonic acid are known Ca®**ATPase
inhibitors, impairing calcium entry into the ER. Of note, multiple
EGF repeats and all three Lin12/Notch repeats in the extracel-

lular domains of Notch receptors require calcium ions for proper
folding (Aster et al., 1999; Gordon et al., 2007; Hambleton et al.,
2004; Rand et al., 1997). We thus hypothesized that thapsigar-
gin, by altering ER Ca®* concentrations, would inhibit Notch1
maturation in T-ALL cells.

To test this hypothesis, we first determined if thapsigargin
affected furin processing of Notch1, an event that occurs in the
late Golgi compartment. Lysates from T-ALL cell lines treated
with thapsigargin were immunoblotted with an antibody specific
for the cytoplasmic portion of Notch1 that recognizes both unpro-
cessed Notch1 (~270 kDa) and the furin-processed transmem-
brane subunit (~110 kDa). Thapsigargin reduced the levels of
the furin-processed transmembrane Notch1 subunit, but not
the unprocessed full-length Notch1 precursor, in multiple T-ALL
cell lines (Figure 5A). Similar results were observed with the less
potent SERCA inhibitor cyclopiazonic acid (Figure S2). Misfolded
Notch1 receptors are expected to be retained in the ER/Golgi
compartment. Immunostaining revealed that thapsigargin treat-
ment reduced the levels of Notch1 on the cell surface (Figures
5B and 5C) and resulted in the colocalization of Notch1 and
giantin, a Golgi membrane protein (Figure 5D). Thus, thapsigargin
leads to defective Notch1 maturation in cultured T-ALL cells.

SERCA Antagonism Inhibits Notch Function and T-ALL
Growth In Vivo

To confirm that chemical and genetic inhibition of SERCA lead to
Notch inactivation in vivo, we evaluated a Drosophila intestinal
stem cell model in which Notch inhibition perturbs differentiation.
The adult midgut is maintained by pluripotent stem cells that give
rise to two populations of terminally differentiated daughter cells:
a large class of polyploid enterocyes (EC) and a smaller class of
diploid enteroendocrine (ee) cells (Micchelli and Perrimon, 2006;
Ohlstein and Spradling, 2007). The stem cells express escargot
(esg), a transcription factor, and Delta, a membrane-bound
ligand of the Notch receptor. High levels of Notch activation
are required for daughter cells to adopt the EC cell fate, whereas
lower levels of Notch activation specify daughters to adopt the
ee fate. Thus, when Notch is completely inhibited, daughter cells
fail to differentiate and remain as stem cells. By contrast, when
Notch signaling is partially inhibited, daughter cells fail to differ-
entiate into ECs and remain as stem cells or differentiate into ee
cells.

To enhance the sensitivity of fly-based drug assays, we used
transgenic flies that express a human RAF gain-of-function
cDNA, RAF(gof), in their intestinal stem cells. Expression of the
RAF(gof) cDNA results in rapid expansion of the esg+ population,

(B) Notch1 off signature genes derived from the expression profiling of T-ALL cell lines treated with Cpd E. The columns represent individual cell lines treated in
duplicate with Cpd E (0.5 uM) or vehicle for 24 hr. The rows represent the 28 genes selected for the Notch off signature. Dark red indicates high gene expression,

and dark blue indicates low gene expression by Affymetrix microarray profiling.

(C) The x axis indicates the number of methods (summed score, weighted summed score, naive Bayes, K-nearest neighbor, and support vector machine), and the
y axis the fraction of chemicals that scored for the number of methods. SERCA inhibitors are indicated. The number of compounds scoring by the indicated

number of methods is noted above each column.

(D) Notch1 gain-of-function primary screen data for the negative (empty vector) and positive (MAML) controls versus SERCA-encoding cDNAs hits. Depicted is
the fold induction of luciferase signal for each replicate normalized to the population median of reporter readout values of pcDNA3-L1601PAP (n = 184).

(E) Retesting of cDNAs scoring in the Notch-sensitive luciferase reporter. Luciferase activity is expressed as relative activity compared to the pcDNA3 control.
Errors bars denote the mean + SD of 10 replicates. Statistical significance relative to pcDNA3 (*p < 0.05) and to pcDNA3-L1601PAP (*p < 0.05; **p < 0.01) was

determined by Student’s t test.
See also Figure S1 and Table S1.
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which is composed of not only diploid stem cells but also poly-
ploid EC daughter cells. When Notch is inhibited by feeding flies
either DAPT or Cpd E, both GSls, stem cell daughters fail to
differentiate into EC cells and instead give rise mostly to addi-
tional stem cells, as well as some ee daughters (Figure 6A).
Cyclopiazonic acid and thapsigargin treatment also expanded
the stem cell and ee cell populations, thus phenocopying the
effects of GSI (Figure 6B).

If thapsigargin inhibits Notch signaling through effects on
calcium channels, then genetic modulation of SERCA should
produce similar phenotypes. Indeed, knockdown of Ca-P60A,
the only SERCA expressed in Drosophila, produced effects on
stem cell and ee cell pools similar to those induced by GSI,
thapsigargin, or cyclopiazonic acid treatment (Figure 6C).
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gin impairs leukemic progression via

Notch signaling inhibition, we estab-
lished a second T-ALL xenograft model in which DND41 cells
were transduced with MigR1 or MigR1-ICN1 and subsequently
propagated in NSG mice. Thapsigargin treatment markedly
decreased the growth of control tumors but had little effect on
tumors expressing ICN1 (Figures 6F and 6G), indicating that
tumor growth suppression by thapsigargin is mediated by inhibi-
tion of Notch1 signaling in the leukemic cells.

Prior studies demonstrated that gastrointestinal toxicity
and lack of sustained response were the major limitations of
first-generation GSls (DeAngelo et al., 2006). It was hypothesized
that gastrointestinal toxicity was due to blockade of wild-type
Notch1 and Notch2 in the gut leading to intestinal secretory
metaplasia, increased number of goblet cells, and arrested prolif-
eration in the crypts of the small intestine (Milano et al., 2004;
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Figure 3. Thapsigargin Demonstrates Anti-Notch1 and Antileukemia Properties in T-ALL In Vitro

(A) Effect of thapsigargin treatment (6 days) on cell cycle of T-ALL cell lines, as assessed by measurement of DNA content on the viable fraction of cells.

(B) Effect of thapsigargin treatment for 24 hr on cell size as measured by forward-scatter flow cytometry.

(C) Effect of thapsigargin treatment on cell growth (left) and induction of apoptosis (right). Error bars denote mean + SD of four replicates. Annexin V/PI staining of
T-ALL cells following 72 hr of treatment with 10 nM thapsigargin.
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Figure 4. Thapsigargin Demonstrates Notch1 On-Target Activity In Vitro

(A) Effect of 24 hr of thapsigargin treatment on the ICN1 level in T-ALL cells. The immunoblot was stained with anti-ICN1 antibody.

(B) ICN1 level in MigR1- or MigR1-ICN1-transduced cells. ICN1 is detected using an anti-ICN1 antibody.

(C) The weighted summed score fold induction is shown for the Notch1 off signature after treatment of cells with thapsigargin or Cpd E for 48 hr. Error bars indicate
the mean + SD of 12 replicates for vehicle-treated and six replicates for GSI- or thapsigargin-treated cells. Statistical significance (***p < 0.001) was determined by
one-way ANOVA using Bonferroni’s correction for multiple comparison testing.

(D) Effect of thapsigargin on the growth of MigR1- or MigR1-ICN1-transduced DND41 cells. Normalized data are plotted relative to time 0. Error bars indicate
mean = SD of four replicates. Statistical significance (**p < 0.001) was determined by two-way ANOVA with Bonferroni’s correction for multiple comparison
testing.

(E) Effect of 3 days of thapsigargin treatment on DNA content of MigR1- or MigR1-ICN1-transduced MOLT4 cells. Error bars indicate mean + SD of two replicates
with results expressed relative to vehicle treatment. Statistical significance was determined by Student’s t test (**p < 0.01).

(F) Effect of 3 days of thapsigargin treatment on apoptosis of MigR1- or MigR1-ICN1-transduced DND41 cells. Error bars indicate mean + SD of two replicates
with results expressed relative to vehicle. Statistical significance was determined by Student’s t test (**p < 0.01).

Real et al., 2009). Mice treated with thapsigargin did not develop  of thapsigargin than wild-type Notch1/Notch2 receptors ex-
gastrointestinal toxicity (Figures S3B and S3C), suggesting that pressed in normal cells. These preclinical studies support
HD-mutated Notch1 receptors were more sensitive to the effects SERCA as a possible therapeutic target in T-ALL.
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Figure 5. Thapsigargin Impairs Notch1 Maturation in T-ALL Cell Lines

(A) Effect of thapsigargin treatment (24 hr) on Notch1 processing in T-ALL cell lines all with HD mutations, DND41 and ALL/SIL (L1594PAPEST), KOPTK1 and
MOLT4 (L1601PAPEST), and PF382 (L1575PAPEST). The blot was stained with an antibody against the C terminus of Notch1 that recognizes both the furin-
processed Notch1 transmembrane subunit (TM) and the unprocessed Notch1 precursor (FL).

(B and C) Effect of thapsigargin treatment (24 hr) on Notch1 cell surface staining, as assessed by flow cytometry (B) and staining of nonpermeabilized cells (C).
Scale bar, 10 pm.

(D) Effect of thapsigargin treatment (24 hr) on the subcellular localization of Notch1. Double-immunofluorescence staining of permeabilized DND41 cells stained
with anti-Notch1 (green) and Giantin (red) is shown. Colocalization is indicated by yellow signal. Scale bar, 10 pm.

See also Figure S2.
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Figure 6. SERCA Inhibition Causes Notch Loss-of-Function In Vivo

(A-C) Immunofluorescence staining of Drosophila midguts expressing GFP (green) and stained with anti-Delta (membrane red), antiprospero (nuclear red), and
DAPI (blue) is depicted. Treatment was with DAPT (400 uM) or Cpd E (100 uM) for 7 days in (A) and with cyclopiazonic acid (1 mM) or thapsigargin (100 uM) for
7 days in (B). In (C), effects of knockdown of Ca-P60A are shown. Scale bars, 75 um.

(D) Effect of thapsigargin on the growth of xenografted MOLT4 tumors. Error bars indicate mean + SD of six replicates for the thapsigargin-treated and nine
replicates for the vehicle-treated mice. Statistical significance (*“p < 0.01; ***p < 0.001) was determined by two-way ANOVA using Bonferroni’s correction for
multiple comparison testing.

(E) Effect of thapsigargin treatment on ICN1 levels in xenografted MOLT4 tumors was measured by western blotting, and statistical significance was determined
by Student’s t test (*p < 0.05). Error bars represent the mean + SD of six replicates for each group.

(F and G) Effect of thapsigargin on the growth of DND41 cells transduced with MigR1 (F) or MigR1-ICN1 (G) xenografted in NSG mice. Error bars indicate mean +
SD of replicates for each cohort. Statistical significance was determined by Student’s t test as indicated.

See also Figure S3.
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NOTCH1 Mutational Status Influences Thapsigargin
Sensitivity

The aforementioned results suggest that thapsigargin inhibits
signaling through wild-type and mutated Notch receptors but
may have stronger effect for mutated Notch1. Prior work has
shown that many activating HD mutations found in T-ALL result
in destabilization of the Notch negative regulatory region and
have deleterious effects on Notch1 folding and maturation
(Malecki et al., 2006). Because the Lin12/Notch repeats (LNRs)
of the Notch negative regulatory region rely on calcium for
folding and function (Aster et al., 1999), mutated Notch1 might
be more sensitive to reduced calcium availability than wild-
type Notch1, providing a therapeutic window for SERCA
inhibitors.

One simple prediction of the aforementioned model is that
constitutively active forms of Notchi lacking Ca®" binding
modules should be insensitive to SERCA inhibitors. To test this
prediction, we performed Notch1 reporter assays in U20S cells
transfected with a plasmid encoding AEGFALNR, a membrane-
tethered form of Notchi1 lacking the extracellular epidermal
growth factor (EGF) repeats and LNRs, or ICN1. As anticipated,
coexpression of SERCA did not enhance reporter gene activa-
tion by AEGFALNR (Figure 7A), nor was reporter gene activation
by AEGFALNR (Figure 7B) or ICN1 (Figure 7C) affected by thap-

Figure 7. Notch1 Ca?* Binding Modules Are
Required for the Anti-Notch1 Activity of
Thapsigargin

(A) Effect of SERCA coexpression on the activity of
AEGFALNR in a Notch reporter assay. Normalized
firefly luciferase activity was expressed as fold
induction relative to the empty plasmid. Error bars
denote the mean + SD of 10 replicates. Statistical
significance relative to pcDNA3 (**p < 0.001) and
to pcDNA3-AEGFALNR (**p < 0.001) was deter-
mined by one-way ANOVA using Bonferroni’'s
correction for multiple comparison testing.

(B and C) Effects of thapsigargin or Cpd E on the
activity of AEGFALNR (B) and ICN1 (C) in a Notch
reporter assay. Assay conditions and interpreta-
tions were as in (A). Errors bars denote mean + SD
of four replicates. Statistical significance (**p <
0.001) was determined by one-way ANOVA using
Bonferroni’s correction for multiple comparison
testing.

(D and E) The ICN1 protein level in SUPT1 cells
treated for 24 hr as indicated was determined
using immunoblots stained with anti-ICN1 anti-
body.

(F) Ligand-mediated activation of Notch activity
was determined using U20S cells stably (Notch1
and Notch?2) or transiently (L1601PAP) expressing
Notch-Gal4 fusion receptors and treated as indi-
cated. Normalized Gal4 firefly luciferase activity
was expressed relative to vehicle treated control.
Error bars denote mean + SD of four replicates.
Statistical significance (**p < 0.01; **p < 0.001)
was determined by Student’s t test.
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o
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sigargin. In contrast, AEGFALNR was

highly sensitive to GSI (Figure 7B). Taken

together, these results indicate that, at
low nanomolar concentrations, thapsigargin inhibits Notch1
through a mechanism that requires the Ca®*-binding modules
of the Notch1 extracellular domain.

To determine if the Notch1 extracellular domain is important
for the ability of thapsigargin to inhibit leukemia cell growth, we
studied the human T-ALL cell line SUPT1, which has two copies
of a 1(7;9)(q34,934) fusing the 3’ end of NOTCH1 with enhancer/
promoter elements of the T cell receptor B locus (TCRB) and has
no normal NOTCHT1 allele (Ellisen et al., 1991). The rearranged
NOTCHT1 alleles in SUPT1 cells drive the expression of a series
of truncated mMRNAs encoding N-terminally deleted polypep-
tides lacking the Notch1 extracellular domain, some of which
are inserted into membranes and require y-secretase cleavage
for activation (Das et al., 2004). As anticipated, thapsigargin
had no effect on ICN1 levels in SUPT1 cells (Figure 7D), whereas
Cpd E eliminates the generation of ICN1 (Figure 7E). In line with
this idea that protein structure affects drug response, thapsigar-
gin failed to inhibit wild-type Notch1 or Notch2 at concentrations
that impaired signaling of Notch1-bearing leukemogenic HD
mutations (Figure 7F).

To further test the effect of thapsigargin on wild-type Notch1
maturation, we tested two Notch1 wild-type T-ALL and one
chronic myelogenous leukemia (CML) cell lines in which high
expression of Notch1 was previously reported (Palomero et al.,
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Figure 8. NOTCH1 Mutational Status Influ-
ences the Sensitivity to Thapsigargin
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(D) The relative growth of thapsigargin-treated
T-ALL cell lines with wild-type (LOUCY, MOLT16,
and SUPT13) or rearranged alleles (SUPT1) of
NOTCHT1 versus those with HD mutations (ALL/
SIL, DND41, KOPTK1, MOLT4, and PF382). The
line in the box plots represents the median. The
upper edge (hinge) of the box indicates the 75th
percentile of the data set, and the lower hinge
indicates the 25th percentile. The ends of the
vertical line indicate the minimum and the
maximum data values. Statistical significance was
determined by Student’s t test (*p < 0.05).

(E) Effect of thapsigargin treatment on cell cycle
progression in Notch1 wild-type cell lines, as as-
sessed by measurement of DNA content on the
viable fraction of cells.

(F) Effect of thapsigargin treatment (1 nM) on
apoptosis induction as assessed by the lumini-
nescence Caspase 3/7 assay. Errors bars denote
mean + SD of four replicates. Statistical signifi-
cance (**p < 0.001) was determined by one-way
ANOVA using Bonferroni’s correction for multiple
comparison testing.

tors, transcription factors have largely
been refractory to conventional small-
molecule screening approaches due
to the challenges in developing high-

ALL/SIL
DND41
PF382
KOPTK1

2006a). Compared to HD mutant, wild-type proteins appear
to be less affected by thapsigargin treatment (Figures 8A-8C).
The effects of thapsigargin on cell viability were then determined
in a larger panel of human T-ALL cell lines of known NOTCH1
mutational status (Weng et al., 2004). Cell lines carrying NOTCH1
alleles with HD domain mutations were more sensitive to thapsi-
gargin than cells with wild-type NOTCH1 alleles or lacking the
Notch1 extracellular domain (Figures 8D-8F).

In summary, these data suggest that Notch1 receptors bearing
leukemogenic HD domain mutations are more sensitive to
SERCA inhibitors, such as thapsigargin, than normal receptors.

DISCUSSION

Integrating Cell-Based Screens for Small Molecule and
Protein Target Discovery

While there is a strong rationale for target-based therapies
for cancer, with the exception of the nuclear hormone recep-

400 Cancer Cell 23, 390-405, March 18, 2013 ©2013 Elsevier Inc.

throughput, robust screening assays.
By definition, any therapeutic agent
that modulates a transcription factor
must alter the expression of its target
genes. While there have been significant advances in our
ability to assess global gene expression changes, almost all
existing approaches cannot yet be applied to large-scale
screening efforts due to cost and throughput limitations.
Recognizing these shortcomings, we developed an approach
that allows measurement of the expression of hundreds of
endogenous genes in 384-well format and applied it to identify
antagonists of leukemogenic increases in Notch signaling in
T-ALL.

A limitation of both phenotypic and expression-based
screening, however, is that identification of the relevant target
of lead compounds can be difficult. The development of alterna-
tive genomic and chemical proteomic approaches for identifying
protein targets holds the promise of accelerating the elucidation
of underlying mechanism. Integrating results of a cDNA screen
with GE-HTS data allowed us to identify SERCAs as Notch1
modulators and potential therapeutic targets in Notch1-associ-
ated leukemias.

+ HD Mutation
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Altering Maturation of Mutant Notch1 by SERCA
Inhibition

We show here that SERCA inhibitors such as thapsigargin cause
a Notch1 maturation defect marked by the accumulation of
unprocessed Notch1 in the ER/Golgi compartment. The result-
ing effects on Notch1 signaling and leukemia cell growth depend
on the nature of the NOTCH7 mutations. The most common
activating NOTCH1 mutations in human T-ALL, the so-called
class | NOTCH1 mutations, consist of point substitutions or small
in-frame deletions or insertions in the extracellular heterodimeri-
zation domain, which disrupt heterodimerization domain struc-
ture and permit ligand-independent ADAM-type metallopro-
tease cleavages (Gordon et al., 2009; Malecki et al., 2006).
Folding and maturation of Notch1 are partially impaired by these
mutations (Malecki et al., 2006), and it appears that Notch1
receptors bearing such mutations are more sensitive to the inhib-
itory effects of thapsigargin than wild-type Notch1 receptors.
Another possible contributing factor to the greater sensitivity to
thapsigargin in cells with mutated Notch1 receptors is that the
presence of these mutated polypeptides may itself engender
ER stress and thus render these cells more susceptible to the
ER stress induced by thapsigargin. Indeed, this may account
for the inability to rescue fully the effects of thapsigargin with
ICN1 in some of our experiments. Taken together, these data
suggest the potential for a therapeutic window for thapsigargin
in T-ALLs bearing this type of mutation.

Other types of activating NOTCH7 mutations also exist.
Rarely, juxtamembrane in-frame tandem duplications create
new ‘“deprotected” ADAM-metalloprotease cleavage sites
(class Il mutations) (Malecki et al., 2006), or translocations create
NOTCHT1 alleles encoding polypeptides that lack the Notch1
extracellular domain (Ellisen et al., 1991; Palomero et al.,
2006a). As anticipated, we observed that a T-ALL cell line with
two translocated NOTCHT1 alleles is relatively resistant to thapsi-
gargin. Our proposed mechanism of action also predicts that
murine T-ALLs, which often have Notch1 deletions that remove
the Notch1 ectodomain coding sequence (Ashworth et al.,
2010), as well as uncommon human breast cancers with
NOTCHT1 rearrangements (Robinson et al., 2011), will be more
resistant to thapsigargin and other SERCA inhibitors. It will be
of importance to determine if CLLs, which have recently been re-
ported to have frequent Notch1 PEST domain deletions (Di lanni
et al., 2009; Puente et al., 2011) but lack heterodimerization
domain mutations, are sensitive to SERCA inhibitors.

Connecting NOTCH1 and SERCA Mutations in Human
Disease

Germline mutations in ATP2A1 are reported in the congenital
disorder Brody syndrome, characterized by impaired muscle
relaxation and myopathy (Odermatt et al., 1996). ATP2A2 muta-
tions are reported in Darier’s disease (Sakuntabhai et al., 1999),
an autosomal dominant skin disorder characterized by loss of
adhesion between keratinocytes, scaling due to hyperkeratosis,
and thickening of the epidermis due to keratinocyte hyperpro-
liferation. Skin cancers have been reported in patients with
Darier’s disease (Robertson and Sauder, 2012). Moreover, in
aged Atp2a2*'~ mice, tumors develop from the keratinized squa-
mous epithelia (Liu et al., 2001) while the wild-type Atp2a2 allele
is retained and expressed, supporting a role for SERCA2

haploinsufficiency in tumor development (Prasad et al., 2005).
In addition, thapsigargin acts as a tumor promoter in a skin carci-
nogenesis mouse model (Hakii et al., 1986).

There is also mounting evidence that Notch signaling
suppresses the transformation of squamous epithelial cells.
Genetically engineered mice with decrements in Notch signaling
in the skin have a high incidence of skin cancers (Nicolas et al.,
2003; Proweller et al., 2006). Recent human clinical trial data
revealed that semagacestat, a GSI, is associated with an
increased risk of skin cancer (discussed in Crump et al., 2011),
possibly due to inhibition of Notch in the skin by chronic GSI
administration. Furthermore, Notch pathway loss-of-function
mutations have been reported in squamous cell carcinomas of
the head and neck (Agrawal et al., 2011; Stransky et al., 2011)
and of the skin and lung (Wang et al., 2011). Of note, at least
one NOTCHT1 point substitution in human cutaneous squamous
cell carcinoma impairs Ca?* binding and folding of EGF repeat 12
(Hambleton et al., 2004; Wang et al., 2011) and a second
(R1549Q) impacts folding of the LNRs (Wang et al., 2011), thus
recapitulating the proposed pharmacologic effect of thapsigar-
gin. Additional murine studies indicate that Notch signaling
may have a tumor suppressive function in other cell lineages
as well, including myeloid progenitors (Klinakis et al., 2011)
and endothelial cells (Liu et al., 2011; Yan et al., 2010). It is
intriguing that several recent studies report SERCA mutations
in head and neck squamous cell carcinoma (Korosec et al.,
2008; Stransky et al., 2011), in acute myeloid leukemia (Yan
et al., 2011), and in other malignancies (Korosec et al., 2009),
implicating loss-of-function mutations of SERCA as an addi-
tional possible mechanism for Notch inactivation in these
diseases. Indeed, while NOTCH1 mutations enhance sensitivity
to SERCA inhibitors, providing a potential therapeutic window
for application of this compound class, wild-type Notch1 is
also sensitive to SERCA inhibition but at higher concentrations
of the compound. One hypothesis to explain a Notch1 and
SERCA functional dependency is by a physical interaction. It
has been previously shown that presenilin and SERCA2b coloc-
alize in the ER (Green et al., 2008). Since presenilin immunopre-
cipitation is also reported to preferentially recover the full-length
Notch1 precursor prior to Notch1 cleavage in the Golgi (Ray
et al., 1999), it is possible that Notch1, SERCA, and presenilin
are part of a macromolecular complex.

Toward Translating SERCA Inhibitors to the Clinic

Our studies and other recent work bring to light a challenge in
targeting Notch1 in cancer: its pleiotropic roles. NOTCH1 is an
oncogene in some human cancers, such as T-ALL and CLL,
whereas it is a tumor suppressor in others, most notably, squa-
mous cell carcinomas. Several strategies have been explored to
inhibit Notch1 including the use of GSls, Notch1-directed anti-
bodies, and direct inhibition of the Notch complex with a hydro-
carbon stapling approach (reviewed in Roti and Stegmaier,
2011). Each of these, however, is anticipated to also inhibit
wild-type Notch1. One strategy to mitigate potential cancer-
promoting effects in nondiseased cells is intermittent dosing of
Notch inhibitors. A second approach is the selective targeting
of the oncogenic protein. Our results suggest that common het-
erodimerization domain mutations in Notch1 render the protein
more susceptible to the thapsigargin-induced maturation defect,
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allowing for a therapeutic window in targeting mutant versus
wild-type Notch1 (we observed an antileukemia effect with no
measureable gut toxicity). The selective targeting of BRAF
kinase bearing an activating V600E mutation by vemurafenib in
melanoma is an example of successful application of this
strategy (Bollag et al., 2010), although acquired resistance with
RAS pathway lesions is common (Nazarian et al., 2010; Su
et al., 2012). Similarly, reactivation of Notch1 signaling, for
example, by altered EGF/LNR repeats, may pose a resistance
mechanism in SERCA-targeted therapy in T-ALL.

Given the pervasive role of calcium signaling in normal
physiology, it is unlikely that pan-SERCA inhibitors such as
thapsigargin will have an immediate clinical application unless
additional development is pursued. One strategy might be the
development of isoform-specific small-molecule inhibitors of
SERCA. A second is to derivatize thapsigargin for specific
delivery to T-ALL cells. This tactic has already been used for
a derivative of thapsigargin that is designed to treat prostate
cancer, which is currently in clinical trials (NCT01056029 and
NCTO01734681) (Denmeade et al., 2003). Successful “targeted”
delivery of SERCA inhibitors to T-ALL cells would further improve
the therapeutic window with this class of drugs and enhance the
likelihood of clinical translation.

In summary, this study demonstrates the power of an
integrative screening strategy to identify alternative ways to
target aberrant transcription factors, identify the modulation of
SERCA as a tractable approach for inhibiting Notch1 in Notch-
driven cancers, and implicate SERCA mutation as another
potential pathogenic mechanism for Notch downregulation in
human cancers in which the Notch pathway has a tumor
suppressive role.

EXPERIMENTAL PROCEDURES
Full experimental details are in the Supplemental Experimental Procedures.

Cell Culture, Compounds, and Antibodies

Cells were cultured in RPMI 1640 (Cellgro) with 10% fetal bovine serum
(Sigma-Aldrich) and 1% penicillin-streptomycin. Cpd E, thapsigargin, and
cyclopiazonic acid were obtained from ENZO Life Sciences; and bepridil
hydrochloride, ionomycin, salinomycin, methotrexate, dexamethasone,
vincristine and DAPT were obtained from Sigma-Aldrich. We obtained western
blot antibodies against Notch1 from Cell Signaling and Santa Cruz Biotech-
nology, Actin from Thermo Scientific, Vinculin from AbCAM, and GAPDH
from Santa Cruz Biotechnology. Antibodies for immunofluorescence
include Notch1 [A6] and Giantin (AbCAM). Cell surface Notch1 was evaluated
by staining nonpermeabilized cells with monoclonal antihuman Notch1
antibody (R&D).

Notch1 Off Signature Detection

Marker and control genes for the Notch1 on versus off signature were chosen
using publicly available Affymetrix microarray expression profiling data sets
(GEO ID GSE5716) (Palomero et al., 2006b). Probes are shown in Supple-
mental Experimental Procedures. The signature was adapted to GE-HTS as
described elsewhere (Peck et al., 2006). Signature performance was evaluated
by calculating the summed score and weighted summed score (Hahn et al.,
2008).

Small-Molecule Library Screening

DND41 cells were incubated with compounds at approximately 20 uM in
dimethyl sulfoxide (DMSO) for 72 hr. We screened 3,801 compounds in tripli-
cate, including the BSPBio collection (Prestwick, Biomol, and Spectrum
libraries) and the HSCI1 collection (Broad Institute). The GE-HTS assay was
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performed as described elsewhere (Peck et al., 2006; Stegmaier et al.,
2004). Compounds that induce the Notch1 off signature were identified using
five discrete analytic metrics: summed score, weighted summed score,
K-nearest neighbor analysis, naive Bayes classification, and support vector
machine as described (Hahn et al., 2009).

cDNA Library Screen and Validation

The cDNA screening strategy involved the use of three key components: (1)
a pcDNA3 plasmid encoding a modestly strong NOTCH1 gain-of-function
mutant, L1601PAP, driven from a CMV promoter; (2) a Notch firefly luciferase
reporter; and (3) a preplated cDNA library cloned into the Sport6 plasmid.
Luminescence was measured 48 hr postplating.

Viral Transduction

Sequences targeted by each shRNA are listed in Supplemental Experimental
Procedures. Viral supernatant production and MigR1 retroviral infections were
performed as described (Aster et al., 2000).

Cell Growth, Apoptosis, and DNA Content Assays

Cell growth was assessed using the Promega Cell-Titer Glo ATP-based assay
(Promega), apoptosis using a Caspase-Glo 3/7 assay (Promega) or Annexin V
and propidium iodide (PI) staining by flow cytometry (eBioscience), and cellular
DNA content by staining with PI. Values for IC+g, IC»s5, and ICsq (the concentra-
tion of an inhibitor where the response is reduced by 10%, 25%, and 50%,
respectively) were calculated using Prism 5 Software (Version 5.03).

Reporter Gene Assays

Expression plasmids for L1601PAP (Weng et al., 2004), L1601PAP-GAL4
(Malecki et al., 2006), AEGFALNR (Chiang et al., 2008), and ICN1 (Aster
et al., 2000) have been described. Cotransfection of U20S cells with expres-
sion plasmids, a Notch firefly luciferase reporter gene, and an internal Renilla
luciferase control gene, was performed as described elsewhere (Aster et al.,
2000). A second approach used a Notch1-Gal4 receptor ligand stimulation
assay (Malecki et al., 2006).

RT-PCR

Primers and probes for real-time (RT)-PCR were obtained from Applied
Biosystems. The data were analyzed using the AACT method and plotted as
percentage of transcript compared to vehicle.

Drosophila Experiments

To generate RAF(gof) tumors in the adult Drosophila midgut, we created
a stock containing the UAS-RAF(gof) transgene on the X chromosome (Brand
and Perrimon, 1994) and the esg-Gal4, UAS-GFP, Tubulin, Gal80(ts) trans-
genes on the second chromosome (Micchelli and Perrimon, 2006). Drugs
were prepared in DMSO, mixed with fly food 1:100, and fed to flies for
7 days. Flies were given freshly prepared drug every 2-3 days. Drug effects
were evaluated by immunofluorescence microscopy.

T-ALL Xenograft Studies

MOLT4 xenografts were established by injecting 1.7 x 10° cells subcuta-
neously into 6-week-old female severe combined immunodeficiency (SCID)-
beige mice (Charles River Laboratories). Tumor volume was determined by
caliper measurements using this formula: volume = 0.5 x length X weight
squared. When tumors reached a mean volume of 75 mm3, mice were divided
into two groups: 0.4 mg/kg thapsigargin or vehicle by intraperitoneal injection
daily. Three mice that died prematurely due to drug toxicity were excluded
from the study, leaving six evaluable mice in the thapsigargin-treated arm
and nine in the vehicle arm. DND41 MigR1 and DND41 MigR1-ICN1 xeno-
grafts were established by injecting 10 x 10° cells subcutaneously into
NSG mice (n = 20 per line). When tumor volume reached over 50 mm?®, mice
were divided into two groups: 0.35 mg/kg thapsigargin or 10 ml/kg vehicle
by intraperitoneal injection daily. Mice that were not ready at start of treatment
were subsequently added to treatment groups when their tumors reached
appropriate sizes. Mice were treated daily through the course of the study,
and tumors were measured every 3 days. Five thapsigargin-treated mice
were found dead during the course of the study with no prior weight loss or
clinical signs of illness. All animal studies were performed under a protocol



Cancer Cell
SERCA Is a Target in NOTCH1 Mutated Cancer

approved by the Dana-Farber Cancer Institute Institutional Care and Use
Committee.

SUPPLEMENTAL INFORMATION

Supplemental Information includes three figures, one table, and Supplemental
Experimental Procedures and can be found with this article online at http://dx.
doi.org/10.1016/j.ccr.2013.01.015.
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SUMMARY

Oncogenic Kras activates a plethora of signaling pathways, but our understanding of critical Ras effectors is
still very limited. We show that cell-autonomous phosphoinositide 3-kinase (PI3K) and 3-phosphoinositide-
dependent protein kinase 1 (PDK1), but not Craf, are key effectors of oncogenic Kras in the pancreas, medi-
ating cell plasticity, acinar-to-ductal metaplasia (ADM), and pancreatic ductal adenocarcinoma (PDAC)
formation. This contrasts with Kras-driven non-small cell lung cancer, where signaling via Craf, but not
PDK1, is an essential tumor-initiating event. These in vivo genetic studies together with pharmacologic treat-
ment studies in models of human ADM and PDAC demonstrate tissue-specific differences of oncogenic Kras
signaling and define PI3BK/PDK1 as a suitable target for therapeutic intervention specifically in PDAC.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is nearly uniformly
fatal despite maximal treatment, with fewer than 1% of patients
surviving 5 years (Carpelan-Holmstrém et al., 2005). A wealth of
molecular studies have identified mutant Kras as the initiating
event (Hidalgo, 2010; Hingorani et al., 2003; Morris et al., 2010;
Pylayeva-Gupta et al., 2011). Expression of Kras®'2P or Kras®'2V
in the murine pancreas induces acinar cell dedifferentiation,
acinar-to-ductal metaplasia (ADM), and premalignant precursor
lesions, called pancreatic intraepithelial neoplasia (PanIN) that

progress to metastatic PDAC (Guerra et al., 2007; Hingorani
et al., 2003; Morris et al., 2010; Pinho et al., 2011; Seidler et al.,
2008). Oncogenic Kras activates a plethora of signaling pathways,
including canonical Raf/MEK/ERK, PI3K/AKT, RalGDS/p38
MAPK, Rac and Rho, Rassf1, NF1, p120GAP, and PLC-¢ (Castel-
lano and Downward, 2011; Pylayeva-Guptaetal.,2011). However,
which of these effector pathways of oncogenic Kras control cell
fate decisions and PDAC formation remains an outstanding
question (Morris et al., 2010; Pylayeva-Gupta et al., 2011).

The PI3K/AKT pathway is uniformly activated in human
PDAC and mouse models of Kras-driven pancreatic cancer

Significance

Kras-driven tumors such as PDAC, NSCLC, or colon cancer differ in prognosis and response to targeted therapies.
However, the underlying molecular mechanisms are largely unknown. Oncogenic Kras activates diverse signaling pathways
but the functional relevance of specific Kras effectors is unclear for most cancer types. Because Kras is considered undrug-
gable, this has hampered progress toward targeted therapeutic interventions. We provide in vivo genetic evidence for
context-specific effector pathways of oncogenic Kras in PDAC and NSCLC and define cell autonomous Kras — PI3K —
PDK1 signaling as a critical and therapeutically tractable axis in pancreatic cancer initiation and maintenance.
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(Jimeno et al., 2008; Kennedy et al., 2011; Ying et al., 2011).
PI3Ks are a family of heterodimeric lipid kinases composed of
catalytic and regulatory subunits that, on stimulation, catalyze
production of the second messenger phosphatidylinositol-
3,4,5-triphosphate (PIP3), which activates downstream kinases,
such as PDK1 and AKT (Castellano and Downward, 2011; Bader
etal., 2005). p110a, which is encoded by PIK3CA, is the catalytic
subunit of the ubiquitously expressed class IA PI3Ka. Hotspot
mutations of p110qa that activate PI3K signaling have been
identified in the helical domain (E542K and E545K) and the cata-
lytic domain (H1047R) in a variety of human cancers, including
breast and lung (Bader et al., 2005; Liu et al., 2009). Transgenic
expression of p11041%"® in mice induces breast and lung
cancer (Adams et al., 2011; Engelman et al., 2008; Liu et al.,
2011).

Taking advantage of genetically engineered murine and
patient-derived humanized cancer models, we set out to analyze
the contribution of Kras effector pathways to PDAC and NSCLC
development.

RESULTS

Pancreas-Specific PISK Pathway Activation by
Expression of Oncogenic p110a"1°47R Induces ADM

and Premalignant PanIN

To explore the role of the PISK/AKT signaling pathway in Kras-
induced cell plasticity, ADM, and PDAC formation, we generated
a latent oncogenic PIK3CA"%47R (encoding p110a™1047R)
allele silenced by a lox-stop-lox (LSL) cassette as a knock-in
at the mouse Rosa26 locus (LSL-PIK3CAM%47R mouse line;
Figures S1A-S1C available online). To activate the expression
of p110aM1%"R and thus PI3K signaling, specifically in the
pancreas, we used the well-established Ptf1a®™ driver line to
direct recombination in pancreatic acini, ducts, and islets
(Figures S1D and S1E) (Nakhai et al., 2007; Seidler et al., 2008;
von Werder et al., 2012).

Transgenic expression of p110a™%47R from the Rosa26 locus
resulted in moderately increased PIP3 levels in the pancreas,
similar to expression of Kras®'?® from the endogenous Kras
locus in the established Kras®?P knock-in mouse model (Fig-
ures 1A and 1B). Importantly, we observed no obvious difference
in the p110a protein levels in pancreatic tissue lysates between
Ptf1a°"®"*;L SL-PIK3CAH"%4"F/* animals and Ptf1a°™®*;LSL-
Kras®?P knock-in mice (Figure 1B), even though Ptf1a®’;
LSL-PIK3CA"'%47R* animals carried PIK3CA"'%*"F in the
Rosa26 locus in addition to their endogenous Pik3ca. Ptf1a®™'*;
LSL-PIK3CA""947R+ mice were viable and revealed no overt
phenotype after birth. However, pancreatic size and weight
were increased, as previously shown in the Kras®'?? model
(Figure 1C).

Histopathologic analyses revealed that all Ptf1a®®*;LSL-
PIK3CAH%47F"+ mice developed massive induction of ADM,
a condition where terminally differentiated acinar cells dediffer-
entiate into a progenitor-like state and acquire features of ductal
cells (Figure 1D) (Pinho et al., 2011). Furthermore, all animals
developed PanIN, a precursor lesion of PDAC (Figure 1D)
(Hruban et al., 2006). The amount and grade of these lesions
increased over time from PanIN-1A, already present in
1-month-old mice, to PanIN-3, found in some 9-month-old

animals, which represents carcinoma in situ (Figures 1D and
1E). The PIK3CAM%47R/* and Kras®'?P"* models showed very
similar patterns of ADM induction and PanIN progression
(Figures 1D and 1E) and markers of PI3K pathway activation
were almost identical, as shown by immunohistochemistry and
western blot analysis of tissue lysates (Figures 1F and 1G). Indi-
cators of PI3K signaling, such as proliferation of PanIN lesions,
were consistently similar in both models (Figures S1F and
S1G). These observations support the view that pancreas-
specific activation of PI3K signaling phenocopies Kras®'2P-
induced cellular plasticity and PanIN formation.

To confirm that acinar cell plasticity via ADM is indeed involved
in PanIN and PDAC development, we used an elastase-1 Cre
driver line (Stanger et al., 2005) to specifically activate
p110071%" in acinar cells. This induced ADM and PaniIN lesions
with the same frequency as expression of oncogenic Kras®12P
(Figures S1H-S1J). In contrast, pancreas-specific constitutive
activation of Rac1 signaling by expressing a dominant active
Rac1'?V allele from the Rosa26 locus (Ptf1a®®*;LSL-
Rac1"2V"* mice) (Srinivasan et al., 2009) failed to induce ADM
and PanlINs (Figure S1K). Since Rac1 is a downstream effector
of PI3K and is activated in the Kras®"?° model of pancreatic
cancer (Heid et al., 2011), failure of Rac1®'?" to induce ADM
and PanINs argues for the specific involvement of canonical
PI3K/AKT signaling in pancreatic tumor formation.

Expression of Oncogenic p110a"1%47R jn the Pancreas
Phenocopies Kras®'?P-Induced Metastatic PDAC

To test whether p110a™'4’R is also capable of inducing
pancreatic cancer, we aged Ptf1a®"*;LSL-PIK3CAH047F/+
mice. All animals in the tumor watch cohort developed PDAC
within 800 days (Figures 2A, 2B, and S2A). Comparison of
tumor formation and survival of PIK3CAH%47R and Kras®'2P
mutant animals revealed striking similarities, with nearly iden-
tical survival times and similar rates of metastasis (Figures
2A and S2B). p110a™'%4R.induced tumors were histopatho-
logically indistinguishable from human and murine Kras®'2P-
induced PDAC and showed the full spectrum of the human
disease, ranging from well-differentiated ductal PDAC to undif-
ferentiated tumors and typical metastasis to lymph nodes,
liver, and lung (Figures 2B, S2A, and S2B) (Hruban et al.,
2006).

To explore activation of PI3K signaling in p110a and
Kras®'2P_driven pancreatic cancer, we analyzed tissues from
these animals using phospho-specific antibodies. Similar acti-
vation of the key downstream effectors of PI3K signaling,
pAKT-T308, pAKT-S473, and pGSK3B-S9 was observed in
both models (Figures 2C and 2D). Importantly, we found that
mutant p110a"194"R did not activate Ras in primary tissue
specimens and PDAC cell lines from Ptf1a®®/*;PIK3CAH047R/+
animals, indicating that the effects observed in the PIK3-
CAM1947R model were not due to Ras cross activation (Figures
S2C and S2D). Consistent with data from pancreatic tissues
of the Ptf1a®"*;LSL-PIK3CAH"%47""* model (Figure 1B), we
found no obvious increase of p110a expression levels in PIK3-
CAH1%47R mutant PDAC cell lines (Figure S2D). This accords
with previous findings that p110a not bound to the p85 regula-
tory subunit is unstable and rapidly degraded (Engelman et al.,
2008).

H1047R_
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Figure 1. Constitutive Activation of PI3K Signaling Causes ADM and Neoplastic Changes in the Pancreas
(A) Genetic strategy used to activate p110a/1%47% or Kras®12° expression in the pancreas.
(B) Immunoblot analysis of p1100. expression levels (upper panel) and PIP3 activity (lower panel) in pancreata of 6-week-old control (Ctrl), Ptf1a®®*;LSL-
Kras®'2P/* (Kras®'2P'*) and Ptf1a®"®*;LSL-PIK3CAM 047"+ (PIK3CAM1947R*) compound mutant mice (n = 3 per genotype).

(legend continued on next page)
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Figure 2. Expression of Oncogenic p1104'1%7R Induces Metastatic PDAC
(A) Kaplan-Meier survival curves of the indicated genotypes (n.s., not significant; “**p < 0.001, log-rank test).

(B) Macroscopic and microscopic images of PDAC and associated metastasis indicated by arrows in PIK3CA
H1047R

(C) Immunohistochemical analysis of PISBK/AKT pathway activation in p110a

PR O S I ]
LSS
T T LT L
H1047R/* mutant mice.

(upper panel) and Kras®'2P (lower panel) induced PDAC.

(D) Immunoblot analysis of PISK/AKT pathway activation in the pancreas of 9-month-old Ctrl and age-matched PanIN-bearing pancreata and PDAC from
PIK3CAH047R/+ and Kras®'2P"* mutant mice. B-actin was used as loading control. Insets show representative lesions in high magnification. Scale bars, 50 um for

micrographs, 20 pm for insets.
See also Figure S2.

Oncogenic PI3K Signaling Activates a Senescence
Program in the Pancreas that Is Bypassed by Loss of
Cdkn2a

We next analyzed tumor-suppressive mechanisms in the
PIK3CAM1947% ‘model. Expression of p110a"1%4"R_induced a
senescence program in the pancreas. All low-grade PanIN
lesions examined stained positive for senescence-associated
B-galactosidase (SA-B-Gal), which has been recently shown
to be the only reliable oncogene-induced senescence bio-
marker in the pancreas (Figure S2E) (Caldwell et al., 2012).
Importantly, these lesions showed concomitant upregulation
of both Cdkn2a gene products, p16/Ink4da and p19/Arf,
and activation of the p53/p21°P! pathway (Figures S2E
and S2F).

In PDAC however, p16/Ink4a and p19/Arf expression is lost as
demonstrated previously in the Kras®'2P model (Figure S2F and
data not shown) (Bardeesy et al., 2006). Consistent with this,
genomic analyses revealed frequent deletion of the Cdkn2a
locus in p110aH1%4"R_induced cancers (data not shown). Again,
these observations demonstrate that the PIK3CA"%47F model
phenocopies Kras®'?P-induced PDAC with respect to tumor
suppressor usage (Bardeesy et al., 2006). Accordingly, mim-
icking loss of heterozygosity of Cdkn2a by inactivation of one
allele using floxed Cdkn2a mice (Bardeesy et al., 2006) acceler-
ated PDAC formation in the PIK3CA""%47R and Kras®’2P model
(Figures S2G and S2H). To investigate the effect of Cdkn2a inac-
tivation on oncogene-induced senescence of PanIN lesions, we
inactivated both Cdkn2a alleles. As expected, this completely

(C) Representative images and weight of Kras®'2”+ and PIK3CAH7947"* mutant pancreata.

(D) Representative alcian blue and hematoxylin and eosin (H&E) stained sections of ADM and different grades of pancreatic intraepithelial neoplasia (PanIN) in
Ptf1a°"*;PIK3CAH%47R* (upper panel) and Ptf1a®™®+;L.SL-Kras®'?P’* (lower panel) mutant animals (age from left to right, respectively: 1 month, 3 months,
6 months, 9 months, 9 months). The arrow indicates a PanIN-1 and the arrowhead a PanIN-2 lesion. Insets show representative lesions in high magnification.
Scale bars, 50 pm.

(E) Quantification of ADM and PanlIN progression in the Kras®'2?/* and PIK3CA""%4"F/* models (n = 3 per time point; 3 representative slides per mouse).

(F) Immunohistochemical analysis of PI3K/AKT pathway activation in ADMs and PanINs of 6-month-old Ptf1a%"®"*;PIK3CA""%47F/* and Ptf1a"/*;L SL-Kras®'2P/*
mutant mice. Insets show representative lesions in high magnification. Scale bars, 50 um for micrographs, 20 um for insets.

(G) Immunoblot analysis of PI3K/AKT pathway activation in control (Ctrl), PIK3CA" %477+ and Kras®"2°/* mutant pancreata of 6-month-old mice. B-actin was used
as loading control. Error bars, + SEM.

See also Figure S1.
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Figure 3. PIBK/AKT Pathway Activation in
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human ADM.

(B) H&E staining and immunohistochemical PI3K/
AKT pathway analysis of human low- and high-

grade PanINs and PDAC.

(C) Frequency of PI3K pathway activation in ADM,
PanINs and PDAC. Bar graphs show the
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In addition, we validated PI3K pathway

activation in human PDAC using patient-
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blocked senescence of early PanIN lesions (Figures S2I and
S2J). These findings demonstrate the importance of the Cdkn2a
tumor suppressor locus for PDAC progression. Interestingly,
median survival times were indistinguishable between both
heterozygous deletion models, arguing that identical pathways
and tumor suppressors operate in p110071%47R- and Kras®'2P-
driven PDAC formation.

Taken together, these murine in vivo modeling studies clearly
demonstrate that PI3K signaling induces acinar cell plasticity,
ADM, PanIN formation, senescence via upregulation of p16/
Inkda and p19/Arf, bypass of senescence by inactivation of
Cdkn2a, and ultimately PDAC formation.

PI3K Pathway Activation in Human ADM, PanIN,

and PDAC

PI3K/AKT activation is a classical and uniform feature of human
PDAC (Jimeno et al., 2008; Kennedy et al., 2011; Reichert et al.,
2007; Ying et al., 2011). However, the role of PI3BK/AKT signaling

410 Cancer Cell 23, 406-420, March 18, 2013 ©2013 Elsevier Inc.

patient derived primary PDAC

derived primary xenografted tumors,
early-passage cell lines, and normal
pancreatic tissue (Figure 3D). These data suggest that PI3K/
AKT signaling is activated at the earliest stages of tumor evolu-
tion in humans and controls pancreatic cell plasticity and
carcinogenesis.

Elimination of PDK1 Invariably Blocks Kras-Driven ADM,
PanIN, and PDAC In Vivo

PI3K activates various downstream effectors by converting
phosphatidylinositol (4,5)-bisphosphate (PIP2) into the second
messenger PIP3. PIP3 transmits PI3K signals by directly binding
to proteins with pleckstrin homology (PH) domains, such as
PDK1 and AKT (Cantley, 2002), targeting them to the cell
membrane. In turn, PDK1 activates AKT by threonine 308 phos-
phorylation (Alessi et al., 1997; Currie et al., 1999).

To test whether cell autonomous signaling of the direct PIBK
downstream target PDK1 is essential for Kras-driven pancreatic
plasticity and PDAC formation, we inactivated Pdk1 specifically
in the epithelial compartment of the pancreas using floxed Pdk1
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mice (Lawlor et al., 2002). Ptf1a®*-induced deletion of Pdk7 in
the pancreas was verified by PCR, quantitative RT-PCR, Western
blot analysis and immunohistochemistry (Figures S3A-S3C and
S3E-S3G). Consistent with our hypothesis, PDK1 inactivation
completely blocked PanIN and PDAC formation in the Kras®'2P
model (Figures 4A-4D). Pancreata showed normal weight and
morphology with some areas of fatty degeneration in older
animals, a common sign of cellular stress due to Kras oncogene
expression (Figures 4B and 4C). Inactivation of PDK1 resulted in
normal life expectancy in the Kras®'?®? model (Ptf1a°™®"*;
LSL-Kras®'2P"*:Pdk1™), whereas deletion of one Pdk? allele
(Ptf12°7*;L SL-Kras®'2P™*;Pdk1™) did not alter PanIN and
PDAC formation (Figures 4B, 4D, 4F, and S3G). Loss of epithelial
PDK1 expression in the Kras®?P? model correlated well with
PISK/AKT pathway inactivation (Figures 4E, 4F, and S3l) without
affecting Ras activity (Figure 4G) or PIP3 levels (Figure S3F).
Importantly, we did not observe hypoplasia or developmental
defects of the pancreas, pancreatic islets, and beta cells, or overt
hyperglycemia and lethality due to PDK1 inactivation in pancreas
epithelia as reported by other groups using different Cre-driver
lines and genetic backgrounds (Figures 4B, 4D, S3D, S3G, and
S3H) (Hashimoto et al., 2006; Westmoreland et al., 2009). We
did however observe impaired glucose tolerance, but this did
not progress to diabetes mellitus (Figures S3D and S3H).

Besides AKT, PDK1 also transmits PI3K-dependent signals to
SGK and S6K. The PDK1 effectors RSK and isoforms of PKC are
probably not directly controlled by PI3K (Pearce et al., 2010). To
determine whether PDK1 substrates other than AKT play arole in
Kras®'?P-induced pancreatic carcinogenesis, we investigated
whether their phosphorylation states were affected by the
Pdk1 knockout in vivo. Deletion of Pdk1 in the Kras®'2° model
blocked PKC, RSK (p90RSK-T359/S363), AKT-T308, and
GSKB3B-S9 phosphorylation (Figure S3l). Notably, we observed
considerable variation in the phosphorylation levels of PKC
and RSK in Ptf1a®"®*;LSL-Kras®'?P/* pancreata, whereas AKT
and GSK3p phosphorylation was always uniformly present
(Figure S3I). These results provide biochemical evidence that
canonical AKT-dependent signaling downstream of PI3K/PDK1
contributes significantly to the observed effects, although the
importance of additional PDK1 substrates and alternate effec-
tors cannot be completely excluded (Pearce et al., 2010).

PDK1 Is Essential for Kras-Induced Upregulation

of p16/Ink4 and p19/Arf

To test our hypothesis that PISK/PDK1 signaling transmits onco-
genic Kras®'?P-induced failsafe mechanisms, we investigated
regulation of p16/Ink4 and p19/Arf in pancreata in which the
PI3K signaling pathway had been disrupted (Ptf1a®*;LSL-
Kras®2P"*:pak1” model, Figure 4F). PDK1 deficiency signifi-
cantly reduced p16/Ink4a and p19/Arf induction compared to
Ptf1a%"*;1 SL-Kras®'?P™* animals (Figure 4H). These in vivo
genetic studies therefore support the view that Kras®'2P-
dependent oncogenic stress fluxes through PDK1 to induce
upregulation of the p16/Ink4a and p19/Arf tumor suppressors.

Elimination of PDK1 Blocks PDAC, but not NSCLC
Formation

We next evaluated the role of cell autonomous PDK1 signaling
in pancreatic carcinogenesis in PIK3CA"%47F/* single and

PIK3CAH1047R!+.KrasG12D+ double mutant mice (Figures S4A
and S4B). Deletion of Pdk1 in both models led to complete
inhibition of ADM, PanIN formation, and PDAC development,
indicating that PDK1 is indeed a central node and essential for
pancreatic carcinogenesis in diverse in vivo models (Figures
S4A and S4B).

In contrast, deletion of Pdk1 in Kras®'?P-driven NSCLC
models had no effect on lung tumor formation (Figures S4C-
S4F). Although both the Kras®'?P-driven lung and pancreatic
cancer models are on a similar genetic background, it remains
possible that subtle differences in the genetic background
may affect Kras®'?P signaling and engagement of PDK1. We
therefore used the elastase-1 Cre driver line that recombines
loxP sites in the pancreas and the lung of the same animal
(Figures 5A-5C). Simultaneous Kras®'2P expression in both
organs of the same animal induced invasive grade 4 NSCLC
and pancreatic tumorigenesis (Figure 5D). Pdk1 deletion
blocked pancreatic neoplasia completely, whereas NSCLC
formation in the same animal was unaffected (Figures 5E and
5F). Importantly, Pdk1 deletion did not affect overall survival in
this model. All animals in the tumor watch cohort developed
grade 3-4 NSCLC within 600 days (Figure 5F) and the number
of lung lesions was comparable (Figure 5G). These in vivo
findings support the view that each tissue has its own
unique signaling requirement during Kras oncogene-induced
transformation.

Craf Is Dispensable for Kras-Driven PDAC Formation

It has recently been shown that Craf is essential for Kras®12P-
induced NSCLC (Blasco et al., 2011; Karreth et al., 2011). To
investigate the contribution of Craf in pancreatic carcinogenesis,
we inactivated Craf in pancreas epithelium using floxed Craf
mice (Jesenberger et al., 2001). Ptf1a®"®*-induced deletion of
Craf in the Kras®'2P_-driven PDAC model had no inhibitory effect
on tumor development or progression and did not improve
mouse survival (Figures 6A-6C). Efficient deletion of both Craf
alleles and loss of Craf protein expression was verified by
genotyping PCR, immunohistochemistry and western blot
analysis of PDAC cells isolated from tumor specimens from
Ptf1a°"*;1 SL-Kras®'2P™*;Craf1™" mice (Figures 6D-6F). The
possibility that tumors developed due to incomplete Craf dele-
tion can thus be excluded. Signaling via Craf is therefore
dispensable for initiation of Kras-driven PDAC, supporting the
view that Kras exerts its oncogenic effects in a tissue-specific
manner.

Disruption of PDK1 or Inhibition of PI3K Signaling Blocks
Murine and Human ADM In Vitro

To gain insight into the cellular mechanisms of Kras®'2P-PI3K-
PDK1-induced transformation, we analyzed early events of
pancreatic carcinogenesis. As shown in Figure 4, deletion of
Pdk1 blocks not only PanIN development, but also ADM in the
Kras®'?P model. ADM has recently been suggested to be an
initiating event in human and murine PDAC formation (Aichler
et al., 2012; Caldwell et al., 2012; Morris et al., 2010; Reichert
and Rustgi, 2011). Previous studies demonstrated that trans-
forming growth factor o (TGF-o)/epidermal growth factor
receptor and Ras activation induces ADM in vitro (Means et al.,
2005; Morris et al., 2010; Reichert and Rustgi, 2011).

Cancer Cell 23, 406-420, March 18, 2013 ©2013 Elsevier Inc. 411
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Figure 4. Epithelial PDK1 Is Essential for Kras®'2P-Driven Pancreatic Carcinogenesis

(A) Genetic strategy used to study the cell-autonomous role of the PI3K substrate PDK1 in Kras®'2°-driven pancreatic cancer formation.

(B) Representative H&E stains of control (Ptf1a®"*;LSL-Kras®'??"*) and conditional Pdk1 knockout (Ptf1a®®’*;LSL-Kras®"2°*;Pdk1™) mice.

(C) Pancreatic weight of 6-month-old mice with the indicated genotypes (n.s., not significant; **p < 0.01, Student’s t test).

(D) Kaplan-Meier survival analysis of the indicated conditional genotypes. + denotes the wild-type allele, f the conditional allele (n.s., not significant; ***p < 0.001,
log-rank test).

(E) Immunoblot analysis of PI3K/AKT pathway activation in pancreata of 12-month-old Ptf1a®®*;LSL-Kras®'??’* and Ptf1a®"®*;LSL-Kras®'2°"*;Pdk1™*
compound mutant mice.

(F) Immunohistochemical analysis of PI3BK/AKT pathway activation in the pancreas of 12-month-old mice with the indicated genotypes. Arrowheads indicate ADM
and arrows PanIN-1 lesions.

(G) Analysis of activated Ras (Ras-GTP) in the pancreas of 1- and 12-month-old Ptf1a®®’*;LSL-Kras®'??’* and Ptf1a®®’*;LSL-Kras®'?P"*;Pdk1™ mice.

(H) gRT-PCR analysis of p16/Ink4a and p19/Arf mRNA expression in the pancreas of mice with the indicated genotypes. Data are shown as fold change versus
Ctrl. Insets show representative histology in high magnification. Scale bars, 50 um for micrographs, 20 um for insets. Error bars, + SEM.

See also Figure S3.
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Figure 5. PDK1 Is Essential for Kras®'2P-Driven PDAC but not NSCLC Formation

(A) Genetic strategy used to analyze Ela7-CreER™ mediated recombination in the lung and the pancreas of the same animal in the absence of tamoxifen with
a double fluorescent floxed tdTomato-EGFP reporter line (R26™"™°).

(B and C) Confocal microscopic images of tdTomato (red) and Cre-induced EGFP (green) expression in the lung (B) and pancreas (C) of Ela7-CreER™;R26™" mG
(left panel) and Ctrl R26™7"™€ (right panel) animals. Nuclei were counterstained with TO-PRO-3 (blue). Note the constitutive Cre activity in the pancreas and lung in
the absence of tamoxifen in Ela7-CreER™ animals.

(D) Genetic strategy used to activate Kras®'2P in the lung and the pancreas of the same animal (left panel). H&E stained representative microscopic lung sections
graded according to the established 4-stage NSCLC grading system from Ela7-CreER™;LSL-Kras®'??’* mouse (upper right panel). Lower right panel:
Representative H&E or alcian blue (AB) stained microscopic pancreas sections from the same animal. Activation of oncogenic Kras®'2? in lung and pancreas
using the Ela71-CreER™ driver line induces grade 4 NSCLC and pancreatic neoplasia.

(E) Genetic strategy used to study the role of PDK1 in Kras®'2P_driven lung and pancreatic cancer formation in the same animal (left panel). Representative H&E
stained microscopic lung sections graded according to the established 4-stage NSCLC grading system from Ela7-CreER™;LSL-Kras®'2?"*;Pdk1”" mouse (upper
right panel). Lower right panel: Representative H&E stained microscopic pancreas sections from the same animal. Deletion of Pdk7 blocks ADM and PanIN
formation in the pancreas completely but has no effect on NSCLC development and progression.

(F) Kaplan-Meier survival curves of the indicated genotypes (n.s., not significant; ***p < 0.001, log-rank test). Note: All Ela1-CreER™;LSL-Kras®"??"* and
Ela1-CreER™;LSL-Kras®"2P;Pdk1™ animals developed NSCLC.

(G) Quantification of microscopic lung lesions of Ela1-CreER™™;L SL-Kras®'?"’+ and Ela1-CreER™;LSL-Kras®"2°;Pdk1™ mice (n.s., not significant, Student’s
t test). Insets show representative lesions in high magnification. Scale bars, 50 pm for micrographs, 20 um for insets. Note: All Ela7-CreER™ animals were
analyzed without Cre activation due to constitutive Cre activity (no tamoxifen treatment). Error bars, + SEM.

See also Figure S4.
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Figure 6. Craf Is Dispensable for Kras®12P-

Driven Pancreatic Carcinogenesis

(A) Genetic strategy used to study the cell-auton-
omous role of Craf in Kras®'2P-driven pancreatic
cancer formation.

(B) Representative H&E stains of control
(Ptf1a®®"+;LSL-Kras®'2P"+;Craf "*) and conditional
Craf knockout (Ptf1a®®"*; LSL-Kras®'2P"*;Craf ™
mice.

(C) Kaplan-Meier survival analysis of the indicated
conditional genotypes. + denotes the wild-type
allele, f the conditional allele (n.s., not significant;
***p < 0.001, log-rank test).

(D) Genotyping strategy of the floxed Craf allele
(upper panel). PCR analysis of DNA from wild-type
(WT), heterozygous (f/WT) and homozygous (f/f)
conditional floxed Craf mice and Ptf1a®*® medi-
ated deletion of exon 3 of Craf (Craf*’) in
pancreatic cancer cells (PDAC) (lower panel).
Sizes of WT and mutant PCR products are indi-
cated. Note: Efficient recombination of both
floxed Craf alleles in PDAC cells from
Ptf1a°""*:Kras®"?P"*;Craf”f mice.

(E) Immunohistochemical analysis of Craf ex-
pression in PDAC of Ptf1a®®*;Kras®'??"+;Craf’f
and Ptf1a%"®*;Kras®'??"*;Craf 7+ mice. + denotes
the WT allele, f the conditional allele.

(F) Immunoblot analysis of Craf expression in
primary PDAC cells from mice with the indicated

genotypes. B-actin was used as loading control.
Insets show representative lesions in high magni-
fication. Scale bars, 50 um for micrographs, 20 pm
for insets.
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To test whether TGF-a/Kras-induced ADM formation depends
on intact PDK1 signaling, we isolated acini from Ptf1a®**;
Kras®™2P’* and Ptf1a®™®"*;Kras®'2P*;Pdk1”" pancreata and
performed an in vitro ADM assay (Means et al., 2005). Consistent
with the in vivo data (Figures 7A and 7B), we observed that
deletion of Pdk1 completely blocked ADM in the presence
and absence of TGF-a (Figures 7C and 7D). Acini isolated
from Ptf1a%®*;Kras®2P"* and Ptf1a®"*;Kras®'2P"*;Pdk1™ pan-
creata were equally viable (data not shown), thus excluding
differences in cellular vulnerability as a possible cause. ADM
was also blocked by the pan class | PI3K inhibitor GDC 0941,
the PDK1 inhibitor BX912, the dual pan class | PIBK-mTOR
inhibitor NPV-Bez235, and the AKT inhibitor MK-2206
(Figure 7E). Interestingly, the RSK inhibitor BI-D1870 had no
effect on ADM formation even at concentrations as high as

414 Cancer Cell 23, 406-420, March 18, 2013 ©2013 Elsevier Inc.

PI3K-PDK1-AKT, but not the PDK1-RSK
axis, blocks ADM and therefore, tumor
initiation in the pancreas.

To test if our murine model system is
relevant to humans, we established
primary acinar cell culture from human
pancreas and performed functional ADM
assays with various PI3K-PDK1-AKT
pathway inhibitors (Figures 7F, 7G, S5A,
and S5B). As shown in Figure 7F, TGF-o treatment of human
acinar cells induced ADM, as indicated by CK19 staining, with
concomitant PI3K pathway activation, as evidenced by AKT-
T308 phosphorylation. Treatment with GDC 0941 blocked ADM
significantly in a dose-dependent manner (Figures 7G and
S5A-S5C) and inhibited AKT-T308 phosphorylation and CK19
expression (Figure S5C).

Overall, these data support the notion that PI3K/PDK1
signaling is essential for pancreatic cell plasticity and tumor initi-
ation and important to transmit the oncogenic Kras-induced
program in the pancreas. However, we cannot completely
exclude a role for indirect mechanisms of PI3K activation via
alternate effectors such as receptor tyrosine kinases, rather
than a direct Kras/PI3K interaction (Ardito et al., 2012; Ebi
et al., 2011; Navas et al., 2012).
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Figure 7. PI3K Signaling Regulates Human and Murine ADM

(A) Genetic strategy used to study the role of PDK1 in Kras®'2P-driven ADM.

(B) Quantification of ADM in 6-month-old Ptf1a®®"*;LSL-Kras®"?"’* and Ptf1a"®'*;LSL-Kras®"?""*;Pdk1™ mice (n = 3; 3 representative slides per mouse).

(C) Phase contrast images of pancreatic acinar cells with the indicated genotypes 5 days after isolation and treatment with or without TGF-a (50 ng/ml).

(D) Quantification of ductal and acinar structures after 5 days in culture. Bar graph shows percentage of structures of the indicated genotypes with and without
TGF-o treatment.

(E) Quantification of ductal and acinar structures after 5 days in culture with and without treatment with the indicated chemicals. Bar graph shows percentage of
structures of indicated genotype treated with TGF-o and the indicated chemicals.

(F) Confocal microscopic images of TGF-a-induced human ADM. Upper panel: CK19 expression (red) in ADM after 5 days of TGF-a (50 ng/ml) treatment. Lower
panel: CK19 expression (red) and AKT-T308 phosphorylation (green) after 5 days TGF-a treatment. Arrow indicates a cell with acinar morphology but positive
staining for CK19 and pAKT-T308. Nuclei were counterstained with TO-PRO-3 (blue).

(G) Upper panel: Phase contrast images of human pancreatic acinar cells 5 days after isolation and treatment with TGF-a (50 ng/ml) with or without GDC 0941
(1 uM). Lower panel: Quantification of human ductal and acinar structures from two independent patients after 5 days in culture with and without GDC 0941
treatment. Scale bars, 50 um. Error bars, + SEM.

See also Figure S5.
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Figure 8. PI3K Signaling Is needed for Human and Murine Kras -Driven Pancreatic Tumor Maintenance

(A) Genetic strategy used to induce Trp537"72" mutant PDAC (KPC mouse model).

(B) KPC mice with mean tumor diameters > 5 mm were enrolled and randomized into the GDC 0941 treatment or control (vehicle) group (n = 3 per group). Tumor
growth was monitored by high-resolution ultrasound (Vevo 770 System, Visual Sonics). Data represent the mean tumor volumes + SD (***p < 0.001, Student’s t test).
(C) Representative high-resolution ultrasound images from KPC mice pre-treatment (left, day 0) and after 14 days on study (right). Visible lesions are outlined in
white and mean tumor burden for each cohort is shown in mm? in the lower right corner.

(D) Immunoblot analysis of AKT-T308 phosphorylation in primary PDAC specimens from control and GDC 0941 treated KPC mice. a-Tubulin was used as loading
control.

(E) Immunohistochemical BrdU staining of representative PDACs from control and GDC 0941-treated KPC mice indicates blockade of proliferation in the
treatment group. Scale bars, 50 um.

(F) Quantification of BrdU-positive proliferating cells (three representative slides per mouse; *p < 0.05, Student’s t test). Error bars, + SEM.

(G) Patient-derived primary PDAC cells (TUM-PaCa1; see Figure S6C) were orthotopically transplanted into the pancreas of NOD-SCID-IL2Ry mice. After
establishment of sizeable tumors, mice were randomized and treated with GDC 0941 or vehicle for 12 days (n = 3 per group). Data represent the mean tumor
volumes + SD (**p < 0.01, Student’s t test).

See also Figure S6.

The PIBK/PDK1 Pathway Is a Target for Treatment

of Murine and Human Pancreatic Cancer

To test whether PI3K-PDK1-AKT signaling could be a
target for pancreatic cancer therapy, we used the well-estab-
lished Ptf1a°"®"*;LSL-Kras®'?P"*;LSL-Trp537' 721" (KPC) model
(Figure 8A) (Olive et al., 2009). KPC mice develop primary
PDAC that faithfully recapitulates the molecular, histopatho-

416 Cancer Cell 23, 406-420, March 18, 2013 ©2013 Elsevier Inc.

logic, and clinical features of the human disease (Olive et al.,
2009).

To inhibit PI3K signaling in vivo, we used GDC 0941, a potent
and selective oral pan class | PI3K inhibitor currently under clin-
ical development (LoRusso et al., 2011; Yuan et al., 2013). GDC
0941 efficiently inhibited the growth of primary murine Kras®'2°
and primary human patient-derived PDAC cells in vitro (Figures
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S6A-S6C). To evaluate the in vivo efficacy of GDC 0941 against
Kras®'?P-induced PDAC, KPC mice with established tumors of
comparable size were treated for 14 days with vehicle or GDC
0941 at 150 mg/kg/day. GDC 0941 efficiently blocked tumor
growth as measured by high-resolution ultrasound and reduced
phosphorylation of AKT-T308, a surrogate marker of PI3K
signaling via PDK1 (Figures 8B-8D). All GDC 0941-treated
animals displayed stable disease, whereas vehicle-treated
animals showed rapid disease progression (Figures 8B and
8C). Consistent with this, histopathologic analysis showed
significantly decreased proliferation of GDC 0941-treated
tumors (Figures 8E and 8F).

To demonstrate the relevance of the pathway for human
pancreatic cancer therapy, we used primary patient-derived
PDAC cells transplanted orthotopically into the pancreas of
NOD-SCID-IL2Ry (NSG) mice. We observed very similar anti-
tumor effects of GDC 0941 in this humanized PDAC model
(Figures 8G and S6D). These data strongly suggest that PISK
signaling is also necessary for proliferation and maintenance of
established murine and human PDAC and that the PI3K-PDK1-
AKT pathway is a promising target for therapeutic interventions.

DISCUSSION

There has been no major breakthrough in the treatment of PDAC
in the past 30 years and no effective targeted therapies are avail-
able (Hidalgo, 2010). Nearly all PDAC harbor KRAS mutations,
but efforts to develop effective Kras inhibitors have generally
failed. It is therefore essential to understand and define the
importance of effectors of mutant Kras and to identify nonredun-
dant essential nodes of nononcogene addiction (Pylayeva-
Gupta et al., 2011). Here, we show that PI3BK-PDK1 signaling is
such a node in Kras-driven pancreatic cancer initiation and
maintenance.

It has recently become evident that Craf is essential for the
onset of Kras-driven non-small cell lung cancer (Blasco et al.,
2011; Karreth et al., 2011). However, ablation of Craf in our
Kras®'2P_driven PDAC model had no significant inhibitory effect
on tumor development, progression, or survival. This demon-
strates that there are substantial tissue- and context-specific
differences in Kras effector usage. Such differences may have
important clinical implications because they could explain the
diverse response to targeted therapies of different tumor types
harboring oncogenic KRAS mutations. Indeed, a recent study
showed no substantial response of Kras®'2P-driven NSCLC
toward PIBK-mTOR inhibition in vivo (Engelman et al., 2008). In
contrast, we demonstrate that targeting the PI3K pathway in
Kras®'?P-driven PDAC efficiently blocks carcinogenesis and
tumor progression. Our data thus provide in vivo evidence for
the rationale to investigate Kras-driven oncogenic pathways in
a tissue- and context-specific manner to characterize the rele-
vant nodes engaged in different tumor entities.

Collisson and colleagues found that oncogenic Braf'6%E s
capable of inducing PanIN lesions in mice (Collisson et al.,
2012). Using a tamoxifen-inducible transgenic Pdx7-CreER'2-
driver line, they activated a latent Braf"®°°F allele in the pancreas
of adult mice and observed a greater number of PanIN lesions
than in the classical Kras®'2? model. These data and our findings
clearly show that activation or deletion of different Kras-depen-

dent signaling pathways can induce or block PanIN formation
in vivo. This argues either for the existence of several distinct
routes toward PanIN formation, or an essential crosstalk between
the Raf-MEK-ERK and PI3K-PDK1-AKT pathway, which might
depend on alternate effectors like receptor tyrosine kinases
(Ardito et al., 2012; Ebi et al., 2011; Navas et al., 2012). Collisson
and colleagues showed that PanIN formation can be caused by
activation of the canonical Raf-MEK-ERK pathway at the level of
Braf. Whether Braf is essential for PanIN formation in the Kras®'2P
model, as we show for the direct PI3K downstream target PDK1,
needs to be investigated at the genetic level in the future.

In contrast to our study, Collisson and colleagues found no
PanIN development after tamoxifen induced p110a1%47R
expression in the pancreas using the Pdx7-CreER™ mouse
line. This might be due to distinct target cells, or differences in
Pik3ca copy number, Cre-induced recombination efficacy, or
different expression and signaling levels of p110a. in the Ptf1a®™
and Ela1-CreER™ versus Pdx71-CreER’™? models (Collisson
et al., 2012). Based on the similar phenotypes of our Kras®'2?
and PIK3CAH"%47F models, the lack of Ras activation in
PIK3CAM%47R mice, comparable levels of PI3K activation and
expression as well as PIP3 levels in the Kras®'?® and
PIK3CAH%47R models, and by showing that deletion of the
PI3K effector Pdk1 blocks tumor formation, ADM, and PI3K
activation in the Kras®'2P model, we provide evidence at multiple
levels that Kras acts through PI3K-PDK1 to induce pancreatic
cancer. This conclusion is further supported using primary
human material showing that PI3K signaling is active in human
acinar-to-ductal metaplasia, premalignant pancreatic lesions
and cancers, and is mechanistically involved in early processes
of pancreatic cell plasticity and cancer formation as well as in
tumor maintenance.

Downward and colleagues showed previously that the Ras-
PI3K interaction plays an important role in Ras-induced skin
and lung carcinogenesis (Gupta et al., 2007). They found that
disruption of the direct Ras/p110a interaction—by constitutive
expression of Pik3ca 208P/K2274 in the mouse germline—dramat-
ically reduced the number of Ras-induced papillomas and lung
adenomas (Gupta et al., 2007). It is however unclear to what
extent this was mediated by cell autonomous or non-cell auton-
omous effects in the host. Since p110a is required for angiogen-
esis (Graupera et al., 2008), disruption of the Ras-PI3K interac-
tion in the vasculature, immune system, or stroma is likely to
contribute significantly to the observed effects in this model.

Because PDK1 is a central node of PI3K signaling (Castellano
and Downward, 2011), we evaluated its cell-autonomous role in
Kras-induced NSCLC in vivo. Intriguingly, ablation of Pdk1 specif-
ically in the epithelial compartment of the lung using two different
recombination strategies had no significant inhibitory effect on
Kras®'P-induced NSCLC development and progression. This
suggests that PI3K signaling plays an important role in the tumor
microenvironment rather than a cell autonomous function during
NSCLC formation (Graupera et al., 2008). This is supported by the
observation that Ras-induced NSCLC development is impaired
but not completely blocked by constitutive expression of the
Pik3ca208P/K227A in the mouse germline (Gupta et al., 2007). In
contrast to the lung, genetic inactivation of PDK1 in pancreas
epithelium using two different Cre-driver lines completely
blocked Kras®'?P-induced neoplastic transformation. These
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data clearly demonstrate that each tissue has its own and unique
cell autonomous signaling requirements during oncogenic trans-
formation. This advance in our understanding of tissue-specific
effects of oncogenic Kras may change clinical practice in the
future because it clearly shows that results cannot simply be
extrapolated from one Kras-driven tumor entity to another.

We have defined the tumor cell autonomous Kras-PI3K-PDK1
axis as an essential pathway of pancreatic cancer with the
capacity to induce cell plasticity, ADM, PanIN, and cancer
formation as well as tumor maintenance. A large variety of phar-
macologic inhibitors directed against the PI3K pathway and the
promising targetable node PDK1 are now available for clinical
investigation (Engelman, 2009; Liu et al., 2009; Pearce et al.,
2010). Recognition of the importance of the PISK-PDK1 pathway
in PDAC, as demonstrated in this study, will provide a more
effective approach for targeted therapeutic interventions for
this grave disease.

EXPERIMENTAL PROCEDURES

Mouse Strains and Tumor Models

LSL-Kras®'2P'* (Hingorani et al., 2003), Ptf1a®®* (Eser et al., 2011; Nakhai
et al., 2007; Seidler et al., 2008), LSL-Rac1%'2"* (Srinivasan et al., 2009),
LSL-Trp537"72H+ (Hingorani et al., 2005), Trp53"* (Jonkers et al., 2001),
LSL-R26%°%"* (Seidler et al., 2008), R26™"™% (Muzumdar et al., 2007),
Ela1-CreER™ (Stanger et al., 2005), Cdkn2a™* (Aguirre et al., 2003), Craf”*
(Jesenberger et al., 2001), and Pdk1™* (Lawlor et al., 2002) mice have been
described previously. The strains were interbred to obtain mice with activation
of distinct pathways in the pancreas as previously described (Eser et al., 2011).
All animal studies were conducted in compliance with European guidelines
for the care and use of laboratory animals and were approved by the Institu-
tional Animal Care and Use Committees (IACUC) of Technische Universitat
Minchen, Regierung von Oberbayern and UK Home Office.

Human Pancreatic Tissue Samples

This study conformed to the Declaration of Helsinki and was approved by the
ethics committee of the Technische Universitdt Miinchen. Informed consent
was obtained from all patients included in the study.

Generation of Primary Human and Murine Ductal Pancreatic Cancer
Cell Lines

Primary dispersed murine pancreatic cancer cells were established from
Ptf1a%"®"*;L SL-Kras®'?""* and Ptf1a®®*;LSL-PIK3CA"'%4""* mice and culti-
vated as previously described (von Burstin et al., 2009). Primary dispersed
human PDAC cells were isolated from surgically resected human PDAC as
recently described (Conradt et al., 2011). Only early-passage (passage 3 to
4) dispersed cells were used for assays.

Establishment of Patient-Derived Xenograft Tumors from Primary
Human PDAC

Tissues were placed into chilled sterile RPMI 1640 (Thermo Scientific/Hyclone,
Waltham, MA) supplemented with 1% (v/v) penicillin/streptomycin/amphoter-
icin B. The tumor was washed twice, dissected into 3 mm cubes and pieces
were implanted subcutaneously into NOD SCIG IL2Ry (NSG) mice (#005557;
Jackson Laboratory, Bar Harbor, Maine) within 1 hour of resection.

Patient-Derived Orthotopic Human Pancreatic Cancer
Xenotransplantation Model

One million patient-derived primary human pancreatic cancer cells in 20 pl Dul-
becco’s modified Eagle medium were implanted orthotopically into the pancreas
of NSG mice as described (von Burstin et al., 2009; von Burstin et al., 2008).

Statistical Analyses
Comparisons between data sets were made with analysis of variance, followed

by Students t test. A Bonferroni correction of the p values was performed for
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multiple testing. Kaplan-Meier survival curves were compared by log-rank
test. Values of p < 0.05 or less were considered to be statistically significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures and Supplemental Experimental
Procedures and can be found with this article online at http://dx.doi.org/
10.1016/j.ccr.2013.01.023.
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We became aware that the above paper contains some perceived errors wherein dotted lines were not used when lanes were brought
together. We have now modified Figures 3D, 6D, 61, and 8A to reflect this; the corrected figures are printed below. There is no change
in the legend or text.
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Translational Genomics Research Institute, Phoenix, AZ 85004, USA

Exocrine Pancreatic Cancer (95%)
= Ductal adenocarcinoma (90%)
Premalignant: Carcinoma in situ (*PanIN-3)

= Mucinous cystadenocarcinoma (5%)
(Acinar cell, pancreatoblastoma)

Premalignant: **IPMN or mucinous cystadenoma

Endocrine Pancreatic Cancer (5%)
= Islet cell = Carcinoid

ASSOCIATION WITH INHERITED CANCER SYNDROMES

* Mutation of BRCA2 — Chromosome 1312
= Peutz-Jeghers syndrome — autosomal dominant mutations in

LKB1/STK11 on chromosome 19p13

= Familial atypical multiple mole melanoma (FAMMM) syndrome —
autosomal dominant mutation in CDKN2A tumor suppressor

gene on 9p21

= Hereditary nonpolyposis colorectal cancer (HNPCC) — autosomal
dominant mutations in DNA mismatch repair genes

= Familial kindreds - 2 or more first degree relatives

= PALB2 mutation

GENOMIC VULNERABILITIES

Mutations
KRAS, BRCA2, PALB2, TP53,
other DNA repair genes

Amplifications
ERBB2 (HER2/neu)

Deletions (synthetic lethal possibility)
SMAD4 (DPC4)
CDKN2A (p16)

Hypermethylation
Inhibitors of DNMTs

CLINICAL AND MOLECULAR
PROGNOSTIC FACTORS

Poor clinical prognostic factors
= Later stage

= R1 resection (tumor at margin,
lymph node positive)

= Perineural invasion or vascular invasion
= Poor performance status

= Low serum albumin

= Liver metastasis

= Marker CA19-9 > 59x ULN

Poor molecular prognostic factors
= Mutated SMAD4

= Mutated TP53

CLINICAL STAGING AND USEFUL TREATMENTS

Resectable (localized): Surgical resection with possible follow-up XRT plus 5-FU
or gemcitabine or with 6 cycles of gemcitabine, median survival = 12-19 months

= No encasement of celiac axis or superior mesenteric artery (SMA)

HISTO

o Lot

*PanIN
(Pancreatic
intraepithelial
neoplasia)

“IPMN
(Intraductal
papillary
mucinous
neoplasm)

Normal PanIN-2

ORIGIN/EVOLUTION

Exact cell of origin not clear
(candidates include epithelium, acinar cell, islet cell)

Possible total time to evolve: 21-28 years

= 11.7 years: original gene mutation -> primary cancer

= 6.8 years primary -> metastasis

= 2.7 years appearance of metastases -> death.
(Yachida et al., 2010)

Stem cell hypothesis

CD44, CD24, and epithelial-specific antigen (ESA)

positive (Li et al., 2007)

\

Stoh’lach

Spleen

Pancreas

Duodenum

The Challe

Posterior location of
pancreas, in close proximity to
duodenum, common bile duct, celiac

plexus, superior mesenteric artery (SMA), and portal vein, leads to
late diagnosis as well as very bothersome symptoms of obstruc-
tion of biliary drainage, with infection, pain, and unresectability.

SMA

PanIN-3

X

Cancer Metastasis

= Genetically engineered mouse
models (e.g., the KPC model by
Hingorani et al., 2005)

= Primary patient-derived tumor
xenografts (e.g., the PancXenoBank
by Jimeno et al., 2009)

BREAKING TOLERANCE

= Anti-CTLA-4

= Anti-PD1

= Anti-PD-L1

= Anti-macrophage approaches

STROMA TARGETS

= Hypoxia
= Extracellular matrix
= Stellate cells - Vitamin D signaling

= SPARC
(Secreted Protein Acidic, Rich in Cysteine)

= Collagen
= Hyaluronan
= Hedgehog signaling
= TGF-B signaling
= Inflammation:
NF-xB, IL-6, JAK1/2, COX2

= High interstitial fluid pressure,
growth induced solid stress

FUEL UTILIZATION

= Glucose (Aerobic glycolysis)
PI3K, AKT, LDHA, PKM2

= Glutamine (Glutaminolysis)
MYC, ASCT2, GLS, POL |

= Cellular constituents (Autophagy)
AMPK

= Extracellular constituents
(Macropinocytosis)
RAS, SRC

CLINICAL REGIMENS PROVEN TO INCREASE SURVIVAL FOR

PATIENTS WITH ADVANCED METASTATIC PANCREATIC CANCER

Median Survival (Months)

= Patent superior mesenteric — portal veins

= No extra pancreatic disease

Locally advanced: XRT plus 5-FU or gemcitabine, or
chemotherapy alone, median survival = 6-10 months

= Encasement of arteries
= \lenous occlusion (SMV or portal)
= No extra-pancreatic disease

Metastatic disease: Chemotherapy — See treatment regimens in the
table to the right, median survival with treatment = 6-11 months
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Regimen Control e Control p Value Reference
gemcitabine 5-FU - 5.6 - 4.4 0.0025 Burris, et al., 1997
gemaitabine e m— G2/ w591 0038 Moore, et al., 2007
FOLFIRINOX**  *GEM e 1, - .8 <0.001 Conroy, et al., 2011
MESPEEINEEGE ey s 35 mmmm 67 0000015  Von Hoff, et al, 2012

+ gemcitabine

*GEM: gemcitabine

**FOLFIRINOX: Folinic acid + 5-FU + Irinotecan + Oxaliplatin
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SnapShot: Pancreatic Cancer Cancer
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Pancreatic cancer can basically be divided into two major subtypes: adenocarcinoma, which is thought to arise in the exocrine portion of the pancreas (95% of cases), and rare
endocrine tumors, which arise from islet cells (often designated as neuroendocrine tumors). This Snapshot concentrates on the most common and lethal type of adenocarcinoma
of the pancreas: infiltrating ductal adenocarcinoma (designated here as pancreatic ductal adenocarcinoma or PDA).

Pancreatic cancer kills more than 37,000 people each year in the United States and more than 213,000 people worldwide. It has the worst 1 and 5 year survival rates of all
cancers and, unfortunately, it is increasing in incidence. The highest rates of pancreatic cancer incidence are seen in industrialized and Western countries. In Europe, Nordic
countries have the highest incidence rates (perhaps suggesting a role for Vitamin D). In the United States, the incidence is particularly high in Native Hawaiians, African Ameri-
cans, and Korean Americans. The incidence of pancreatic cancer also increases sharply after age 50. Pancreatic cancer in young patients is frequently familial; there is a 40%
increase in risk for pancreatic cancer if there is familial pancreatitis. Other risk factors include diabetes, metabolic syndrome, pancreatitis, cigarette smoking, heavy alcohol
consumption, infectious agents (H. pylori, hepatitis B), and gastric resection. Diets low in fruits and vegetables and involving high intake of meat (particularly barbequed) are also
associated with increased risk.

This Snapshot is designed to outline the pathology of PDA, its association with inherited cancer syndromes, information regarding the origin and evolution of the disease,
clinical and molecular prognostic factors, and clinical staging along with common treatment regimens that have been proven to increase survival. Clearly, new ways to attack
pancreatic cancer are needed. Also outlined in the SnapShot are four possible ways to attack the disease via genomic vulnerabilities, PDA’s fuel utilization pathways, stroma
targets, and breaking immune tolerance. These include some already discovered targets as well as some additional therapeutic possibilities. We hope that this cataloging of
possibilities alongside the clinical aspects of the disease will help drive new approaches and ideas for development of new therapies and new methods for early detection of
this awful disease.
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