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SUMMARY

Epithelial-mesenchymal transition (EMT) is implicated in converting stationary epithelial tumor cells into
motile mesenchymal cells during metastasis. However, the involvement of EMT in metastasis is still contro-
versial, due to the lack of a mesenchymal phenotype in human carcinoma metastases. Using a spontaneous
squamous cell carcinoma mouse model, we show that activation of the EMT-inducing transcription factor
Twist1 is sufficient to promote carcinoma cells to undergo EMT and disseminate into blood circulation.
Importantly, in distant sites, turning off Twist1 to allow reversion of EMT is essential for disseminated tumor
cells to proliferate and form metastases. Our study demonstrates in vivo the requirement of “reversible EMT”
in tumor metastasis and may resolve the controversy on the importance of EMT in carcinoma metastasis.

INTRODUCTION

During metastasis, epithelial tumor cells invade surrounding
extracellular matrix (ECM), disseminate into the systemic circula-
tion, and then establish secondary tumors in distant sites. A
developmental program termed epithelial-mesenchymal transi-
tion (EMT) has been implicated in giving rise to the dissemination
of single carcinoma cells. During EMT, stationary epithelial cells
lose their epithelial characteristics, including adherent junctions
and apical-basal polarity, and acquire a mesenchymal mor-
phology and the ability to migrate and invade (Hay, 1995).
Biochemically, cells switch off the expression of epithelial
markers, such as adherens junction proteins E-cadherin and
catenins, and turn on mesenchymal markers, including vimentin
and fibronectin. Studies using cell culture and tumor xenograft
models show that activation of EMT promotes carcinoma cells
to dissociate from each other and metastasize to distant organs
(Hay, 1995; Kalluri and Weinberg, 2009; Thiery, 2002, 2009).

However, the involvement of EMT in tumor metastasis in vivo
is still hotly debated (Garber, 2008; Ledford, 2011; Tarin et al.,
2005; Thompson et al., 2005). In human carcinoma, although
primary tumors show many morphological and molecular
features of EMT in subpopulations of invasive cells, distant
metastases present an epithelial morphology (Peinado et al.,
2007). This phenomenon contradicts the assumption that activa-
tion of EMT in tumor cells should result in metastases with
a mesenchymal phenotype, therefore casting doubts on the
occurrence of EMT during metastasis. This discrepancy could
be due to the interpretation of the EMT program as a permanent
nonreversible course during tumor metastasis. A reversible EMT
model has been proposed to explain this apparent paradox:
carcinoma cells undergo EMT to invade and disseminate from
the primary tumor; once reaching distant sites, tumor cells
need to revert to an epithelial identity to form macrometastases
(Thiery, 2002). However, this hypothesis has not been attested
in vivo.

Significance

EMT features are frequently observed in many types of primary human carcinoma, but not their corresponding metastases.
Our findings indicate that reversible EMT likely represents a key driving force in human carcinoma metastasis. Delayed
onset of metastasis following primary tumor removal is thought to be due to resurrection of latent carcinoma cells in distant
organs. Our study raises the possibility that tumor dormancy could be due to the inability of disseminated tumor cells to
revert EMT and proliferate. The dynamic involvement of EMT in metastasis cautions that therapies inhibiting EMT could
be counterproductive in preventing distant metastases when patients already present circulating tumor cells. Instead,
blocking EMT reversion may prevent dormant tumor cells from establishing metastases.
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The EMT program is orchestrated through a network of tran-
scription factors, including Twist1 (Yang et al., 2004), Snail1/2
(Batlle et al., 2000; Cano et al., 2000; Hajra et al., 2002), Zeb1/2
(Comijn et al., 2001; Eger et al., 2005), and FOXC2 (Mani et al.,
2007). Our previous study found that Twist1 is a potent inducer
of EMT and invadopodia-mediated ECM degradation (Eckert
etal., 2011; Yang et al., 2004). In mouse and human breast tumor
xenograft models, Twist1 expression can promote tumor metas-
tasis (Yang et al., 2004). Clinical studies have also associated
expression of Twist1 in primary tumors with disease aggressive-
ness and poor survival in many types of human cancers, such as
squamous cell carcinoma, breast cancer, prostate cancer, and
gastric cancer (Eckert et al., 2011; Kallergi et al., 2011; Peinado
et al., 2007; Watson et al., 2007).

Unlike human carcinoma metastases, most established meta-
static tumor cell lines present a permanent mesenchymal pheno-
type (Blick et al., 2008) and cannot be used to address the
dynamic EMT process during tumor metastasis in vivo. Recent
elegant studies using autochthonous mouse tumor models
observed the occurrence of EMT in primary carcinoma, but
how EMT spatiotemporally regulates metastasis has not been
investigated in these models (Hisemann et al., 2008; Rhim
et al.,, 2012). The chemical carcinogenesis mouse skin model
has been shown to recapitulate the multistep process of human
carcinoma progression, including initiation, growth, invasion,
and metastasis (Kemp, 2005; Perez-Losada and Balmain,
2003). At the molecular and genetic levels, the skin carcinogen-
esis model shares strong similarities with a number of carcinoma
in humans, including activating mutations in Ras family mem-
bers, activation of PIBK- and Stat3-mediated signaling path-
ways, elevated expression of transforming growth factor 1
(TGFB1), and activation of the TGFB/Smad signaling pathways
and, at later stages, Trp53 mutations (DiGiovanni, 1992; Kemp,
2005). Importantly, like human squamous cell carcinoma, this
model develops distant metastases with an epithelial mor-
phology in lymph nodes and lungs (Han et al., 2005), making it
a suitable model to study the involvement of EMT in vivo.
Furthermore, extensive studies have shown that expression of
Twist1 in primary human squamous cell carcinoma, including
esophageal cancer (Sasaki et al., 2009; Xie et al., 2009; Yuen
et al., 2007) and head and neck cancer (Ou et al., 2008; Wushou
et al.,, 2012), correlates with distant metastasis and poor
prognosis. In this study, we investigate the importance of the
dynamic EMT process in metastasis in vivo using the skin carci-
nogenesis model.

RESULTS

Induction of Twist1 Promotes Invasive Carcinoma
Conversion

Previous studies have demonstrated the necessary role of
Twist1 as an inducer of EMT. To understand the contribution of
Twist1 in metastatic carcinoma, we analyzed 99 primary human
carcinomas with patient-matched lymph node metastases for
Twist1 expression. Of the 20 cases with high Twist1 expression
in the primary tumor, we found 16 cases with over 50% drop in
Twist1 levels in the lymph node metastases (Figures S1A and
S1B available online), suggesting Twist1 is activated in the
primary tumor but not distant metastases. To study how
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dynamic activation of Twist1 directly impacts carcinoma
progression, we generated skin-specific Twist1 Tet-on inducible
mice by crossing transgenic mice carrying a single copy of a
TetOP-Twist1 transgene with Keratin 5 promoter-driven reverse
tetracycline-controlled transactivator mice (K5-rtTA) (Diamond
et al., 2000). Bitransgenic mice (referred to as K5-Twist1 mice)
showed specific expression of Twist1 protein in the basal
epidermal layer upon doxycycline (dox) treatment (Figure S1C).
Long-term induction of Twist1 alone in K5-Twist1 mice did not
result in visible skin abnormalities (data not shown). To generate
squamous cell carcinoma (SCC), K5-Twist1 mice and control
single transgene littermates were treated with a single dose of
7,12-dimethylbenz[alanthracene (DMBA) followed by weekly
applications of 12-O-tetradecanoylphorbol-13-acetate (TPA)
for 20 weeks to allow skin tumor development (Abel et al.,
2009; Kemp, 2005; Sun et al., 2007) (Figure 1A). At the end of
TPA treatment, when all mice have developed multiple papil-
lomas, we randomly divided these mice into two groups. One
group of mice received doxycycline in the drinking water to allow
continuous Twist1 expression in K5-positive tumor cells, even if
tumor cells have migrated out of the skin and disseminated
throughout the body. We used this systemic Twist1 induction
group as the model for “irreversible EMT.” The second group
of mice received doxycycline topically on the dorsal skin area
containing papillomas to induce Twist1 only at the primary tumor
site, such that tumor cells would lose Twist1 expression once
they have disseminated from the skin. This local induction of
Twist1 was used as the model for “reversible EMT” (Figures
1A and S1D).

Within 7 days of doxycycline treatment through either oral or
topical routes, papillomas on the K5-Twist1l mice began to
invaginate into the skin and converted to SCCs at similar rates
in both groups (Figures 1B and 1C). By three weeks, both groups
of K5-Twist1 mice presented over 3-fold higher conversion
frequencies than their control littermates (Figure 1C). Impor-
tantly, induction of Twist1 by oral or topical doxycycline resulted
in similar conversion rates and frequencies of papillomas to
SCCs (52% for oral treatment versus 40% for topical treatment;
Figures 1C and 1D), demonstrating similar efficacy of Twist1
induction at the primary site using both doxycycline delivery
methods. Histological analysis confirmed that papillomas have
converted to poorly differentiated SCCs, with many regions pre-
senting a spindle-cell phenotype in both groups of K5-Twist1
mice, while the naturally converted SCCs in the control group
showed a well- to moderately differentiated epithelial mor-
phology (Figure 1E). In Twist1-induced SCCs, tumor cells
invaded through the underlying basement membrane, demon-
strating a role of Twist1 in matrix degradation (Figure 1F).
Together, these data indicate that Twist1 is sufficient to promote
invasive carcinoma progression in vivo.

Reversible Induction of Twist1 Promotes Carcinoma
Metastasis

To understand how irreversible versus reversible induction of
Twist1 impacts metastasis, we examined individual mice for
distant metastases by macroscopic and histological analysis.
Starting at 5 weeks after doxycycline induction, mice with heavy
metastasis burden were sacrificed together with mice in the
comparison groups, and all mice were terminated by 8 weeks.
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Figure 1. Induction of Twist1 Promotes Invasive Carcinoma Conversion

(A) A schematic of the DMBA/TPA skin tumor model and two doxycycline (dox) induction approaches in K5-Twist1 mice.

(B) Representative images of tumor lesions in control and doxycycline-treated K5-Twist1 mice over time. Control mice are single transgene littermates that
received oral or topical doxycycline.

(C) Graph of conversion rates from papillomas to SCCs over time for a representative cohort + SEM at each time point.

(D) Scatter plot of SCC conversion frequency in control and doxycycline-treated K5-Twist1 mice. Each dot represents one mouse, and the bar represents the
mean of each group. *p < 0.0001 compared to control group, Student’s t test.

(E) Histologic sections of tumors stained with hematoxylin and eosin. Papillomas have well-defined cellular organization, whereas control SCCs are well- to
moderately differentiated. In contrast, doxycycline-treated tumors are disorganized and poorly differentiated. Bar = 50 pm.

(F) Frozen tumor sections were costained for tumor cells (K5, green), basement membrane (laminin 5, red), and nuclei stain (blue) to examine the breachment of
basement membrane by tumor cells. Bar = 50 um.

See also Figure S1.

Consistent with published data, 27%-33% of control SCC-
bearing mice developed distant metastases in the lymph node
and/or the lung (Abel et al., 2009; Kemp, 2005). Strikingly, 12
out of 14 K5-Twist1 mice (86%) receiving topical doxycycline

developed distant metastases. In contrast, only three out of 13
K5-Twist1 mice (23%) receiving oral doxycycline developed
distant metastases (Figure 2A). K5-Twist1 mice receiving topical
doxycycline also developed significantly more metastatic
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Figure 2. Reversible Induction of Twist1 Promotes Carcinoma Metastasis

(A) A histogram showing metastasis frequencies in control and K5-Twist1 mice group receiving oral or topical doxycycline. The fraction of mice developing
metastases in individual groups is represented above each bar. Fisher’s exact test analysis was performed to determine statistical significance.

(B) An event was defined as a tumor nodule in an individual lymph node and/or the presence of at least a single nodule in the lung tissue. Each dot represents
a single mouse. Student’s t test statistical analysis was performed to compare average events per group.

(C) Representative images of tumor sections costained for Twist1 (brown) and K5 (green). Paraffin-embedded tumor sections were stained for Twist1 using
immunohistochemistry (brown) followed by immunofluorescent staining for K5 (green) on the same section to identify tumor cells. Bar = 50 um.

lesions per mouse than mice receiving oral doxycycline, high-
lighting the drastic difference in metastasis incidences between
these two groups (Figure 2B). It is also important to note that this
difference is not due to nonspecific effects of doxycycline, since
control mice receiving oral or topical doxycycline presented
similar metastasis frequencies (Figures 2A and 2B).

We next examined the expression of Keratin 5 and Twist1 in
the primary tumors and metastatic nodules. We found that all
skin tumor cells express Keratin 5 both with and without Twist1
induction, suggesting that Keratin 5 can be used to specifically
mark skin tumor cells in this model. Importantly, we detected
robust nuclear Twist1 expression in the primary tumors following
both oral and topical doxycycline treatment; in contrast, all
distant metastatic lesions showed no Twist1 expression (Fig-
ure 2C). Together, these results indicate that only reversible,
but not irreversible, induction of Twist1 significantly promotes
distant metastasis.

Twist1 Regulates EMT in a Reversible Fashion during
Metastasis In Vivo

To understand whether Twist1 indeed regulates EMT in a revers-
ible manner during metastasis, we examined both primary
tumors and metastatic nodules for the expression of Twist1
and key EMT markers. In control mice, the naturally converted
SCCs showed strong expression of epithelial markers, including
E-cadherin, B-catenin, and y-catenin (Figures 3A-3C and S2A)
and no expression of mesenchymal marker vimentin in the tumor
cells (Figure 3D). Primary tumors from K5-Twist1 mice receiving
either oral or topical doxycycline presented diminished epithelial
markers and strong vimentin expression, indicating that Twist1
can effectively induce EMT in primary tumors (Figures 3, S2A,
and S2B). In contrast, all corresponding distant metastases in
the topical induction group present an epithelial morphology
with no vimentin expression and strong E-cadherin staining
(Figures 3C, 3D, and S2C). The fact that topical induction of
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Figure 3. Twist1 Regulates EMT in a Reversible Fashion during Metastasis

(A) Primary and metastatic tumor samples were costained for E-cadherin (red) and K5 (green) to identify tumor cells undergoing EMT. Bar = 50 um.

(B) The relative E-cadherin levels in K5* tumor cells were quantified in individual tumor samples from (A). Values were normalized to control samples and plotted
on a histogram + SEM. Student’s t test statistical analysis was performed.

(C) Representative images of tumor sections from control and K5-Twist1 mice costained for Twist1 (brown) and E-cadherin (green) expression. Boxed regions
highlight areas of Twist1-positive tumor cells with disrupted or absent E-cadherin expression. Bar = 50 um.

(D) Representative images of tumor sections from control and K5-Twist1 mice costained for Twist1 (brown) and vimentin (green) expression. Arrows indicate
Twist1-positive tumor cells that express vimentin. Bar = 25 um.
See also Figure S2.

Twist1 drastically increased metastasis incidence and that
distant metastases presented an epithelial phenotype indicates
that “reversible EMT” can effectively promote tumor metastasis.
To our surprise, while oral doxycycline induction of Twist1
reduced E-cadherin expression and induced EMT in primary

tumors in all 13 mice (Figure 3), the rare metastatic nodules
developed in three mice also presented an epithelial morphology
(Figure S2D). Immunostaining analyses of these metastases
showed strong E-cadherin along with weak Twist1 expression
in the tumor cells (Figure S2E), suggesting that these rare
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Figure 4. Activation of EMT Promotes Tumor
Cell Intravasation

(A) Representative image of circulating tumor cells
(CTCs). CTCs are defined as cells that are CD45™
(red) and CK™* (green) and present irregular nuclear
shape (arrows). Inset shows magnified irregular
nucleus in CTC. Bar = 10 um.

(B) Quantification of CTCs in K5-Twist1 mice prior
to doxycycline treatment (pre dox) in control mice
and K5-Twist1 mice receiving oral and topical
doxycycline. The percentages of CTCs among all
nucleated cells were plotted on a histogram + SEM.
Student’s t test statistical analysis was performed.
(C) CTCs from control and doxycycline-treated
K5-Twist1 mice were examined for Twist1 expres-
sion. Representative images of CTCs costained for
Twist1 (green), CD45 (red), and nuclei (blue).
Arrows represent CTCs that are Twist1-positive;
arrowheads represent CTCs that are Twistl-
negative. Bar = 10 um.

(D) Representative images of CTCs costained for
E-cadherin (green), CD45 (red), and nuclei (blue).
Arrowheads represent CTCs that are E-cadherin-
negative. All CTCs show no E-cadherin expression.
Bar = 10 um.

(E) Representative images of CTCs stained for
vimentin (green), CD45 (red), and nuclei (blue).
Arrows represent CTCs that are vimentin-positive;
arrowheads represent CTCs in the control litter-
mates that are vimentin-negative. Bar = 10 um.
See also Figure S3.
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metastases are likely due to additional selective genetic and/or
epigenetic changes that circumvent Twist1-induced EMT to
allow the formation of epithelial metastases. Together, these
results strongly support a requirement for the reversion of EMT
in forming distant metastases in vivo.

Activation of EMT in Primary Tumors Promotes
Intravasation

To successfully metastasize, carcinoma cells need to complete
distinct steps, including invasion, intravasation, extravasation,
and growth at distant sites. To investigate how activation of
EMT impacts tumor cell intravasation into the blood circulation,
we isolated circulating tumor cells (CTCs) from peripheral blood
of K5-Twist1 and control mice. CTCs are defined as cells that are
CD45~ and pan-cytokeratin (CK)* and present irregular nuclear
shape (Figure 4A). The percentages of CTCs in the blood

doxycycline treatment (Figure 4B). Impor-
tantly, upon Twist1 induction, these CTCs
were positive for Twistl and mesen-
chymal marker vimentin, but negative
for epithelial markers E-cadherin and
B-catenin (Figures 4C-4E and S3), indi-
cating an EMT phenotype in the CTCs.
This result is consistent with studies
showing that CTCs from human cancer
patients present many features of EMT (Hou et al., 2011; Kallergi
et al., 2011; Min et al., 2009) and that the presence of CTCs in
human squamous cell carcinoma cancer patients is associated
with distant metastasis and poor survival (Jatana et al., 2010; Pa-
jonk et al., 2001; Winter et al., 2009). Our data show that both
reversible and irreversible activation of EMT are equally effective
in promoting tumor cell intravasation, and therefore the ability to
disseminate is not the cause of different metastasis rates.

Activation of EMT Promotes Tumor Cell Extravasation

To examine the impact of EMT on tumor cell extravasation in
distant organs, we isolated primary tumor cells from a K5-Twist1
mouse and treated them in culture with doxycycline for 7-
11 days to induce Twist1 and EMT (Figures 5A and S4). These
cells were then labeled with a fluorescent cell tracker and
injected via tail vein into wild-type mice receiving doxycycline
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(A) A schematic of the experimental lung metastasis design.
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(B) Confocal images of tumor cell (red) extravasation from lung vasculature (green). Bar = 20 um.

(C) Quantification of tumor cell extravasation at 36 hr post tail vein injection. The number of tumor cells inside or outside of the vasculature was counted and then
divided by the total number of cells assayed (n = 28-32 cells per group). The percentage of tumor cells inside (intravascular) or outside (extravascular) of the vessel
was plotted on a stacked bar graph. *p < 0.0001 as determined by Fisher’s exact test, compared to control group I.

(D and E) Images of lung tissues and quantification of average lung nodules per mouse + SEM 4 weeks after tail vein injection. Student’s t test statistical analysis

was performed.
See also Figure S4.

or no doxycycline in drinking water, mimicking “irreversible”
versus “reversible” EMT, respectively. The parental primary
tumor cells were also injected as the “no EMT” control (Fig-
ure 5A). At 36 hr after injection, we quantified the number of
tumor cells extravasated from the lung vasculature. While only
20% of “no EMT” control cells (Group |) extravasated out of
the lung vasculature, induction of Twist1 promoted 75% of tumor
cells to extravasate under both “irreversible” and “reversible”
conditions (Group Il and Ill) (Figures 5B and 5C). Supporting
these results, 4 weeks after tail vein injection, the “no EMT”
group (Group ) resulted in very few lung metastases compared
to the other two groups (Group Il and Ill) (Figures 5D and 5E).
This strongly indicates that activation of Twist1 and EMT is crit-
ical to promote extravasation. Furthermore, consistent with

previous studies (Cameron et al., 2000; Mendoza et al., 2010),
tumor cells in circulation can extravasate from the blood within
1-2 days, much shorter than the time required for EMT reversion
(~5 days). Therefore, these data also show that reversible
activation of EMT in tumor cells can persist long enough to allow
effective extravasation from the vasculature into distant organs
before EMT reversion.

Reversion of EMT Promotes Colonization in Distant
Sites

Since reversible and irreversible activation of EMT can both
effectively promote local invasion, intravasation, and extra-
vasation, the ability to grow in distant organs is likely to be the
critical step regulated by the reversion of EMT. Because cell
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Figure 6. Reversion of EMT Promotes Colonization in Distant Sites

(A) Representative images of tumor sections costained with Twist1 (green), Ki67 (red), and nuclear stain (blue). Tumor sections from control and doxycycline-
treated K5-Twist1 mice were costained for Twist1 and Ki67 to identify proliferation tumor cells. Bar = 50 pm.

(B and C) Relative levels of Twist1 and Ki67 expression in primary tumors from control and doxycycline-treated K5-Twist1 mice. Values were plotted on a
histogram + SEM. Student’s t test statistical analysis was performed. n = tumor samples per group.

(D-F) Representative images of lung sections costained for K5 (green), Twist1 (brown) or Ki67 (brown), and quantification of Twist1 and Ki67 expression at 7 days
post tail vein injection. Values were plotted on a histogram + SEM. Student’s t test statistical analysis was performed. n = mice per group.

proliferation is essential for establishing macrometastases and
EMT-inducing factors are shown to reduce cell proliferation (Ev-
dokimova et al., 2009; Vega et al., 2004), we analyzed the effect
of Twist1 on tumor cell proliferation. Indeed, individual primary
tumor cells expressing Twist1 showed very low to nondetectable
expression of the proliferation marker Ki67 (Figure 6A). Tumor
cell proliferation appeared to be negatively correlated with
Twist1 expression (Figures 6B and 6C). To demonstrate that
reversion of EMT to promote cell proliferation at distant sites is
the essential step in establishing early metastatic colonies, we

performed experimental lung metastasis studies, as described
in Figure 5A, and examined cell proliferation and Twist1 expres-
sion in early metastatic lesions in the lung (7 days postinjection).
Remarkably, early metastatic colonies showed strong positive
Ki67 expression and low Twist1 expression under “reversible”
EMT condition, while “irreversible” EMT resulted in colonies
with high Twist1 expression and low Ki67 (Figures 6D-6F). This
demonstrates that reversion of EMT promotes proliferation and
establishment of early metastatic colonies in distant sites.
Consistent with this result, 4 weeks after tail injection, mice in
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the reversible EMT group (Group lll) developed significantly more
metastatic lung nodules than the irreversible group (Group II)
(Figures 5D and 5E). Combined with our results above, these
data show that disseminated tumor cells need to turn off Twist1
to reverse the EMT program, thus allowing proliferation to facil-
itate colonization in distant sites.

DISCUSSION

The in vivo role of EMT in tumor metastasis has been under
intense debate, due to conflicting observations in human primary
carcinoma and their corresponding distant metastases. In
a spontaneous squamous cell carcinoma mouse model, we
demonstrate the dynamic requirement of EMT in tumor metas-
tasis: activation of EMT promotes local tumor invasion, intrava-
sation, and extravasation of the systemic circulation; while
reversion of EMT is essential to establish macrometastases (Fig-
ure 7). This mouse model mimics many genetic, molecular, and
cellular features of human carcinoma. Our study, together with
other clinical studies in breast, ovarian, and prostate cancers
(Chao et al., 2010; Hudson et al., 2008; Hugo et al., 2007), indi-
cates that EMT is activated in many types of primary human
carcinoma, but not in their distant metastases. Therefore, the
reversible EMT model demonstrated in the mouse squamous
cell carcinoma is likely a general principle applicable to human
carcinoma metastasis.

The “reversible” EMT model implies a level of cellular plasticity
in the tumor cells. In other words, it is rather unlikely that genes
involved in the EMT program will be permanently altered on the
genome level, thus being unable to revert in distant sites during
metastasis. This is supported by the fact that key EMT-inducing
transcription factors and other key genes involved in the EMT
pathway have not been reported to be prime targets for genomic
deletion or mutation in various human cancer genome
sequencing and mouse tumor model studies. Instead, the EMT
program is largely controlled at the transcriptional and transla-
tional level in response to various proinvasion signals in the local
tumor microenvironment, such as hypoxia, inflammation, and
nutrient conditions. TGFB1, one such EMT-inducing signal
from tumor stroma, has been examined for its role in promoting

carcinoma in situ

local
invasion

carcinoma

Figure 7. Reversible EMT Model for Tumor
Metastasis
During tumor progression, local microenviron-
mental cues in the primary tumor activate the EMT
program. This triggers local tumor cell invasion
and intravasation into the blood vessels. Circu-
lating tumor cells maintain an EMT phenotype and
travel to a distant site, after which the cells
l extravasate into the tissue parenchyma. The loss
of EMT activating signals is essential for tumor
cells to reverse phenotype and proliferate to form
macrometastases.

invasive

invasion and metastasis in the skin

primary site  carcinogenesis model. Interestingly, the

S inducible TGFB1 mice used in the study

required topical induction to activate the

TGFB1 transgene. In these mice, topical

activation of TGFB1 signaling promoted invasive SCCs with

spindle cell morphology and resulted in distant metastases

with epithelial characteristics (Han et al., 2005; Weeks et al.,

2001). These results could also be due to tumor cells undergoing

areversible EMT to form epithelial metastases, as demonstrated
in our Twist1 mouse model.

An alternative model of EMT in tumor metastasis proposes
that epithelial tumor cells can seed metastasis without under-
going EMT in the presence of mesenchymal tumor cells that
have undergone EMT (Celia-Terrassa et al., 2012; Tsuiji et al.,
2008). Our results, showing that circulating tumor cells express
no E-cadherin (Figure 4D), would argue that these epithelial cells
might have undergone a transient EMT, perhaps in response to
an inducing signal from coexisting mesenchymal tumor cells in
primary tumors to metastasize.

The transient nature of EMT requires a delicate balance
between the maintenance and loss of epithelial traits to promote
efficient metastasis in vivo. In culture, epithelial cells undergoing
a complete EMT lose epithelial markers, including cytokeratin
expression. Our data suggests carcinoma cells in vivo may
only need to undergo a partial EMT for dissemination, as evident
by detectable cytokeratin expression in the CTCs (Figure 4). This
is supported by observations that human cytokeratin-positive
CTCs also present an EMT signature (Hou et al., 2011; Kallergi
et al.,, 2011; Min et al., 2009; Rhim et al., 2012). A partial EMT
would be sufficient to promote tumor cell dissemination, but
also facilitate disseminated mesenchymal tumor cells to quickly
revert to an epithelial phenotype for proliferation and coloniza-
tion in distant organs.

The ability to proliferate at distant sites is essential for the
establishment of early metastatic lesions. Previous studies
have shown that EMT-inducing factors can reduce cell prolifera-
tion in various tumor cells (Bierie and Moses, 2006; Evdokimova
et al., 2009; Vega et al., 2004). Independent studies also found
that invasive tumor cells also present a gene signature that impli-
cates decreased cellular proliferation and increased motility
(Goswami et al., 2004; Wang et al., 2004). Our study demon-
strates that Twist1 expression decreased cell proliferation in vivo
and turning off Twist1 at distant sites promoted metastatic
growth, therefore suggesting that tumor cells need to toggle
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proliferation and migration to achieve efficient metastasis. This is
consistent with a recent report that reversion of EMT in MDA-
MB-231 cells is associated with increased proliferation during
lung colonization (Gao et al., 2012). However, given that coloni-
zation, a rate-limiting step in metastasis, has been shown to
require numerous cellular and molecular events to accomplish
(Chambers et al., 2002; Luzzi et al., 1998; Sugarbaker, 1993;
Weiss, 1990), itis evident that reversion of EMT to increase prolif-
eration in distant sites alone is not sufficient for colonization.
Indeed, the results from our spontaneous skin tumor model
show that the number of metastatic lesions in individual mice
is still much lower (average two lesions per mouse) compared
to the abundant circulating tumor cells detected in the blood
upon Twist1 induction. Therefore, future studies are needed to
identify additional molecular events that contribute to coloniza-
tion in this tumor model.

Cancer patients can develop metastases from dormant tumor
cells years after primary tumor resection (Chambers et al., 2002;
Goss and Chambers, 2010; Meng et al., 2004). Although it is
technically challenging to detect single dormant tumor cells in
distant organs in our spontaneous tumor model and in cancer
patients, both our study and several clinical studies found that
circulating tumor cells in the blood present many molecular
features of EMT (Hou et al., 2011; Kallergi et al., 2011; Min
et al., 2009; Rhim et al., 2012). Therefore, our study raises the
possibility that dormant tumor cells are in an EMT state and
need to revert EMT to regain proliferation. Therapeutic agents
that inhibit EMT have been proposed as a treatment option
against tumor metastasis (Garber, 2008). The transient nature
of EMT in carcinoma metastasis cautions that such an approach
alone could be counterproductive and promote metastatic colo-
nization when patients already present circulating tumor cells.
Instead, inhibiting the reversion of EMT could be a logical
approach to prevent resurrection of dormant tumor cells.

EXPERIMENTAL PROCEDURES

Generation of Inducible Twist1 Mice and Tumor Model

All animal care and experiments were approved by the Institutional Animal
Care and Use Committee of the University of California, San Diego. TetOP-
Twist1 mice were generated using a site-specific single copy integration
strategy (Beard et al., 2006). Mice were backcrossed over nine generations
onto the FVB/N strain. Skin-specific inducible Twist1 mice were generated
by crossing TetOP-Twist1 mice with K5-rtTA mice (Diamond et al., 2000)
(kindly provided by Dr. Stuart Yuspa, NCI, Bethesda, MD). The DMBA/TPA
multistage chemical carcinogenesis model was performed as previously
described (Abel et al., 2009; Sun et al., 2007). Briefly, 20 ng of DMBA was
applied topically on the dorsal skin of transgenic mice. Mice were then treated
with 12.5 ng of TPA twice a week for 20 weeks. Papilloma-bearing mice were
then randomly divided to receive doxycycline (2 mg/ml) in the drinking water or
topically on the dorsal skin.

The conversion rate from papilloma to squamous cell carcinoma (SCC) was
calculated by dividing the number of ulcerated tumors by the total number of
papillomas plus ulcerated tumors per mouse. Ulcerated tumors were defined
as nodules that were previously papillomas and have invaginated into the
dorsal skin. Mice with heavy metastasis burden were sacrificed together
with mice in the comparison groups, and all mice were examined for macrome-
tastases. A metastatic event was defined as a tumor nodule in an individual
lymph node and/or the presence of at least a single nodule in the lung tissue.

Biochemistry and Immunohistological Staining and Analysis
Paraffin-embedded tumor sections were stained with a mouse anti-Twist1
antibody (Santa Cruz Biotech, Santa Cruz, CA), rabbit anti-Keratin 5 antibody
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(K5, Covance, Princeton, NJ), rabbit anti-pan-cytokeratin antibody (pan-CK,
Abcam, Cambridge, MA), rabbit anti-E-cadherin (Abcam), mouse anti-B-cate-
nin (BD Biosciences, San Diego, CA), mouse anti-y-catenin (BD Biosciences),
rabbit anti-vimentin (GeneTex, Irvine, CA), or rabbit anti-Ki67 antibody
(Abcam). Endogenous mouse antigen was blocked using Mouse on Mouse
blocking agent (Vector labs, Burlingame, CA). Immunohistochemistry was
performed using the ABC kit (Vector labs) and developed with 3,3' diamino-
benzidine chromogen (Vector labs). Frozen tumor sections were stained
with a chicken anti-K5 antibody (gift from Dr. Colin Jamora) and rabbit anti-
laminin 5 antibody (gift from Dr. Monique Aumailley) to identify K5 tumor cells
and basement membranes. Alexafluor dyes (Invitrogen, Carlsbad, CA) conju-
gated to the appropriate species were used as secondary antibodies. Hoechst
33258 dye or DAPI were used for nuclear stain. Western blot analysis for
Twist1, E-cadherin, B-catenin, and glyceraldehyde-3-phosphate dehydroge-
nase protein expression was performed as previously described (Eckert
etal., 2011).

Images were collected using an Olympus FV-1000 confocal microscope or
Nikon E600 upright microscope. For quantification of Twist1 and Ki67 expres-
sion, at least three fields were collected for each tumor and at least five tumors
from each group were examined. Twist1-positive cells, Ki67-positive cells, and
the total number of cells (nuclear stain positive) from each field were counted
using Volocity software (PerkinElmer, Waltham, MA). For quantification of rela-
tive E-cadherin levels, images were analyzed for E-cadherin expression by
measuring the threshold level of staining using Image J software (National
Institutes of Health), then divided by the area of positive K5 staining to
calculate relative E-cadherin levels in tumor regions. Values were normalized
to E-cadherin levels in control tumors.

Circulating Tumor Cell Staining and Analysis

Peripheral blood was obtained from tumor-bearing mice via submandibular
bleeding or intracardiac puncture at the termination of the experiment. Red
blood cells (RBCs) were removed by incubating whole blood in RBC lysis
solution. Remaining cells were spun down and fixed in 4% paraformaldehyde.
Cells were then spun onto slides using a cytospin and stained with rat anti-
CD45 (BD Biosciences) and rabbit anti-pan-CK (Abcam) antibodies, followed
by DAPI nuclear stain. Circulating tumor cells (CTCs) were identified as irreg-
ularly shaped nucleated cells that were CD45-negative, CK-positive cells. All
cells in at least five high-powered fields were counted, and the relative
percentage of CTCs was calculated and plotted on a histogram.

Experimental Lung Metastasis Assay

Primary inducible Twist1 skin tumor cells were isolated from a tumor-bearing
K5-Twist1 mouse according to manufacturer’s protocol for Defined Keratino-
cyte Serum-Free Media protocol (Invitrogen). Briefly, tumors were removed
and incubated in PBS with 2X antibiotic cocktail solution (Invitrogen) for
1-2 hr at 4°C. Tumors were transferred to dispase solution supplemented
with 2X antibiotic cocktail solution and incubated at 4°C overnight. Tumors
were then minced in 0.5% Trypsin solution and incubated at 37°C for about
15 min. A soybean trypsin inhibitor (Invitrogen) was used to stop the trypsiniza-
tion. Cells were maintained in serum-free keratinocyte media. To induce Twist1
in culture, doxycycline (1 pg/ml) was added into the media. After 7-11 days,
1-1.5 x 10° cells were injected via tail vein injection into mice receiving no
doxycycline water or 2 mg/ml doxycycline water. Mice were monitored and
euthanized when breathing appeared difficult. Lung tissue was perfused with
and fixed in 4% paraformaldehyde. Tumor nodules on the surface of every
lung lobe were counted, and the numbers were plotted on a histogram. For
tumor cell proliferation analysis, mice were euthanized 7 days postinjection
of cells. Lung tissue was perfused and embedded in paraffin. Tissue sections
were stained for K5, Twist1, and Ki67, as previously mentioned.

For tumor cell extravasation analysis, cells were labeled with CellTracker-
Red (Invitrogen) according to manufacturer’s recommendation. A total of
1-1.5 x 10° cells were injected into mice via tail vein, and mice were eutha-
nized after 36 hr. To label lung vasculature, mice were injected with Fluores-
cein-labeled Lycopersicon Esculentum Lectin (Vector Labs) 30 min prior to
euthanasia. Thick lung tissue sections were obtained by manually slicing the
tissue and were then mounted on slides for viewing. Confocal z-stack images
were obtained using an Olympus FV-1000 microscope and analyzed using
FluoView (Olympus) and Image J software.
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Human Breast Cancer Tissue Microarray

Tissue microarray (TMA) of 99 human breast carcinoma and matched metas-
tases were purchased from US Biomax Inc. The TMA contained human tissues
obtained with informed consent according to US federal law and are exempt
from Institutional Review Board review by the University of California, San
Diego Human Research Protections Program. Staining for Twist1 and cytoker-
atin was performed as described above. All samples were analyzed for Twist1
expression, and patient samples were considered positive for Twist1 expres-
sion only if >10% of tumor cells in the primary tumor stained positive for
nuclear Twist1. Out of 99 matched samples, only 20 samples met our criteria
for being positive for Twist1. Cells were counted using the cell counter function
in Image J software.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism Software (La Jolla,
CA). Student’s t test was applied for comparisons between two groups. The
Fisher’s exact test was applied to analyze the metastasis frequency and tumor
cell extravasation rate using a contingency table. The one-tailed exact bino-
mial test was performed for statistical analysis of Twist1 expression in human
breast cancer TMA.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures and can be found with this
article online at http://dx.doi.org/10.1016/j.ccr.2012.09.022.
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SUMMARY

The epithelial-mesenchymal transition (EMT) is required in the embryo for the formation of tissues for which
cells originate far from their final destination. Carcinoma cells hijack this program for tumor dissemination.
The relevance of the EMT in cancer is still debated because it is unclear how these migratory cells colonize
distant tissues to form macrometastases. We show that the homeobox factor Prrx1 is an EMT inducer confer-
ring migratory and invasive properties. The loss of Prrx1 is required for cancer cells to metastasize in vivo,
which revert to the epithelial phenotype concomitant with the acquisition of stem cell properties. Thus, unlike
the classical EMT transcription factors, Prrx1 uncouples EMT and stemness, and is a biomarker associated

with patient survival and lack of metastasis.

INTRODUCTION

Metastasis is still the cause of 90% of deaths from carcinomas
(Gupta and Massagué, 2006) and despite the efforts devoted
to understand the mechanisms that drive disseminated tumor
cells to colonize distant tissues, it remains the least understood
step of tumor progression. To form distant metastasis, cancer
cells must first dissociate from the primary tumor, invade adja-
cent tissues, and intravasate into lymphatic and blood vessels
to later colonize lymph nodes and distant organs. For invasion
to occur, there is evidence that carcinoma cells can undergo
a phenotypic transformation, the epithelial-mesenchymal transi-
tion (EMT; Nieto, 2011), which enables them to invade, intrava-

sate, and navigate through a network of thin vessels while
acquiring stem cell-like properties (Mani et al., 2008; Morel
et al., 2008; Wellner et al., 2009). Still, it is not clear how these
individual mesenchymal cells can then form distant macrometa-
stases, in particular because carcinoma metastases usually
present a well-differentiated epithelial phenotype. Clues as to
how this mesenchymal-to-epithelial plasticity may arise have
come from the study of embryonic development, where several
rounds of EMT and the reverse process, mesenchymal-epithelial
transition (MET), are responsible for the formation of many
tissues and organs (Yang and Weinberg, 2008; Thiery et al.,
2009). Indeed, although experimental evidence is still scarce,
some indications suggest that this might indeed occur in vivo

Significance

Metastasis is the cause of the vast majority of cancer-associated deaths, but the underlying mechanisms remain poorly
understood. The invasion and dissemination steps during carcinoma progression have been associated with EMT, which
endows cells with invasive abilities and the stem cell-like properties required to initiate the formation of a secondary tumor.
However, it is unclear how these migratory cells colonize distant territories. Here, we show that abrogation of the EMT is
important for metastatic colonization. The loss of the EMT inducer Prrx1 allows cancer cells to revert EMT while acquiring
tumor-initiating abilities. Our results help reevaluate the potential benefits of current therapeutic strategies aimed at target-
ing the EMT while supporting those aimed at targeting stem cell properties in cancer cells.
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Figure 1. The Prrx1 Transcription Factor Induces a Full EMT In Vivo

(A) Dorsal view of the posterior region of stage HH10-11 chick embryos. The expression of Snail1, Snail2, and Prrx1 was detected by ISH. Note the comple-
mentary expression patterns. Lpm, lateral plate mesoderm; som, somites. Scale bar: 500 pm.

(B) Chick embryos were coelectroporated on the right hand side with an EGFP expressing construct and a vector expressing Prrx1 or an empty control vector at
stage HH4 and examined at stage HH10-11. The expression of Paraxis was detected by ISH and the expression of EGFP by immunofluorescence staining. Top
panels show the dorsal views and the middle panels show transverse sections taken at the level of the dotted lines after the ectopic expression of Prrx1. The
bottom panels show high power images of boxed areas. Note that the loss of the epithelial somite marker Paraxis (black asterisk) occurs only in the electroporated
(EGFP) cells. Ect, ectoderm.; Som, somites Scale bars: 250, 50, and 10 um for upper, middle, and lower panels, respectively.

(C) Expression of fibronectin and laminin and EGFP detection in transverse frozen sections of chick embryos electroporated with Prrx7 or the control vector. Note
the excess of fibronectin (red star) and the disruption of the basement membrane (white arrows) in the electroprated areas (green stars). Scale bar: 50 um.
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during tumor progression (Chaffer et al., 2006; Dykxhoorn
et al., 2009).

The similarities between developmental and pathologic EMT
validate the embryo as an excellent model to find new clues
regarding the events driving tumor progression. Indeed, the
EMT has developed during evolution to allow cells to migrate
to their final target destination, which they colonize before
contributing to the formation of definitive differentiated organs
(Nieto and Cano, 2012), a concept very similar to the process
of metastatic colonization. Therefore, the reactivation of a devel-
opmental program such as the EMT can make tumor cells
competent to respond to internal and external cues that confer
them with a high degree of epithelial plasticity. The aim of this
study was to take advantage of the vertebrate embryo to get
further insight into the mechanisms of metastatic colonization,
focusing on epithelial plasticity and the acquisition of stem cell
properties.

RESULTS

Prrx1 Induces Full EMT in Embryos and Cancer Cells

In search for EMT inducers, we performed expression screening
for transcription factors associated with early mesodermal
tissues in the chick embryo. We previously showed that upon
delamination from the primitive streak, the subdivision of meso-
dermal territories was accompanied by the distribution of Snail1
and Snail2 expression (Sefton et al., 1998). However, we have
now found a subset of lateral plate mesodermal cells that did
not express either Snail1 or Snail2, but rather express the
paired-related homeobox transcription factor Prrx1 (Figure 1A).
Prrx1 is also expressed in the somites. Interestingly, the
somites also express Snail genes but, as in the lateral plate
mesoderm, they also show complementary expression patterns
(Figure S1A).

Prrx1 had previously been implicated in several develop-
mental processes and aspects of fibroblast behavior (Cserjesi
et al., 1992; McKean et al., 2003), we therefore examined
whether Prrx1 could be an EMT inducer. Ectopic expression
of Prrx1 in the chicken embryo, as Snail1, caused failure of
epithelial somite development, as assessed by morphology
and by the loss of expression of the somitic epithelial markers
Paraxis (Figures 1B and S1B) and Uncx4.1 (Figure S1C). This
defective epithelialization occurred in a cell autonomous
manner (Figure 1B) and was accompanied by the increase in
fibronectin deposition and the disappearance of the basement
membrane as assessed by laminin staining (Figure 1C), all
hallmarks of an EMT.

In addition to the paraxial (somitic mesoderm), Prrx1 ectopic
expression also prevented the epithelialization of the interme-

diate mesoderm precluding the formation of its derivative, the
nephric duct (nd), as assessed by morphologic analysis and by
the absence of expression of both its specific marker Pax2
(Figure 1D, upper panels) and of the epithelial marker E-cadherin
(Figure 1D, lower panels).

Like Snail1, Prrx1 expression was induced by BMP2 in the
embryo (Figure 1E) and ectopic expression of either Snail1 or
Prrx1 did not influence that of the other gene (Figure S1D). There-
fore, BMP2 seems to induce Snail1 and Prrx1 in an independent
manner. The existence of two parallel activation pathways
triggered by members of the tumor growth factor (TGF)-f super-
family was confirmed in MDCK cells after treatment with TGF-p,
the main inducer of EMT transcription factors in epithelial cells
(EMT-TFs; Thiery et al., 2009). Accordingly, interfering with
Snail1 or Snail2 expression in MDCK cells did not prevent the
induction of Prrx1 by TGF-B (Figure 1F).

Because TGF-f could induce Prrx1 expression in MDCK cells,
we examined whether Prrx1 could induce EMT in these cultured
cells. Indeed, Prrx1-expressing MDCK cells adopted a mesen-
chymal morphology concomitant with loss of E-cadherin expres-
sion and gain of vimentin (Figure 2A). In cultured wound-healing
assays, these MDCK-Prrx1 cells healed the wound much faster
than control cells (Figure 2B) and they could migrate through
collagen gels (Figure 2C). Unlike MDCK-mock cells that formed
prototypical epithelial ducts, MDCK-Prrx1 cells grown in 3D
matrigel cultures instead formed a network of mesenchymal
cells (Figure 2D). Moreover, these cells had downregulated
epithelial markers and they had gained the expression of mesen-
chymal markers, including some EMT-TFs (Figure 2E). Interest-
ingly, as already observed in living embryos, Prrx1 did not
influence Snail1 expression, as MDCK-Prrx1 cells are devoid of
Snail1 transcripts (Figure 2E).

Given the relationship between EMT and Prrx1, we analyzed
the expression of this factor in a panel of human cancer cell lines
and we found that it was associated with the mesenchymal
phenotype and invasive properties (Figures 2F and S2). Further-
more, when compared to the expression of other EMT-TFs in
these cell lines, we noted that PRRX1 expression was frequently
associated with that of TWIST1 in invasive cell lines, indicating
that both factors could cooperate in the induction of EMT
(Figures 2F and S2; data not shown).

To further characterize Prrx1 as an EMT inducer in vivo and to
explore its relationship with Twist1, we moved to the zebrafish
embryo, which is very amenable to gain and loss of function
studies. We found that among the Prrx and Twist family
members in the fish, prrx1a and twist1b show an expression
pattern very similar to that observed in the chick for Prrx1 and
Twist1. In particular, these two genes were also coexpressed
in the lateral plate mesoderm (Ipm) (Figures 3A and 3B). The

(D) Prrx1 electroporation was carried out as in (B). Upper panels show the expression of Pax2 detected by ISH. Note the absence of Pax2 on the right hand side
(asterisk), more evident on the sections (middle panels). The bottom panels show DAPI stainings (blue) to visualize nuclei and E-cadherin detected by immu-
fluorescence (red). Note the presence of the epithelial nephric duct (nd) at the left side but it is missing at the right side (asterisk). Scale bars: 500 um (upper and

middle panels) and 50 um (bottom panels).

(E) BMP2-soaked beads (white stars) were implanted in the left Ipm of chick embryos at stage HH7 that were examined 5 hr later. Note both in the whole mounts
and in the sections that the expression of Snail7 and Prrx1 is stronger and expanded close to the beads. The bar graph shows the result of real-time RT-PCR

(bottom). Scale bars: 250 um (upper panels) and 100 um (lower panels).

(F) The expression of Prrx1 in TGF-B-treated MDCK cells transfected with the indicated siRNAs was measured by real-time PCR analysis.
Histograms in (E) and (F) show one representative of three independent experiments and include the mean + SD of technical triplicates.

See also Figure S1.
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gain of function induced by injecting prrx7a mRNA into embryos
produced a dramatic phenotype, whereby Ipm cells became
invasive and violated the embryonic boundaries to enter the
extraembryonic tissues. The position of the cells could be readily
detected by examining the expression of twist1b, with cells
found all around the yolk (Figure 3C, lower panels). Knockdown
of prrx1a by antisense morpholino oligonucleotide (MO) injection
(orrx1aM©") produced the opposite effect to that of prrx7a mRNA
injection, with cells being retained very close to the neural tube,
failing to migrate and colonize their normal territory (Figure 3D;
see also Figure S3 for morpholino specificity and efficiency). A
different MO against prrxia (orrx1a™©?, see Figure S3) was
also tested giving similar results (not shown). We decided to
continue our experiments with MO1, which will be hereafter
referred to as prrx1a™©. The observed defects were specific to
Prrxia silencing as this phenotype could be rescued by coin-
jection of prrx1a™® and prrx1a™™™4 (Figures 3E and 3G). Inter-
estingly, injection of twist1b™° could also rescue the Prrxia
overexpression phenotype, suggesting that these genes coop-
erate to induce the invasive phenotype observed in the Ipm,
the tissue in which they are coexpressed (Figures 3F and 3G).
Indeed, this is compatible with the finding that tissues other
than the Ipm did not seem to be affected when prrx71a alone
was overexpressed (Figure 3C; prrx1a™ V). These results indi-
cate that Prrx1a also behaves as an EMT inducer in the fish
embryo and that its upregulation induces a prominent invasive
phenotype in vivo when acting in cooperation with Twist1b.

To further investigate the cooperation between Prrx1 and
Twist in conferring invasive properties, we examined the effect
of their downregulation in the invasive BT-549 human cancer
cell line, which expresses significant levels of both factors (Fig-
ure 2F) and lacks SNAI1 expression (Moreno-Bueno et al.,
2011). We found that transient RNA interference of PRRX1 or
TWIST1 compromised the ability of BT-549 cells to degrade
collagen, which was further diminished when both factors were
knocked-down simultaneously (Figure 3H). Three independent
siRNA sequences were tested in these experiments (not shown).
Conversely, in the TWIST1-positive, PRRX1-negative, and
noninvasive HBL-100 cells, PRRX1 transfection renders them
invasive, a phenotype that was diminished when the endoge-
nous expression of TWIST1 was downregulated (Figure 3I).
Together, our data indicate that PRRX1 also confers invasive
properties to cancer cells in cooperation with TWIST1.

Cells Must Lose Prrx1 to Metastasize
We next investigated the role of Prrx1 in tumorigenesis by inject-
ing MDCK-Prrx1 and control cells into the tail vein of immuno-

compromised mice and we failed to detect metastatic lung foci
(not shown). Moreover, when PRRX1-positive BT-549 breast
tumor cells were similarly injected, we did not detect lung colo-
nization either (Figure 4A; shC). However, when PRRX1 was
stably silenced by short-hairpin interference mediated by lentivi-
ral infection, BT-549 cells consistently colonized the lung in all
animals, inducing metastatic foci (Figure 4A; shPR1). Likewise,
silencing both PRRX1 and TWIST1 in BT-549 cells induced
lung metastasis in 100% of animals and the number of foci
increased significantly (Figure 4A; shPR1-shTW1), indicating
that TWIST1 downregulation also favors metastasis formation.
However, TWIST1 silencing alone (shTW1) was not sufficient to
induce metastatic colonization in the presence of PRRX1 (Fig-
ure 4A). The lack of colonization of control or shTWIST1 cells
was not due to a failure in extravasation, since single GFP-
positive cells were detected 24-30 hr after intravenous injection
in the lung parenchyma in all conditions (Figure S4A). Quantifica-
tion of GFP-positive lesions in the lungs at necropsy on day 60
together with a fluorescence and histologic analysis confirmed
the presence of metastasis in mice injected with BT-549 cells
knocked-down for PRRX1 alone or for PRRX1 and TWIST1,
together with the absence of metastasis in mice injected with
control cells or knocked-down for TWIST1 alone (Figure 4B).
Interestingly, cardiac and mediastinal metastasis were also
observed at necropsy in one mouse in which both PRRX1 and
TWIST1 were downregulated (Figure S4B). Cells in which
PRRX1 alone was silenced still express TWIST1 (Figure S4C),
indicating that PRRX1 silencing in BT-549 cells is sufficient for
these cells to engraft the lung and therefore, for colonization in
experimental metastasis assays.

To test the role of PRRX1 in primary tumor formation and
in distant metastatic colonization in vivo, we orthotopically im-
planted the BT-549 cells into the right and left inguinal mammary
fat pads of athymic nude mice. The generation of primary tumors
closely paralleled the capacity of these cells to metastasize in the
previous experiments. Thus, while BT-549 control cells or those
in which only TWIST1 was downregulated never generated
tumors, downregulation of PRRX1 and TWIST1 or even of
PRRX1 alone was sufficient to enable tumor growth (Figure 4C).
The tumors that developed in mice bearing BT-549 cells lacking
both PRRX1 and TWIST1 were detected earlier than those with
PRRX1-defective BT-549 cells, although the growth rate was
similar in both cases (not shown). Primary tumors were always
confined to the mammary gland, with the fatty tissue facing the
tumor being almost intact and with a remarkable absence of
invasive cells at the tumor margin (Figure 4D). Consistent with
their deficient invasive ability (Figure S4D), no metastatic foci

(B) The migratory properties of MDCK-Prrx1 cells were tested in wound healing assays. Scale bar: 100 pm.
(C) Invasive behavior of MDCK-Prrx1 cells in collagen-type-IV gels, as observed in Boyden chamber invasion assays. Nuclei of invasive cells are visualized with

DAPI. Scale bar: 100 um.

(D) Phase-contrast images showing the morphology of control and Prrx1-expressing MDCK cells in 3D culture. Cells were stained with phalloidin for F-actin and
E-cadherin (E-Cad) antibodies, and counterstained with DAPI. Scale bar: 50 um (main pictures) and 15 um (inset).

(E) Real-time RT-PCR analysis of control and Prrx1-expressing MDCK cells show the repression of epithelial markers genes (Cdh1, E-cadherin; Cldn1, claudin 1;
Dsp, desmoplakin; and Oclin, occludin) and the activation of mesenchymal markers (Col1a1, collagen I; Vim, vimentin; Fn, fibronectin; Sparc; and ltga5,
integrin o5) together with several EMT-TFs (Snail1, Snail2, Zeb1, Zeb2, and Twist1) upon Prrx1 ectopic expression.

(F) Expression of PRRX1 and TWIST1 in a panel of human cancer cell lines and its relationship with invasive properties.

Histograms in (E) and (F) show one representative of three independent experiments and include the mean + SD of technical triplicates.

See also Figure S2.
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were detected in any organ at necropsy, even 4 months after
inoculation of BT-549 cells where PRRX1 alone or PRRX1 and
TWIST1 were downregulated. This is again reminiscent of the
situation in embryos, where PRRX1 loss prevents cells from
migrating to then colonize their normal territories. Interestingly,
metastatic growth was found in axillary lymph nodes in two out
six mice bearing BT-549 PRRX1- and TWIST1-deficient cells
(Figure 4C), compatible with the proposal that lymph node colo-
nization does not require EMT. As such, although individual
mesenchymal cells can invade lymph nodes, their colonization
can also occur through collective cell migration (Giampieri
et al., 2009).

The Loss of PRRX1 Reverts EMT and Induces
Stem Cell Properties
Having shown that the loss of PRRX1 was sufficient for meta-
static colonization, but that PRRX1 expression was important
for invasion, we examined the impact of its downregulation on
the behavior of cancer cells. We first found that the loss of
PRRX1 was indeed sufficient for BT-549 cells to revert EMT,
undergoing a MET in culture, evidenced by the changes in
morphology and actin filament reorganization (Figure 5A).
When grown in 3D Matrigel cultures, PRRX1-deficient BT-549
cells did not form mesenchymal networks like control cells, but
rather they formed spheroids that had lost vimentin expression,
expressed significant levels of E-cadherin and B-catenin at the
cell membrane and that secreted laminin |, indicative of the
formation of a basement membrane-like structure (Figure 5B).
A similar phenotype was observed in cells in which both
PRRX1 and TWIST1 were downregulated (Figure 5B). However,
TWIST1 downregulation in BT-549 cells was unable to revert the
EMT (Figure 5B). It is worth noting here that these cells still
express high levels of PRRX1 (Figure S4C). In summary, it
appears that the loss of PRRX1 is sufficient to revert the EMT,
even in the presence of other EMT inducers such as TWIST1.
We next asked whether the altered phenotype and the ability
of BT-549 cells to form metastasis in vivo following PRRX1
loss was at least partially due to a modification in the tumor-initi-
ating properties of the nontumorigenic BT-549 cells. Soft agar
cultures and mammosphere formation assays in ultralow attach-
ment plates were used to examine the cells’ ability to support
attachment-independent growth and to self-renew, respectively,
taken as indicators of tumor-initiating capacity. While BT-549
control cells were unable to grow in soft agar, silencing of
PRRX1 or of both PRRX1 and TWIST1 enabled these cells to

form colonies (Figures 6A and 6B), and facilitated secondary
mammosphere formation (Figures 6C and 6D). The number of
mammospheres increased when TWIST7 was additionally
silenced, compatible again with a cooperation between these
two factors. However, TWIST1 downregulation alone was not
able to induce BT-549 cells to grow in soft agar or to form mam-
mospheres (Figures 6A-6D). This is compatible with the previous
finding that TWIST1 expression can endow cells with stem cell
properties (Mani et al., 2008; Morel et al., 2008). Importantly,
PRRX1 loss was sufficient to sustain mammosphere growth up
to at least six consecutive passages (not shown).

It has been shown that EMT inducers attenuate proliferation,
which may also compromise tumor growth (Vega et al., 2004;
Mejlvang et al., 2007). Similarly, we found that PRRX1 loss
enhanced cell division, like Snail1 loss, as evident both by the
increase in cell number and the expression of the mitotic marker
phospho-histone 3 (PH3; Prigent and Dimitrov, 2003) (Figures 6E
and 6F). A similar effect was observed when both PRRX1 and
TWIST1 were silenced. Again, in the presence of PRRX1,
TWIST1 downregulation was not able to significantly alter cell
growth (Figures 6E and 6F).

To further characterize the impact of PRRX1 loss, we exam-
ined the expression of the CD44 and CD24 cell surface markers,
given that their relative expression and the CD44"9"/CD24'°%
profile in particular, has been associated with stemness in both
normal mammary and breast cancer cells (Sleeman et al.,
2006). Silencing PRRX1 or PRRX1 and TWIST1 converted
BT-549 cells (mostly CD44*/CD24* double-positive) into
CD44"9" cells (Figure 6G), indicative of a stem cell phenotype
(Marotta et al., 2011). Therefore, PRRX1 downregulation was
sufficient to shift cells toward a population of CD44" single-posi-
tive cells. By contrast, TWIST1 downregulation decreased CD44
expression. As CD24 was almost abrogated from the cell surface
after PRRX1 silencing, we wondered whether PRRX1 could
regulate its expression. We found that PRRX1 loss leads to an
almost complete downregulation of CD24 transcription. By
contrast, TWIST1 downregulation increases the levels of CD24
transcripts, pointing again to an antagonistic role between
PRRX1 and TWIST1 in relation to the acquisition of stem cell
properties (Figure 6H).

If PRRX1 loss is sufficient to induce stem cell properties in
a non-tumorigenic cell line, ectopic expression of PRRX1 in
tumorigenic PRRX1-negative cells may have a negative impact
on their stem cell properties. To test it, we chose the tumorigenic
and highly metastatic MDA-MB-231 cell line (from now on

(B) Double fluorescent ISH of transverse gelatin sections taken at the mid trunk level shows the coexpression of prrx71a and twist1b in the Ipm. Scale bar: 50 pm.
(C-F) ISH for twist1b to detect Ipm cells in zebrafish embryos. Lateral (left), dorsal (middle), and transverse gelatin sections (at the level of the dotted lines, right)
view of Ipm cells of zebrafish embryos microinjected with a control morpholino (MOC) or prrx7a mRNA (prrx1a™4) (C), a prrx1a morpholino oligonucleotide
(orrx1a™©) (D), prrx1a™ ™A together with prrx1a™© (E), or twist1b™© together with prrx1a™ A (F). nt, neural tube. Red arrowheads indicate invasive cells in
extraembryonic territories. A color code was assigned to the different phenotypes (boxes on the right) as follows: yellow, WT (wild-type) and rescue; gray, GOF
(gain of function); pink, LOF (loss of function/knockdown), pale gray, partial rescue. This color code was also used for the quantification of phenotypes shown in
(G), Scale bar: 200 pm in left and middle, 100 pm in the right, and 10 um in the insets.

(G) Quantitative analysis of the fish phenotypes shown in (C—F) and that of microinjection of a control mRNA (RFP). (H) Invasive properties of BT-549 human cancer
cells after transient downregulation of PRRX71 and/or TWIST1 by siRNA transfection. Invasion is represented relative to that observed in control (siC-treated)
BT-549 cells. Histograms represent the mean + SD of three independent experiments (**p < 0.01 compared to the control condition).

(I) Analysis of cell invasion of collagen matrices after ectopic PRRX1 expression (PR1) and/or downregulation of endogenous TWIST1 expression (siTW1) in
HBL-100 cells. Histograms represent the mean + SD of four independent experiments (p = 0.083 PR1+siC versus siC; p = 0.082 PR1+siTW1 versus PR1+siC).
PR or pr, PRRX or prrx; TW or tw, TWIST1 or twist, respectively.

See also Figure S3.
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was any relationship between the level
of PRRX1 expression and metastasis in
human patients. We analyzed publically
available data sets and found that low
PRRX1 transcription was associated
with a poor relapse-free survival (RFS) in
breast adenocarcinoma (Chin et al.,
2006) (Figure 8A) and lung squamous
cell carcinoma (SCC) (Raponi et al.,

MDA-231), which expresses EMT-TFs but is devoid of PRRX1
and TWIST1 (Figures 2F and S2). As expected, stable PRRX1
ectopic expression in MDA-231 cells alone or together with
TWIST1 (Figure 7A) did not have any impact on the morphology
of these already mesenchymal cells (Figure 7B). However, both
the number of colonies formed in soft agar cultures and particu-
larly, the number of secondary and tertiary mammospheres
significantly decreased upon PRRX1 ectopic expression
(Figures 7C-7F). Interestingly, all these effects were reinforced
by the additional ectopic expression of TWIST1 (Figures 7C-
7F). Furthermore, MDA-231 cells (mostly CD44" single positive)
lose CD44 expression and shift toward a CD44/CD24~
double-negative population (Figure 7G). Hence, as hypothe-

2006) (Figure 8A). Furthermore, low expression of both PRRX1
and TWISTT1 associate with a lower RFS in lung SCC (Figure 8B).
In contrast, there was no association between RFS and expres-
sion of TWIST1 alone or of SNAIT (Figure S5A).

Consistent with our data in embryos and cancer cell lines,
a statistically significant association was found between
PRRX1 and TWIST1 expression in human breast adenocarci-
noma and in two series of lung SCC (Chin et al., 2006; Raponi
et al., 2006; Larsen et al., 2007) (Figure 8C). Similarly, and again
as in embryos and tumor cells, no association was found
between PRRX1 and SNAI1 expression (Figure 8C). Further-
more, significant correlations were evident between strong
PRRX1 expression and increased RFS either alone or in
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combination with TWISTT expression in breast carcinoma using
a Log-rank-p-value method in the breast and lung series
mentioned and in an additional breast series (Pawitan et al.,
2005). The analysis of the Ur-Rehman (2011) data set available
at the Online Breast Cancer Knowledgebase (ROCK) (Experi-
mental Procedures) including 1570 human samples (Table S1)
confirmed these findings.

We also observed a statistical correlation between PRRX1
downregulation and progression to the metastatic disease.
Analyzing the Chin’s breast adenocarcinoma data set (Chin
et al.,, 2006) we found that remarkably, metastasis did not
develop in close to 90% of the tumors with medium/strong
PRRX1 expression (Figure 8D). The combination of strong
TWIST1 expression with strong PRRX1 expression did not
increase the percentage of metastasis-free tumors.

Figure 5. PRRX1 Knockdown in Cancer
Cells Induces a Mesenchymal-to-Epithelial
Transition and Spheroid Formation

(A) Phase-contrast and phalloidin staining images
showing the phenotype of BT-549 cells trans-
fected with indicated shRNAs. Scale bars: 50 um.
(B) Confocal images depicting the phenotype of
the different BT-549 cells transfected with indi-
cated shRNAs grown in 3D matrigel cultures and
assessed for the presence of epithelial (E-cadherin
and B-catenin), mesenchymal (vimentin), and
extracellular matrix (laminin 1) markers. DAPI
staining (blue) was used as a nuclei reporter. Scale
bar: 50 um. PR, PRRX; TW, TWIST.

shTWIST1

Finally, after the analyses of the
different data sets, we examined the
expression of PRRX7 in 113 high-grade
infiltrating breast ductal carcinoma (IDC)
included in a tissue microarray (TMA).
We found that around one third of the
tumors analyzed showed significant
PRRX1 expression (Figures 8E and S5B)
and interestingly, that metastasis did not
develop in over 90% of these tumors (Fig-
ure 8F). These data are fully consistent
with those found in our analyses of the
data sets mentioned above. Thus, con-
sidering that all the data sets and the
tissue microarrays used correspond to
primary tumors, our observations indicate
that strong PRRX1 expression could be
considered as an independent marker of
good disease prognosis.

DISCUSSION

We have identified an EMT inducer that
can trigger the full process in living
embryos and human cancer cells. There
are several features that make Prrx1
unique when compared to other well-
known EMT-TFs, which expand our
understanding of the complexity under-
lying metastatic processes, and help to reconcile conflicting
results that have challenged the significance of EMT and
stemness.

Prrx1 induces EMT in a manner independent of Snaill.
Both during embryonic development and tumor progression,
a temporal activation hierarchy drives the onset and mainte-
nance of the mesenchymal program, with Snail1 situated high
in the list. While Snail1 is required for the triggering of the EMT,
other EMT-TFs reinforce and maintain the mesenchymal state
(Peinado et al., 2007; Olmeda et al., 2008; Casas et al., 2011;
Tran et al., 2011). However, we found that Snail1 does not influ-
ence Prrx1 expression nor does Prrx1 modulate the expression
of Snaill. Interestingly, we have observed that the same
signaling molecule induces Prrx1 and Snail1 either in the embryo
(BMP) or in epithelial cells (TGF-B). Hence, a single signal can
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Figure 6. PRRX1 Knockdown Induces the Acquisition of Stem Cell Properties in Cancer Cells

(A) Representative fluorescence images showing the ability to induce colony formation in soft agar 15 days after seeding. Insets are low magnification images.
Scale bars: 100 um (main pictures) and 500 um (inset).

(B) Quantification of soft agar colonies above 50 um in diameter. Histograms represent the mean + SD of three independent experiments (*p < 0.05, compared to
the control condition).

(C) Phase-contrast images showing the mammosphere-forming capacity of different BT-549 cells. Scale bars: 50 um (main pictures) and 200 pm (inset).

(D) Quantification of secondary mammospheres as the number formed/10° cells seeded. Histograms represent the mean + SD of three independent experiments
(**p < 0.01; **p < 0.001 compared to the control condition).

(E) Growth curve of different BT-549 cells. Graphics shows a representative experiment (n = 3).
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simultaneously and independently activate Prrx1 and Snail1
expression, and therefore, trigger parallel and probably nonre-
dundant EMT pathways.

Our data show that Prrx1 is essential for the acquisition of
invasive properties and indeed, when silenced in embryos, Ipm
cells fail to migrate. Similarly, there is no sign of cellular or local
invasion in primary tumors generated by PRRX1-deficient
BT-549 cells, even though both Ipm cells and PRRX1-deficient
human cells still express other EMT-TFs, including Twist1. Our
data show that Prrx1 is essential for the acquisition of invasive
properties and that Prrx1 cooperates with Twist1 in driving
invasion in embryos and cancer cells. This is consistent with
the described role of Twist in invasion and particularly, in the
formation of invadopodia (Yang et al., 2004; Eckert et al.,
2011). Once more, these findings support the cooperation
between EMT-TFs, both during development and in cancer
(Olmeda et al., 2008; Tran et al., 2011). Our data also reinforce
the concept that EMT is important for the invasive behavior of
the primary tumor, generating individual delaminating cells and
subsequent tumor progression. Indeed, the loss of PRRX1 in
BT-549 cells results in the formation of primary tumors without
invasion and distant metastasis when orthotopically injected in
the inguinal mammary fat pads. This is in agreement with the
finding that abrogating classical EMT-TFs such as Snailland
Snail2 prevents individual cell migration and therefore attenuates
invasion and subsequent distant metastasis when tested in
similar experiments (Olmeda et al., 2008). Interestingly, albeit
not commonly, lymph node metastases were found in PRRX1-
TWIST1-deprived cells, consistent with the proposal that the
EMT is not required for lymph node metastasis (Giampieri
et al., 2009), albeit individual cells generated by EMT can also
populate the lymph nodes.

A crucial difference between Prrx1 and other EMT-TFs is that
Prrx1-induced EMT does not concur with the described induc-
tion of stem cell-like properties concomitant with Snail-, Twist-,
or Zeb-mediated mesenchymal transitions (Mani et al., 2008;
Morel et al., 2008; Wellner et al., 2009). On the contrary, it is
PRRX1 loss rather than gain in cancer cells that is accompanied
by the acquisition of stemness-related capabilities, including
anchorage-independent growth, mammosphere formation,
increased cell proliferation, and the conversion from a mostly
CD44*/CD24* double-positive population to CD44M9" single-
positive cells. CD44M9"/CD24"°Y is the described profile for
breast cancer stem cells associated with the most aggressive
and metastatic types (Marotta et al., 2011).

Importantly, the loss of PRRX1 in mesenchymal cancer cells
induces a complete reversion to the epithelial phenotype, even
in the presence of classical EMT inducers. As such, our data
show that abrogation of the EMT is important for metastatic
colonization and this phenotype reversion concurrent with the
aforementioned acquisition of stem cell-like properties upon
PRRX1 downregulation favors metastatic colonization. This

observation is similar to the finding that the MET process is
essential for fibroblasts to acquire stem cell properties during
cellular reprogramming (Li et al., 2010, Samavarchi-Tehrani
et al., 2010), linking MET and stemness rather than EMT and
stemness as described during the mesenchymal transition trig-
gered by classical EMT-TFs. Our data also show that EMT and
stemness can be independently regulated, but it is clear that
they can coexist in some contexts such as in the migrating
cancer stem cells and in early embryonic development. Indeed,
EMT can induce the loss of epithelial characteristics of tropho-
blast stem cells while maintaining self-renewal and pluripotency
(Abell et al., 2011), as shown for the classical EMT-TFs during
tumor progression. However, it is worth noting that Snail2
(Slug) and Sox9 cooperate in the acquisition of the mesenchymal
mammary stem cell state, with Snail2 essentially inducing the
EMT and Sox9 facilitating entry into the stem cell state (Guo
et al.,, 2012). All these findings indicate that EMT-TFs, or at least,
the mesenchymal phenotype and stemness can coexist, as
initially proposed following studies on colon carcinomas from
which the concept of “migrating cancer stem cells” arose (Bra-
bletz et al., 2005). However, the coexistence of these combined
traits also implies phenotypic plasticity, because our data indi-
cate that mesenchymal cells must revert to the epithelial pheno-
type to form the typical well-differentiated metastases while
maintaining stemness, as suggested previously (Chaffer et al.,
2006; Dykxhoorn et al., 2009; Celia-Terrassa et al., 2012;
Brabletz, 2012). If MET is required for metastatic colonization,
the loss of classical EMT-TFs would also convey the potential
loss of stem cell properties associated with tumor-initiating
capacity, thereby impairing metastatic colonization. Our findings
showing that PRRX1 loss induces both MET and stemness, and
provides a mechanism that favors metastatic progression.

The fact that EMT and stemness are uncoupled in PRRX1-
induced EMT again supports the existence of a parallel nonre-
dundant EMT pathway mediated by PRRX1 in cancer cells and
the requirement of PRRX1 loss for the development of distant
macrometastases. As already mentioned, PRRX1 loss promotes
stemness, thereby favoring tumor-initiating capacities when
PRRX1 itself and the other EMT-TFs are downregulated after
extravasation at the secondary organ to favor MET. By contrast,
high PRRX1 expression can preclude progression to the meta-
static state due to both a deficiency in tumor-initiating capacity
and the persistence of an EMT state. As such, the unique asso-
ciation of strong PRRX1 expression in primary tumors with
metastatic-free disease and good RFS in patients with different
types of carcinoma, such as breast adenocarcinomas and lung
SCC supports this proposal. On the one hand this suggests
that strong PRRX1 expression in primary tumors could be used
as diagnostic of good prognosis and on the other hand, that
therapies aimed at targeting EMT might in fact promote meta-
static colonization once cells have already delaminated from
the primary tumor. Finally, the independent regulation of EMT

(F) Quantification of cells undergoing mitosis as assessed by PH3 staining 16 hr after cell seeding. Histograms shows a representative experiment (n = 3).
(G) BT-549 control cells and those in which PRRX1, TWIST1, or both had been downregulated were evaluated for their surface expression of CD44 and

CD24 by FACS.

(H) CD24 transcript levels observed in BT-549 control cells or in those where PRRX1, TWIST1 or both were downregulated. Histograms represent the mean + SD

of three independent experiments.
C or Ctrol, control; PR, PRRX; TW, TWIST.
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Figure 7. PRRX1 Ectopic Expression Impairs Stem Cell Properties in Cancer Cells

(A) Relative expression of PRRX1 and TWIST1 in MDA-231 control cells and in those transduced with viruses to ectopically express either PRRX1 or PRRX1 plus
TWIST1. One representative of three independent experiments is shown and includes the mean + SD of technical triplicates.

(B) Phase-contrast and phalloidin staining images showing the phenotype of control MDA-231 cells or of those in which PRRX1 has been ectopically expressed
alone or together with TWIST1. Scale bars: 100 um (upper panel) and 50 um (lower panel).

(C) Representative fluorescence images showing the ability of MDA-231 control cells and that of those with ectopic expression of PRRX1 or PRRX1 plus TWIST1
to form colonies in soft agar 30 days after seeding. Insets are low magnification images. Scale bars: 100 um (main pictures) and 500 um (inset).
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and stem cell properties supports the development of thera-
peutic strategies aimed at targeting stemness.

EXPERIMENTAL PROCEDURES

Human Breast Cancer

The analysis of PRRX1 expression was performed using a total of 113
retrospective IDC from the Pathology Department of MD Anderson Cancer
Center (MDACC) Madrid, Spain. All samples were grade 3. Patients underwent
surgery between 2005 and 2006. Two different tumor areas from each sample
were included into a tissue microarray (TMA) according to manufacturer’s
procedures. The mean patient age at surgery was 57.2 years (range, 38-85
years). The HsPRRX1 probe was amplified by PCR from total cDNA and
subcloned into a pGEMT-easy vector (Promega). In situ hybridization (ISH)
of TMA sections was performed as described previously (Nieto et al., 1996)
with some modifications. Briefly, 5 um sections were deparaffinized in xylene
and rehydrated in descending ethanol series. Slides were permeabilized with
10 ug/ml of proteinase K for 5 min at room temperature and prehybridized in
hybridization buffer without probe for 3 hr and incubated with digoxigenin-
labeled riboprobe overnight at 60°C. The following day, sections were washed
in 2X SSC/50% formamide for 4 hr at 60°C. Hybridized probes were detected
using an alkaline phosphatase-conjugated anti-digoxigenin antibody (Roche,
1:1000) in the presence of substrate nitroblue tetrazolium (NBT) 5-bromo-4-
chloro-3-indolyl phosphate (BCIP) to produce a blue precipitate at the site of
hybridization. Sections were photographed under a Leica DMR microscope
(Leica, Wetzlar, Germany).

This study was performed following standard ethical procedures of the
Spanish regulation (Ley de Investigacion Organica Biomédica, 14 July 2007).
All participants in this study gave written informed consent, and the study
was approved by the Institutional Review Boards of MDACC Madrid.

Embryos

AB and Tup-Lof wild-type zebrafish strains were maintained at 28°C
under standard conditions and the embryos were staged as described previ-
ously (Kimmel et al., 1995). Fertilized hen eggs were purchased from the
Granja Gilbert (Tarragona, Spain) and incubated in a humidified incubator at
37.5°C. Chick embryos were staged according to Hamburger and Hamilton,
1951 (HH).

Cell Lines

MCF7, MDA-MB-231, MDA-MB-435S, A375P, HBL-100, MDA-MB-468,
SKBR3, and BT-549 human tumor cell lines and MDCK dog kidney cells
were purchased from the ATCC (Virginia, USA) and were cultured as described
in Supplemental Experimental Procedures. The names of MDA cell lines have
been reduced in the text for convenience.

Electroporation of Chicken Embryos and BMP2 Treatment

Chick embryos were electroporated with different expression constructs at
stage HH4 as described previously (Acloque et al., 2011). In all experiments,
the nonelectroporated side of the embryo served as a control. Human re-
combinant BMP2 protein (obtained from R&D Systems) was loaded onto
heparin acrylic beads at a concentration of 0.2 mg/ml. See also Supplemental
Experimental Procedures.

Morpholino Oligonucleotide and mRNA Injections

All MOs were obtained from Gene Tools and they were used as described else-
where (Nasevicius and Ekker, 2000). The dose was chosen after testing the
efficiency of MO1 in preventing splicing (Figure S3). The specificity of the

MOs was checked by cloning the MO sequence in front of the EGFP coding
sequence and assessing the decrease in GFP expression after coinjection
with the corresponding MO. For overexpression analyses, embryos were
injected with mRNAs synthesized for prrx1a coding sequence. Rescue exper-
iments were performed by coinjecting mRNA plus MOs. See Supplemental
Experimental Procedures for details.

Whole-Mount In Situ Hybridization

Whole-mount ISH was carried out essentially as described previously (Nieto
et al., 1996). See Supplemental Experimental Procedures for details of the
probes used.

Viral Production and Cell Infections

Human cDNA containing the coding sequence of PRRX7 was subcloned in the
pBABE-neo retroviral vector. Retroviral production and infection were carried
out as previously described (Mani et al., 2008). After infection, MDA-231 or
HBL-100 cells expressing either pBabe-neo (empty vector) or pBabe-neo-
PRRX1 were selected with 400 png/ml G418 for 2 weeks. The lentiviral vector
containing the human TWIST1 ORF sequence was obtained from Open
Biosystems (OHS5898-101004920). Lentiviral plasmids containing shRNAs
were purchased from Open Biosystems and are listed as the following:
Human shPRRX1 (RHS3979-9588052 and RHS3979-9588055), and Human
shTWIST1 (RHS3979-9587949 and RHS3979-9587951). Lentiviral superna-
tants were produced using a viral packaging system that includes the psPAX2
and pM2DG plasmids (purchased from Open Biosystems). Two days after
transfection, the viral supernatants were collected and used to infect BT-549
and MDA-231 cells, which were then selected with 2 ng/ml puromycine. The
empty pLKO.1 vector was used as a control and in all cases, the cells were
also infected with the empty pGIPZ vector (obtained from Open Biosystems)
as a reporter of EGFP expression. For BT-549 cells, at least two independent
pools were generated in each case and the cultured cells were initially tested
for changes in morphology, expression, and invasive properties. Different
pools behaved similarly and for each condition, one was chosen for the in vivo
experiments.

Total RNA Extraction, cDNAs Isolation, and QRT-PCR Analysis
All the protocols are described in detail in the Supplemental Experimental
Procedures.

Generation and Characterization of Prrx1-Expressing Stable Cell
Lines

Stable transfectants were generated in MDCK cells and selected for 2 weeks
with 400 pg/ml G418. Five independent clones were analyzed for pcDNA3-
mPrrx1 and three for pcDNA3 alone (mock). Where indicated, cells were
transfected with siRNAs using Lipofectamine RNAIMAX according to the
manufacturer’s instructions (Invitrogen). Three independent siRNA sequences
were tested. See Supplemental Experimental Procedures for more details and
primer sequences.

Immunofluorescence
The methods used are described in the Supplemental
Procedures.

Experimental

Tumor Growth and Histologic Studies

Mouse studies were carried out with the approval of the IDIBELL Animal Ethics
Committee (Procedure 4587 AFF) and in accordance with the Spanish National
Health and Medical Research Council’s guidelines and the AALAC for the care
and use of laboratory animals. Details are provided in the Supplemental Exper-
imental Procedures.

(D) Quantification of soft agar colonies above 50 pm in diameter. Histograms represent the mean + SD of three independent experiments (“p < 0.05, **p < 0.001

compared to the control condition).

(E) Phase-contrast images showing the ability to form mammospheres of the different MDA-231 cells. Scale bars: 50 um (main pictures) and 200 um (inset).
(F) Quantification of tertiary mammospheres as the number formed/10° cells seeded. Histograms represent the mean + SD of three independent experiments

(*p < 0.05; **p < 0.01 compared to the control condition).
(G) Analysis of CD44 and CD24 surface expression by FACS.
C, control; PR, PRRX; TW, TWIST.
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Figure 8. Strong PRRX1 Expression in Breast Carcinomas and Lung SCC Is Correlated with the Lack of Metastases and Increased RFS
(A) Kaplan-Meier plots showing the association between PRRX1 expression and RFS using data sets from the Chin breast adenocarcinoma series (Chin et al.,
2006) and from a series of lung SCC (Raponi et al., 2006).

(B) Kaplan-Meier plots showing the association between combined high PRRX7 and high TWIST1 expression with increased RFS from the lung SCS database in (A).
(C) Correlation between PRRX1 and TWIST1 expression in a breast adenocarcinoma and two independent lung SCC data sets.

(D) Statistical association between either PRRX1 alone or PRRX1 and TWIST1 together with metastasis.

(E) Representative examples of ISH for PRRX1 in a retrospective grade 3 infiltrating ductal breast carcinoma series (n = 113) included in a tumor microarray (TMA).
Lower panels show high power images. Scale bars: 200 um (upper panels) and 50 um (lower panels).

(F) Statistical association between PRRX1 expression and metastasis formation from the expression analysis of the TMA shown in (E).

*n (%), number of cases (percentage); ns, nonsignificant.

See also Figure S5 and Table S1.
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Migration and Invasion Assays

For migration assays cells were seeded in six-well culture dishes at a density of
1 x 10° cells/well. A wound was made in the center of the culture 24 hr later,
and phase-contrast pictures were taken at different intervals. Invasion assays
on collagen type-IV gels were performed as described previously (Cano et al.,
2000). Briefly, 35,000-50,000 cells of each type were seeded onto the upper
surface of the filters in modified Boyden chambers. After 7 or 16 hr incubation
for BT-549 and HBL-100 respectively, cells attached to the lower part of the
filters were fixed in methanol, stained with 4,6-diamidinophenylindole (DAPI),
and counted. Longer incubation times for HBL-100 cells were required
because they are noninvasive.

Soft Agar Assays and Mammosphere Cultures
For details, see the Supplemental Experimental Procedures.

Cell Proliferation and Cell Cytometry Analysis
Analyses of cell proliferation and cell cytometry were carried out as described
in the Supplemental Experimental Procedures.

Metanalysis

To validate the metastatic prediction model, several independent data sets
of breast carcinoma (See Chin et al., 2006; Pawitan et al., 2005) and lung
SCC series (Raponi et al., 2006; Larsen et al., 2007) were analyzed. The
breast and lung microarrays, and the clinical data were obtained from
ICR and GEO databases, respectively. In addition, the Ur-Rehman data
set, publicly available in ROCK (http://www.rock.icr.ac.uk) was also used
in the analysis. The Ur-Rehman data set was a collection of independent
published breast cancer data sets containing 1,570 samples analyzed
with the U133 Affymetrix platform arrays, all of them were normalyzed using
the same Robust Multi-array Average method. The statistical survival
analysis associated to the breast and lung samples was performed using
ROCK (http://www.rock.icr.ac.uk) and SPSS software (SPSS), respectively.
Kaplan-Meier plots of the RFS curves are represented using log-rank tests.
The expression values of PRRX1, TWIST1, and SNAI1 was categorized
using upper quartile (25% against rest). The Chi-square contingency test
Yates correction, or Fisher's exact test, was used to determine the statis-
tical significance of the relationships between PRRX7 expression and
TWIST1 expression, and metastasis. Values of p < 0.05 were considered
statistically significant. These analyses were carried out using the SPSS
17.0 for statistical software.

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures, one table, and Supplemental
Experimental Procedures and can be found with this article online at http://
dx.doi.org/10.1016/j.ccr.2012.10.012.
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SUMMARY

The specific roles of mutant p53’s dominant-negative (DN) or gain-of-function (GOF) properties in regulating
acute response and long-term tumorigenesis is unclear. Using “knockin” mouse strains expressing varying
R246S mutant levels, we show that the DN effect on transactivation is universally observed after acute
p53 activation, whereas the effect on cellular outcome is cell-type specific. Reducing mutant p53 levels
abrogated the DN effect. Mutant p53’s DN effect protected against radiation-induced death but did not
accentuate tumorigenesis. Furthermore, the R246S mutant did not promote tumorigenesis compared to
p53" ~ mice in various models, even when MDM2 is absent, unlike the R172H mutant. Together, these
data demonstrate that mutant p53’s DN property only affects acute responses, whereas GOF is not universal,
being mutation-type specific.

INTRODUCTION rate of tumorigenesis. Interestingly, LOH is not observed in all

LFS patients, suggesting that mutant p53 may exhibit domi-

Mutations in p53 occur in over 50% of all human cancers, and
in the other cases, alterations in the p53 pathway have been
observed, indicating that the functional inactivation of the p53
pathway is a critical step in tumor formation (Robles and Harris,
2010; Zilfou and Lowe, 2009). Most of the mutations are
missense mutations—often in the DNA-binding domain—and
therefore lead to loss of target gene transactivation (Olivier
et al., 2010). Mutations in p53 often occur during the course of
tumorigenesis, and hence, the mutant allele coexists with the
wild-type allele in the cell for a time period until the latter is lost
because of loss-of-heterozygozity (LOH), leaving behind the
mutant allele in some cancers (Levine et al., 1991; Robles and
Harris, 2010). Mutant p53 is also found in the germline in the
case of Li-Fraumeni syndrome (LFS) patients, resulting in higher

nant-negative (DN) activities or reduced p53 activity per se
may be sufficient to drive carcinogenesis (haploid insufficiency)
(Palmero et al., 2010; Varley et al., 1997). Regardless of the
sporadic or familial nature of cancers, the observation of LOH
of the wild-type allele in some cancers indicates that complete
loss of wild-type p53 further promotes turmorigenesis, and cells
expressing only mutant p53 may have additional advantages
through acquired gain-of-functions (GOF) (Brosh and Rotter,
2009; Oren and Rotter, 2010).

A large body of in vitro work using overexpressed mutant
p53 has demonstrated mutant p53’s ability to bind and inhibit
wild-type p53 activity when both coexist, in a phenomenon
termed as the DN effect (Kern et al., 1992; Milner and Medcalf,
1991; Petitjean et al., 2007). However, the relevance of DN

Significance

Mutant p53 has been shown to exhibit dominant-negative (DN) effects and gain-of-function (GOF) properties in vitro, though
the in vivo relevance is relatively unclear. Using knockin mouse strains expressing varying levels of the R246S mutant, we
show that the DN effect is exhibited in vivo in a cell-type-specific and dose-dependent manner, being observed only after
acute p53 activation and preventing radiosensitivity but not contributing to long-term tumorigenesis. GOF, however, was
not observed in various cancer/cellular models, even when MDM2 is absent. These data therefore signify the need for
the evaluation of p53 status during cancer therapy, which often activates p53 acutely, leading possibly to DN effects. More-
over, the GOF property appears not to be a universal phenomenon of p53 mutants.
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activity in vivo in the context of tumor formation has been ques-
tionable. The initial generation of knockin mice and cells ex-
pressing mutant p53 has indicated that DN activity is displayed
in some tissues, such as embryonic stem cells, breast and
lung epithelium, but not in others, such as the skin epithelium,
unless UV irradiated, indicating a contextual setting in which
such activity can be manifested (Jackson et al., 2005; Lee
and Sabapathy, 2008; Wijnhoven et al., 2005, 2007). However,
detailed characterization of mutant p53’s DN activity in multiple
tissues after p53 activation and in the context of concomitant
tumorigeneis has not been performed, and its significance is
not well understood. Given that tumors would generally retain
the wild-type allele in mutant p53 expressing cells in the early
phases—during which chemo- and radiotherapies may be
administered —the impact of mutant p53’s DN effect can be ex-
pected to be a crucial factor in determining successful thera-
peutic and hence survival outcome. Studies on human follicular
lymphoma have shown that heterozygote status with the pres-
ence of one mutant p53 allele leads to poor overall survival and
shortened time of disease progression (O’Shea et al., 2008), sup-
porting this hypothesis.

Similarly, a substantial amount of evidence exists for the
oncogenic GOF of mutant p53, which has been shown to be
capable of transactivating novel noncanonical target genes
that confer additional growth advantage, migratory potential,
and drug resistance (Muller et al., 2009; Weisz et al., 2007, Yeu-
dall et al., 2012). We and others have also demonstrated that
cancer cells become addicted to mutant p53 expression,
abrogation of which leads to cell death and reduced tumor
formation in scid mice (Bossi et al., 2006; Vikhanskaya et al.,
2007). Moreover, mutant p53 interacts with a variety of cellular
proteins, such as p63, p73, and NF-Y, thereby altering the
activities of these proteins to prevent proliferation or interfere
with apoptosis (Oren and Rotter, 2010). Consistently, analysis
of two strains of knockin mice expressing hot spot mutants
R172H and R270H revealed that these mutants were capable
of inhibiting p63/73 function, supporting the case for GOF
(Lang et al., 2004; Olive et al., 2004). Subsequent experiments
with other cancer models using these knockin mice confirmed
this phenomenon (Jackson et al., 2005; Morton et al., 2010),
elevating enthusiasm that all p53 mutants may generally exhibit
GOF that could be amenable to therapeutic targeting. However,
it remains unclear whether GOF is a universal property of all
hot spot p53 mutants. Furthermore, the manifestation of GOF
has been correlated to conditions in which mutant p53 is
“hyperstable,” such as in the “cancer-cell context” or in the
absence of Mdm2, where basal mutant p53 levels are elevated,
leading to enhanced spontaneous tumor formation (Terzian
et al., 2008), suggesting a requirement for increased stability
for phenotypic manifestation of GOF. However, current data
are not conclusive enough to confirm the universality of this
requirement.

Hence, we have embarked on addressing the role of DN and
GOF in detail, through the use of knockin mice strains expressing
different levels of the R246S mutant, equivalent of the hot spot
human R249S mutant, to understand the effect of its presence
in various tissues upon pathological and nonpathological p53
activating conditions, some of which lead to tumorigenesis
over time.

Cancer Cell
Acute and Long-Term Effects of Mutant p53 In Vivo

RESULTS

Mutant p53 Exhibits Dominant Negative Effect on
Cellular Viability in a Cell-type-Dependent Manner

To determine the effects of mutant p53 over its wild-type coun-
terpart in an endogenous setting in various tissues, we gener-
ated a knockin mouse strain that carries the R246S mutation
(human R249S equivalent) through germline targeting (Fig-
ure S1A available online) and analyzed a variety of cell types after
exposure to y-irradiation (IR) or treatment with the p53-activat-
ing agent nutlin (Vassilev et al., 2004). Whole-body irradiation
showed that thymocytes were expectedly highly sensitive to IR
in vivo and die in a p53-dependent manner, as p53~/~ thymo-
cytes were almost completely resistant to cell death (Figure 1A;
Figure S1B). p53*/~ thymocytes were also very sensitive, though
less than p53*/* cells. By contrast, p53*/246S thymocytes were
significantly more resistant to death than p53*~ cells, being
almost similar to p53~/~ cells, indicating DN activity of the
mutant protein over the wild-type protein (percentage of cell
viability- p53+/7246S versus p53*/~: 90.17 + 4.22 versus 62.47 +
1.76; p < 0.001) (Figure 1A). To confirm the cell-autonomous
nature of this effect, we isolated thymocytes from various
genotypes of mice and irradiated or treated them with nutlin
ex vivo. Irradiation with 5 Gy and analysis over time indicated
that p53*/F246S thymocytes were indeed more resistant than
53"/~ (percentage of cell viability at 15 hr- p53+/72465 versus
5371 66.37 + 3.11 versus 36.84 + 1.45; p < 0.001) (Figure 1B).
Similar results were obtained with various doses of irradiation
(percentage of cell viability at 5 Gy- p53+/F246S versus p53*+/:
62.70 + 2.24 versus 33.86 + 1.33; p < 0.001) (Figure 1C). More-
over, treatment with nutlin also led to the exhibition of DN effect
of the mutant p53, as thymocytes from p53*/7246S mice were
more resistant than p53*/~ cells (percentage of cell viability at
15 hr- p53+/F246S yersus p53*/~: 45.52 + 3.77 versus 19.50 +
1.63; p < 0.001) (Figure 1D).

Detailed analysis of several lymphoid organs revealed that cell
death was less pronounced in thymus, spleen, and lymph nodes
of p53*+/F246S mice compared to p53*'~ mice after whole-body
irradiation (Figure 1E). However, cell death was similar in bone
marrow (BM) cells from these two genotypes. To confirm that
DN effect is lacking in BM cells, we purified and used Lin™®
progenitor cells from BM, which confirmed the lack of DN effect
in this cell type (percentage of cell viability- p53*/F246S versus
p53*7131.65 + 3.34 versus 22.40 = 2.40; p > 0.05) (Figure 1F).
Thus, to determine if the DN effect seen in the other organs is
attributable to specialized cell types, we analyzed T and B cells
from lymph nodes and spleen after staining with anti-CD3 and
anti-B220 antibodies, respectively. Ex vivo irradiation led to a
significant DN effect in p53*/7246S CD3*"® cells from both spleen
and lymph nodes (p < 0.05) (Figure 1G). Similarly, nutlin treatment
also led to DN effect in p53*/F246S CD3*® cells, in which cell
death was less compared to their p53*/~ counterparts (per-
centage of cell viability- p53+/7246S versus p53*/~: 61.45 + 3.38
versus 42.69 = 2.46 for 10 uM nutlin; p < 0.001 and 53.73 =
1.63 versus 33.69 + 0.77 at 5 Gy, p < 0.001) (Figures 1H, S1C,
and S1D). B220*"® cells from p53+/7246S mice were also signifi-
cantly more resistant to cell death than p53*/~ cells upon nutlin
treatment and irradiation, though the difference was less pro-
nounced at a higher dose of irradiation (percentage of cell

752 Cancer Cell 22, 751-764, December 11, 2012 ©2012 Elsevier Inc.



Cancer Cell
Acute and Long-Term Effects of Mutant p53 In Vivo

A p<0.001 . B
< 100 [ e =
g
g 80 ™
£ 60 o
li -
% 401
§
£ 20
0 .
+/+ +- +/246 /-
C
100§=—1 —
. v
3 = e
280 N\ e = .
3 \ \I\ R~
£60 \\\ [
g
s \\ g —‘p<0.00‘1
§40 - !
= R 1
320 S
‘| -
= e
Q 1
Dose (Gy)4 8
E

O +4+
[ VA

3

Viability (% of unirradiated)

SSSS33S833933383333)

LN

w
=

Spleen

G H

110

-
o
o

W /246
& 246/-

NI,
3
£80 | s
| . Ta
560 ﬁ\\\ 7 0.001
- o <
5 PR \\\\\ p=0.
£40 ~ Tm
g -+ +- ‘?
220 A +/246
>
¥ -/
ot T T 1
5 Time (hrs) 10 15
1008 S E——
A
SRS
80 | L
= \
\.\\
E h b
340 . \\,.
< \ p<0.001
2,
£20 | \ J
2
>
i 1 1 1
0 5 Time (hrs)m 15
F
90 i
g0
£
£
Z
2 50| p>0.05
g |
230 —— :
3
2 -1
>
0 T

++

0
(=]

[=2]
o

—ahe

S
o

Viability (% of untreated)

[

o
D
o

e He 4246 -/

Spleen LN

e M 4246 -

Figure 1. DN Effect of Mutant p53 on Cell Death Is Cell-type Specific

Nutlin (uM)

+/- +/246 /-

B220*¢ cells

Nutlin (uM)

(A) Thymocytes of whole-body irradiated (5 Gy) 5-week-old mice were harvested 12 hr later for flow cytometric determination of viability after annexin-V/pro-
pidium iodide (PI) staining. Mean viability for each genotype (-) and thymocyte viability of each individual mouse (@) are shown.

(B-D) Thymocytes were irradiated ex vivo (5 Gy or otherwise indicated) (B and C) or treated with 10 uM nutlin (D) for 15 hr (or otherwise indicated), and cellular
viability was determined by normalizing against unirradiated samples for each time point. Data represents mean + SEM with 2-8 mice/genotype.

(E-H) Thymocytes, splenocytes, lymph node (LN), and bone marrow (BM) cells were irradiated (5 Gy) ex vivo (E-G) or treated with nutlin (H), and viability was
determined 1215 hr later. Lineage negative (Lin™®) cells were purified from BM and assayed similarly (F). Viability of CD3*'® and B220*"® cells were determined by
staining with FITC-annexin-V and PE-conjugated CD3 or B220 antibody double staining, respectively, followed by flow cytometric analysis (G, CD3" cells only)
and (H, CD3* or B220™ cells). Mean viability (-) for each genotype and the viability of cells from each individual mouse (@) are represented by dots (G). Data

represents mean + SEM with three mice/genotype.
See also Figure S1.

viability- p53+/F246S versus p53*'~: for nutlin, 61.24 + 6.33 versus

41.73+£2.00at5 uM, p < 0.001; and 42.52 + 4.01 versus 25.06 +
2.37 at 10 uM, p < 0.01 and 47.54 + 0.89 versus 29.53 + 1.61 at

2 Gy, p < 0.01; and 17.84 + 0.21 versus 10.61 + 0.17 at 5 Gy)

(Figures 1H and S1C). Collectively, these results demonstrate
the cell-type-specific exhibition of DN effect of mutant p53.
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Lack of DN Effect Is Not due to Cellular Predisposition to
Cell Death or Cellular Senescence

As the DN effect on cellular survival appears to be only seen in
some cell types, we utilized primary mouse embryonic fibro-
blasts (MEFs) to determine DN effects on cellular proliferation
and senescence. Treatment with nutlin or irradiation led to a
reduction in BrdU incorporation in a p53-dependent manner
(Figure 2A). However, p53*/F246S fiproblasts were as sensitive
as the p53*/* and p53*/~ cells, suggesting that the mutant p53
does not have a negative effect of the remaining wild-type
protein (percentage of Brdu incorporation- p53*/F246S versus
p53*7: 14.33 + 0.22 versus 12.63 + 0.24; p > 0.05 at 10 Gy
and 15.53 + 0.56 versus 11.75 + 0.09; p > 0.05 at 10 uM nutlin).
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Figure 2. Cellular Predisposition to Cell
Death or Cell-Cycle Arrest Does Not Dictate
Mutant p53’s DN Effect

(A) Primary MEFs (same passage) of different p53
genotypes were y-irradiated or nutlin treated and
pulsed with 10 uM BrdU 24 hr after treatment for
1 hr. BrdU"* cells were detected by flow cytometric
analysis.

(B) Growth potential of primary MEFs was deter-
mined by population doubling in culture over
seven passages. Data represents mean + SEM
with 3-4 clones of MEFs/genotype.

(C and D) Early passage E1A/Ras-transformed
MEFs were y-irradiated (5 Gy) or nutlin treated
(10 mM), and the proportion of BrdU* cells was
determined (C). Cell death of E1A/Ras-trans-
formed MEFs was determined by annexin-V/PI
staining (D). Data represents mean + SEM with 3—4
mice/genotype.

(E) Spontaneous transformation/replicative se-
nescence of primary MEFs was determined by
growing cells in accordance with the 3T3 protocol.
Data represents mean + SEM with two clones of
MEFs/genotype.

(F) Primary MEFs were transduced with onco-
genic mutant Ras-V12-expressing retrovirus and
selected for 2 weeks with puromycin. Viable cell
colonies were stained with crystal violet, and
representative data of three independent repli-
cates are shown.

Moreover, growth rates were similar
between p53+7F24S  fibroblasts and
p53"~ cells and lower than the p53~/~
cells (Figure 2B). As primary fibroblasts
generally undergo cell-cycle arrest upon
irradiation, we utilized MEFs that have
been transformed by the expression
of E1A+Ras oncogenes, which have
been shown to sensitize MEFs to cell
death (Lowe et al., 1993). E1A/Ras-trans-
formed p53+/F24%S fiproblasts did not
also exhibit any significant DN effects
upon irradiation on cellular prolifera-
tion (percentage of BrdU incorporation-
5372465 yersus p53*/~: 19.40 + 4.00
versus 12.24 + 4.36; p > 0.05) (Fig-
ure 2C) or cell death (percentage of
cell viability- p53+/F246S versus p53*/~: 70.38 + 2.59 versus
60.52 + 3.86; p > 0.05) (Figure 2D). Basal BrdU incorporation for
primary and E1A/Ras-transformed MEFs were also not signifi-
cantly different (p53*/7246S versus p53*/~: primary - 30.70 =+
1.21 versus 30.93 = 0.43; p > 0.05 and E1A/Ras - 38.00 =
2.43 versus 36.95 + 1.25; p > 0.05) (Figures 2A and 2C). These
data indicate that lack of DN effect in MEFs is regardless of
their predisposition to cell-cycle arrest (primary MEFs) or death
(transformed cells).

We next explored the DN potential during cellular senescence
and transformation in MEFs. Primary MEFs were grown in the
3T3 protocol and development of spontaneous transformation
was assayed. As shown in Figure 2E, p53~/~ and p5372465" cells

10 20
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Figure 3. DN Effect of Mutant p53 on Transactivation of p53-Target Genes

(A) Various tissues from whole-body irradiated (10 Gy) mice were harvested at the times indicated for determination of p53 target gene expression by quantitative
real-time RT-PCR (normalized against actin). Data represents mean =+ s.e.m. with 4-8 mice/genotype, except where only 2 p53~/~ mice were used.

(B) Thymocytes were irradiated (5Gy) ex vivo prior to analysis of p53 target genes. Fold induction was calculated based on unirradiated samples. Data represents
mean + s.e.m. with 4-8 mice/genotype, except where only 2 p532¢"- mice were used.

(C) CD3* and B220™ cells from spleens of 6-8 week old mice were purified and irradiated (5Gy) prior to determination of expression of p53 target genes. Data

represents mean + SEM with 2-3 mice/genotype.

(D) Early passage (<passage 4) MEFs of different p53 genotypes were irradiated (10 Gy), and p53 target gene expression was determined. Data represents

mean + SEM with 3-4 mice/genotype.

readily transformed spontaneously in culture without undergoing
replicative senescence, whereas p53*/*, p53*/~, and p53*/F246S
MEFs did not, suggesting that the R246S mutant is incapable of
exhibiting DN effects to overcome barriers of transformation.
In addition, we utilized oncogenic Ras to induce oncogene-
induced senescence, which again revealed the lack of DN effect,
as only p53~'~ and p5372465/- cells were transformed, unlike the
others (Figure 2F), demonstrating the absence of a DN effect
during both spontaneous and Ras-induced senescence/trans-
formation of MEFs in culture.

These data together demonstrate that the coexistence of
endogenous mutant p53 and wild-type p53 leads to a DN effect
on p53-mediated cell survival only in some cell types upon p53
activation.

Mutant p53 Exhibits DN Effect on p53-Mediated
Transactivation in Both Sensitive and Insensitive Cell
Types

We next examined if p53-mediated target gene transactivation is
sensitive to DN effects of mutant p53 in various cell types by per-
forming quantitative real-time PCR analysis. Whole-body irradi-
ation led to maximal p53 target gene activation around 2 hr in
spleen and 5 hr in thymus (Figure 3A). Mdm2, p21, and Noxa
levels were highest at these time points, respectively, in the
p53** case, whereas it was slightly reduced in p53*'~ cells.
However, target gene activation was significantly reduced in
tissues from the p53*/F246S mice, almost similar to the p53~/~
case (Figure 3A). It is noteworthy that the difference between
p53*~ and p53*/F245S cases were maximal and significant at
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the highest point of activation (normalized Mdm2 expression -
p53*'~ versus p53*/F246S: 1512 + 0.094 versus 0.776 = 0.050
for spleen, p < 0.001 and 1.814 + 0.041 versus 1.148 + 0.108
for thymus, p < 0.01; p21 expression - 1.534 + 0.085 versus
0.741 + 0.077 for spleen, p < 0.05 and 3.466 + 0.219 versus
1.781 £ 0.166 for thymus, p < 0.05; Noxa expression - 1.590 +
0.136 versus 0.799 + 0.050 for spleen, p < 0.01 and 3.073 +
0.027 versus 1.324 + 0.178 for thymus, p < 0.001).

p53 target gene activation in thymocytes and purified T and
B cells from spleen after irradiation ex vivo was also examined.
Similar to the in vivo case, p53-dependent p27 and Noxa activa-
tion was maximal around 6 hr after irradiation in thymocytes, at
which point the difference between p53*/~ and p53+/7246S was
most obvious and significant (normalized Noxa expression -
P53~ versus p537F246S; 2,088 = 0.313 versus 0.982 + 0.205,
p < 0.001; p21 expression - 2.787 + 0.468 versus 1.110 +
0.135, p < 0.01) (Figure 3B). Importantly, these targets were
minimally activated in p53*/7246S cells. Purified T and B cells
also showed a similar trend, where the Mdm2 activation was
markedly reduced in p53*/F2465 cells compared to p53*/~ cells
(normalized Mdm2 expression - p53*~ versus p53+/F246S:
1.288 + 0.116 versus 0.450 + 0.053, p < 0.001 for B220" cells;
0.739 + 0.068 versus 0.369 + 0.032, p < 0.001 for CD3* cells
at 5 hr) (Figure 3C), highlighting that the presence of mutant
p53 was indeed affecting the wild-type p53-dependent target
gene activation in sensitive cells.

Because we noted the absence of a DN effect on cell death
and proliferation in MEFs, we evaluated if p53-dependent target
gene activation is at all affected by the presence of mutant p53.
Whereas p21 activation was not compromised in p53+/F246S
MEFs, indicating the lack of a DN effect, Noxa and Mdm2 activa-
tion was significantly compromised (normalized Mdm2 expres-
sion - p53*/~ versus p53*/7246S; 3.808 + 0.344 versus 1.934 +
0.267, p < 0.001; Noxa expression — 2.044 + 0.224 versus
1.280 + 0.210, p < 0.01; p21 expression — 2.341 + 0.215 versus
1.858 + 0.009, p > 0.05 at 3 hr) (Figure 3D). Mdm2 and Noxa acti-
vation in p53*/F246S MEFs was minimal and significantly lower
than in p53*/~ cells. These data indicate that the DN effect on
transactivation can indeed be observed in MEFs on some target
genes, despite the lack of effect on the biological outcome (Fig-
ure 2). Altogether, the data highlight that the DN effect of mutant
p53 on wild-type p53-mediated transactivation is observed in
both sensitive tissues, such as thymus and lymphoid cells,
and selectively on some target genes in insensitive cells, like
the MEFs.

Threshold Level of Mutant p53 Is Required for DN Effect
In Vivo

Another knockin mouse strain that carries the same R246S
mutation but which also retains the neomycin resistance cas-
sette in intron 6 of the p53 locus, therefore making it a potential
hypomorphic allele (p53+/72465Necy (Figure S2), was generated.
Analyzing transcript levels revealed that the mutant p53 levels
were considerably lower in p53*/F2465Neo thymocytes compared
to p53*/F245S thymocytes (Figure 4A). Irradiation of thymocytes
and splenocytes led to an increase in total p53 levels in cells
from all p53 genotypes but was maximal in the p53*/7246S case
(Figure 4B). By contrast, p53 levels were lower in p53*/F2465Neo
cells, confirming that the mutant p53 is indeed expressed at

Cancer Cell
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a higher steady-state level and that the presence of the
neomycin cassette leads to a hypomorphic state, resulting in
reduced expression (Figure 4B).

Irradiation of thymocytes revealed that the cells from
p53+/R2465Neo mice were as sensitive as the p53*~ cells and
not as resistant as the p53*/7246S cells, suggesting a lack of
the DN effect in the p53+/F2465Ne° case (percentage of cell
viability at 5 Gy- p53+/F246S versus p53+/F2465me°. g2 50 + 3.03
versus 45.71 + 1.75, p < 0.001) (Figure 4C). To confirm if this
loss of the DN effect on cell viability is also observed on p53-
target gene transactivation, p27 and Noxa induction was
analyzed. As shown in Figure 4D, both the target genes were
induced to a greater extent in the p53*/F246SNec cells, com-
pared to the p53*/F246S cells that showed minimal activation.
Importantly, the level of induction was comparable between
p53+/F2465Nec. oa|ls and p53*/~ cells, thereby confirming the
lack of a DN effect in the former cells (normalized p21 expres-
sion - p53*~ versus p53*/F246SNeo yarsus p53+F249S 3.042
0.188 versus 3.168 + 0.114 versus 1.666 + 0.124, p > 0.05 for
p53*~ versus p53+/F2465Nec and p < 0.001 for p53*/~ versus
p53+/F246S: Noxa expression — 4.757 + 0.35 versus 4.203 =
0.465 versus 0.712 + 0.21, p > 0.05 for p53*~ versus
p53+/F2465Ne0 and p < 0.001 for p53*/~ versus p53*/F246S at
5 hr). Similar results were obtained using splenocytes on
cellular viability (percentage of cell viability at 5 Gy- p53+/F246S
versus p53*+/f246SNec. 71 439 + 4.104 versus 43.591 + 1.545,
p < 0.001) (Figure 4E) and target gene activation (normalized
Mdm2 expression - p53*/~ versus p53+/F246SNeo yersus
p53+/F246S 1 608 + 0.307 versus 1.618 + 0.329 versus 0.891 +
0.074, p > 0.05 for p53*/~ versus p53*/f246SNec and p < 0.01
for p53*/~ versus p53+/7246S; p21 expression — 1.883 + 0.244
versus 1.832 + 0.237 versus 0.790 + 0.082, p > 0.05 for
p53*~ versus p53+/F2465Neo and p < 0.001 for p53*/~ versus
p53+/246S at 5 hr) (Figure 4F). These data together demonstrate
that a threshold level of mutant p53 expression is required for the
manifestation of DN effects, below which the effect is abrogated.

Mutant p53’s DN Effect Affects Acute Response but
Does Not Accentuate Tumor Formation

Low-dose (<5 Gy) whole-body irradiation sensitizes p53 hetero-
zygous mice to tumor formation (lymphomas and thymomas)
(Kemp et al., 1994). Hence, we investigated if the DN effect on
cellular survival seen in thymocytes and lymphocytes can lead
to accentuation of tumor formation after low-dose whole-body
irradiation. Analysis of CD3*¥® cell count from peripheral blood
aday after irradiation showed a reduction in mice of all p53 geno-
types, although the decrease appeared to be less pronounced in
5372468 mice and almost negligible in p53~/~ mice (Figure 5A).
To analyze this effect in detail, we performed a time-course anal-
ysis of CD3*¥® cell numbers, which showed a dramatic decrease
in cell numbers following the first day after irradiation, but which
recovered starting from about day 4 onward (Figure 5A). The
decrease was most significant in p53*/* mice, followed by the
53"~ mice. However, the decrease was less pronounced in
p53+/F2465 and p53~'~ mice, indicative of DN activity during
the acute response phase of radiosensitivity (for 24 hr after
whole-body irradiation, absolute count of CD3" cells/ul of
peripheral blood - p53*/7246S yersus p53*/~: 2,190.42 + 60.10
versus 1,065.67 + 164.00, p < 0.05). It is noteworthy that the

756 Cancer Cell 22, 751-764, December 11, 2012 ©2012 Elsevier Inc.



Cancer Cell
Acute and Long-Term Effects of Mutant p53 In Vivo

o
: g
x 3 R
BsrB1 digested uncut PCR product T+ F . 5 F ¥ F F
3 g -+ -+ -+ - + R
g ey g8
. oN & N & —
F ¥ FFA FF¥FFA -
E
Splenocytes Thymoctyes
Thymocytes
c D
35 100
2 * p21 e Noxa
] r g 8 &5 15
2 - +/+ 2 ]
£ - 8 . g
E -4 %104
R : —— +/246Neo 3 "
o ] e, x
& 0>0.05 ¥ +/246 :._ 4 e
= - .. ] -
£ L L. &
a ] ©
> E E
0 ; . ‘ g : . : : T2 o0 :
0 6 0 1 2 3 4 5 0 1 2 3 4 5
IR (Gy) Time (hr) Time (hr)
E F
Splenocytes - +/+
— 100% E I Eadl +'L E;‘ et c &
2 —— +/246Neo A 2
e @ @
K] 80 ¥ +/246 g 14
= x 583
E - | 3
3 60 E E 52
G 'g a
® = °
£ 40 p>0.05 B &
= = N =1
= 5 | / g
g8 20 E K 5
> 2o T T T T \ < o= T T T T .
0 0 1 2 3 4 5 0 1 2 3 a 5
0 1 5 Time (hr) Time (hr)
IR (Gy)

Figure 4. DN Effects Are Abrogated in Hypomorphic Mutant p53-Expressing p5

3+/R2465Neo Mice

(A) Expression of different p53 alleles was determined by restriction fragment length polymorphism using thymocyte cDNA. p53 transcript was amplified by RT-
PCR, and 1 ng of purified RT-PCR product was digested with the BsrB1 restriction enzyme —because of the generation of this site by the introduced R246S
mutation—and analyzed by agarose gel electrophoresis. The relative intensity of the cleaved products indicates the expression levels of the knockin allele.

(B) Irradiated (5 Gy) splenocytes and thymocytes were harvested, and p53 protein levels were determined by immunoblotting. Representative blot of two

independent experiments are shown.

(C-F) Viability of thymocytes (C) and splenocytes (E) was determined after irradiation. Expression of p53 target genes after irradiation (5 Gy) of thymocytes (D) and

splenocytes (F) were determined. Data represents mean + SEM with 3-4 (C and E) or 2-3 (D and F) mice/genotype, except for the p53

~/~ case in which one mouse

was used for thymocytes. p values are shown for differences between the p53+/246N¢° and p53*/~ genotypes.

See also Figure S2.

numbers returned to almost baseline levels about 2 weeks after
irradiation and that there was no elevation beyond the baseline
values in both in p53*/F246S and p53~'~ mice (Figure 5A).
Long-term monitoring of these irradiated cohorts of mice
expectedly led to thymoma/lymphoma/sarcoma formation in a
p53-dependent manner (median tumor-free survival of p53*/~
versus p53~/~ mice is 33.43 weeks versus 16.65 weeks, p <
0.01) (Figure 5B). However, tumor formation rate was not accen-
tuated in p53*/7246S which were almost identical to the p53*/~
case (median tumor-free survival of p53*/F246S versus p53*/~
mice is 35.43 weeks versus 33.43 weeks, p = 0.835), indicating
that the initial DN effect on cell death after acute DNA damage
did not have any impact on tumor formation rates. Analysis of

tumor spectrum revealed that majority of both p53*/7246S gnd
p53*'~ mice developed sarcomas primarily and lymphomas to
a lesser extent (data not shown), confirming the lack of DN effect
on carcinogenesis.

To further confirm that the mutant p53-mediated DN effect is
indeed only observed at the initial acute phase but is not contrib-
utory to tumor formation, we utilized the Myc-induced B cell
lymphoma model (Eu-Myc transgenics) to follow the fate of B
cells that develop lymphomas in a p53-dependent manner
(Schmitt et al., 1999). First, we purified B cells from Eu-Myc
transgenic mice of the various p53 genotypes at an early age,
where LOH has not taken place (Figures S3A and S3B), to deter-
mine the effect of irradiation. The analysis revealed that the
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Figure 5. DN Effect Contributes to Acute p53-Mediated Response but Does Not Promote Tumorigenesis
(A) Absolute counts of peripheral CD3* lymphocytes from 20 pl of blood collected from 8-week-old mice were determined before and up to 3 weeks after whole-
body v-irradiation (2.5 Gy). Data represents mean + SEM with three mice/genotype. * represents p < 0.05 for differences between the 534246 and p53*/~

genotypes.

(B) Kaplan-Meier survival curves of y-irradiated (single dose, at 5-8 weeks) mice are shown.

(C) B220* cells were purified from splenocytes of 4 weeks old Eu-Myc transgenic mice of various p53 genotypes and irradiated (5 Gy), prior to determination of
cellular viability. Data represents the percent viability normalized against unirradiated control.

(D) Kaplan-Meier survival curves of Eu-Myc transgenic mice of various p53 genotypes are shown.

See also Figure S3.

presence of the mutant protein led to resistance to cell
death compared to the p53*/~ cells (percentage of cell viability-
p53*/F246S yersus p53*/: 42.26 versus 20.29 with Myc) (Fig-
ure 5C), indicating the presence of DN activity on cellular survival
upon acute p53 activation. Monitoring these mice over time indi-
cated that both the Eu-Myc;p53*/F246S mice and Eu-Myc;p53*/~
mice succumbed to tumor formation at the same rate, with the
median tumor-free survival being 6.57 and 6.14 weeks, respec-
tively (p = 0.973) (Figure 5D). These results suggest that the DN
effect seen after acute p53 activation on cell death during the
radiosensitive phase does not lead to enhanced tumorigenesis.

DN Effect Is neither Exhibited during Spontaneous
Tumor Formation in the Absence of Stress Stimuli nor
Evident during Embryonic Lethality Because of Mdm2
Absence

In order to further investigate if a DN effect is exhibited in
the absence of exposure to acute stress signals, we first moni-
tored a cohort of mice of various p53 genotypes for sponta-
neous tumor formation. Similar to the irradiated cohorts, the
median survival of p53*/~ and p53*/F246S mice was comparable,

indicating a lack of DN effects on overall tumorigenesis
(median survival of p53*'~ and p53*F246S mice: 63.43 versus
59.86 weeks, p = 0.46) (Figure 6A; Table 1). Furthermore, there
was no difference in the spectrum of tumors arising from mice
of p53*/~ and p53*/F?46S genotypes (comparison of tumor spec-
trum by genotype, p53*/~ versus p53+/F?46S mice: 2 lymphoma
and 19 sarcoma versus 8 lymphoma and 15 sarcoma, p =
0.0725 by Fisher’'s exact test) (Table 1). However, when we
focused on the incidence of lymphoma alone, there is a slight
but statistically significant decrease in the lymphoma inci-
dence in p53*/7245S mice (lymphoma-bearing p53*/7245S versus
p53*~ mice: 2/20 versus 8/19, p = 0.031 by Fisher’s exact test)
(Table 1). Nonetheless, there was no significant difference in
survival between p53*~ and p53+/F246 mice in terms of sponta-
neous or IR-induced tumor formation, as well as in the Eu-Myc
lymphoma model (Figure 5; Table 1), suggesting that though
the DN effect of mutant p53 may affect the type of cancers
because of cell-type specificity, it does not affect overall
tumor susceptibility. Supporting this idea, no significant dif-
ference was noted in the lymphoma incidence between the
p53+/F246S yersus p53~/~ mice (lymphoma-bearing p53+/F246S
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versus p53*/’ mice: 8/19 versus 29/42, p = 0.054, Fisher’s exact
test), although the rate of tumorigenesis was markedly different
between the genotypes (Table 1), indicating that the mutant
allele may have an effect on tissue specificity, though not having
any DN effect on overall tumorigenesis.

Second, we investigated if embryonic lethality due to
Mdm2 deficiency —that can be rescued by inactivation of p53
(Jones et al., 1995)—can be rescued by the DN effect of mutant
p53. To that end, we intercrossed the p53+F2465:Mdm2*/~
double heterozygotes and found no viable Mdm2~/~ mice
with p53** or p53*/f246S genotypes, in contrast to Mdm2~/'~;
p53F2465/R2465 g ble homozygous mice, which were viable at
birth (number of Mdm2~'~;p53**, Mdm2~'~;p53*/F246S and
Mdm2~'~;p5372465/R2465 mice found at the time of weaning: 0,
0, and 22, respectively) (Table 2). These results indicated that
the R246S mutant is a completely nonfunctional mutant, reflect-
ing the p53~/~ case when homozygous but does not confer DN
effects to rescue Mdm2~/~ lethality.

These data therefore show that the DN effect of mutant p53
is only manifested during the acute p53 activation phase and
does not contribute in any significant way to accelerate tumor
formation in the three models studied here, as well as during
embryogenesis.

Elevated Mutant p53 Expression in the Absence of
Mdm2 or in Tumors Is Insufficient to Confer GOF
Properties
We next explored if the R246S mutant possesses oncogenic
GOF properties, by first analyzing the tumor formation rates in
several models. As shown in Figure 5B and Figure 6A, the
median survival of p53~/~, p5372465/ and p537246S/R246S mjce
are comparable during both spontaneous and IR-induced can-
cer formation (spontaneous cancers - p53~/~ versus p5372465/-
versus p5372465/R246S. 91 29 versus 20.86 versus 19.71 weeks,
p = 0.375, for IR-induced cancer p53~/~ versus p5372465"
16.64 versus 16.5 weeks, p = 0.23), suggesting that the R246S
mutant may not possess GOF properties. Detailed analysis indi-
cated that the p53~/~, p53F245" and p537246S/R246S mice
developed mainly lymphomas and sarcomas with similar inci-
dence, much more than the p53*7246S and p53*'~ mice, during
both spontaneous and IR-induced cancer formation (proportion
of p53~/~ versus p53712465/F2465 mice developing spontaneous
tumors that are lymphoma and sarcoma: 69% and 23.9% versus
78.3% and 21.7%, p = 0.3846 by Fisher’s exact test) (Table 1 and
data not shown). Unlike the case of other hot spot mutant p53 -
R172H, metastasis was not observed in the tumor-bearing
5372465 and p53F2465/R246S mice (data not shown), further
suggesting a lack of GOF properties of the R246S mutant.
Terzian and colleagues have suggested that the manifestation
of the GOF of mutant p53 can be elevated by increasing the
abundance of the mutant p53 protein, in the Mdm2~~ back-
ground (Terzian et al., 2008). To investigate this aspect, we first
analyzed the status of mutant p53 in normal thymus and thy-
moma of p537246S” mice by immunoblotting, which indicated
that the stabilization of the protein only in the tumorigenic state
(Figure 6B), similar to the observation with other hot spot mutant
p53 knockin mice (Lang et al., 2004; Olive et al., 2004). Immuno-
histochemical staining of tumors of p5372465/F2465 mjce also
confirmed the elevation of R246S mutant protein only in tumor

cells (Figures S4A-S4D), altogether implying that the abundance
of R246S mutant in tumors alone is insufficient to confer GOF.
Moreover, the stabilized mutant p53 was found to be S18 phos-
phorylated (Figure 6B), suggesting elevated basal DNA damage
in tumors that may contribute to its increased abundance.

We thus evaluated if the R246S mutant p53 would be capable
of exhibiting GOF properties in the Mdm2~'~ background, by
generating cohorts of p5372465/R246S mjce with different Mdm2
genotypes. As shown in Figure 6C, the median survival of
p5372465/R246S mice with different Mdm2 genotypes were similar
(median survival of p5372465/R2465 mice with Mdm2 genotypes
+/+ versus +/— versus —/—: 16 versus 17.5 versus 17.57 weeks,
p = 0.577). Analysis of the tumor spectrum of these mice also
revealed no significant differences among the various Mdm2
genotypes, suggesting that the R246S mutant does not pos-
sess oncogenic GOF properties (proportion of Mdm2*/* versus
Mdm2*'~ versus Mdm2~'~ mice with p5372465/f246S harporing
lymphoma: 71.4% versus 54.2% versus 58.3% and sarcoma:
28.6% versus 37.5% versus 25%, p = 0.9039 by chi-square
test) (Table S1A). Examination of mutant p53 expression in
normal tissues (spleen and thymus) revealed that the level of
R246S mutant protein was indeed elevated in the absence of
Mdm2 (Figure 6D, left panel). Furthermore, the R246S mutant
protein levels were much higher in tumors compared to normal
tissues lacking Mdm2 (Figure 6D, right panel), implying that
phosphorylation of mutant p53 in the tumor context may prevent
its degradation. Immunohistochemical staining of tumors of
p53F2465/R246S. \1gm>~/~ mice also confirmed the elevated
levels of R246S mutant in tumors and in normal tissues (Figures
S4E-S4H). These data therefore indicate that elevation of mutant
p53 levels alone by Mdm2 absence or by the DNA damage
context in tumors is insufficient to confer GOF properties to the
R246S mutant.

GOF Is a Phenomenon Exhibited by the R172H Mutant
but Not by the R246S Mutant

Although we did not observe any biological differences between
p53~~ and p5372465/R246S mice with and without Mdm2, one
cannot exclude the possibility that there may be subtle differ-
ences that cannot be revealed by macroscopic analysis. Tran-
scriptome profiling was thus performed using normal thymus
from p53~'~ and p53246S/R246S mice with/without Mdm2. The
principal component analysis (PCA) of normal thymi indicated
the transcriptome profiles were nearly identical among different
genotypes (data not shown). In order to detect differential gene
expression based on different p53 genotypes, we performed
ANOVA and compared the transcriptomes of p53~/~ and
p532465/R2465 samples. As shown by the volcano plot in Fig-
ure S4l (left panel), most genes showed high p values and low
fold changes, suggesting they are not significantly differentially
expressed, indicating the lack of GOF in normal tissues. A similar
trend was also noted in the absence of Mdm2, implying that
Mdm2 loss per se does not confer GOF to the R246S mutant
p53 (Figure S4l, right panel).

To determine if the “tumor context” is a prerequisite for the
manifestation of GOF, we performed additional microarray anal-
yses using B cells (primary or Eu-myc-induced lymphoma) and
MEFs (E1A/Ras transformed). For B lymphoma analysis, only
cells that have lost the wild-type allele were used so that the
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Figure 6. Mutant p53 GOF Properties Are Mutation-type Specific

(A) Kaplan-Meier survival curves of untreated mice of various p53 genotypes are shown.

(B) Abundance and phosphorylation status of p53 protein in thymoma (T) and normal (N) thymi of mice of various p53 genotypes were analyzed by western
blotting.
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Table 1. Characterization of Spontaneous Tumors in Various p53 Genotypic Backgrounds

p53 Genotype +/+ +/— +/246 —/— 246/246
Lymphoma (%) nd 2/20 (10) 8/19 (42.1) 29/42 (69) 18/23 (78.3)
Sarcoma (%) nd 19/20 (95) 15/19 (78.9) 10/42 (23.9) 5/23 (21.7)
Other (%) nd 0/20 (0) 0/19 (0) 3/42 (7.1) 0/23 (0)
Median survival (weeks) 92.43 63.43 59.86 21.29 19.71

Cohorts of mice of various p53 genotypes were aged, and spontaneous tumor formation was monitored. Moribund mice were sacrificed, and necropsy
was performed to determine the type of tumor developed. Stats — (2x2) contingency table of (+/—, +/246) x (lymphoma, sarcoma) (Fisher’s exact test):
+/— versus +/246, p = 0.0725. Stats — (2x2) contingency table of (+/—, +/246) x (lymphoma, nonlymphoma) (Fisher’s exact test): +/— versus +/246,p =

0.031. nd, not detected.

p53 status of the lymphoma cells will be p53~/~ and p5372465/-
(Figure S4J). For MEFs, the level of p53 and p19ARF of primary
and E1A/Ras-transformed MEFs were determined to ensure
transformation was successful (Figure S4K). PCA analyses re-
vealed that the lymphoma cells were distinctly separated from
the normal primary B cells (Figure 6E). However, the p53 null
and R246S mutant expressing samples were clustered together
and not segregated, suggesting the global transcriptome profiles
were almost identical. As shown in the volcano plots, the detailed
ANOVA comparing p53 null and mutant cells also indicated most
genes were not differentially expressed between these two
genotypes (Figure S4L). Similar results were obtained using
both primary and transformed MEFs, suggesting a lack of GOF
properties of the R246S mutant (Figures 6F and S4M). To rule
out the possibility that there may be a small collection of genes
that may be differentially expressed because of the GOF of the
R246S mutant, we determined the expression of genes showing
the highest fold changes in the microarray study by gRT-PCR,
which did not reveal any differences (Table S1B).

At the cellular level, the viability of p5372465- thymocytes was
nearly identical to that of p53~/~ thymocytes upon irradiation and
lacked transactivation potential (Figures 3 and S1D). Moreover,
5372465 and p53~/~ MEFs always respond similarly to all
stresses tested (Figures 2 and 3), further suggesting a lack
of GOF at cellular and biochemical levels. Given that the
537772t~ MEFs have been shown to display GOF properties
through the inhibition of its family members (Lang et al., 2004;
Olive et al., 2004), we studied the effect on p73-mediated trans-
activation of target genes upon ectopic expression of p73 in
5372465 or p53F7172H/- MEFs. Expression of Mdm2 was much
less induced by p73 in p537772~ cells compared to p537246S/-
MEFs (Figure S4N). Similarly, p73-mediated upregulation of

p21-promoter luciferase activity was consistently reduced by
the R175H but not the R249S mutant, the human equivalents
of the mouse mutants examined here (Figure S40), as previously
shown (Gaiddon et al., 2001), suggesting that the R246S mutant
p53 is not capable of efficiently inhibiting p73 activity. In order
to confirm the lack of this inhibitory activity, we performed
two additional experiments. First, we took advantage of the
fact that taxol-induced cell death is highly p73-dependent (and
not p53-dependent) (Toh et al., 2010) and compared sensitivity
of p53~/~, p53F24S/- and p53F172H- MEFs to taxol. Both
537/~ and p5372465/- MEFs were found to be equally sensitive
to taxol treatment, whereas p537772%~ MEFs were more resis-
tant (percentage of cell death- p53~/~ versus p5372465”- versus
p537772H 93 67 or 20.0 versus 20.0 versus 12.0), although
p73 induction was similar in all cells (Figure 6G). Next, we
analyzed ras-induced cellular transformation, which was shown
to be more efficient in p537"72"~ MEFs compared to p53 null
cells (Lang et al., 2004). Expectedly, ras-mediated transforma-
tion was more efficient in p537'72"" but not in p53724°S-
MEFs, compared to p53~'~ MEFs, resulting in at least 2-fold
more colonies in the former case (Figure S4P). Altogether, these
data suggest that the inability of R246S mutant to inhibit p73
appears to be one reason for the lack of GOF.

Given that p53 mutants can also exhibit GOF through activa-
tion of novel target genes and promote cellular migration (Muller
et al., 2009; Weisz et al., 2007, Yeudall et al., 2012), we further
examined the effect of R246S mutant on cellular migration.
Scratch assays indicated that although the p5377727~ MEFs
were able to close the wounded area fully by 12.5 hr, both
p53~~ and p537246S- MEFs had only partially migrated (Fig-
ure 6H). Similarly, human H1299 cells stably expressing the
R175H mutant (Vikhanskaya et al., 2007) were able to close

(C) Kaplan-Meier survival curves of p532465/R246S

mice on various Mdm2 genotypic backgrounds are shown.

(D) Western blot analysis of p53 protein levels in normal spleen and thymus (left), and the comparison of p53 levels and phosphorylation status of normal thymi and
thymoma from p53F2465/R246S mice of different Mdm2 genotypes (right) are shown.

(E and F) Transcriptome profiling of tissues/cells of various p53 genotypes were performed by Affymetrix mouse exon array. Principal component analysis (PCA) is
shown for normal and B lymphoma cells from Eu-Myc transgenic mice (E) and for primary and E1A/Ras-transformed MEFs (F). Each data point represents one
sample, and the ellipsoids represent the zone within two SD of an experimental group.

(G) Viability of E1A/Ras-transformed MEFs of various p53 genotypes was determined 48 hr after 400 nM taxol treatment by Annexin v and Pl staining (left panel).
Respective sibling p53~/~ MEFs from the R172H or R246S crosses were used as controls for each mutant-p53 expressing MEF line. Cellular lysates from parallel
cultures were used after 24 hr treatment for western blot analysis of p53. p73 expression was determined by immunoprecipitation followed by immunoblotting
(right panels). Cells transfected with p73 was used as a positive control (+ve). Data represents mean + SEM.

(H) MEFs from the indicated genotypes (top panel) and human H1299 cells stably expressing the indicated p53 mutants (lower panel) were used in wound-healing
scratch assays, and photographs taken at 0 hr (at scratch) or the indicated time points thereafter are shown to determine extent of cellular migration. Real-time
PCR analysis of mouse (m) CXCL172 or human (h) CXCL8 were determined in these cell lines. Data represents mean + SEM.

See also Figure S4 and Table S1.
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Table 2. Mdm2™"- Lethality Rescue: Offspring Analysis

p53
53245\ dm2*/~ Intercross +/+ +/246 246/246
Mdm2 +/+ 32 77 26
+/— 78 170 52
—f— 0 0 22

p53*/F246S-Mdm2*/~ mice were intercrossed to generate mice of various
p53 and Mdm2 genotypes. Mice were weaned at 3 weeks old, and geno-
types were determined by PCR. Numbers in the table indicate number of
offspring at 3 weeks of age.

the wounds by 20 hr, at which time the empty vector or R249S
mutant p53-expressing counterparts had only partially closed
the wounded area (Figure 6H, lower panel). Consistent with
these effects, the expression of the chemokines CXCL12 or
CXCL8, shown to be novel targets of mutant p53 with GOF (Yeu-
dall et al., 2012), were much more elevated in the p5377721
MEFs and R175H-expressing H1299 cells, respectively, com-
pared to p5372465- MEFs and R249S-expressing H1299 cells.
These results collectively demonstrate that the R246S p53
mutant, unlike the other hot spot R172H mutant, does not exhibit
GOF properties in various cell types, both in the primary and
transformed tissues, and even in the absence of Mdm2.

DISCUSSION

The data presented here demonstrate that the DN activity of
mutant p53 is indeed operative in vivo. It is apparent after acute
p53 activation and affects target gene transactivation and short-
term biological outcomes, such as sensitivity to irradiation, in
a cell-type-specific manner but does not affect long-term tumor-
igenesis. Importantly, it is dependent on the dose of the mutant
p53, as hypomorphic mice expressing reduced levels of mutant
p53 do not exhibit the DN effects. In addition, this study also
highlights that the GOF properties of mutant p53 are not
a universal phenomenon. It is specific to the mutation and cannot
be induced by absence of Mdm2, demonstrating the differences
in properties of even the common hot spot mutants found in
human cancers. These data raise several interesting points
that merit consideration.

First, the DN effect is seen in a cell-type-specific manner, as
the biological outcome was affected in embryonic stem cells
(Lee and Sabapathy, 2008), T and B lymphoid cells (referred to
here as sensitive cell types) but not in Lin™ progenitor cells and
MEFs (referred to here as insensitive cell types). Interestingly,
transactivation was also affected in the insensitive MEFs, indi-
cating that in these cells, p53-mediated target gene transactiva-
tion alone may not be sufficient to determine biological outcome,
as opposed to the sensitive cell types, in which the p53-depen-
dent target gene activation may the dominant mechanism regu-
lating cellular survival. These findings highlight that mutant p53 is
capable of inhibiting the wild-type counterpart at the molecular
and biochemical level, although the effect is not translated
onto the cellular outcome in all cases. This further suggests
that other cell-type-specific and cell fate regulating signaling
pathways may be operating in conjunction with p53 pathway,
and hence, the manifestation of DN effects on cellular outcome

Cancer Cell
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reflect the reliance of cells on the p53 pathway. Though the iden-
tity and nature of factors that discriminate between the cell-type
specificity is at present unclear, it appears that the generally
observed predisposition of a cell to p53 activation, such as
cell-cycle arrest versus apoptosis, is not the determining factor.
For example, E1A/Ras-transformed MEFs did not exhibit a
DN effect and underwent cell death or cell-cycle arrest upon
nutlin treatment and IR, respectively. Moreover, primary MEFs
underwent cell-cycle arrest upon nutlin treatment, which in-
duced apoptosis in their transformed counterparts, although
a DN effect was not observed in both cases. The manifestation
of the DN effect also appears to be independent of cellular
“stemness” as the effects were observed in ES cells (Lee and
Sabapathy, 2008) but not Lin™® hematopoietic progenitors,
whereas mature splenic and peripheral lymphocytes displayed
the effects.

Second, the DN effect is seen only after acute activation of
p53, being able to negate radiosensitivity, but does not appear
to contribute to long-term tumorigenesis after irradiation, there-
by defining the perimeters for exhibition of the DN effect in vivo.
This suggests that the transient activation of p53 activity, which
regulates acute cellular survival, is the time point at which the
DN effect is manifested, in contrast to baseline activity, which
appears to be critical for prevention of tumor formation. The
DN effect may therefore be important during therapeutic p53
activation phases, such as during chemo- or radiotherapy.
Inducible p53 expression in mice has also supported the notion
that p53 activity during acute DNA damage is not sufficient to
prevent tumor formation (Christophorou et al., 2006; Junttila
and Evan, 2009), emphasizing that the p53 burst in the acute
phase of activation is neither relevant nor required for tumor
suppressive properties. Supporting this conclusion, a recent
study on familial cancer prone patients with different p53 muta-
tions revealed no differences in the distribution of the clinical
subclasses in patients carrying a perceived DN or a severely
defective nonfunctional (SD) p53 allele, suggesting that haplo-
insufficiency, rather than a DN effect, is the major factor contrib-
uting to cancer predisposition (Monti et al., 2011). Interestingly,
patients carrying these DN alleles tended to develop brain
tumors in contrast to SD allele carriers, who were at a higher
risk of developing breast cancers, suggesting tissue specificity
of the DN effects in vivo (Monti et al., 2011), as noted in the study
presented here.

Another salient point to emerge is that the DN effect is depen-
dent on the dose of mutant p53 protein present in the cells. The
DN effect was completely abolished in sensitive cell types in
the hypomorphic strain used here, clearly demonstrating the
requirement for sufficient levels of mutant p53 to inhibit wild-
type p53 function. This is again consistent with the observation
that the DN effect is generally seen upon acute p53 activation,
when the p53 levels are elevated. While this manuscript was
in preparation, Lozano and colleagues showed that reducing
wild-type p53 levels in p53+Meo’R172H mice also led to the mani-
festation of DN effects in tissues and cell types that generally do
not exhibit it (insensitive tissues) (Wang et al., 2011). For
example, spontaneous tumor formation was affected by the
presence of a weaker wild-type allele. These data provide proof
of principle that DN can exist in vivo and are consistent with the
fact that the ratio of mutant to wild-type p53 determines the
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manifestation of DN effects in sensitive cells, as has also been
implied from in vitro work (Chan et al., 2004). In addition, this
also suggests that the different mutant p53’s may have different
properties, including different degrees of the DN effect in the
same tissue.

The work presented here implies that the coexistence of
mutant p53 with the wild-type allele prior to LOH will have an
impact during acute p53 activation, as shown with the case of
radiosensitivity, and thus in cases of therapeutic treatment.
Hence, mutant p53 may affect the outcome of treatment, likely
leading to reduced or poor response and the eventual relapse
of tumors. Though direct clinical evidence for this is unavailable,
presence of mutant p53 has been correlated with poor prognosis
after treatment (Robles and Harris, 2010). However, one could
not be precisely sure if this was due to mutant p53’s GOF in
tumors that have lost the wild-type allele or to the DN effect of
the mutant, as the early sequencing efforts would have not
excluded the presence of stromal compartments in evaluating
p53 status (which would contain wild-type p53 and therefore
lead to contamination). We have not been able to directly test
the hypothesis that mutant p53’s DN effect is indeed contribu-
tory to poor response to therapy in mice, as LOH is predominant
in tumors arising in the irradiation and the Myc-induced models
(data not shown). Nonetheless, evidence from Lozano and
colleagues indicate that although wild-type p53 activation in
mutant p53-expressing tumors could arrest tumor growth, this
is not as efficient as in the case in which mutant p53 is absent,
suggesting that mutant p53’s presence can indeed prevent
complete functionality of wild-type p53 when activated (Wang
et al., 2011). Thus, the existence of mutant p53 certainly has
a negative impact on cellular survival and hence therapeutic effi-
cacy, either through the DN effect or GOF.

The most convincing evidence by far supporting the existence
of GOF in vivo are derived from the analysis of mutant p53
knockin mice harboring other hot spot mutants, such as
R172H and R270H, which showed higher incidence of carci-
noma and higher metastatic potential than the p53 null mice
(Lang et al., 2004; Olive et al., 2004). GOF was attributed to the
ability of the mutant p53 protein to inhibit its family members,
p73 and p63. However, it is still unclear if GOF properties are
universal for all major hot spot mutants and if there are any differ-
ences in the degree and spectrum of biological activities of GOF
among different mutants. Here, we provide extensive evidence
that a particular hot spot mutant may not exhibit GOF in multiple
cell types and even when its levels are elevated because of
Mdm2 deficiency, challenging the belief that elevated mutant
p53 levels alone are sufficient for GOF of all mutants. The lack
of GOF properties of the R246S mutant p53 is consistent with
its lack of ability to inhibit p73 (this report and Gaiddon et al.,
2001), supporting the notion that inhibition of p73 is one mecha-
nism by which GOF is manifested, and highlights the importance
of our knockin model in understanding human cancers. More-
over, our data also imply the presence of other negative regula-
tors of p53 abundance, which could be deactivated in the tumor
context, leading to further stabilization.

In conclusion, mutant p53 is shown here to have DN effects
in a cell-type and dose-dependent manner, especially during
acute p53 activation, and hence highlights the need for con-
sideration during cancer therapy. Furthermore, GOF properties

appear not to be a universal phenomenon for all hot spot p53
mutants.

EXPERIMENTAL PROCEDURES

Generation and Breeding of p53*/F246S Knockin Mice

The targeting construct, screening strategy, targeted mouse generation, and
genotyping methodology have been previously described (Lee and Sabapa-
thy, 2008; Lee et al., 2011). All animal experiments were approved by and per-
formed in accordance with the guidelines of the Singhealth’s Animal Care and
Use Committee.

Cell Culture and Biochemical Analysis

Details of cell/tissue isolation, culture and treatment, cell-cycle and cell death
analysis, immunoblotting, flow cytometric, and quantitative real-time PCR
analysis are described in detail in the Supplemental Experimental Procedures.

Statistical Analysis

ANOVA was used to determine statistical significance in all experiments,
except cancer formation cohorts. Fisher's exact test was used to analyze
the difference in incidences of different types of tumor. For cancer formation
cohorts, the “Log-rank (Mantel-Cox) test” was used.
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SUMMARY

Hyperactive PISBK/mTOR signaling is prevalent in human malignancies and its inhibition has potent antitumor
consequences. Unfortunately, single-agent targeted cancer therapy is usually short-lived. We have discov-
ered a JAK2/STAT5-evoked positive feedback loop that dampens the efficacy of PISK/mTOR inhibition.
Mechanistically, PIBK/mTOR inhibition increased IRS1-dependent activation of JAK2/STAT5 and secretion
of IL-8 in several cell lines and primary breast tumors. Genetic or pharmacological inhibition of JAK2 abro-
gated this feedback loop and combined PISBK/mTOR and JAK2 inhibition synergistically reduced cancer
cell number and tumor growth, decreased tumor seeding and metastasis, and also increased overall survival
of the animals. Our results provide a rationale for combined targeting of the PISK/mTOR and JAK2/STAT5

pathways in triple-negative breast cancer, a particularly aggressive and currently incurable disease.

INTRODUCTION

Detailed understanding of the genetic abnormalities that drive
subsets of cancer has led to the development of highly specific
inhibitors targeting key oncogenic pathways. The clinical
efficacy and low toxicity of some of these mechanism-based
therapies raised hopes for a new era in the treatment of
cancer (Haber et al., 2011; Sellers, 2011). This is illustrated by
several therapeutic successes, including imatinib in chronic
myelogenous leukemia carrying the BCR-ABL fusion gene
(O’Brienetal., 2003), and targeting V600OE mutant B-RAF in meta-
static melanoma (Flaherty et al., 2010). At the same time, it
became evident that genetic and adaptive resistance are
major obstacles in translating therapeutic efficacy into curative
cancer therapy due to the evolutionary nature of cancer and the
instable genome of some cancers. A thorough understanding of
the “wiring diagram” of cancer cells and the mechanisms of resis-
tance to targeted therapy is of paramount importance for design-
ing multidrug combinations (Haber et al., 2011; Sellers, 2011).

The phosphatidylinositol 3-kinase (PI3K) signaling axis is vital
for cell metabolism, proliferation, survival, and motility (Engelman
et al., 2006). Class | PI3Ks phosphorylate phosphatidylinositol-
4,5-bisphosphate and generate phosphatidylinositol-3,4,5-
trisphosphate downstream of growth factor receptors and G
protein-coupled receptors. This leads to activation of several
kinases, including protein kinase B (PKB/AKT), mammalian tar-
get of rapamycin (MTOR), and p70 ribosomal protein S6 kinase
(S6K) (Engelman et al., 2006). Studies in Drosophila melanogaster
and in mammalian cells have revealed a PI3K regulatory negative
feedback in which activation of S6K dampens IGF1-receptor
(IGF-1R)/PI3K signaling via suppression of IRS1 (Harrington
et al., 2004; Haruta et al., 2000; Radimerski et al., 2002).

The PI3K signaling cascade is one of the most frequently hy-
peractivated pathways in human cancer (Samuels et al., 2004).
Not surprisingly, different classes of PI3K, AKT, and mTOR inhib-
itors have been developed and 26 compounds are presently in
clinical trials (Engelman, 2009; Sheppard et al., 2012). Early
results show limited efficacy of allosteric mTOR complex 1

Significance

The PIBK/mTOR pathway is very often subverted during tumorigenesis and contributes to numerous hallmarks of cancer.
Twenty-six inhibitors of this pathway are currently in clinical trials. Using various cell lines and primary tumor models of
triple-negative breast cancer, we have discovered that PISBK/mTOR inhibition elicits a positive feedback loop by activating
JAK2/STATS5. This induces secretion of the pro-metastatic cytokine IL-8, which in turn feeds back into JAK2/STATS, thereby
completing the loop. Notably, inhibition of JAK2 abrogated this feedback, reduced tumor seeding and metastasis and
increased overall survival of the animals. These data suggest IL-8 as a predictor of the efficacy of PISK/mTOR inhibition
and provide arationale for combined inhibition of the PIBK/mTOR and JAK2/STAT5 pathways in triple-negative breast cancer.

796 Cancer Cell 22, 796-811, December 11, 2012 ©2012 Elsevier Inc.


mailto:bentires@fmi.ch
http://dx.doi.org/10.1016/j.ccr.2012.10.023

Cancer Cell
JAK2/STATS5 Activation Dampens PIBK/mTOR Inhibition

(mMTORCH1) inhibition, most likely because it abrogates S6K-
mediated negative feedback, leading to reactivation of PI3K/
AKT signaling (O’Reilly et al., 2006). Similarly, allosteric AKT inhi-
bition reactivates several RTKs that attenuate the beneficial
effect of the inhibitor (Chandarlapaty et al., 2011). These studies
stress the urgent need to identify mechanisms of resistance to
PIBK pathway inhibition in order to rationally design optimal
drug combinations.

The Janus family of kinases (JAKs) and their associated signal
transducers and activators of transcription (STATs) also play
a key role in cancer. Activation of JAKs/STATs stimulates cell
proliferation, differentiation, migration, and survival (Harry
et al., 2012). The JAK/STAT pathway is activated upon binding
of hormones and cytokines (e.g., prolactin and interleukins) to
their receptors. In neoplasia, the ligands are secreted by cancer
cells and/or by cells from the tumor microenvironment (Bissell
and Radisky, 2001). JAKs/STATs can also be activated by
gain-of-function mutations like the JAK2 V617F mutation in
myeloproliferative neoplasms, for which JAK2 inhibitors have
shown promising activity (Harrison et al., 2012).

Given the many inhibitors of the PI3K pathway currently being
evaluated, we sought to understand the effects of inhibiting this
pathway on signaling in order to anticipate potential mecha-
nisms of resistance. We assessed the effects of PISK/mTOR
inhibition in triple-negative breast cancer (TNBC), which is char-
acterized by the absence of expression of estrogen and proges-
terone as well as ERBB2/HER2 receptors, is associated with
a dismal prognosis, and still lacks effective targeted therapies
(Hudis and Gianni, 2011).

RESULTS

PIBK/mTOR Inhibition Activates JAK2/STAT5

As PIBK/mTOR is a crucial oncogenic signaling node, its inhibi-
tion would be expected to activate compensatory mechanisms.
To test this, we assessed the effects of inhibiting the PISK/mTOR
pathway in PTEN-deficient MDA-MB468 (MDA468) and RAS-
mutated MDA-MB231 LM2 (MDA231 LM2) human breast cancer
cells and in the mouse breast cancer line 4T-1. Single doses of
BEZ235, a dual PIBK/mTOR inhibitor currently in clinical trials
(Maira et al., 2008; Serra et al., 2008), were applied and the phos-
phorylation levels of several signaling proteins measured.
BEZ235 reduced pAKT and completely blocked pS6 levels up
to 20 hr in vitro and in vivo (Figure 1A; Figure S1A available on-
line). Surprisingly, we also detected considerable upregulation
of pJAK2 and pSTATS5, but not consistently of pSTATS3, after
BEZ235 treatment (Figures 1A and S1A).

To elucidate which arm of the dual PISK/mTOR inhibitor
BEZ235 was responsible for the observed crosstalk to JAK2/
STAT5, we applied the pan-PI3K inhibitor BKM120 and the
mTORC1 inhibitor RAD0O1. Individual inhibition of either PI3K
and mTORC1 upregulated pJAK2 and pSTAT5. Notably,
although RADOO1 readily activated JAK2/STATS after 4 hr treat-
ment, BKM120 induced JAK2/STATS5 only after 8 hr (Figure S1B).

Both JAK1 and JAK2 signal to STAT5 and STAT3 depending
on cell type and the receptor with which they are associated
(Desrivieres et al., 2006). Thus, we examined whether JAK1
and/or JAK2 are responsible for STAT5 activation upon PI3K/
mTOR inhibition. siRNA depletion of each JAK isoform revealed

that JAK2 activates STAT5 while JAK1 is upstream of STAT3
in our models (Figure 1B). Furthermore, siRNA depletion and
inhibition of JAK2 by the JAK2-specific inhibitor NVP-BSK805
(Baffert et al., 2010) both counteracted the BEZ235-mediated
upregulation of pSTAT5 (Figure 1C). As found in other models
(Andraos et al., 2012), JAK2 inhibition by NVP-BSK805 efficiently
blocked phosphorylation of STAT5 but did not reduce phosphor-
ylation of JAK2.

Combined PIBK/mTOR and JAK2 Inhibition Induces

Cell Death

Notably, we observed rapid recovery of pAKT after treatment
with BEZ235 in all models, whereas pS6 remained inhibited
(Figures 1A and S1A). We found that PHLPP, the phosphatase
that targets Ser473 of AKT (Gao et al., 2005), was downregulated
after 8 hr of BEZ235 treatment (Figure S2A). In addition,
mTORC2 inhibition by siRNA-mediated depletion of RICTOR
combined with BEZ235 treatment prevented the recovery of
pPAKT Serd73 (Figure S2B). As JAK2 is known to activate PI3K
(Jin et al., 2008; Yamauchi et al., 1998), it was conceivable that
BEZ235-induced JAK2 activation contributed to AKT reactiva-
tion. To test this, we examined whether combined inhibition of
JAK2 and PIBK/mTOR prolongs inhibition of pAKT. Indeed,
although blocking JAK2 alone did not impact on pAKT levels,
the combination of BEZ235 and NVP-BSK805 prolonged pAKT
suppression (Figure 2A).

To determine effects of blocking JAK2/STATS5 signaling on cell
viability, we treated breast cancer lines with NVP-BSK805 or
BEZ235 alone or in combination at concentrations that inhibit
their respective targets. Although NVP-BSK805 alone had no
impact on cell viability, it significantly decreased the number of
living cells when combined with BEZ235. Combination of NVP-
BSK805 and BEZ235 also significantly reduced colony formation
capacity compared with DMSO or the single drug treatments
(Figure 2B). Similar results were obtained with combinations of
adoxycycline-inducible shRNA against JAK2 or siRNA-mediated
depletion of STAT5A and B and BEZ235 treatment (Figure S2C).

To assess effects on cell death, we performed FACS analysis
of propidium iodide- and/or AnnexinV-stained cells (Figures 2C,
left panel, and S2D). Addition of NVP-BSK805 to BEZ235-
treated cells resulted in a 25%-41% decrease in cells in S-phase
and an ~1.8-fold increase in cells in sub-G1 (Figure S2D). Inter-
estingly, cell death was not induced by individual treatments but
increased significantly after combined inhibition of PISK/mTOR
and JAK2/STAT5 (Figure 2C, left panel). Immunoblotting re-
vealed upregulation and increased electrophoretic mobility of
the BH3-only protein BIM and, thus, its activation following treat-
ment with NVP-BSK805 alone or in combination with BEZ235
(Figure 2C, right panel). Because BIM is inhibited by ERK1/2
(Ley et al., 2003), we assessed ERK1/2 phosphorylation levels
in cells treated with BEZ235 and/or NVP-BSK805 but found no
consistent changes in pERK1/2 (Figure S2E). It was reported
previously that activation of BIM and downregulation of the
pro-survival BCL2-family member MCL1 are both required for
induction of cell death (Certo et al., 2006). In line with this, immu-
noblotting showed degradation of MCL1 only in cells treated with
both BEZ235 and NVP-BSK805 (Figure 2C, right panel). Consis-
tently, we found an increase in cleaved PARP only after com-
bined BEZ235/NVP-BSK805 treatment (Figure 2C, right panel).
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Figure 1. Dual PIBK/mTOR Inhibition by BEZ235 Activates JAK2/STAT5

(A) Immunoblots of lysates from breast cancer cells grown as monolayer cultures or as xenografts and treated with BEZ235 (BEZ). Mice bearing xenografts were
treated with vehicle (VHC) or 30 mg/kg BEZ and dissected as indicated. The numbers indicate the ratios of pSTAT5/STATS as measured by densitometry. pJAK2
levels were measured in triplicate by ELISA and normalized to total JAK2 levels (y axis). ERK2 levels were used as a loading control.

(B) Immunoblots of lysates from breast cancer cells in which JAK2 and/or JAK1 were depleted by siRNA (siJAK). siNT, nontargeting control siRNA.

(C) Immunoblots of lysates from 8 hr BEZ-treated MDA468 cells in which JAK2/STATS signaling was blocked by JAK2 siRNA (left panel) or by the JAK2-specific

inhibitor NVP-BSK805 (BSK) (right panel). ELISA data are means + SD (n = 3).
See also Figure S1.

Given the involvement of the PIBK/AKT pathway in the regula-
tion of several BH3-only proteins (Parcellier et al., 2008), we
assessed the levels and activation states of BAD, BCL2,
and BCL-XL. Both BCL2 and BCL-XL declined upon JAK2 inhi-
bition or the combination treatment, whereas inactive pBAD
decreased following PISBK/mTOR inhibition or the combination
treatment (Figure 2C, right panel). These data indicate a pivotal
involvement of decreased MCL1 in cell death induction by the
combination of BEZ235 and NVP-BSK805.

Dual PIBK/mTOR Inhibition Triggers Secretion of IL-8

To determine whether the observed activation of JAK2/STAT5S
upon BEZ235 treatment occurs via secretion of a soluble factor,
we collected conditioned medium from cells treated for 20 hr
with BEZ235, applied this to untreated cells, and lysed them
1 hr later. Medium supplemented with BEZ235 was used as
a control. pJAK2 and pSTAT5 were both upregulated upon incu-
bation with the conditioned medium compared with the control

treatments, suggesting that a soluble factor mediated activation
of JAK2/STATS (Figure 3A).

As JAKs are crucial transducers of cytokine signaling, we
analyzed cytokine profiles after BEZ235 treatment, either in
supernatants of cultured cells or lysates of tumor xenografts.
Considerable changes in several cytokines were found, the
most consistent being upregulation of IL-8 (Figure 3B).

To gain further insight into the kinetics of this response, we
performed ELISA for IL-8 on supernatants of cells treated with
BEZ235 (Figure 3C, left). A significant increase in IL-8 secretion
was found after 20 hr of treatment. This secretion pattern was
mirrored by upregulation of IL-8 mRNA, which suggested tran-
scriptional regulation of the cytokine (Figure 3C, right).

To determine whether secreted IL-8 activated JAK2/STAT5
in breast cancer cells, we assessed whether these cells express
its cognate receptors, CXCR1 and CXCR2. There was a 2.8- to 3-
fold higher expression of CXCR1 than CXCR2 on both MDA468
and MDA231 LM2 cells (Figure S3A). Stimulation with cytokines
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Figure 2. Cotargeting PISBK/mTOR and JAK2 Reduces Cell Viability

(A) Immunoblots of lysates of breast cancer cells after 20 hr of treatment with BEZ or BSK alone or in combination. DMSO, lysates of cells treated with 0.005%

DMSO for 20 hr.

(B) Bar graphs showing the mean percentage of cell viability measured by the WST-1 assay (upper left) and by Trypan Blue cell counts (upper middle) of
cell lines grown under 0.5% serum and treated with 300 nM BEZ and/or 350 nM BSK for 72 hr. Bar graph representing colony formation frequencies of cells
treated as indicated (upper right). Immunoblots of lysates from the same cell lines after 8 hr of treatment as indicated are shown in the lower panel. Data are

means + SEM (n = 4, *p < 0.05).

(C) Bar graphs showing the mean percentage of apoptotic and dead cells after 48 hr of treatment as measured by FACS analysis of AnnexinV and Pl stained cells
treated with 300 nM BEZ and/or 350 nM BSK as indicated (left panel). Immunoblots of lysates from cells treated with 300 nM BEZ and/or 350 nM BSK for 24 hr

(right panel). Data are means + SEM (n = 5, *p < 0.05).
See also Figure S2.

known to activate JAK2/STATS in different cellular settings re-
vealed strong activation of JAK2/STAT5 by IL-8 (Figure S3B).

Chemotherapy can induce senescence-associated secretion
of cytokines, including IL-8 (Rodier and Campisi, 2011). We
tested whether BEZ235 induces senescence by treating cells
with the inhibitor for 5 days and then stained for B-galactosidase
activity. We found that BEZ235 did not induce senescence in
breast cancer cell lines (Figure S3C).

Activation of JAK2/STAT5/IL-8 Is Frequent in
BEZ235-Insensitive TNBC Models

To assess the generality of our findings, we treated a panel of
18 breast cancer lines with BEZ235 and measured JAK2/

STATS activation and IL-8 secretion. TNBC lines showed
a higher baseline of pJAK2 and pSTATS5 than luminal cell lines
and enhanced secretion of IL-8. Importantly, pJAK2, pSTATS,
and/or IL-8 secretion increased in 11 of the 18 lines upon
BEZ235 treatment. Notably, the significant correlation found
between BEZ235-triggered activation of JAK2 and IL-8 secre-
tion strongly supports the generality of the crosstalk demon-
strated between PISK/mTOR and JAK2/STAT5/IL-8 in TNBC
(Figure 3D; Table S1).

Our data suggested that activation of JAK2/STAT5 counter-
acts BEZ235-mediated reduction in cell viability (see Figures
2B and S2D). Therefore, we asked whether the upregulation
of JAK2/STAT5/IL-8 upon BEZ235 treatment is correlated with
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Figure 3. Dual PI3K/mTOR Inhibition Induces IL-8 Secretion in BEZ235-Insensitive Breast Cancer Cells

(A) Immunoblots of lysates from cells treated for 1 hr with conditioned media from cells treated with 300 nM BEZ for 20 hr. Lysates of cells treated with medium
containing BEZ (SN BEZ ctrl) were used as a control for the BEZ present in the conditioned media. ELISA data are means + SD (n = 3).

(B) Cytokine arrays showing expression of the indicated cytokines in supernatants of cells treated with 300 nM BEZ for 24 hr (upper panel) or in tumors from mice
treated with 30 mg/kg BEZ for 10 days (lower panel). Mouse MIP2 is the functional homolog of human IL-8.

(C) Bar graphs showing the levels of IL-8 secretion (left panel) and mRNA (right panel) in cells treated with 300 nM BEZ as indicated. Levels of IL-8 were measured
by ELISA and RT-gPCR and are shown as means + SEM (n = 4, *p < 0.05).

(D) Scatter plot showing correlation in breast cancer lines between IL-8 secretion and the ratios of pJAK2/JAK2 upon BEZ treatment for 20 hr and 8 hr,
respectively. Grey: luminal-like lines. Black: TNBC lines. Values from BEZ-treated relative to DMSO cells are shown (see also Table S1). Data are means of three
independent experiments (n = 16, correlation = 0.77, p = 0.0006).
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the sensitivity of cell lines to this inhibitor. Comparison of pJAK2
and IL-8 levels in 12 breast cancer cell lines to their reported
sensitivity to BEZ235 (Brachmann et al., 2009) revealed higher
activation of JAK2 and upregulation of IL-8 in BEZ235-insensi-
tive than in sensitive lines (Figure 3E). Combined inhibition of
PIBK/mTOR and JAK2 reduced the viability of BEZ235-insensi-
tive lines further, underscoring the relevance of the crosstalk
between the PI3K and JAK2/STAT5 pathways for the response
to PIBK/mTOR inhibition (Figure 3F).

Biphasic Activation of JAK2/STAT5 upon PISK/mTOR
Inhibition

To test whether IL-8 is necessary and sufficient for activation of
JAK2/STAT5, we blocked CXCR1, and thus IL-8 signaling, at
different time points after BEZ235 treatment using a CXCR1-
neutralizing antibody. As predicted, blocking CXCR1 reduced
pFAK (Figure S4A) (Ginestier et al., 2010). More importantly,
CXCR1 inhibition efficiently blocked the induction of pJAK2/
pSTATS5 after 20 hr of BEZ235 treatment but, surprisingly, failed
to prevent activation after only 8 hr (Figure 4A). Furthermore, we
found that depletion of CXCR1 by siRNA did not affect BEZ235-
induced upregulation of pJAK2/pSTATS after 8 hr of treatment,
but abrogated it after 20 hr of treatment (Figures S4B and
S4C). This suggests a biphasic activation of JAK2/STAT5 upon
PISK/mTOR inhibition, the first phase being IL-8/CXCR1-inde-
pendent and the second being IL-8/CXCR1-dependent. This is
in line with the increase in IL-8 secretion observed after 20 hr
of BEZ235 treatment (Figure 3C).

These results raised the question of how JAK2 and STAT5 are
activated at earlier time points of PI3SK/mTOR inhibition.
Epidermal growth factor receptor (EGFR) activates JAK2 in
some models (Yamauchi et al., 1997) and, as EGFR has been
shown to be activated upon PI3K/mTOR inhibition (Muranen
etal.,, 2012), we tested whether EGFR is important for the activa-
tion of JAK2/STAT5 upon PIBK/mTOR blockade. Cells were
treated for 8 hr with BEZ235 and/or the EGFR inhibitor AEE788
(Traxler et al., 2004). Although inhibition of EGFR indeed reduced
pSTAT5 levels, it did not block the upregulation following
BEZ235 treatment (Figure S4D).

Components of the insulin receptor (IR)/IGF-1R signaling
pathways have been shown to interact with JAK/STAT (Gual
et al., 1998; Le et al., 2002) and the same pathways are upregu-
lated and activated upon mTOR (Haruta et al., 2000) and AKT
inhibition (Chandarlapaty et al., 2011). Hence, there appears to
be crosstalk between activation of the IR/IGF-1R pathways
induced by AKT/mTOR inhibition and JAK2/STATS5. Indeed, IR
and IGF-1R were upregulated and underwent increased phos-
phorylation upon BEZ235 treatment for 8 and 20 hr; IRS1 accu-
mulated and showed increased phosphorylation after 2-20 hr of
treatment (Figure 4B).

These data showed that accumulation of IRS1 preceded and
possibly accounted for the first wave of pJAK2/pSTAT5 activa-
tion. Coimmunoprecipitation studies revealed association of

both JAK2 and STAT5 with IRS1 in BEZ235- as well as DMSO-
treated cells, but only weak association of JAK1 and STAT3
with IRS1 (Figure 4C). Our data thus showed that JAK2/STAT5
bind to IRS1 but not whether binding accounts for the first phase
of BEZ235-induced pJAK2/pSTAT5. To address this question,
we depleted IRS1 prior to BEZ235 treatment and found that
this abrogated JAK2/STATS5 activation (Figure 4D, upper panel);
thus, the first phase of JAK2/STATS activation appears to be
IRS1-dependent.

Next, we examined whether the first phase of JAK2/STAT5
activation accounts for IL-8 upregulation and secretion by
measuring IL-8 levels in the supernatant of cells expressing
IRS1 siRNA and which were also treated with BEZ235. Depletion
of IRS1 abrogated secretion of IL-8 upon BEZ235 treatment
(Figure 4D, lower panel). In addition, knockdown of STAT5 or
inhibition of JAK2 decreased BEZ235-evoked IL-8 transcription
and secretion (Figures 4E and 4F), demonstrating that IL-8 upre-
gulation is JAK2/STAT5-dependent.

Taken together, these data show that BEZ235-evoked activa-
tion of IR/IGF-1R/IRS1 triggered phosphorylation of JAK2/
STATS, which led to upregulation of IL-8 and induced the second
phase of JAK2/STAT5 activation, thus completing a positive
feedback loop.

Combined Inhibition of PIBK/mTOR and JAK2 Reduces
Tumor Growth

That PIBK/mTOR inhibition triggers activation of JAK2/STAT5
and upregulation of IL-8 raises the possibility that this feedback
loop could reduce the efficacy of PIBK/mTOR inhibitors in vivo.
Using two independent orthotopic xenograft models and one
orthotopic allograft model of breast cancer, we examined
whether interfering with this feedback loop by inhibiting JAK2
affects the growth of tumors. Palpable tumors were treated
with BEZ235 and/or inducible shRNA targeting JAK2, or with
BEZ235 and/or NVP-BSK805. Single inhibition of JAK2 had no
impact on tumor growth (Figures 5A-5D, left panels). However,
tumor growth was reduced by treatment with BEZ235 and
a synergistic reduction in tumor growth was seen when
BEZ235 was combined with JAK2 inhibition (Figures 5A-5D,
left panels). Tumor weight at the end of the treatments mirrored
differences in tumor volume (Figures S5A and S5B). Notably,
a synergistic effect was observed at lower doses of BEZ235
and NVP-BSK805 when combined than as individual treatments.
Lower doses of the inhibitors were applied to avoid possible
side-effects and potential drug-drug interaction of the combina-
tion. Indeed, there was no significant reduction in mouse body
weight after any of the treatments (Figure S5C).

We then assessed the efficiency of PIBK/mTOR and JAK2 inhi-
bition (Figures 5A-5D, right panels, and S5D). Both BEZ235 and
NVP-BSK805 potently blocked their targets, as judged by the
levels of pAKT/pS6 and pSTATS, respectively. In addition,
consistent with our previous results, pSTAT5 was strongly upre-
gulated by BEZ235 treatment in all models, cleaved PARP

(E) Scatter plots showing breast cancer lines as in (D), depicted based on the ratios of pJAK2/JAK2 (left panel), the levels of secreted IL-8 (right panel) upon BEZ
treatment, and sensitivity toward BEZ. The horizontal lines represent mean values (n = 3, *p < 0.05).

(F) Bar graphs showing the mean percentages of cell viability as measured by the WST-1 assay of two BEZ-insensitive lines (left panel) and two BEZ-sensitive
lines (right panel) grown under 0.5% serum and treated with 300 nM BEZ and/or 350 nM BSK for 72 hr. Data are means + SEM (n = 4, *p < 0.05).

See also Figure S3 and Table S1.
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Figure 4. Cotargeting PIBK/mTOR Induces Biphasic Activation of JAK2/STAT5

(A) Immunobilots of lysates from cells treated with DMSO or 300 nM BEZ alone or in combination with IgG or a CXCR1-blocking antibody added 1 hr before lysis.
The numbers indicate the ratios of pSTAT5/STAT5 as measured by densitometry. ELISA data are means + SD (n = 3).

(B) Immunoblots of lysates from cells treated with 300 nM of BEZ as indicated.

(C) Immunoprecipitation (IP) and immunoblotting of lysates from cells treated with DMSO or 300 nM BEZ for 8 hr. WCL, whole cell lysates.

(D) Immunoblots of lysates from cells in which IRS1 was depleted by siRNA before treatment with DMSO or 300 nM BEZ for 8 hr. ELISA data are means + SD (n = 3)
(upper panel). Bar graphs showing the levels of IL-8 secretion upon treatment with 300 nM BEZ for 20 hr (lower panel). Levels of IL-8 were measured by ELISA and
are shown as means + SEM (n = 4, *p < 0.05).
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increased in the combination treatment regime only, and prolifer-
ation declined in the BEZ235 and combination treatment groups
(Figures 5A-5D, right panels, and S5E).

Combined Inhibition of PIBK/mTOR and JAK2 Reduces
Metastasis

Metastasis is a multistep process that culminates with growth of
tumor cells at distant sites. We analyzed the effects of targeting
PIBK/mTOR alone or in combination with JAK2 inhibition on
metastasis in mice injected with GFP-expressing MDA231 LM2
or 4T-1 metastatic cell lines. FACS analysis showed a slight
reduction in the number of circulating GFP+ tumor cells (CTC)
in the blood of mice following BEZ235 treatment, but a dramatic
reduction after JAK2 inhibition or combined inhibition of
PIBK/mTOR and JAK2 (Figure S5F). To test whether the reduc-
tion in CTCs was a consequence of reduced primary tumor
volume, we calculated the CTC index upon PI3K/mTOR
or JAK2 inhibition alone or in combination (Figure 5E). The
CTC index was not affected by BEZ235 alone, but was signifi-
cantly reduced by the combination of PISBK/mTOR and JAK2
inhibition or by JAK2 inhibition alone (Figure 5E). Next, we
analyzed effects of the treatment on lung metastasis (Figure 5F).
Importantly, although BEZ235 alone had no effect, the combina-
tion of BEZ235 and JAK2 inhibition or JAK2 inhibition alone
reduced the metastatic index in all models (Figures 5G, 5H,
S5G, and S5H).

To test whether this reduction in metastasis was due to cell-
autonomous and/or noncell autonomous effects, we treated
mice bearing tumors expressing shJAK2 either with vehicle or
NVP-BSK805. No further reduction in the lung metastatic index
was observed compared with single inhibition of JAK2 (Fig-
ure S5I). Thus, NVP-BSK805 mainly reduces metastatic burden
in a cell-autonomous fashion.

Inhibition of JAK2 Blocks the BEZ235-Evoked
IL-8/CXCR1 Pro-Metastatic Axis

To elucidate the mechanism underlying the reduction in metas-
tasis observed upon combined PIBK/mTOR and JAK2 inhibition,
we evaluated the impact of BEZ235 or NVP-BSK805 or their
combination on IL-8 transcription and secretion in vitro and
in vivo. Basal levels of active JAK2/STAT5 were higher in the
highly metastatic breast cancer sublines 4T-1 and MDA231
LM2 than in the cognate poorly metastatic parental lines
168FARN and MDA231, respectively (Figure S6A). Consistently,
the metastatic MDA231 LM2 cells exhibited stronger transcrip-
tion and secretion of IL-8 (Figure S6B) and higher expression of
the IL-8 surface receptor CXCR1 (Figure S6C) than the parental
MDA231 cell line. Moreover, we found a correlation between
IL-8 secretion, the triple-negative subtype and invasiveness in
luminal and TNBC lines (Neve et al., 2006) (Figure S6D). We
then compared CXCR1 expression levels in invasive, BEZ235-
resistant cell lines and in noninvasive, BEZ235-sensitive cell

lines. A striking correlation between CXCR1 expression and the
invasive, BEZ235-resistant phenotype was observed, suggest-
ing the involvement of CXCR1 signaling in invasion and adaptive
resistance toward BEZ235 (Figure S6E; see also Figure 3E).

Given that IL-8 was induced by PI3K/mTOR inhibition and
reduced by blockade of JAK2 in vitro (Figure 4F), we examined
whether this was also the case in vivo. We found IL-8 to be
elevated in tumors (Figure 6A) and in the plasma of BEZ235-
treated mice (Figure 6B); this was reduced by inhibition of
JAK2 or both JAK2 and PIBK/mTOR. To address the conse-
quences of increased IL-8 secretion, we inhibited the IL-8
receptor in vitro using a CXCR1-blocking antibody and in vivo
by Repertaxin, a noncompetitive allosteric CXCR1/2 inhibitor
(Bertini et al., 2004). Combined inhibition of IL-8 and PI3K/
mTOR reduced invasion as well as the CTC and metastatic
indices. Notably, inhibition of IL-8 did not enhance the effects
of JAK2 inhibition in these assays, further supporting roles for
IL-8/CXCR1/JAK2 in invasion, tumor seeding and metastasis
(Figures 6C-6E and S6F).

IL-8 and CXCR1 have been shown to be important for tumor-
initiating cells (Ginestier et al., 2010). We confirmed this observa-
tion using limiting dilution transplantation of CXCR1* and
CXCR1™ cell populations (Figure S6G). FACS analysis of disso-
ciated tumor cells, CTCs and lungs from vehicle-treated mice
bearing xenografts revealed that only 3% of primary tumor cells
were CXCR1* but CTCs were almost exclusively CXCR1* (96%).
Furthermore, 20.5% of lung metastases cells expressed the
receptor at high levels (Figure 6F). In the primary tumor, the
CXCR1* population increased 1.9-fold upon PI3SK/mTOR inhibi-
tion and decreased 2-fold upon inhibition of JAK2 alone or in
combination with PIBK/mTOR inhibition (Figure 6G). Notably,
JAK2 inhibition preferentially triggered cell death in the
CXCR1" subpopulation (Figure 6H). Consistently, limiting
dilution transplantation experiments revealed a decrease in
tumor-initiating cell frequency upon JAK2 inhibition alone or in
combination with PI3K/mTOR inhibition (Figures 61 and S6H).

Collectively, our data demonstrate that inhibition of the JAK2/
STAT5/IL-8 positive feedback loop triggered by PISBK/mTOR
blockade reduced tumor growth and seeding as well as lung
metastasis due to its impact on the tumorigenic and metastatic
CXCR1* subpopulation of cancer cells. This strongly suggests
that the combination of PI3K and JAK2 inhibitors may be more
effective in the neoadjuvant setting than either inhibitor alone.

PIBK/mTOR Inhibition Activates JAK2/STAT5/IL-8

in Primary Human Breast Tumors

We next assessed whether interfering with PIBK/mTOR in human
primary breast tumors also triggered a JAK2/STAT5/IL-8 positive
feedback loop. BEZ235 treatment of human primary TNBCs
grown as xenografts increased pJAK2 and pSTATS5 (Figure 7A).
Moreover, IL-8 in the tumors and in the plasma of the mice
also increased upon treatment with BEZ235 (Figure 7B). These

(E) Bar graphs showing the levels of IL-8 secretion (left panel) and mRNA (right panel) upon treatment with 300 nM BEZ for 20 hr (left panel) or 8 hr (right panel).
Levels of IL-8 were measured by ELISA and RT-qPCR, and are shown as means + SEM (n = 4, *p < 0.05). For immunoblots of lysates from siSTAT5 depleted cells

see Figure S2B.

(F) Bar graphs showing the levels of IL-8 secretion (left panel) and mRNA (right panel) upon treatment with 300 nM BEZ and/or 350 nM BSK for 20 hr (left panel) or
8 hr (right panel). Levels of IL-8 were measured by ELISA and RT-qPCR, and are shown as means + SEM (n = 4, *p < 0.05).

See also Figure S4.
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Figure 5. Cotargeting PIBK/mTOR and JAK2/STAT5 Reduces Primary Tumor Growth, Tumor Seeding, and Metastasis

(A-D) Growth curves of tumors and immunoblots of tumor lysates from mice treated with VHC, 30 mg/kg BEZ, 120 mg/kg BSK, or 25 mg/kg BEZ and 100 mg/kg
BSK. In (C) JAK2 was depleted in tumors by doxycycline (dox) administration to induce expression of a JAK2-targeting shRNA (shJAK2). shNT, nontargeting
shRNA. Injection refers to orthotopic cell injection and the arrows indicate initiation of treatment and/or administration of dox. Immunoblotting was performed on
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data showed that the identified positive feedback loop mediated
by PIBK/mTOR inhibition is also active in human primary breast
tumors and suggest that targeting JAK2 in addition to PI3K/
mTOR should block this resistance mechanism and enhance
the efficacy of the inhibitors.

Combined PISBK/mTOR and JAK2 Inhibition Increases
Survival in a Preclinical Setting

To leverage the mechanistic understanding gained from our
experiments into a preclinical setting and to assess the thera-
peutic relevance of our findings, we performed survival studies
using two different metastatic models. We treated tumor-bearing
mice with BEZ235 and/or NVP-BSK805 and scored the time at
which primary tumors reached 1 cm?® (event-free survival) (Fig-
ure 8A). To mimic the neoadjuvant setting, we treated tumor-
bearing mice with BEZ235 and/or NVP-BSK805, dissected the
primary tumors, treated mice again, and then monitored them
for signs of distress (overall survival) (Figure 8B). We found that
BEZ235 treatment reduced primary tumor volume in both
models and that JAK2 inhibition, although not affecting event-
free survival, significantly enhanced overall survival. Most impor-
tant, combination of BEZ235 and NVP-BSK805 enhanced
preclinical benefit in terms of both event-free and overall survival
of the animals.

DISCUSSION

Targeted anticancer drugs have greatly increased the hope of
more effective and better tolerated therapies. Although some
targeted therapies constitute a breakthrough and have changed
the treatment landscape, in numerous cases they have not yet
lived up to their promise, with the sobering realization that resis-
tance can emerge within a few months (Engelman et al., 2008;
Solit and Rosen, 2011). Delineation of these resistance mecha-
nisms will pave the way for rationally designed and hopefully
long-lasting combinations of targeted therapies. In the present
study, we found that PI3BK/mTOR inhibition elicits a positive feed-
back response in TNBC that leads to biphasic activation of
JAK2/STAT5 and IL-8 secretion, thus dampening the response
to the PI3K inhibitors. Our data suggest the following model (Fig-
ure 8C): in the untreated tumor (left), PI3K and mTOR are active
and support survival and proliferation; JAK2/STAT5 signaling
induces IL-8 production and contributes to metastasis. Upon
PIBK/mTOR inhibition (middle), IRS1 as well as IGF-1R and IR
accumulate and lead to the first wave of JAK2/STAT5 hyperacti-

vation. JAK2/STAT5 activity in turn restores pAKT and blocks
cell death, thereby offsetting the impact of BEZ235 on cell
viability. JAK2/STAT5 activation also leads to an increase in IL-
8 secretion, which activates the second wave of JAK2/STAT5
and completes the feedback loop. Moreover, IL-8 increases
the relative number of CXCR1* cells. The efficacy of PI3K/
mTOR inhibition can be improved dramatically by simultaneous
JAK2 inhibition (right), which reduces the viability of CXCR1™*
tumor-initiating cells, the number of CTCs, and metastatic
spread as well as increase the overall survival of the animals.

Identification of a Multimodal Mechanism of Resistance
to PIBK/mTOR Inhibition

Mechanisms of resistance to targeted therapy often involve
mutation of the target (Engelman and Janne, 2008), reactivation
of the targeted pathway (vertical resistance) (Chandarlapaty
et al., 2011; Engelman et al., 2007), or activation of alternative
survival pathways (horizontal resistance) (Turke et al., 2010).
Activation of the PI3K pathway accounts for vertical and hori-
zontal resistance to several targeted therapies, including
inhibitors of EGFR, ERBB2, NOTCH, and MEK1 (Berns et al.,
2007; Engelman et al., 2007; Palomero et al., 2007; Wee
et al., 2009). But how does resistance to PI3K pathway inhibi-
tion occur? Notably, all reported mechanisms leading to
escape from inhibition of this pathway comprise vertical resis-
tance. Indeed, treatment with mTOR or AKT inhibitors may
lead to reactivation of upstream components of the PI3K
pathway (Chandarlapaty et al., 2011; Haruta et al., 2000; O’Re-
illy et al., 2006).

In the present study, we have uncovered a multimodal mech-
anism of resistance to targeting PISK/mTOR. Biphasic activation
of JAK2/STATS5 stifles the actions of PIBK/mTOR inhibition by re-
activating AKT and increasing cell survival (vertical resistance),
while at the same time increasing the systemic levels of the
pro-metastatic cytokine IL-8 (horizontal resistance).

As expected, vertical cotargeting of the PIBK/mTOR pathway
using dual inhibitors circumvented the IR/IGF-1R/IRS1-evoked
reactivation of PI3K arising after mTOR inhibition, which most
likely accounts for the limited success of rapalogs as single-
agent anticancer therapies. Nevertheless, although dual PI3K/
mTOR inhibition reduces reactivation of PI3K, the IR/IGF-1R/
IRS1 axis remains active. The consequences of the sus-
tained activity of this axis on other pathways and on the sensi-
tivity to dual PIBK/mTOR inhibitors remain ill-defined. Our
findings that PIBK/mTOR inhibition-mediated reactivation of

tumors harvested after 14 days of treatment for MDA468, 10 days of treatment for MDA231 LM2, and 6 days of treatment for 4T-1. Results are mean tumor
volume + SEM (three independent experiments, total n = 4-8, *p < 0.05, **p < 0.01).

(E) Bar graphs showing the circulating tumor cell (CTC) index. The number of CTCs was measured by FACS analysis of GFP+ cells in tail vein blood performed
21 days (MDA231 LM2) or 5 days (4T-1) after initiation of the treatment as in (B)-(D). The CTC index was calculated by dividing the total number of GFP+ CTCs per
100 pl peripheral blood by tumor volume. Data represent the means + SEM (for MDA231 LM2 shJAK2 in two independent experiments, total of n = 4 mice, and for
the other models in three independent experiments, with a total n = 7 mice; *p < 0.05).

(F) Drawings of the experimental setup.

(G) Representative IHC pictures of lungs from VHC-, BEZ-, BSK- and BEZ/BSK-treated animals. Left panel: H&E- (left) and Vimentin-(right) stained lungs from
MDA231 LM2-bearing animals, treated as described in (B) and (F). Scale bar represents 250 um. Right panel: H&E-stained lungs from 4T-1-bearing animals,
treated as described in (D) and (F). Arrows indicate metastases; the images to the right are magnifications of single metastatic foci. Scale bar represents 200 pm.
(H) Bar graphs showing the metastatic index of mice treated as in (B-D) calculated by dividing the total number of visible lung metastases nodules by tumor
volume. Data are means + SEM (for MDA231 LM2 shJAK2 from two independent experiments, total n = 4, for the other models from three independent
experiments, total n = 10, *p < 0.05).

See also Figure S5.
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Figure 6. PIBK/mTOR Inhibition Increases, whereas JAK2 Inhibition Blocks IL-8 Secretion and Reduces the Tumor-Initiating CXCR1*

Subpopulation

(A) Bar graphs showing IL-8 levels measured by ELISA (left and middle panels) or quantification of dots of cytokine arrays (right panel) from tumors of mice treated

as in Figures 5A-5D. Data are means + SEM (n = 3-8, *p < 0.05).
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IR/IGF-1R/IRS1 induces a first wave of active JAK2/STAT5,
which in turn contributes to rephosphorylation of AKT, shed
light on this question. We further found that BEZ235 reduces
the expression of the AKT Ser473 phosphatase PHLPP and
that it inefficiently targets the mTORC2 complex. Genetic inhibi-
tion of MTORC2 blocked the recovery of pS473 AKT upon treat-
ment with BEZ235, consistent with previous studies showing
that inhibition of S6K-induced mTORC2/AKT (Dibble et al.,
2009). These different feedback mechanisms may explain the
limited efficacy of dual PISBK/mTOR inhibition in some cancer
models. These results and our observation that individual
PI3K or mTOR inhibition also causes JAK2/STAT5 activation
raise the possibility that other inhibitors of the PIBK pathway
may elicit similar crosstalk.

observed upon single inhibition of PI3K/

mTOR or JAK2/STAT5, suggesting that
activation of either pathway prevents cell death. Combined
PI3K and MEK inhibition similarly decreased MCL1 and
increased BIM, thereby triggering cell death in EGFR mutant
lung cancer (Faber et al., 2009). The moderate levels of cell death
detected upon combined PI3BK/mTOR and JAK2 inhibition, both
in vitro and in vivo, can be explained by the fact that cell death
was mainly induced in the small subpopulation of CXCR1*
tumor-initiating cells.

Genetic depletion of JAK2 after overt tumor development was
shown to have no effect on tumor growth (Sakamoto et al., 2009).
Similarly, we found no effect of single JAK2 inhibition on tumor
growth. However, (Hedvat et al., 2009; Xin et al., 2011) showed
that a different JAK inhibitor reduced primary tumor growth of
xenografts of MDA468 and 4T-1, two cell lines that we also

(B) Bar graphs showing IL-8 levels measured by ELISA in plasma of mice bearing tumors treated as in Figures 5A-5C. Data are means + SEM (n = 4, “p < 0.05).
(C) Bar graphs showing relative invasion of MDA231 LM2 cells seeded on Matrigel-coated Boyden chambers and treated with 300 nM BEZ, 350 nM BSK
and/or CXCR1 blocking antibody. Invasion was assessed after 48 hr. Data represent relative invasion values normalized to cell number and are means + SEM
(n=4,*p <0.05).

(D) Growth curves of tumors from mice treated with VHC, 30 mg/kg BEZ, 120 mg/kg BSK, 20 mg/kg Repertaxin (Rep), or 25 mg/kg BEZ, 100 mg/kg BSK and
20 mg/kg Rep. Injection refers to orthotopic cell injection and the arrow indicates initiation of treatment. Data are mean tumor volume + SEM (n = 4-8, *p < 0.05).
(E) Bar graphs showing CTC (upper panel) and lung metastatic (lower panel) indices of mice treated as in Figure 5F. Rep was administered at 20 mg/kg. Data are
means + SEM (n = 3-4, *p < 0.05).

(F) Upper: representative images of FACS dot plots of CXCR1-stained tumors, CTCs and lungs. Lower: bar graphs showing the percentage of CXCR1* cells. Data
are means + SEM (n = 6).

(G) Bar graph showing percentages of CXCR1* cells in MDA231 LM2 tumors of mice treated as in Figure 5B. Data are means + SEM (n = 4-6, *p < 0.05).

(H) Representative dot plot of FACS analyses performed on CXCR1- (upper panel), AnnexinV-, and Pl-stained (lower panel) MDA231 LM2 cells treated with
inhibitors as in Figure 2C. Bar graphs show the mean percentages of apoptotic and dead cells after 48 hr of treatment. Data are means + SEM (n = 4, *p < 0.05).
(I) Upper: drawing of the experimental setup. Mice bearing MDA231 LM2 tumors were treated as in Figure 5B. The tumors were dissected, dissociated, and
retransplanted at different dilutions. Cell viability prior to retransplantation was analyzed by PI-FACS staining and was found to be equal in all treatment groups
(data not shown). Lower: bar graph showing the TIC frequencies after treatment as in Figure 5B. Data are mean estimates from three independent experiments,
total n = 7 mice, *p < 0.05, **p < 0.0001.

See also Figure S6.
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Figure 8. Cotargeting PISK/mTOR and
JAK2 Increases Event-Free and Overall
Survival in Two Models of Metastatic Breast
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used in the present study. This inhibitor (Hedvat et al., 2009) the majority of CTCs and ~20% of lung metastases raises the
displayed a spectrum of JAK kinase selectivity different to intriguing possibility that CXCR1 and its associated downstream
NVP-BSK805, which is biased toward JAK2 within the JAK signaling are crucial for intravasation and/or survival of the cells
family (Baffert et al., 2010). Different inhibitors also display diver-  in the periphery, but less critical once cells have reached the
gent spectra of overall kinase selectivity, which may also metastatic site. Consistently, IL-8 inhibition alone or in combina-
account for some of the tumor growth effects observed by (Hed-  tion with PISBK/mTOR inhibition reduced tumor seeding and
vat et al., 2009). Of note, the focus of some of the other studies = metastasis. Indeed, IL-8 has been shown to play crucial roles
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in the stimulation of tumor-initiating cells, invasion, and metas-
tasis (Charafe-Jauffret et al., 2009; Ginestier et al., 2010; Waugh
and Wilson, 2008), and a role for JAK2 in cells with the cancer
stem cell phenotype has also been suggested (Marotta et al.,
2011).

To gain insights into a potential clinical benefit of combined
inhibition of PIBK/mTOR and JAK2, we performed survival
studies in a preclinical setting. We found that single JAK2 inhibi-
tion increased overall survival, while having no benefit on event-
free survival. Notably, combination of BEZ235 and NVP-BSK805
increased both event-free and overall survival of animals. Our
findings potentially have direct clinical implications, given that
26 PI3K pathway inhibitors are currently undergoing clinical
evaluation (Sheppard et al., 2012). These results urge assess-
ment of the activation of the JAK2/STAT5/IL-8 positive feedback
loop before therapy and/or upon PI3K inhibition, and the testing
of the efficacy of cotargeting PI3K/mTOR and JAK2 in TNBC and
other cancers.

EXPERIMENTAL PROCEDURES

Compounds

BEZ235, NVP-BSK805, NVP-BKM120, and RAD001 were from Novartis (Basel,
Switzerland). Repertaxin L-lysine salt was obtained from WuXi AppTec
(Shanghai, China). Daunorubicin was obtained from Sigma Aldrich. Compounds
were prepared as 10 mM stock solutions in DMSO and stored protected from
light at —20°C. NVP-BSK805 was freshly formulated in NMP/PEG300/Solutol
HS15 (5%/80%/15%) and BEZ235 in NMP/PEG300 (10%/90%), and both
were administered to mice by oral gavage at 10 ml/kg. Repertaxin was freshly
formulated in PBS and administered subcutaneously at 20 mg/kg.

Primary Human Breast Tumors

Primary breast cancer specimens were obtained from the consented patients:
two specimens were provided by the Cooperative Human tissue Network
which is funded by the National Cancer institute, and one was obtained at
and approved by the board of the Saint-Louis Clinic (France). All studies
were approved by the Ethikkommission beider Basel.

Animal Experiments

SCID/beige, SCID/NOD, and Balb/c mice (Jackson Laboratories) were used in
compliance with the Swiss laws on animal welfare and the animal protocols
were approved by the Swiss Cantonal Veterinary Office of Basel. For ortho-
topic engraftment of breast cancer cell lines, 1 x 10° MDA468, 1 x 10°
MDA231 LM2, and 0.5 x 10° 4T-1 or 4T-1-GFP cells were suspended in
a 100 pl mixture of Basement Membrane Matrix Phenol Red-free (BD Biosci-
ences) and PBS 1:1 and injected into mouse mammary gland. Primary breast
tumors were cut into 1 mm?® pieces and transplanted into mouse mammary
gland. Tumor-bearing mice were randomized based on tumor volume prior
to the initiation of treatment, which started when average tumor volume was
at least 100 mm?3. BEZ235 and NVP-BSK805 were given orally on each of 6
consecutive days followed by 1 day without the drug; Repertaxin was admin-
istered daily. Expression of shRNAs was induced by adding doxycycline in the
drinking water (2 g/l in a 5% sucrose solution), which was refreshed every
48 hr. Tumors were measured every 3—4 days and tumor volumes calculated
by the formula 0.5 x (larger diameter) x (smaller diameter)2. End point tumor
sizes were analyzed for synergism using the formula AB/C < A/C x B/C, where
C is tumor volume VHC, A is tumor volume compound 1, B is tumor volume
compound 2, and AB is tumor volume combination (Clarke, 1997). For survival
studies, animals were sacrificed when tumors reached 1 cm® or when they
showed any signs of distress (e.g., breathing disorders, weight loss, or
immobility).

Statistical Analysis
Each value reported represents the mean + SEM of at least three independent
experiments. Data were tested for normal distribution and Student’s t test,

ANOVAs, or nonparametric Mann-Whitney U/Wilcoxon tests were applied.
To account for multiple comparisons, Tukey HSD and Wilcoxon tests were
performed. StatView 5.0.1 was used for Kaplan-Meier survival analysis and
log rank Mantel-Cox tests were applied to test statistical significance (SAS).
Programs JMP4 and JMP9 were used for all other statistical tests (SAS). The
p values < 0.05 were considered to be statistically significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures, one table, and Supplemental
Experimental Procedures and can be found with this article online at http://
dx.doi.org/10.1016/j.ccr.2012.10.023.
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SUMMARY

We reported that CullindB-Ring E3 ligase complex (CRL4B) is physically associated with Polycomb-repres-
sive complex 2 (PRC2). We showed that CRL4B possesses an intrinsic transcription repressive activity by
promoting H2AK119 monoubiquitination. Ablation of Cul4b or depletion of CUL4B, the main component of
CRL4B, resulted in loss of not only H2AK119 monoubiquitination but also H3K27 trimethylation, leading to
derepression of target genes that are critically involved in cell growth and migration. We demonstrated
that CUL4B promotes cell proliferation, invasion, and tumorigenesis in vitro and in vivo and found that its
expression is markedly upregulated in various human cancers. Our data indicate that CUL4B promotes
tumorigenesis, supporting the pursuit of CUL4B as a target for cancer therapy.

INTRODUCTION

Compared to other histone modifications, ubiquitination repre-
sents a very large modification and is mainly found on H2A lysine
119 (K119) and H2B (K120 in human and K123 in yeast) (Kouzar-
ides, 2007). Polycomb group proteins are a family of epigenetic
regulators responsible for the repression of an array of genes
that are critically implicated in development and cell fate speci-
fication (Schuettengruber et al., 2007). Two main Polycomb
group complexes exist in mammals: PRC1 and PRC2. PRC1
catalyzes histone H2A K119 monoubiquitylation (H2AK119ub1)
and compacts chromatin (Wang et al., 2004), while PRC2 cata-
lyzes trimethylation of histone H3 at K27 (H3K27me3) and also
contributes to chromatin compaction (Simon and Kingston,
2009). It is believed that PRC1 and PRC2 interplay and that
H2AK119ub1 and H3K27me3 are functionally coordinated in
transcriptional repression (Miiller and Verrijzer, 2009). Although
this premise is still cited in the literature, its operational
status is equivocal as there are genes that are targeted by
PRC2 without PRC1, and vice versa (Tavares et al., 2012).
Clearly, there is still much to be learned about the molecular

mechanism underlying the coordination between H2AK119ub1
and H3K27me3.

Cullin 4-Ring E3 ligases (CRL4), assembled with CUL4, DDB1,
and ROC1 as the core components, participate in a broad variety
of physiologically and developmentally controlled processes
such as cell cycle progression, replication, and DNA damage
response (Jackson and Xiong, 2009). In mammals, there are
two Cullin 4 members, CUL4A and CUL4B. Loss-of-function
mutation in the X-linked CUL4B causes mental retardation, short
statue, absence of speech, and other phenotypes in humans (Zou
etal., 2007). In CUL4B heterozygotes, the cells in which wild-type
(WT) CUL4B allele is inactivated are severely selected against,
underscoring the functional importance of CUL4B in cellular
proliferation (Zou et al., 2007). Accordingly, Cul4b knockout
mice are embryonically lethal (Jiang et al., 2012). It is interesting
that CUL4B, unlike CUL4A and other Cullins, carries a nuclear
localization signal (NLS) in its N terminus and is also localized in
the nucleus (Nakagawa and Xiong, 2011; Zou et al., 2009), sug-
gesting that CUL4B might be involved in the nucleus-based
functions. We addressed these issues using molecular, cellular,
and epigenetic approaches plus animal models.

Significance

Cullin 4B (CUL4B) is a scaffold protein of the CullindB-Ring E3 ligase complex (CRL4B) that functions in proteolysis.
However, recent studies indicate that CUL4B could also be localized in the nucleus, suggesting that CUL4B might be
also involved in the nucleus-based functions. In addition, although it was shown that H2AK119 monoubiquitination plays
a central role in transcriptional repression by coordinating with H3K27 trimethylation, the underlying mechanisms remains
to be clarified. We demonstrated CRL4B is an alternative histone modification enzyme responsible for H2AK119ub1 and that
CRL4B and PRC1 bind to PRC2 subunits in a mutually exclusive manner. These data provide a molecular basis for the func-
tional interplay between H2AK119ub1 and H3K27me3 in transcription repression.
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RESULTS

Cullin 4B-RING E3 Ligase Is Physically Associated with

PRC2 In Vivo

In an effort to better understand the mechanistic role of CUL4B,
we used affinity purification and mass spectrometry to identify
the proteins that are associated with CUL4B in vivo. In these

Figure 1. CRL4B Interacts with PRC2

(A) Immunoaffinity purification of CUL4B-contain-
ing protein complexes. Cellular extracts from
Hela cells stably expressing FLAG (control) or
FLAG-CUL4B were immunopurified with anti-
FLAG affinity columns and eluted with FLAG
peptide. The eluates were resolved by SDS-PAGE
and silver-stained. The protein bands were
retrieved and analyzed by mass spectrometry.
Detailed results from the mass spectrometric
analysis are provided as Table S1.

(B) Western blotting analysis of the purified frac-
tions using antibodies against the indicated
proteins.

(C) Association of CRL4B with PRC2 in Hela,
HEK293, and KYSE410 cells. Whole cell lysates
were immunoprecipitated with the antibodies
against the indicated proteins. Immunocomplexes
were then immunoblotted using antibodies
against the indicated proteins. IgG served as the
negative control.

(D) Cofractionation of the CRL4B complex and
the PRC2 complex by fast protein liquid chroma-
tography. Nuclear extracts of HelLa cells were
fractionated on a DEAE sepharose column fol-
lowed by a Superose 6 gel filtration column. The
fractions were analyzed by western blotting.
Molecular weight standards are shown on top (in
kDa). The predicted molecular size of each main
component of the CRL4B-PRC2 complex is
summarized on the right.

(E) Molecular interaction between DDB1 and
PRC2 subunits. GST pull-down experiments with
bacterially expressed GST-DDB1 and the in-vitro-
transcribed/translated indicated proteins.

(F) IP assays using lysates from Hela cells tran-
siently expressing DDB1 siRNA or RbAp48 siRNA
showing decreased co-IP of CUL4B with EZH2
and SUZ12. The protein expression in these
experiments was examined by western blotting
using antibodies against the indicated proteins.
See also Table S1.

experiments, FLAG-tagged CUL4B
(FLAG-CUL4B) was stably expressed in
HelLa cells. Cellular extracts were pre-
pared and subjected to affinity purifica-
tion using an anti-FLAG affinity gel.
Mass spectrometric analysis indicates
that CUL4B copurified with DDB1,
GRWD1, COPS3, COPS4, and COPS5,
as reported previously (Groisman et al.,
2003; Higa et al., 2006). It is interesting
that we found that CUL4B also copurified
with EZH2, EED, and RbAp48, all of which

are the core components of the PRC2 complex (Figure 1A). In
addition, heat shock 70 kDa protein 8 (HSP71/73) and Fanconi

anemia complementation group M (FANCM) were also detected

in the immunocomplex. However, BMI and RING1B, the core
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components of PRC1 (Cao et al., 2005), did not copurify with
CUL4B (Figure 1B, bottom two panels), suggesting that the
association of CUL4B with PRC2 is specific. The presence of
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EZH2, EED, and RbAp48 in the CUL4B-interacting complex was
further confirmed by western blotting analysis (Figure 1B). The
detailed results of the mass spectrometric analysis are provided
in Table S1 (available online).

To further validate the in vivo interaction between Cullin 4B-
RING ES3 ligase (CRL4B) and PRC1/2, total proteins from HelLa
cells, HEK293 cells (a human embryonic kidney cell line), and
KYSE410 cells (a human esophageal squamous cell carcinoma
cell line) were extracted and coimmunoprecipitation (co-IP)
experiments were performed with antibodies detecting the
endogenous proteins. Immunoprecipitation (IP) with antibodies
against CUL4B or DDB1 followed by immunoblotting (IB) with
antibodies against EZH2, SUZ12, EED, or RbAp46/48 represent-
ing PRC2 or against RING1B or BMI representing PRC1 demon-
strated that only the PRC2 core components were efficiently
coimmunoprecipitated with CUL4B and DDB1 (Figure 1C, upper
panels). Reciprocally, IP with antibodies against EZH2 or SUZ12
followed by IB with antibodies against CRL4B subunits CUL4B,
DDB1, or ROC1 or against the two PRC1 core components in
these three cell lines revealed that both PRC1 and CRL4B
complexes were coimmunoprecipitated with PRC2 (Figure 1C,
middle panels). However, only PRC2 components could be cop-
urified with PRC1 (Figure 1C, lower panels). These results
suggest that CRL4B and PRC1 proteins bind with PRC2 compo-
nents in a mutually exclusive manner.

To further support the observation that CRL4B complex is
associated with PRC2 in vivo, protein fractionation experiments
were carried out with nuclear proteins by fast protein liquid
chromatography (FPLC). Nuclear extracts derived from HelLa
cells were fractionated by DEAE sepharose, followed by
superpose 6 gel filtration chromatography. Western blotting
revealed a major peak at about 669-1000 kDa for CUL4B,
DDB1, and ROC1, and also for PRC2 core components EZH2,
SUZ12, EED, and RbAp46/48 (Figure 1D). Significantly, the
chromatographic profiles of CUL4B, DDB1, and ROC1 were
largely overlapped with that of the components of PRC2, sup-
porting the argument that CRL4B complex is associated with
PRC2 in vivo.

In order to further strengthen the argument, we next investi-
gated the molecular basis for the interaction between the
CRL4B complex and PRC2. For this purpose, GST pull-down
assays were performed using GST-fused CUL4B or GST-fused
DDB1 and in-vitro-transcribed/translated EZH2, SUZ12, EED,
RbAp46, and RbAp48. These experiments revealed that,
although CULA4B interacts directly with DDBH1, it did not interact
with the PRC2 components that we tested. However, it was
shown that DDB1 could interact directly with the two DWD motif
(DDB1-binding WD40 protein)-containing molecules, RbAp46
and RbAp48 (Figure 1E), suggesting that DDB1 and RbAp46/
48 could act as the bridge molecules in physically linking the
CRL4B complex and PRC2. It is interesting that the EED compo-
nent of PRC2, which also contains a WD40 motif but has no DWD
motif, did not show a direct interaction with DDB1, consistent
with a previous report (He et al., 2006). The in vitro GST pull-
down results were further substantiated by in vivo co-IP experi-
ments in which depletion of either DDB1 or RbAp46/48 could
disrupt the interaction between CUL4B and the PRC2 subunits,
EZH2 and SUZ12, in HelLa cells (Figure 1F). Taken together,
these results provide strong support for a physical association

between CRL4B and PRC2 that is bridged by DDB1 and
RbAp46/48.

CRL4B Exhibits Transcription Repressive Activity and
Promotes H2AK119 Monoubiquitination

The physical association between CRL4B and PRC2 prompted
us to investigate the hypothesis that CRL4B might be function-
ally involved in transcription repression. To this end, we fused
CUL4B to Gal4 DNA-binding domain (Gal4-CUL4B) and tested
the effect of this construct on the expression of a luciferase
reporter gene driven by TK (thymidine kinase) promoter plus
five copies of Gal4 binding sequence (Gal4-Luc) in HelLa cells
(Figure 2A, upper panel). The results revealed that the expression
of Gal4-CUL4B, but not FLAG-CUL4B, led to a drastic decrease
in the expression of the reporter gene (Figure 2A, lower panel),
indicating that CUL4B has an intrinsic transcriptional repression
activity and suggesting that CUL4B could act as a transcription
corepressor.

In order to further support this proposition, we investigated the
contribution of each of the different domains of CUL4B to its
transcriptional repressive function. A series of Gal4-DBD-fused
deletion constructs were generated, and the repressor activities
of those constructs were monitored using Gal4 UAS luciferase
reporter assays (Figure 2B, upper panel). Notably, deletion of
the NLS (1-137 amino acids [aa]) (ANLS) or NEDD8 neddylation
domain (824-895 aa) (ANEDDS) did not affect their repressive
activities, whereas deletion of either the DID (DDB1-interacting
domain) region (137-287 aa) (ADID) or Cullin domain (578-718
aa) (ACullin) or both resulted in a significant reduction of the
transcriptional repressive activity of CUL4B (Figure 2B, lower
panel). Thus, it appears that both DID and Cullin domains are
required for the transcriptional repressive activity of CUL4B,
suggesting that the interaction with DDB1 and ubiquitination
function of CUL4B are indispensable for its transcription repres-
sive function.

To further explore the functional connection between CUL4B
and PRC2, we performed loss-of-function experiments in the
Gal4 UAS luciferase reporter system. As shown in Figure 2C,
knockdown of DDB1, EZH2, or RbAps, the components of
PRC?2, led to a significant reduction of the transcriptional repres-
sive activity of CUL4B, while depletion of BMI or RING1B, the
core components of PRC1, had little effect. Again, these exper-
iments suggested that CUL4B functions in transcriptional
repression in the context of CRL4B and supported our hypoth-
esis that CRL4B and PRC2 are functionally connected.

H2AK119 monoubiquitination was reported to play a central
role in transcriptional repression by coordinating with
H3K27me3 (Baarends et al., 2005; Mdiller and Verrijzer, 2009).
Based on our observations that CRL4B and PRC2 are physically
and functionally connected, we thus wanted to know whether
CRL4B exerts transcriptional repressive activity through
H2AK119 monoubiquitination. For this purpose, we performed
quantitative chromatin IP (QChlIP) assay in Hela cells that were
stably expressing Gal4-UAS reporter (HeLa-Gal4-Luc) to inves-
tigate the recruitment of DDB1 and EZH2 to and the changes
of H2AK119ub1, H3K27me3, and H3K4me3 on the Gal4
promoter after transfection of these cells with Gal4-CUL4B or
control Gal4-DBD. The results showed that artificial recruitment
of CUL4B resulted in the recruitment of DDB1 and EZH2,
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Figure 2. CUL4B Requires Its DID Domain and Cullin Domain for Optimal Repressive Activity

(A) CUL4B possesses an intrinsic transcription repressive activity. Gal4-CUL4B construct or a control vector (containing Gal4-DBD only) was transfected into
Hela cells stably expressing Gal4-UAS reporter (HeLa-Gal4-Luc cells). Gal4 luciferase reporter activity was measured.

(B) Identification of the essential domains required for the transcriptional repressive activity of CUL4B. The upper panel shows the schematic of the CUL4B
deletions fused to the C terminus of GAL4 DNA-binding domain. The region fused to Gal4-DBD is graphically depicted. In the lower panel, Gal4 luciferase reporter
assay was performed in HeLa-Gal4-Luc cells by transfection of Gal4-DBD-fusion deletion expression vectors. Relative activity is scored with —, +, ++, or +++
corresponding to the significance to facilitate the interpretation of the data.
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increased H2AK119ub1 and H3K27me3 levels, and a decreased
level of H3K4me3 (Figure 2D, left panel); whereas RING1B,
a core component of the PRC1 complex, which was reported
to contribute to the monoubiquitination of hisone H2AK119
(de Napoles et al., 2004), was dispensable in this case (Figure 2D,
left panel). These experiments support an argument that CRL4B
is functionally associated with H2AK119 monoubiquitination.
Next, qChIP experiments were performed in HelLa-Gal4-Luc
cells that were transfected with Gal4-CUL4B, Gal4-ADID,
Gal4-ACullin, or control Gal4-DBD to investigate the recruitment
of DDB1 and EZH2 to and the changes of the H2AK119ub1 and
H3K27me3 on the Gal4 promoter. The results showed that,
compared to Gal4-CUL4B, ADID mutant lost the ability to recruit
endogenous DDB1 or EZH2 but still could bind to Gal4-UAS with
the artificial recruitment by Gal4-DBD tag and conduct H2AK119
monoubiquitination through classical E1/E2 machinery, resulting
in a marginal decrease in monoubiquitination on H2AK119 (Fig-
ure 2D, right panel). Alithough ACullin mutant retained the ability
to recruit endogenous DDBH1, it had no enzymatic activity on
H2AK119 (Figure 2D, right panel), thus losing the ability to recruit
EZH2 and trimethylate H3K27. These data are in agreement with
a functional scheme of CRL4B in which CUL4B relies on its Cullin
domain to recruit the enzymatic activity while it uses the DID
domain to capture the substrates, favoring our argument that
CRL4B promotes H2AK119 monoubiquitination.

To further validate this proposition, we performed in vitro
ubiquitination assays. Hela cells were transfected with FLAG-
RING1B, FLAG-CUL4B, FLAG-ADID, FLAG-ACullin, or FLAG
control vector. Cell lysates were affinity purified using FLAG
M2 affinity gel, followed by in vitro ubiquitination assays. The
results showed that H2AK119 is monoubiquitinated by CRL4B
in an E1/E2- and E3-dependent manner (Figure 2E, left panel).
It is interesting that, while ADID could weakly monoubiquitinate
H2A on lysing 119, ACullin completely lost such enzymatic
activity (Figure 2E, left panel). Co-IP experiments further con-
firmed that the DID domain is responsible for the formation of
the CRL4B-PRC2 machinery, while Cullin domain is responsible
for the binding of the ring finger protein ROC1 along with E1/E2/
E3 (Figure 2E, right panel). As a positive control, affinity-purified
FLAG-RING1B elution was more efficient in the catalysis of
H2AK119ub1 than FLAG-CUL4B elution (Figure 2E, left panel).

Experiments with H2A and its mutants, K118/R, K119/R, and
K118/R+K119/R, indicated that the major ubiquitination site is
K119, while residual ubiquitination is found at K118, as reported
previously (Richly et al., 2010) (Figure 2F). It is known that Cullins
do not directly bind to their substrates directly; they rely on
adaptor/receptor proteins in their substrate recognition, such
as F-box proteins for CUL1, BTB proteins for CUL3, and WD40
proteins for CUL4 (Zimmerman et al., 2010). To determine which
WDA40 protein is used for CUL4B to recognize H2AK119, we
purified CRL4B subunits CUL4B, DDB1, and ROC1, respec-
tively, from Sf9 insect cells. In vitro ubiquitination assays with
the purified proteins showed that the WD40 protein RbAp46/
48, not EED, acted as the substrate adaptor/receptor for
CUL4B to recognize H2AK119 (Figure 2G, upper panels). Con-
versely, knocking down RbAp48 resulted in the decrease of
H2AK119ub1 (Figure 2G, lower panels). Interestingly, we also
found that the amount of chromatin-bound EZH2 was positively
correlated with the expression level of CUL4B (Figure 2H) and
that the transcription factors such as JARID2 and PHF1 that
are essential for PRC2 recruitment (Sarma et al., 2008; Shen
et al., 2009) could also interact with CRL4B (Figure S1), further
supporting a functional connection between CRL4B and PRC2.

Depletion of CUL4B or Ablation of Cul4b Resulted
in the Loss of H2AK119ub1 as well as H3K27me3
To further explore the functional relationship between CUL4B
and PRC2, we next investigated whether CUL4B depletion
would alter H2AK119ub1 and H3K27me3 in vivo. CUL4B-
specific shRNA were tagged with enhanced green fluorescent
protein (EGFP) and transfected into HelLa cells. Forty-eight hours
posttransfection, cells were fixed and stained with antibodies
recognizing CUL4B, H2AK119ub1, and H3K27me3. As shown
in Figure 3A, although the expression of EZH2 was not affected
by CUL4B knockdown, the signals representing H2AK119ub1
and H3K27me3 were significantly reduced in CUL4B-depleted
cells, while H3K4me3 signals were slightly increased (marked
by arrows). These observations were corroborated by western
blotting (Figure 3B).

To further explore the importance of CUL4B in PRC2-
mediated gene silencing in vivo, we examined the effect of
CUL4B deficiency on the global level of H2AK119ub1 and

(C) Effect of depletion of DDB1, EZH2, BMI, or RING1B on CUL4B repressive activity. HeLa-Gal4-Luc cells were transiently transfected with DBD or DBD-CUL4B
constructs along with the indicated shRNAs for 48 hr before luciferase assay. shSCR, control scrambled shRNA.

(D) CUL4B confers repressive activity through H2AK119ub1 catalysis and PRC2 recruitment. ChIP experiments were performed with transient transfection of
Gal4-DBD, Gal4-CUL4B, or its deletion constructs. Chromatin was immunoprecipitated with antibodies against the proteins indicated at the bottom. ubH2A,
H2AK119 monoubiquitination. DNA enrichment was analyzed at the Gal4 promoter and the results are presented as fold of enrichment over control. In (A-D), all
the error bars represent mean + SD of three independent experiments, and a two-tailed t test was performed (“p < 0.05; **p < 0.01; ***p < 0.001).

(E) The left panel shows in vitro ubiquitination analysis with recombinant CUL4B and CUL4B deletions incubated with different combinations of E1/E2 and
recombinant H2A (substrate) along with ubiquitin and ATP. Reactants were subjected to IB with the indicated antibodies. A silver-stained gel on the bottom
shows the quality of the isolated complexes. Arrows correspond to the overexpressed FLAG-tagged proteins. In the right panel, HeLa cells were transfected with
FLAG-CUL4B or FLAG-tagged mutants, and whole-cell extracts were immunoprecipitated with anti-FLAG M2 resin followed by western blotting with antibodies
against DDB1, ROC1, EZH2, SUZ12, RbAps, RING1B, or BMI.

(F) In vitro ubiquitination with recombinant Hisg-tagged H2A and its mutants (Mut) purified from Sf9 insect cells. The recombinant substrates were stained by
Coomassie blue and shown on the bottom. Exp, exposure.

(G) Upper panels show (left) Coomassie blue staining of CRL4B complex (containing CUL4B, DDB1, and ROC1) purified from Sf9 cells and (right) in vitro
ubiquitination analysis using recombinant Hise-tagged CRL4B alone or with WD40 proteins RbAp48 or EED as substrate adaptor/receptors. Hisg-tagged CUL4B
served as a negative control. In the lower panels, western blotting analysis shows decrease in H2AK119ub1 in HeLa cells upon RbAp48 knockdown.

(H) CUL4B is required for the binding of EZH2 to chromatin and shares the same transcription factors with PRC2. Chromatin-bound fractions were prepared from
Hela cells and analyzed by immunoblotting with the indicated antibodies. Histone H3 served as a loading control.

See also Figure S1.
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Figure 3. Knockdown of CUL4B or Ablation of Cul4b Resulted in Reduced H2AK119 Monoubiquitination and H3K27 Trimethylation
(A) HeLa cells were transiently transfected with EGFP-carrying CUL4B shRNA and stained with antibodies against CUL4B or EZH2 (red) or against H2AK119ub1,
H3K27me3, or H3K4me3 (red). Nucleus was counterstained by DAPI. Significant decrease in H2AK119ub1 and H3K27me3 levels was marked with arrows.
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H3K27me3 in Cul4b knockout mice. Since Cul4b null embryos
usually die between 8.5 and 9.5 days postcoitum (dpc), we per-
formed immunostaining on paraffin-embedded Cul4b WT and
Cul4b null (KO) embryos at 7.5 dpc. Immunostaining revealed
a significant decrease in H2AK119ub1 and H3K27me3 in the
Cul4b null embryos, although the level of Ezh2 was comparable
to that in WT E7.5 embryos (Figure 3C). These results support
a notion that CUL4B is required for the monoubiquitination of
H2AK119 and trimethylation of H3K27 during early embryonic
development. In addition, examination of the global level of
H2AK119ub1 and H3K27me3 in liver from liver-specific Cul4b
knockout mice [Cul4b (loxp/Y)/Mx-1-Cre(+) and Culdb (loxp/Y)/
Alb-Cre(+)] by western blotting showed a significant reduction
of both H2AK119ub1 and H3K27me3 in liver (Figure 3D), further
supporting the arguments that CUL4B is required for the trime-
thylation of H3K27 and that CUL4B and PRC2 are functionally
connected.

Genome-wide Identification of Transcription Targets

for the CRL4B/PRC2 Complex

To further investigate the functional connection between CRL4B
and PRC2 and to explore the biological significance of this
connection, we next analyzed the genome-wide transcriptional
targets of the CRL4B/PRC2 complex using the ChIP-on-chip
(ChlP-on-chip) approach. In these experiments, ChIP experi-
ments were conducted in KYSE410 cells with antibodies against
CUL4B, EZH2, or BMI. Following ChIP, CUL4B-, EZH2-, and
BMI-associated DNAs were amplified using nonbiased condi-
tions, labeled, and hybridized to an oligonucleotide array
covering 2.7 kb (—2.2 kb to +0.5 kb with respect to transcription
start sites) of 18,028 annotated transcripts in the NCBI database
with a false discovery rate less than 0.05 (GEO accession
number: GSE41639). The data from CUL4B antibodies (1,463
genes) were then analyzed with the data from EZH2 (3,705
genes) and BMI antibodies (891 genes) for the identification of
common targets, or cotargets (Figure 4A, left panel). The detailed
results of the ChIP-on-chip experiments were summarized in
Tables S2-S8. A total of 619 unique promoters were found to
be cotargeted by CUL4B and EZH2, among which only 53
were overlapped with the 891 targets of BMI, indicating a
predominant cooperation between PRC2 and CRL4B, at least
in KYSE410 cells. The cotargets of CUL4B/CRL4B and EZH2/
PRC2 were then classified into various cellular signaling path-
ways using Molecule Annotation System software (http://www.
capitalbio.com/lifescience/informationsystems/2572.shtml), with
a p value cutoff of 1072 (Figure 4A, right panel). These signaling
pathways include Wnt, MAPK, focal adhesion, IGF, and
apoptosis that are critically involved in cell growth, survival,
migration, and invasion. The genes in these pathways include,
among others, PTEN, SOCS1, AXIN2, SIAH1, RUXN1, FANCB,
MCMS8, COL4A1, IGFBP3, and CDKN2A (p16), that are known
to be implicated in apoptosis and tumor suppression. Signifi-

cantly, FOXO3, E2F1, IGFBP3, p16, and TGFBI have been
shown to be transcriptionally repressed by PRC2 (Chen et al.,
2009; Tan et al., 2007; Wu et al., 2010). Quantitative ChIP anal-
ysis in KYSE410 cells using specific antibodies against CUL4B,
EZH2, RING1B, H2AK119ub1, and H3K27me3 on selected
genes, including PTEN, SOCS1, AXIN2, CXCR2, FOXO3,
SIAH1, E2F1, RUXN1, FANCB, MCMS8, NKD2, COL4A1,
IGFBP3, p16, MLL3, CABLES2, RNH1, and TGFBI, which repre-
sent each of the classified pathways, showed a strong correla-
tion between CUL4B/H2AK119ub1 and EZH2/H3K27me3
enrichments, validating the ChIP-on-chip results (Figures 4B
and 4C). Quantitative real-time PCR (gqPCR) further showed
that the transcription levels of most of the target genes signifi-
cantly increased in KYSE410 cells upon knockdown of CUL4B
or EZH2 (Figure S2).

We next investigated the effect of EZH2 depletion on the
recruitment of CUL4B on endogenous target loci and vice versa.
To this end, we established KYSE410 cells in which EZH2
expression was knocked down by its shRNA. In these cells,
EZH2 was greatly reduced or barely detectable at the promoters
of its target genes (Figure 4D, left panel). It is interesting that ChIP
experiments with antibodies against CUL4B showed that EZH2
depletion resulted in only marginal or no effect on the recruitment
of CUL4B on the target promoters (Figure 4D, right panel).
However, in CUL4B-depleted KYSE410 cells, the recruitment
of EZH2 to its target promoters was greatly reduced (Figure 4E),
although the expression of EZH2 was not affected by CUL4B
knockdown (see Figure 3B). In addition, consistent with our
earlier observations, the levels of both H2AK119ub1 and
H3K27me3 were markedly decreased at all the tested target
genes upon CUL4B knockdown (Figure 4F). Collectively, these
data suggest that CRL4B may function to promote the recruit-
ment and/or the stabilization of PRC2 onto target promoters,
supporting our aforementioned arguments that CUL4B and
PRC2 are functionally connected and that CUL4B is required
for the trimethylation of H3K27.

Regulation of p716 and PTEN by the CLR4B/PRC2
Complex
Among the common target genes identified earlier, p76 and
PTEN are well-established tumor suppressor genes (Lowe and
Sherr, 2003; Salmena et al., 2008). We thus further investigated
the transcriptional regulation of p76 and PTEN by CUL4B. As ex-
pected, CUL4B knockdown in KYSE410, HeLa, HEK293, MCF-7
(human breast adenocarcinoma cell line), and U20S (human
osteosarcoma cell line) led to increased expression of p76 and
PTEN at both the transcriptional level (Figure 5A, left panel)
and the protein level (Figure 5A, right panel). Significantly, the
levels of p16 and PTEN were also elevated in Cul4b null embryos
(Figure 5B).

We then investigated the regulation of p76 and PTEN by the
CLR4B/PRC2 complex. ChIP assays in KYSE410 cells with

(B) Western blotting analysis showing decrease in H2AK119ub1 and H3K27me3 in HeLa, HEK293, and KYSE410 cells upon CUL4B knockdown (upper panels).

RING1B knockdown served as a positive control (lower panels).

(C) Immunohistochemical staining of 7.5 dpc in utero embryo sections using antibodies recognizing mouse Culdb, Ezh2, H3K27me3, and H2AK119ub1 in WT (left
panels) and Cul4b KO (right panels) embryos. Different magnifications of the same embryos are presented.
(D) Western blotting analysis showing loss of H2AK119ub1 and H3K27me3 as well as Cul4b protein in conditional liver-specific Cul4b ablation mice. Histones

H2A and H3 were used as loading controls.
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CRL4B/PRC2 (Figure 5D). Taken together, these
results support the idea that CRL4B and PRC2
occupy the p76 and PTEN promoters in one multiunit
complex.

In order to determine a functional connection
between CRL4B and PRC2 on p716 and PTEN
promoters, KYSE410 cells were transfected with
shRNAs specifically against CUL4B, DDB1, EZH2,
or SUZ12. Each of these shRNA led to a significant
reduction in the expression of its target gene without
causing detectable changes of the nontargeted

antibodies against CUL4B, DDB1, EZH2, SUZ12, or control
mmnuoglobulin G (IgG) revealed that CRL4B and PRC2 co-
occupied the promoters of p76 and PTEN (Figure 5C, upper

genes (Figure 5E). qChIP analyses showed that knockdown of
the expression of CUL4B or DDB1 led to a significant reduction
of the binding of EZH2 and SUZ12 to the promoters of p76 and
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PTEN, whereas depletion of EZH2 or SUZ12 expression resulted
in only a marginal decrease in the association of CUL4B and
DDB1 with the promoters of p76 and PTEN (Figure 5F), which
was consistent with the results shown in Figures 4D and 4E.
Notably, knockdown of either CUL4B or DDB1 led to a severe
decrease in H3K27me3 at the promoters of p76 and PTEN,
whereas knockdown of either EZH2 or SUZ12 resulted in
a limited reduction in the levels of H2AK119ub1 at the promoters
of p16 and PTEN (Figure 5F), suggesting that CRL4B-catalyzed
H2AK119ub1 acts sequentially and coordinately with PRC2-
mediated H3K27me3.

CUL4B Promotes Cell Proliferation and Invasion

Based on the role of PRC2 in cancer development and progres-
sion (Simon and Lange, 2008) and our observation that CRL4B
and PRC2 are physically and functionally associated, we next
investigated what role, if any, CUL4B plays in tumorigenesis.
For this purpose, we first analyzed the effect of gain-of-function
and loss-of-function of CUL4B and EZH2 on the cell cycle profile
of KYSE410 cells by propidium iodide staining and flow cytom-
etry. KYSE410 cells with stable CUL4B/EZH2 expression or
with CUL4B/EZH2 knockdown were synchronized at the Go/G4
phases by serum starvation for 24 hr, followed by being released
using normal growth media for another 12 hr. Compared with
control, CUL4B or EZH2 overexpression was associated with
a decreased cell population in G4 and an increased cell popula-
tion in the S phases, while KYSE410 cells exposed to CUL4B or
EZH2 shRNA exhibited an increase in the proportion of cells in G4
and a decrease in the proportion of cells in the S phases (Fig-
ure 6Aa). Growth curve assays showed that the S-phase accu-
mulation by CUL4B overexpression was not due to S phase
arrest (Figure 6Ab). The representative cytometric results from
these experiments are shown in Figure S3. Furthermore, western
blotting analysis showed that the expression level of CUL4B re-
mained constant at different cell cycle stages, excluding the
possibility that proliferation itself increases CUL4B expression
(Figure 6B). The cyclin D1 level was low in quiescent cells, and
it increased as cells progressed into G1, which served as
a control protein (Koepp et al., 1999). These data indicate that
CUL4B and EZH2 have similar effect on cell cycle progression
in KYSE410 cells, consistent with the role of p16 and PTEN in
arresting cells in the G4 phase (Weng et al., 1999; Zhang et al.,
1999). Moreover, colony formation assays further showed that
CULA4B overexpression was associated with a marked increase
in colony numbers, whereas CUL4B knockdown is associated
with a significant decrease in colony numbers (Figure 6C). In
addition, while overexpression of WT CUL4B resulted in 1.72-
fold increase in colony number, overexpression of CUL4BACullin
had a dominant negative effect on colony formation (Figure 6D,
bars 1-3). Moreover, in agreement with the functional link
between CUL4B and p16 described earlier, the positive effect
of CUL4B overexpression on colony formation could be partially
offset by introduction of exogenous p16 and the decrease in
colony formation by CUL4B knockdown could be partially
rescued by treatment of cells with p16 shRNA (Figure 6D). In
addition, overexpression of CUL4B but knockdown of the
expression of EZH2 resulted in a diminished effect of CUL4B
on colony formation (Figure 6D, bars 6 and 7). Together, these
experiments support a notion that CUL4B promotes esophagus

carcinoma cell proliferation and it does so, at least in part,
through cooperation with EZH2 and via repression of tumor
suppressor p16.

As stated earlier, PRC2 has also been implicated in epithelial-
to-mesenchymal transitions (EMT; Herranz et al., 2008). Thus,
we next investigated whether CUL4B has a role in EMT and
tumor metastasis. For this purpose, CUL4B was overexpressed
in KYSE410 cells via stable transfection, and the impact of the
gain-of-function of CUL4B on the invasive potential of these cells
was assessed using transwell invasion assay. The results
showed that, while overexpression of WT CUL4B resulted in
more than 3-fold increase in cell invasion, overexpression of
the Cullin domain-deleted CUL4B mutant had little effect (Fig-
ure 6E, bars 1-3). In addition, the increased invasiveness upon
CUL4B overexpression was probably achieved through
a concerted action by CRL4B and PRC2, as the effect of
CUL4B overexpression was diminished when EZH2 was
concomitantly knocked down (Figure 6E, bars 4 and 5). More-
over, the increase in invasiveness associated with CUL4B over-
expression could be blocked by PTEN overexpression (Fig-
ure 6E, bars 6 and 7). Collectively, these results indicate that
CUL4B promotes the invasive potential of KYSE410 cells,
possibly by acting in conjunction with PRC2 and by repressing
the expression of PTEN.

We next investigated the role of CUL4B in tumor development
and progression in vivo by implanting KYSE410 and EC9706
cells that had been engineered to stably express CUL4B shRNA
or control scrambled shRNA (shSCR) onto the subcutaneous
sites of athymic BALB/c mice. Growth of the implanted tumors
was monitored by measuring the tumor sizes every 4 days
over a period of 4 weeks. The results showed that tumor growth
was greatly suppressed by CUL4B knockdown, indicating that
CUL4B had a significant effect on promoting the tumor growth
(Figure 6F). Western blotting analysis confirmed the decrease
in the levels of H2AK119ub1/H3K27me3 and the increases in
the levels of p16 and PTEN proteins in the tumors with CUL4B
knockdown (Figure 6G). Immunohistochemical staining for Ki-
67, a well-documented marker for cellular proliferation, on serial
xenograft tumor sections showed that, compared to the control,
tumors with CUL4B knockdown exhibited significantly fewer Ki-
67-positive nuclei (Figure 6H). Taken together, these experi-
ments indicate that CUL4B promotes esophageal carcinoma
cell proliferation, invasion, and tumorigenesis in vitro and in vivo.

The Expression of CUL4B Is Upregulated in Esophageal

Carcinomas and Positively Correlated with Tumor Grade

To further define the role of CUL4B in tumorigenesis, we
collected 182 esophageal carcinoma samples, 45 of them with
paired adjacent normal tissues, from esophageal cancer
patients and performed tissue microarrays by immunohisto-
chemical staining. CUL4B was found to be significantly upregu-
lated in tumors and its expression appeared to be positively
correlated with histological grades (Figures 7A and 7B). In 12
of 14 selected paired samples of grade Il cancers, the level of
CUL4B mRNA was found to be higher in tumor tissue than in
adjacent tissue, as measured by qPCR (Figure 7C, upper panel)
and western blotting (Figure 7C, lower panel), and the levels of
p16 and PTEN generally showed an inverse trend with that of
CUL4B. Indeed, statistical analysis revealed a significant
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negative correlation when the relative expression levels of p16
and PTEN were plotted against that of CUL4B in 30 paired
samples of grade Il (Figure 7D). These data are consistent with
a role of CUL4B in promoting carcinogenesis and support the
observation that p76 and PTEN are downstream targets of
CuUL4B.

To investigate whether the tumorigenic effect of CUL4B
could be extended to a broader scope of cancers, we
collected a series of carcinoma samples from esophageal,
lung, gastric, colon, pancreatic, cervical, renal, and bladder
cancer patients, with each type of carcinomas having at least
three samples paired with adjacent normal tissues. Tissue mi-
croarray analysis by immunohistochemical staining showed
a statistically significant upregulation of CUL4B expression in
carcinomas from multiple tissues compared to the adjacent
normal tissues, except for the carcinomas of urinary system
(Figure 7E). Since EZH2 has also been reported to be overex-
pressed in various cancers (Simon and Lange, 2008), we also
determined the expression profile of CUL4B and EZH2 using
the human cancer survey qPCR gene expression panel (Ori-
gene) in tumors originated from breast, colon, kidney, lung,
ovary, and thyroid (Figure 7F). The results showed that both
CUL4B and EZH2 are overexpressed in all of these cancer
groups compared with normal tissue controls except in the
kidney. Moreover, the cancer survey cDNA array data also re-
vealed a significant positive correlation between the expression
of CUL4B or EZH2 and tumor grade, especially in breast and
lung. The expression profiles of CUL4B and EZH2 were very
similar. Taken together, these data support a role for CUL4B
in promoting tumorigenesis and suggest that CUL4B could
serve as a biomarker for cancer diagnosis and a potential
target for cancer therapy.

DISCUSSION

Our data indicate CUL4B is a transcriptional corepressor that
regulates transcription by recruiting PRC2. The CRL4B subunits
do not contain chromatin-binding domains which could con-
tribute to PRC2 recruitment (Figure 7Ga). Although RbAp46/48,
two histone binding proteins, were identified to be the bridge
molecules for interaction between CRL4B and PRC2, it is more
probably that the role of RbAp46/48 in this CRL4B-PRC2
interaction is to recognize and bind histone H2A and H3 (Yoon
et al., 2003), thus to further stabilize the binding of this
multiunit complex to chromatin rather than to recruit PRC2. To
date, PRC2 has been shown to mediate transcription repression
by distinct sequence-specific transcription factors. Interestingly,
we found that JARID2 and PHF1 could also physically interact

with CRL4B in Hela cells, suggesting that CRL4B and PRC2
may share similar transcription factors thus respond to same
signal pathways. Of note, while DNA binding proteins are
believed to be responsible for PRC2 recruitment in mammals,
recent studies indicated that long noncoding RNA, such as
XIST, KCNQ10T1, and HOTAIR, could also be involved in this
process (Maenner et al., 2010; Pandey et al., 2008; Tsai et al.,
2010). It is intriguing that Pcu4 and Rik1, the fission yeast
homologs of the CUL4 and DDB1, were reported to be involved
in noncoding RNA transcription (Hong et al., 2005; Li et al., 2008)
(Figure 7Gb). Clearly, future investigations are needed to explore
the scope and the variety of the functionality of the CRL4B/PRC2
complex and to determine whether this functionality involves
additional elements.

Recent studies showed that there are genes targeted by PRC2
without PRC1, and vice versa (Ku et al., 2008; Tavares et al.,
2012). Our findings suggest that CRL4B may function as an alter-
nate histone modification enzyme responsible for H2AK119ub1,
providing a molecular basis for the interplay of H2AK119ub1 and
H3K27me3 in chromatin remodeling. The replacement of PRC1
by CRL4B could also explain why PRC1 and PRC2 are un-
coupled in some instances.

The regulation of p76 and PTEN by CRL4B/PRC2 may have
significant physiological implications. In addition to the proposi-
tions that CRL4 possibly promotes tumorigenesis through
degradation of p53 as well as several cyclin-dependent kinase
inhibitors (Banks et al., 2006; Nishitani et al., 2008), our findings
add another element to the understanding of the oncogenic
potential of CRL4. In this regard, it is interesting to note that
CUL4A-DDB1 is reported to cooperate with the MLL1 complex
in mediating oncogene-induced p16 activation (Kotake et al.,
2009). It appears that CUL4A and CUL4B may have opposite
effects on p16 expression and function in a competitive manner.
The derepressive effect of CUL4B’s loss-of-function combined
with the activating effect of CUL4A’s gain-of-function resulted
in further p16 activation in HeLa and HEK293 cells, in which
p16 is highly expressed due to the inactivation of Rb pathway
(Kotake et al., 2007). Future studies would clarify whether
CRL4 complexes could exert opposite activities depending on
the different Cullin member in the complex.

In summary, our study revealed that CRL4B regulates tran-
scription by monoubiquitinating H2AK119 and by coordinating/
facilitating PRC2-catalyzed H3K27me3, thus providing a molec-
ular basis for the interplay between histone ubiquitination and
methylation in chromatin remodeling. Our data indicate that
CULA4B functions as a transcription corepressor and a potential
oncogene, supporting the pursuit of CUL4B as a target for
cancer therapy.

(B) Different magnifications of immunohistochemical staining using antibodies recognizing mouse p16 and PTEN in WT (left panels) and Cul4B KO (right panels)

7.5 dpc embryos.

(C) The CRL4B and PRC2 complexes exist in the same protein complex on the p16 and PTEN promoters. ChIP and Re-ChlIP experiments were performed in

KYSE410 cells with the indicated antibodies.

(D) ChIP analysis of the recruitment of CUL4B, DDB1, EZH2, SUZ12, and RING1B on PTEN and p16 gene loci in KYSE410 cells. Rabbit normal IgG served as
negative control. ChIP enrichments are presented as percentage of bound/input signal. The position of the gPCR amplicons (arrows) relative to the genes are

denoted as black boxes. TSS (dashed line) are also presented in the figure.

(E) The knockdown efficiencies of CUL4B, DDB1, EZH2, and SUZ12 were confirmed by qPCR (left panel) or western blotting (right panel).

(F) gChIP analysis of the recruitment of the indicated proteins on p76 and PTEN promoters in KYSE410 cells after transfection with control shRNA or shRNAs
targeting CUL4B, DDB1, EZH2, or SUZ12. RING1B ChIP was also performed on the binding peak shown in Figure 5D. Purified rabbit IgG was used as a negative
control. Error bars represent mean + SD of three independent experiments. *p < 0.05 and **p < 0.01 (two-tailed unpaired t test).
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Figure 6. CUL4B Promotes Esophageal Carcinogenesis In Vitro and In Vivo

(A) CUL4B promotes cellular proliferation. KYSE410 cells stably expressing CUL4B/EZH2 or stably transfected with CUL4B/EZH2 shRNA were subjected to cell
cycle analysis by flow cytometry (a) and growth curve assay (b). Error bars represent mean + SD of three independent experiments.

(B) CUL4B remained unchanged throughout the cell cycle in KYSE410 cells. The cells were synchronized at the GO/G1 phases by serum starvation for 24 hr,
followed by releasing into normal growth media. Propidium iodide FACS analysis is presented at the top of the panel.

(C) CUL4B enhances the colony-forming efficiency of esophageal cancer cells. KYSE410 cells and EC9706 cells stably expressing corresponding plasmids or
shRNA vectors were maintained in culture media for 14 days under the presence of 1 mg/ml G418 prior to being stained with crystal violet.

(D) Enhancement in colony-forming efficiency by CUL4B is p16 and EZH2-dependent. KYSE410 cells were transiently transfected with empty vector, CUL4B
expression vector, CUL4ACullin expression vector, p16 expression vector, control shRNA, EZH2 shRNA, CUL4B shRNA and p16 shRNA as indicated and
maintained in culture media for 14 days under the presence of 1 mg/ml G418 and stained with crystal violet. The protein expression in these experiments was
examined by western blotting using antibodies against the indicated proteins.

(E) CUL4B enhances the invasiveness of esophageal cancer cells. KYSE410 cell were transiently transfected with empty vector, CUL4B expression vector,
CUL4ACullin expression vector, PTEN expression vector, control shRNA, or EZH2 shRNA as indicated and maintained in culture media for 14 days under the
presence of 1 mg/ml G418 and assayed for transwell assay. In each experiment in (C-E), at least six randomly selected view fields (40x magnifications) were
scored. The number of colonies or transwelled cells in each condition was counted and expressed as mean + SD from triplicate experiments.

(F) CUL4B promotes esophageal tumorigenesis. KYSE410 and EC9706 cells stably expressing CUL4B shRNA or shRNA were transplanted into athymic mice.
Tumors were measured every 4 days using a vernier calliper, and the volume was calculated according to the formula: 1/6 x length x width?. The growth curves of
tumors (a), representative images of tumor-bearing mice (b), and their tumors and the average tumor mass of each group (c) are shown. Each point represents the
mean + SEM. *p < 0.05 and **p < 0.01 (two-tailed unpaired t test).

(G) Western blotting analysis showing loss of H2AK119ub1 and H3K27me3 as well as increase in p16 and PTEN proteins in the tumors.

(H) CUL4B promotes esophageal tumorigenesis through accelerating cell proliferation. Immunohistochemical staining was used, using antibodies against mouse
CUL4B and Ki-67 on xenograft tumor sections.

See also Figure S3.
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Figure 7. CUL4B Is a Potential Cancer Biomarker

(A) Immunohistochemical staining of CUL4B in normal esophageal tissue and esophageal carcinomas (histological grades |, Il, and Ill). (B) The positively stained
nuclei (in percentages) in grouped samples were analyzed by two-tailed unpaired t test (*p < 0.05; **p < 0.01; ***p < 0.001).

(C) The expression of CUL4B mRNA and protein is upregulated in esophageal carcinomas. Total RNAs and proteins in paired samples of esophageal carcinomas
versus adjacent normal esophageal tissues were extracted, and the expression of CUL4B was measured by gPCR and western blotting. mRNA levels were
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EXPERIMENTAL PROCEDURES

Tumor Xenografts

KYSE410 and EC9706 esophageal cancer cells stably transfected with CUL4B
shRNA or scrambled control shRNA were collected, and 2 x 10° viable cells in
100 pl PBS were injected subcutaneously into 6- to 8-week-old BALB/c nude
mice (Vital River Laboratories, Beijing, China). Eight animals per group (male =
4 and female = 4) were used in each experiment. Tumors were measured every
4 days using a vernier caliper, and the volume was calculated according to the
formula: 1/6 x length x square width. All studies were approved by the Animal
Care Committee of Shandong University Medical School.

Tissue Specimen and Immunohistochemistry

Esophageal carcinoma tissues were obtained from Qilu Hospital of Shandong
University. Samples were frozen in liquid nitrogen immediately after surgical
removal and maintained at —80°C until analyzed. Samples were fixed in 4%
paraformaldehyde (Sigma-Aldrich) at 4°C overnight, and then embedded in
paraffin, sectioned at 8 um onto Superfrost-Plus Slides, and processed per
standard protocols using DAB staining. All human tissue was collected using
protocols approved by the Ethics Committee of Shandong University Medical
School, and informed consent was obtained from all patients.

ACCESSION NUMBERS

ChlIP-on-chip information was deposited at the Gene Expression Omnibus
database (http://www.ncbi.nlm.nih.gov/geo/) with the accession number
GSE41639.

SUPPLEMENTAL INFORMATION

Supplemental Information includes three figures, eight tables, and Supple-
mental Experimental Procedures and can be found in this article online at
http://dx.doi.org/10.1016/j.ccr.2012.10.024.
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SUMMARY

Tumors are largely classified by histologic appearance, yet morphologic features do not necessarily predict
cellular origin. To determine the origin of pancreatic ductal adenocarcinoma (PDA), we labeled and traced
pancreatic cell populations after induction of a PDA-initiating Kras mutation. Our studies reveal that ductal
and stem-like centroacinar cells are surprisingly refractory to oncogenic transformation, whereas acinar
cells readily form PDA precursor lesions with ductal features. We show that formation of acinar-derived
premalignant lesions depends on ectopic induction of the ductal gene Sox9. Moreover, when concomitantly
expressed with oncogenic Kras, Sox9 accelerates formation of premalignant lesions. These results provide
insight into the cellular origin of PDA and suggest that its precursors arise via induction of a duct-like state in

acinar cells.

INTRODUCTION

Defining tumor-initiating events is critically important for devel-
oping early cancer detection methods and effective treatments.
In the past, the cell type responsible for tumor initiation has often
been inferred based on the histologic appearance of the tumor.
However, morphologic features do not necessarily predict
a lineage relationship (Goldstein et al., 2010), which can only
be determined by lineage tracing studies.

Invasive pancreatic ductal adenocarcinoma (PDA) is believed
to arise from a spectrum of preneoplastic mucinous lesions with
ductal morphology, namely pancreatic intraepithelial neoplasias
(PaniINs), the most common precursor lesions observed in
humans, as well as mucinous cystic neoplasias (MCNs) and

intraductal papillary mucinous neoplasias (IPMNs) (Hezel et al.,
2006). During disease progression, accumulation of genetic
mutations in these lesions leads to an increasing degree of atypia
and ultimately PDA (Feldmann et al., 2007). The earliest detect-
able mutations found in preneoplastic lesions are activating
mutations of the KRAS gene (Kanda et al., 2012). The significance
of Kras mutations for disease initiation has been demonstrated in
mice, where expression of the constitutively active Kras®2P
allele induces PanINs and after a significant latency period also
PDA (Hingorani et al., 2003). In Kras®"2P-expressing mice, PanIN
formation coincides with, or is preceded by, acinar-to-ductal
metaplasia (ADM), characterized by replacement of acinar cells
with cells expressing ductal markers, such as CK79 and the
ductal fate determinant Sox9 (Morris et al., 2010; Zhu et al.,

Significance

PDA has a dismal prognosis, largely because it is mostly diagnosed at an advanced stage. For developing early detection
methods and treatments, it is essential to understand the primary events leading to tumor initiation. By tracing specific cell
populations in the presence and absence of tissue injury in mice, we demonstrate that oncogenic Kras can readily induce
PDA precursor lesions from adult pancreatic acinar cells, but not from ductal or centroacinar cells. Moreover, using loss-
and gain-of-function approaches we identify the ductal fate determinant Sox9 as a critical mediator of Kras-induced prema-
lignant acinar cell reprogramming. Our findings demonstrate a key role for acinar cells in PDA initiation and reveal Sox9 as
a potential target for preventing early tumor-initiating events.
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Figure 1. SOX9 Is Expressed in Human
Premalignant and Malignant Pancreatic
Lesions

(A-H) Immunohistochemistry for SOX9 and
hematoxylin counterstain on a tissue microarray
spotted with human pancreatic tissue cores.
Representative images showing SOX9 expression
in normal pancreatic ducts (A), chronic pancrea-
titis (B), MCN (C), IPMN (D), pancreatic intra-
epithelial neoplasia 1 (PanIN1) (E), PanIN2 (F),
PanIN3 (G), and PDA (H).

(I) Number of tissue cores within each phenotypic
category displaying no, weak, or strong SOX9
staining intensity. Scale bars: 100 pm.

cluded assessing susceptibility of CACs
to Kras®'?P-mediated PanlIN induction.
Previous studies have shown that

n n oncogenic Kras can convert acinar

! Int_enSIt of SOX9 expression cells into duct-like cells and PanINs (Car-
Category | Negative Weak Strong riére et al., 2007; De La O et al., 2008;
Normal 0/16 [ 0%] [16/16 [100%]| 0/16 [ 0%] Guerra et al., 2007; Habbe et al., 2008;
Pancreatitis | 2/16 [13%] [13/16 [ 81%][ 1/16 [ 6%] Morris et al., 2010). While these studies
MCN 4/22 [18%] |13/22[ 59%]| 5/22 [23%] suggest acinar-to-ductal reprogramming
IPMN 1/20 [ 5%] |13/20 [ 65%]| 6/20 [30%] (ADR) as a possible mechanism for initi-
PanIN 1-2 1/26 [ 4%)] [12/26 [ 46%]| 13/26 [50%] ating PanlINs, it is unclear whether PanINs
PanIN 2-3 217 [29%)] 27 [ 29%]| 3/7 [43%] are more readily induced after direct
PDA 6/19 [32%] 7/19 [ 37%] 6/19 [32%] OnCOgeniC transformation of ductal or

2007). ADM is also observed in pancreatitis, which is a significant
risk factor for PDA in humans (Lowenfels et al., 1993) and accel-
erates Kras®'?P-mediated PanIN and PDA formation in mice
(Carriere et al., 2009; Guerra et al., 2007; Morris et al., 2010).
These findings imply that oncogenic Kras mutations induce
ADM, PanINs and ultimately PDA. Howeuver, it is still unclear
whether ADM and PanlINs primarily arise by expansion of ductal
cells and secondary replacement of acinar cells or by direct re-
programming of acinar cells into cells with ductal morphology.
Because previous studies have modeled PDA initiation mostly
by expressing oncogenic Kras in all cell types of the pancreas
(Aguirre et al., 2003; Hingorani et al., 2003, 2005), little is known
about its cell of origin. In mice deficient for the tumor suppressor
Pten, the formation of invasive pancreatic cancer is associated
with increased proliferation of centroacinar cells (CACs) (Stanger
et al., 2005), which reside at the tips of the ductal tree. CACs
express some markers of embryonic pancreatic progenitors
and exhibit features of tissue stem cells in vitro (Miyamoto
et al., 2003; Rovira et al., 2010). Since numerous tumors have
been shown to originate from tissue stem cells (Visvader,
2011), it has been proposed that CACs are the cell of origin for
PanINs and PDA (Miyamoto et al., 2003; Stanger et al., 2005).
However, this contention has not been directly tested, largely
because genetic tools to target ductal and CACs have only
recently been generated (Kopp et al., 2011; Solar et al., 2009).
Genetic studies, using CK79 promoter-based alleles to activate
oncogenic Kras in ductal cells, suggest that PanINs rarely arise
from ducts (Brembeck et al., 2003; Ray et al., 2011). Yet, the
rather exclusive targeting of larger ducts in these studies pre-

CACs. Moreover, it is unknown whether
inducers of ductal cell identity, such as
Sox9 (Delous et al., 2012; Shih et al., 2012), play a role in the
induction of PanINs from acinar cells.

In this study, we directly compared the propensity of ductal/
CACs and acinar cells to form PanINs and investigated the
molecular mechanisms that underlie PanIN formation.

RESULTS

SOX9 Is Expressed in Human Premalignant and
Malignant Pancreatic Lesions

Under normal conditions, the transcription factor Sox9 is ex-
pressed in ductal and CACs, but not acinar cells (Seymour
et al., 2007). In addition, Sox9 is induced during ADM and ex-
pressed in PanINs and PDA (Morris et al., 2010; Prevot et al.,
2012). To comprehensively examine SOX9 expression in the
human pancreas, we used a tissue microarray for immunohisto-
chemical analysis of SOX9 expression in different pancreatic
lesions (Figures 1A-1H). SOX9 was expressed in chronic pancre-
atitis, as well as premalignant and malignant lesions, including
MCNs, IPMNs, PanINs, and PDA. Low-grade PanINs were
uniformly SOX9*, whereas higher-grade PanIN2/3 lesions and
PDA displayed heterogeneous SOX9 expression (Figure 1L;
72% of PanIN2/3 and 69% of PDA were SOX9*). These findings
suggest that a SOX9* state is associated with PDA initiation.

Kras®'?P-Induced PanINs Predominantly Arise from
Acinar but Not Ductal/Centroacinar Cells

To determine whether PanINs arise from Sox9-expressing
ductal/CACs or from acinar-derived duct-like cells ectopically
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expressing Sox9, we directly compared the propensity of ductal/
CACs and acinar cells to form PanINs in response to oncogenic
Kras. To inducibly recombine the LSL-Kras®'?? allele (hereafter
referred to as the Kras®'?P allele) in ductal/CAC or acinar cells,
we used Sox9CreER or Ptf1a®*EF mice, respectively. The Cre-
dependent R26R reporter allele was included to assess
recombination efficiency and map the fate of Kras-active cells.
Four days after induction of recombination by tamoxifen at post-
natal day 10 (p10), we analyzed pancreatic labeling specificity
and efficiency by quantifying the percentage of ductal and acinar
cells expressing YFP (Figure 2A; Figure S1A available online). As
previously reported (Kopp et al., 2011), the Sox9CreER trans-
gene labeled cells throughout the entire ductal tree, including
CACs (Figures S1B and S1C; data not shown). On average, we
labeled 12% of all Sox9™ cells with the Sox9CreER transgene
and 10% of Cpa1* acinar cells with the Ptf1a®°c" allele (Figures
2B, S1D, and S1E). Quantification of nonlineage-specific recom-

Kras3'>

pancreatic sections from 8- to 17-month-old
control (C and D), Ptf1a®®ER;LSL-Kras®'?>;
R26R""" (E and F), or Sox9CreER;LSL-Kras®'2";
R26R"F (G and H) mice reveals abundant Alcian
blue* PanINs only in Ptf1a®®ER; SI -Kras®'2>;
R26R" mice.

(-L) Immunohistochemistry of YFP in 8- to 17-
month-old mice shows expression of YFP in
acinar cells in Ptf1a®E7;R26R"" mice (), arrows)
and ductal/CACs in Sox9CreER;R26R"™ mice (K),
arrowheads). PanINs in Ptf1a®R:1 SI -Kras®'25;
R26R"™ (J) and Sox9CreER;LSL-Kras®'?>;
R26R" (L) mice are YFP*, indicating an acinar or
ductal/CAC origin, respectively.

(M) Quantification of Alcian blue* pancreatic area
in 8- to 17-month-old mice (n = 9 in Ptf1a°"°ER;
LSL-Kras®’?® mice; n = 6 in Sox9CreER;
LSL-Kras®’?P mice). The Alcian blue* area in
Sox9CreER;LSL-Kras®'?P;R26R"" mice was
multiplied by 4.6 (normalized) to account for the
greater total number of recombined cells in
Ptf1a°°ER;R26R"™ mice (see Figure S1L).

(N) Schematic showing the predominantly acinar
origin of PanINs after expression of oncogenic
Kras. Values are shown as mean + SEM. *p <
0.01. Scale bars: 1 mm (C-H) and 100 pm (I-L).
See also Figure S1.

i

bination events revealed R26R""" recom-
bination in 0.02% of acinar cells by
Sox9CreER and 0.23% of Sox9* cells by
Ptf1a°ER (Figure 2B). A similar pattern
of YFP expression was observed after
8 months or longer (Figures 2| and 2K),
confirming that acinar and ductal cells
do not spontaneously convert into other pancreatic cell types
(Desai et al., 2007; Kopp et al., 2011; Solar et al., 2009; Strobel
et al., 2007). Overall, this analysis shows that the Sox9CreER
transgene and Ptf1a®*tF allele specifically target the ductal/
CAC and acinar cell compartments, respectively. Moreover, the
Kras®'P allele was effectively recombined by both Ptf1a®et"
and Sox9CreER (Figure S1F).

To assess the frequency of PanlINs arising from acinar or
ductal/CACs after Kras activation, we examined pancreata
from Ptf1a°ER:Kras®'?P:R26R"" and Sox9CreER;Kras®'?:
R26R"™ mice 8 to 17 months after Kras®'2? induction (Fig-
ure 2A). Corroborating previous studies, showing that Kras
activation in acinar cells can induce PanINs (Carriere et al.,
2007; De La O et al., 2008; Gidekel Friedlander et al., 2009;
Guerra et al, 2007; Habbe et al, 2008), all Ptf1a®";
Kras®?P:R26RYFP mice displayed abundant lesions with histo-
logic and molecular characteristics of PanINs, including high
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Table 1. Quantification of PanIN Frequency in Ptf1a®ER;LSL-Kras®'?°;R26R""* and Sox9CreER;LSL-Kras®'??;R26R""" Mice

Tamoxifen Injection Analysis Age Number of Mice with PanINs
Genotype n Age (days) (months) Additional Treatment (% of Total Mice)
Piffas=sts 12 10 8-17 None 12 (100)
LSL-Kras®"2P;R26RYF
Sox9CreER; 14 10 8-16 None 8 (57)
LSL- Kras®'2P;R26RY"
Ptf1aCeER; 4 10 2 Caerulein 4 (100)
LSL-Kras®"2P;R26R"P
Ptf1aCreER; 4 10 2 Saline 4 (100)
LSL-Kras®'2P;R26R"P
Sox9CreER; 5 10 2 Caerulein 3 (40)
LSL-Kras®"2P;R26R"F
Sox9CreER; 9 10 2 Saline 1(11)

LSL-Kras®'2P;R26R""

See also Table S1.

acidic mucin content, indicated by Alcian blue staining, and
expression of Muc5AC and Claudin18 (Figures 2C-2F, S1G,
and S1H; Table 1). Expression of YFP further confirmed that
the PanlINs originated from acinar cells (Figure 2J).

In contrast to Ptf1aR:Kras®?P;R26RYF* mice, pancreatic
histology was largely normal in Sox9CreER;Kras®'2P;R26RYF"
mice and PanINs were rarely observed (Figures 2C and 2G). Of
14 mice, no PanINs were detected in six mice and the remaining
mice had no more than ten PanINs per mouse (Tables 1 and S1).
As seen in PanINs originating from acinar cells (Figures 2F, S1G,
and S1H), the duct-derived lesions were Alcian blue* (Figure 2H,
inset), and expressed Muc5AC and Claudin18 (Figures S1l and
S1J) and the lineage marker YFP (Figure 2L). However, unlike
acinar-derived PanINs, the duct-derived lesions were not
randomly distributed throughout the pancreas, but were more
often associated with large ducts (Figure S1J, arrow).

To thoroughly compare the extent of PanIN formation
from acinar and ductal/CACs, we quantified the Alcian blue*
area in Ptf1aF:Kras®'?P;R26R"™ and Sox9CreER;Kras®'P;
R26R"F" mice on sections spaced every 140 pum throughout
the entire pancreas (Figure 2M). Notably, Alcian blue staining
can be present in duct-like lesions devoid of neoplastic features
and conversely, can be absent from high-grade PanIN lesions
(Cornish and Hruban, 2011; Strobel et al., 2007). Since the
majority of Alcian blue* lesions in Ptf1a®®tF;Kras®'2P;R26RY"
and Sox9CreER;Kras®'2P:R26RY"" mice exhibited neoplastic
characteristics of PanINs and Alcian blue™ PanINs were rarely
observed (Figure S1K and data not shown), Alcian blue staining
appeared to be an accurate measure of PanIN frequency in
these models. In Ptf1afF:Kras®'2P;R26R" mice, on average
6.7 + 1.5% of the pancreas was Alcian blue™. In contrast, only
0.013 + 0.004% of the pancreas exhibited Alcian blue staining
in Sox9CreER;Kras®'2P;R26R"™" mice (Figure 2M). While this
result suggests a striking difference in the propensity of acinar
and ductal/CACs to give rise to PanINs, this quantification likely
overestimates the difference, because acinar cells are more
abundant than ductal cells and therefore a larger overall number
of cells will express Kras®?P in Ptf1aF:Kras®'2P:R26RYF"
than in Sox9CreER;Kras®'?P;R26RY™" mice. To account for this

difference, we quantified the total number of recombined YFP*
cells in Sox9CreER;R26R™" and Ptf1a®*F;R26R™™ mice
4 days after tamoxifen injection. After accounting for the 4.6-
fold difference (Figure S1L), Ptf1a®F-induced Kras activation
still resulted in a 112-fold higher frequency of PanINs than
Sox9CreER-mediated Kras activation (Figure 2M). These data
show that acinar cells have a much greater propensity than
ductal/CACs to form PaniINs in response to oncogenic Kras
(Figure 2N).

Acute Pancreatitis Promotes Kras®'?°-Mediated PaniIN
Formation from Acinar, but Not Ductal Cells

Previous studies have shown that caerulein-induced acute or
chronic pancreatitis accelerates Kras®'?P-mediated PanIN and
PDA formation (Carriere et al., 2009; Gidekel Friedlander et al.,
2009; Guerra et al., 2007; Morris et al., 2010). In the absence
of oncogenic Kras, acute pancreatitis induces transient ADM fol-
lowed by reversion to normal acinar cell morphology (Jensen
et al., 2005; Morris et al., 2010). By contrast, acute pancreatitis
in the presence of oncogenic Kras leads to persistent ADR and
accelerated PanIN formation (De La O and Murtaugh, 2009;
Morris et al., 2010). To compare how pancreatitis affects PanIN
formation after ductal or acinar cell-specific Kras activation, we
induced caerulein-mediated acute pancreatitis in 6-week-old
Ptf1a°" 5 Kras®'2P;R26RYF,  Sox9CreER;Kras®'?P;R26R""
and control mice and analyzed pancreatic tissue 2 or 21 days
later (Figures 3A and S2A). As reported (Morris et al., 2010), 2-
day post-caerulein treatment control mice exhibited widespread
ADM with characteristic degranulation of acinar cells and
appearance of cuboidal to columnar duct-like structures with
enlarged lumens (Figures 3B and 3C), which were replaced by
normal acini within 21 days (Figures 3D and 3E). In Ptf1aC"E":;
Kras®'?P:R26RYFP mice treated with saline, pancreas mor-
phology was largely normal, although small areas of ADM and
occasional PanINs were already evident by 9 weeks of age (Fig-
ure 3F, inset). Similar to control mice, caerulein induced wide-
spread ADM within 2 days (Figures 3F and 3G). However, these
changes were not transient and duct-like structures were re-
placed by PanINs after 21 days (Figures 3H and 3l). These
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Figure 3. Acute Pancreatitis Promotes PanIN Formation from Kras®'2P-Expressing Acinar Cells, but not Ductal/Centroacinar Cells

(A) Ptf1aCER:1 SI -Kras®'2P;R26R"™", Sox9CreER;LSL-Kras®'?°;R26R"™ and control mice were injected once with tamoxifen (TM) at postnatal day (p) 10. At
6 weeks (w) of age, mice were treated with two sets of caerulein (CA) or saline injections on alternating days and analyzed 48 hr (h) or 21 days (d) later.

(B-D, F-H, and J-L) H&E staining reveals occasional PanINs in 9-week-old Ptf1a®*c"; SL-Kras®'2°;R26R"™ mice (F, inset) and persistent ADM and PanINs 21d
after CA (H), but normal pancreas morphology in Sox9CreER;LSL-Kras®'?P;R26R"*" and control mice (D and L). Asterisks denote PaniNs.

(E, I, and M) Alcian blue and eosin staining of pancreatic sections from mice 21 days after CA treatment.

(N) Quantification of Alcian blue* pancreatic area reveals a significant increase in PanINs after CA in Ptf1a®®f";L SL-Kras®'2°;R26R"™ (n = 4), but not in
Sox9CreER;LSL-Kras®"2°;R26R"™ mice (n = 5).

(O) Schematic showing that pancreatic injury promotes PanIN formation from Kras
Values are shown as mean + SEM. **p < 0.01. Scale bars: 100 pm.

See also Figure S2.

G12D_gxpressing acinar, but not ductal/centroacinar cells. N.S., not significant.
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Figure 4. Sox9 Is Necessary for and Accelerates Kras®'?-Induced PanIN Formation

(A and B) Immunohistochemistry shows Sox9 expression in ductal/centroacinar (CAC) (A, arrowheads), but not acinar cells in control mice. In 2-month-old
Ptf1a°";LSL-Kras®'?P mice, Sox9 is also detected in some acinar cells (B, arrows).

(C and D) Co-immunofluorescence staining for Sox9, CK19 and Cpa1 confirms Sox9 expression in ductal/CACs (C’, arrowhead points to CAC) in control mice and
shows Sox9*Cpa1*CK19" acinar cells in Ptf1a®"®;LSL-Kras®"?? mice (D’, arrowheads).
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observations are consistent with previous findings (Morris et al.,
2010) and confirm that acute pancreatitis promotes PanIN
formation from Kras®’2P-expressing acinar cells. In contrast to
Ptf1a°ER:Kras®2P:R26RY™ mice, virtually no PanINs were
observed 21 days after caerulein treatment of Sox9CreER;
Kras®'2P;R26R""" mice (Figures 3J-3M; Tables 1 and S1) and
pancreas morphology was similar to control mice not expressing
oncogenic Kras (Figures 3D and 3E). These results suggest that
Kras®'?P-expressing ductal cells have a low propensity to form
PanINs even when exposed to pro-neoplastic insults, such as
acute pancreatitis.

To directly compare how pancreatitis affects PanIN forma-
tion from Kras®'?P-expressing acinar and ductal/CACs, we
quantified the Alcian blue* area, which was predominately
composed of PanIN lesions (data not shown and Figure
S2B), in Sox9CreER;Kras®'2P:R26RY"T and Ptf1a°"*tF:Kras®12P;
R26R"FF mice 21 days after caerulein treatment (Figure 3N). In
mice expressing Kras®'?? in acinar cells, caerulein induced
a significant 20.9-fold increase in Alcian blue™ area. By contrast,
no significant increase was observed in Sox9CreER;Kras®'2P;
R26R " mice. Examination of individual mice revealed an
increase in the overall number of mice exhibiting Alcian
blue* PanINs in caerulein-treated compared to saline-treated
Sox9CreER;Kras®'?P;R26RYF" mice (Table 1; three of five mice
had PanINs after caerulein treatment versus one of nine mice
after saline treatment). However, in mice with PanINs a total of
only one to two PanINs were found per pancreas (Table S1).
Overall, the Alcian blue* area in caerulein-treated Sox9CreER;
Kras®'2P;R26R""" mice was similar to controls not expressing
the Kras oncogene (Figure 3N). Together, these data demon-
strate that acute pancreatitis potentiates PanIN formation
from Kras®'2P-expressing acinar cells, but not from Kras®'2C-
expressing ductal/CACs (Figure 30).

Sox9 Is Necessary for Kras®'2P-Mediated PanIN
Induction

Given that ADM and early PanINs are Sox9* (Figure 1; Morris
et al., 2010; Prevot et al., 2012), but Sox9* ductal cells are not
the predominant source of PanINs, we examined whether
Sox9 is induced in Kras®'2P-expressing acinar cells prior to
ADM. In control mice, Sox9 expression was restricted to ductal
and CACs (Figures 4A and 4C, arrowheads). In Ptf1a®";Kras®"2P
mice, Sox9 was additionally detected in a subset of cells with
acinar morphology, expressing the acinar marker Cpal, but
not the ductal marker CK19 (Figures 4B and 4D, arrows). These

data indicate that Sox9 expression is initiated before Kras-active
acinar cells progress to a duct-like state and become PanINs.

Since Sox9 is important for ductal cell development and regu-
lates critical ductal genes (Shih et al., 2012), we examined
whether Sox9 plays a role in the transformation of acinar cells
into ductal structures and premalignant lesions. To test if Sox9
is required for PanIN formation, we concomitantly induced
Kras®'2P expression and deleted Sox9 in acinar cells in 3-
week-old Ptf1aEF:Kras®'2P;Sox9":R26RYF* mice (Figures 4E
and S3A). Consistent with the lack of Sox9 expression in normal
acinar cells, acinar cell-specific Sox9 deletion did not affect
gross acinar cell morphology or the pattern of pancreatic Sox9
expression (Figures 4F, 4l, 4L, and 40). Next, we analyzed
8- to 12-month-old Ptf1a®®F;Kras®'2°;Sox9**;R26R"™ and
Ptf1a°*ER:Kras®'2P:Sox9":R26RY"" mice for the presence of
PanINs. Confirming our previous findings (Figures 2E and 2F),
pancreata from Ptf1a" " :Kras®'2P:Sox9"*;R26R"™ mice con-
tained widespread Alcian blue* PanIN lesions, expressing the
YFP lineage label and Sox9 (Figures 4G, 4J, 4M, and 4P). In
striking contrast, pancreas morphology was virtually normal in
Sox9-deleted mice and very few PanINs were observed (Figures
4F, 4H, 41, and 4K). Quantification of Alcian blue staining re-
vealed a 153-fold reduction in the Alcian blue®™ area in Sox9-
deleted Ptf1a°EF;Kras®"?P mice compared to mice with two
functional Sox9 alleles (Figure 4AD). Notably, PanINs that still
formed in Ptf1a° R Kras®'?P:Sox9"":R26R""" mice were YFP*
and Sox9* (Figures 4N and 4Q), indicating that these PanINs
arose from acinar cells that recombined the R26R" and
Kras®'2P alleles, but not the Sox9™ allele. Together, these find-
ings demonstrate that PanIN formation from Kras-active acinar
cells requires Sox9 activity (Figure S3R).

Sox9 Promotes Kras®'?P-Mediated Induction of PanINs

Given the critical role of Sox9 in PanIN formation and its early
induction in Kras-active acinar cells, we next examined whether
forced expression of Sox9 potentiates Kras®'2P-mediated PanIN
formation. To test this idea, we crossed the well-characterized
Ptf1a®";Kras®'2° model of PanIN formation (Hingorani et al.,
2003) with mice harboring a Cre-inducible Sox9 transgene
(CAG-Sox9, hereafter referred to as Sox9°F). In Sox9°F mice,
RFP is ubiquitously expressed in all cells unless Cre-mediated
excision removes the RFP sequence and induces heritable
expression of a bicistronic transcript encoding GFP and HA-
tagged Sox9 (Figure S3B). Consistent with the propensity of
Ptf1a°® to mostly target acinar cells (Heiser et al., 2008),

(E-K) Tamoxifen (TM) was administered to Ptf1a*c%;Sox9":R26RY™, Ptf1a®EF; SI -Kras®'2P;Sox9*"*;R26R"™" and Ptf1a°tF; SI -Kras®'2P;Sox9"":R26 RV
mice at postnatal day (p) 21, 23, and 25 to simultaneously ablate Sox9 and induce Kras®'?P in acinar cells. Mice were analyzed at 8-12 months (mo) of age. (F-H)
H&E and Alcian blue staining (I-K) shows almost no PanINs after Sox9 deletion.

(L-Q) Immunohistochemistry reveals expression of YFP in PanINs in both Ptf1a°E;Kras®"?P;Sox9*"*;R26R"" and Ptf1a®"tF;.SI -Kras®'2P;Sox9":R26 R
mice (M,N). Sox9 expression in PanINs in the Sox9” background indicates lack of Sox9” recombination (Q).

(R-AC) H&E (R-T) and Alcian blue staining (U-W) reveals abundant ADM and PanINs in Ptf1a"®;L SL-Kras®'?P;Sox9°F, but not in Ptf1a®";LSL-Kras®'2P or control
mice at 3-4 weeks of age. Immunohistochemistry for HA (X-Z) and Sox9 (AA-AC) shows Sox9* PanINs originating from cells that recombined the Sox9°F
transgene.

(AD and AE) Quantification of Alcian blue* pancreatic area reveals a significant reduction of PanINs after Sox9 deletion (n = 9) and conversely, an increase after
Sox9 misexpression (n = 5).

(AF) Immunofluorescence staining shows abundant CK19 and little Cpal expression in 4-week-old Ptf1a®®;LSL-Kras®'??;Sox9°F mice. Arrow points to
CK19*Cpal™ cell.

Values are shown as mean + SEM. *p <0.05 and ***p < 0.001. Scale bars: 25 um (A and B), 50 um (C and D), 100 pm (L-Q, X-AC, and AF), and 500 pum (F-K and R-W).
See also Figure S3.
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Figure 5. Sox9 Misexpression Induces
Ductal Genes

(A-F) Co-immunofluorescence staining for Cpal
and CK19 shows CK19*Cpa* cells in Ptf1a®®;
S0x9°F mice (B, D, and F), but not in controls (A, C,

and E).
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Ptf1a°"®;Sox9°F mice expressed the HA-tag and Sox9
predominantly in acinar cells, whereas ducts and endocrine
clusters remained largely unrecombined and retained RFP
(Figures S3E-S3G and S3J-S3L). In 3-week-old Ptf1a®"®;Sox9°F
mice, pancreatic weight, overall tissue morphology and blood
glucose levels were similar to control mice (Figures S3C, S3D,
S3H, S3I, S3M, and S3N), suggesting that Ptf1a®®-mediated
Sox9 misexpression has no overt effect on pancreatic
development.

Similar to Ptf1a®®;Sox9°F mice, Ptf1a®®;Kras®2P;Sox9%F
mice also developed normally until 3 weeks of age (data not
shown), but thereafter began to exhibit signs of exocrine insuffi-
ciency and changes in gross pancreatic morphology not seen in
Ptf1a°°:Kras®'?P or Ptf1a°;Sox9°F mice (Figures S30-S3Q;
data not shown). Synergy between Sox9 and Kras®'?P was
also observed at a microscopic level, as evidenced by
replacement of normal pancreas parenchyma by large areas of
Sox9* ADM and Alcian blue* PanINs in Ptf1a®®;Kras®'?P;
Sox9°F mice (Figures 4T, 4W, and 4AC); a phenotype not seen
in age-matched Ptf1a®;Kras®"?P or control mice (Figures 4R,
4S,4U, 4V, 4X, 4Y, 4AA, and 4AB). The pancreatic area occupied
specifically by Alcian blue™ PanIN lesions was 17-fold greater
in Ptf1a®®;Kras®??;Sox9°F than in Ptf1a°®:Kras®'?? mice
(Figure 4AE). Detection of the HA-tag in both ADM and PanIN
lesions further demonstrated that they arose from cells
expressing the Sox9°F transgene (Figure 4Z). Because Ptf1a°™
predominantly targets acinar cells (Figures S3K and S3L), these
findings suggest that concomitant misexpression of Sox9 and
Kras®"?P rapidly induces transformation of acinar cells into
duct-like cells and subsequent PanIN formation. Consistent
with this notion, very few cells retained Cpal in Ptf1a®";
Kras®'?P;Sox9°F mice and CK19* ductal structures were
predominant (Figure 4AF). Within these structures, few CK19*
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(G and H) Immunohistochemistry for CK19
reveals greater staining intensity in 6-month-old
Ptf12°";Sox9°F than in control mice.

(I) QRT-PCR analysis of Mist1, amylase, and CK19
in whole pancreas RNA from Ptf1a®*;Sox9°F and
control mice (n = 5).

(J and K) H&E staining shows acinar clusters
with dilated lumens in 6-month-old Ptf1a®";
Sox9° mice (K, arrows). Values are shown as
mean + SEM. *p < 0.05 and **p < 0.01. Scale
bars: 50 pm.

3 weeks 6 weeks

. Control

I:l Ptf1a®;Sox9°F

Sox9%F

cells coexpressed Cpal (Figure 4AF,
arrows), indicating that most cells had
already transitioned from a CK19*Cpail*
into a CK19*Cpa1~ state characteristic
of ADR (De La O et al.,, 2008; Morris
et al., 2010). Together, these results
suggest that Sox9 accelerates Kras®'2P-
mediated PanIN formation by suppress-
ing a mature acinar cell program and/or promoting a duct-like
state (Figure S3R).

Sox9 Induces Ductal Genes in Acinar Cells

To determine whether forced expression of Sox9 in acinar cells
induces a duct-like state in the absence of oncogenic Kras, we
examined Ptf1a®;Sox9°F mice for coexpression of CK19 with
Cpal. In Ptf1a®®;Sox9°F mice at 3 weeks of age or older,
Cpal colocalized with CK19, whereas the two domains re-
mained separate in control mice (Figures 5A-5F). QRT-PCR
confirmed the increase in CK79 and also revealed a decrease
in acinar cell-specific genes (Figure 5l). While these molecular
changes are indicative of acinar cell de-differentiation, the
CK19*Cpal* cells largely retained acinar morphology and did
not form duct-like structures (Figures 5E-5H, 5J, and 5K). This
suggests that Sox9 expression in acinar cells destabilizes the
acinar cell state and promotes expression of ductal genes, but
is not sufficient to induce complete ductal reprogramming.

Sox9 Promotes Acinar-to-Ductal Reprogramming and

Induces Mucinous Metaplasia after Pancreatic Injury

Although Kras activation induces ADM and PanliNs, it does so
with considerable latency, which is significantly shortened in
the presence of pancreatitis (De La O and Murtaugh, 2009;
Guerra et al., 2007; Morris et al., 2010). To test whether Sox9,
like oncogenic Kras, requires inflammatory cues to initiate wide-
spread ADM, we induced acute pancreatitis in Ptf1a®";Sox9°F
mice. Injection with caerulein on consecutive days (Figure 6A) re-
sulted in loss of acinar morphology and induction of Sox9 and
CK19 in a subset of Cpal* cells 2 days after treatment (Figures
6C, 61, and 60). In control mice, normal pancreatic morphology
was restored after 7 days and CK19 and Sox9 expression was
again restricted to ductal cells (Figures 6B, 6D, 6H, 6J, 6N, and
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A 7d Figure 6. Sox9 Promotes Persistent ADR and Formation of
Mucinous Metaplastic Lesions after Acute Pancreatitis
24h  48h w (A) Six-week-old Ptf1a°"®;Sox9°F and control mice were treated with two sets
l_._. | of caerulein (CA) or saline injections on consecutive days and analyzed 48 hr (h)
—> Analysis or 7 days (d) later. Saline-treated mice were analyzed at 21 days.
> Analysis (B-G) H&E staining reveals persistent ADM in Ptf1a"*;Sox9°F mice (G).
CA CA (H-M) Co-immunofluorescence staining for CK19 and Cpal shows a few

CK19*Cpal* (L, arrow) 48 hr after CA and mainly CK19*Cpal~ cells after
7 days (M) in Ptf1a°®;Sox9°F mice.

(N-S) Immunohistochemistry for Sox9 and Alcian blue staining shows
Sox9*Alcian blue* mucinous metaplastic lesions in Ptf1a®®;Sox9°F mice (S)
but not in control mice (P) 7 days after CA.

(T) Schematic summarizing the phenotypes of Sox9 misexpressing mice in the
presence and absence of Kras®'?P or acute pancreatitis. w, weeks. Scale bars:
100 um (B-G) and 50 pm (H-S).

See also Figure S4.

Time after Caerulein Treatment

6P). Two days after caerulein administration, Ptf1a®;Sox9°F
mice displayed more severe ductal metaplasia than control
mice (Figures 6C and 6F) with numerous CK19*Cpal~ and
Sox9* cell clusters (Figures 6L and 6R). After 7 days, acinar
morphology was not restored and CK19*Cpa1~ ductal structures
characteristic of ADR persisted (Figures 6E-6G, 6K-6M, and 6Q—
6S). These findings show that Sox9 misexpression is sufficient to
promote reprogramming of acinar cells into a persistent duct-like
state after pancreatic injury. Interestingly, a subset of the persis-
tent ductal structures that arose from cells expressing the Sox9°F
transgene were Sox9*Alcian blue™ (Figures S4A-S4G and 6S).
These lesions displayed morphologic similarity to mucinous
lesions observed in a chronic pancreatitis model (Strobel et al.,
2007) with little cellular atypia and low amounts of acidic mucins
compared to Kras®'?P-induced PanlINs. Since acute pancreatitis
alone is not sufficient to induce mucinous duct-like lesions, our
data suggest that persistent expression of Sox9 in acinar cells
in the context of tissue injury can initiate a cell state with some
characteristics of mucinous PDA precursor lesions (Figure 6T).
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Sox9 Is Not Absolutely Required for Injury-Induced
Acinar-to-Ductal Metaplasia but Is Necessary for
Further Progression into PanIiNs

Deletion of Sox9 in the presence of oncogenic Kras completely
blocked Kras®'?P-mediated changes in pancreas morphology,
including the development of ADM and PanINs (Figures 4E-
4Q). However, it remains unclear whether pancreatic injury can
still induce ADM and premalignant lesions in the absence of
Sox9. To address this question, we deleted Sox9 in acinar cells
Normal ADM PanIN and examined pancreata for ADM after caerulein treatment (Fig-
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_> _> arrpws), suggesting that Sox9 activity is not absolut'ely required

to initiate ADM. In both control and Sox9-deleted mice, areas of

ADM were replaced by normal acinar tissue after 7 days (Figures

—> _> _> S47). .T.h.es.e data s_uggest that pancreatic injury can induce
ADM-initiating cues independent of Sox9.

The finding that pancreatitis causes ADM even in the absence

of Sox9 raises the question of whether Sox9-deleted acinar cells

S4V, arrows). Similar lesions devoid of Sox9 were found in caer-
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Kras is combined with pancreatic injury. To first examine
whether Sox9 is necessary for Kras®'?P-mediated ADR, we
deleted Sox9 and activated Kras®'?P expression in Ptf1a°ER;
Kras®'2P:S0x9"" mice at 3 weeks of age and induced acute
pancreatitis 3 weeks later (Figures 7A and S5A). Because Kras
had only been active for 6 weeks, PanINs were still rare in
Ptf1a°"®ER:Kras®"?P:Sox9*™/* mice in the absence of caerulein
(Figure 7G). Caerulein induced widespread formation of Sox9*
ADM in Ptf1a°®fR:S0x9"* and Ptf1a®*F;Kras®'2P;Sox9**
mice within 2 days after treatment (Figures 7B, 7C, 7G, 7H,
S5B, S5C, S5E, and S5F). Notably, in Sox9-deleted Ptf1a°EFR;
Kras®'2P;Sox9"" pancreata, Sox9~ duct-like structures were still
present (Figures 7L, 7M, S5H, and S5I, arrows), confirming our
previous observation that Sox9 is not absolutely required for
injury-induced ADM. As expected, ADM was transient in the
absence of Kras®'2? and the ductal structures were replaced
by Cpal* acini after 21 days (Figures 7B, 7D, 7E, S5B, and
S5D). In contrast, Kras-active Ptf1ac":Kras®?P;Sox9"+
mice displayed persistent Sox9* ADM (Figures 71 and S5G,
arrows), CK19"Cpal~ duct-like structures (Figure 7J, arrow),
as well as numerous Sox9™ lesions with morphologic character-
istics of PanINs (Figures 7J, 7K, and S5G, arrowheads). Signifi-
cantly, Sox9 deletion in the presence of oncogenic Kras
abrogated caerulein-induced PanIN formation, while some
Sox9 CK19*Cpal~ duct-like lesions persisted (Figures 7N,
70, and S5J, arrows). Consistent with these findings, numerous
Alcian blue* cells were detected in Ptf1a®™":Kras®'?P:Sox9+/+
mice, but virtually none in Ptf1a®®tR:Kras®'2P:Sox9"" mice
(Figures 7F, 7K, 7P, and 7Q). Remaining Alcian blue* lesions in
Ptf1a°°EF:Kras®'2P:Sox9”" mice were Sox9* (Figures S5K-
S5M) and therefore escaped recombination. Together, these
findings show that pancreatic injury can, at least partially, over-
come the block in ADM caused by Sox9 inactivation in Kras-
active acinar cells, but cannot induce PanINs in the absence of
Sox9 (Figure 7R). Thus, Sox9 is critically required for reprogram-
ming of acini into PanINs.

DISCUSSION

The Cellular Origin of PanINs

Our study demonstrates that acinar cells exhibit a much higher
propensity to form PanINs after oncogenic mutation of Kras
than ductal or CACs. This finding was surprising, because
PDA has been suggested to originate from CACs due to shared
molecular features between PanINs and CACs. Notably,
although exceedingly low in frequency, PanINs were observed
after Sox9CreER-mediated Kras®'?P activation. Since the
Sox9CreER transgene also induces recombination in a small
number of acinar cells, one possibility is that these rare PanINs
originated from acinar cells that recombined the Kras®'2P
allele. However, we observed that the PanINs were predomi-
nantly associated with large pancreatic ducts, which argues
against an acinar origin. A similar association of PanINs with
large ducts has been described in CK719%°tR:KrasG"2P mice,
a model in which recombination is mainly induced in large ducts
and not in small ducts or CACs (Ray et al., 2011). Together,
these observations suggest that large pancreatic ducts, but
not CACs, can give rise to PaniINs, albeit at an extremely low
frequency.

Cancer Cell
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The location of PanINs close to large ducts points to a possible
involvement of pancreatic duct glands in PanIN formation.
Pancreatic duct glands are small blind-ended pouches within
the larger pancreatic ducts that express embryonic progenitor
markers, proliferate in response to pancreatitis, and display
some metaplastic features similar to PanINs even in the absence
of oncogenic mutations (Strobel et al., 2010). These features may
render pancreatic duct glands susceptible to transformation by
oncogenic Kras. The scarcity of pancreatic duct glands within
the organ could explain why despite targeting of duct glands
by the Sox9CreER transgene (Kopp et al., 2011), PanIN
frequency was extremely low in Sox9CreER;Kras®'?P mice. Of
note, because recombination was only induced in 12% of all
Sox9* cells by our tamoxifen regimen, the duct glands may not
have been targeted in every mouse, which is consistent with
the absence of PanINs in a subset of Sox9CreER:Kras®'?P
mice. At present, very little is known about the biological role
of pancreatic duct glands, but their possible involvement in
PDA initiation warrants further investigation.

Our finding that ductal and CACs do not readily form PanINs
in response to oncogenic Kras raises the question of whether
the ductal/CAC compartment is generally refractory to onco-
genic transformation. In addition to activating mutations in
KRAS, loss-of-function mutations in the tumor suppressors
TP53, CDKN2A, or PTEN have also been found in PDA (Feld-
mann et al., 2007; Kanda et al., 2012; Ying et al., 2011). Notably,
Pten loss results in rapid formation of invasive carcinoma, which
is preceded by significant expansion of CACs (Stanger et al.,
2005). This suggests that CACs, ductal cells and acinar cells
may have the potential to initiate invasive carcinoma, but
that each cellular context may require a different repertoire of
genetic alterations for tumor initiation. Cell-specific induction of
different oncogenic mutations in mice may define morphologi-
cally and molecularly distinct tumors, which may help identify
human PDA subtypes that respond differently to therapeutic
intervention.

Duct-Associated Genes Orchestrate the Emergence

of Premalignant Lesions from Acinar Cells

Our cell tracing studies show that the predominant mechanism
by which Kras®'2P induces PanlINs is to initiate a gene expres-
sion program similar to pancreatic ducts in acinar cells. We
further show that the transcription factor Sox9 promotes, and
is required for, PanIN formation from the acinar cell compart-
ment. Recent studies have revealed a role for Sox9 in maintain-
ing ductal cell morphology and regulating duct-specific genes
(Delous et al., 2012; Manfroid et al., 2012; Shih et al., 2012), sug-
gesting that Sox9 might have a similar function during acinar cell
conversion into PanINs. Consistent with this notion, we found
that Sox9 induces CK19 expression and promotes ADR in the
presence of Kras®'?P or pancreatic injury. Furthermore, a role
for Sox9 in conferring certain ductal characteristics to cells has
recently been demonstrated in a model of surgically-induced
pancreatitis (Prevot et al., 2012). While Sox9 promotes ADM
and ADR in gain-of-function experiments, our results show that
tissue injury can still, to some extent, induce ADM from Sox9-
deficient acinar cells. This suggests that other factors can
compensate for Sox9 during injury-induced ADM. One candi-
date is the duct-specific transcription factor Hnf6, which is
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Figure 7. Sox9-Deficient Acinar Cells Expressing Kras®'2? Can Undergo Persistent ADR after Acute Pancreatitis, but Do Not Progress into
PaniINs

(A) Ptf1a°ER:Sox9*"* | Ptf1a®EF; 1 SI -Kras®'2P;Sox9*/* and Ptf1a®EF;1 SL-Kras®'2P;Sox9" mice were injected with tamoxifen (TM) at postnatal day (p) 21, 23,
and 25. At 6 weeks (w) of age, mice were treated with two sets of caerulein (CA) or saline injections on alternating days and analyzed 48 hr (h) or 21 days (d) later.
(B-D, G-, and L-N) H&E staining shows persistent ADM in Ptf1a®®c":1 SI-Kras®'2P;Sox9** and to a lesser extent also in Ptf1a®c7;L SL-Kras®'2°;Sox9" mice
(l'and N, arrows). PanINs are only present in Ptf1a®7; SL-Kras®"2°;Sox9*/* mice (1), arrowhead).

(E, J, and O) Co-immunofluorescence staining for CK19, Cpai, and Sox9 reveals CK19*Cpal~ duct-like cell clusters in Ptf1a°°R:L S -Kras
presence and absence of Sox9 (J and O, arrows).

(F, K, and P) Alcian blue and eosin staining shows PanlINs in Ptf1a®E%;1 SL-Kras®"?;Sox9*"* mice (K), but not in Ptf1a®*7;1 SI -Kras®'2°;Sox9" mice (P). Arrows
in K and P point to ADM and arrowheads in J and K to PanINs.

(Q) Quantification of Alcian blue* pancreatic area 21 days after CA (n = 4-5).

(R) Schematic summarizing the phenotype observed in Sox9 loss-of-function experiments in the presence of Kras
as mean + SEM. *p < 0.05. Scale bars: 50 pm.

See also Figure S5.
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induced in acinar cells by pancreatic injury and is both necessary
and sufficient for ADM (Prevot et al., 2012). In the absence of
Sox9, however, Hnf6 is less efficient in inducing CK19 (Prevot
et al., 2012), suggesting synergy between Hnf6 and Sox9 during
ductal conversion of acinar cells. Different from Sox9, Hnf6
expression is not maintained in PanINs and PDA (Prevot et al.,
2012). Therefore, only Sox9 expression is sustained in PanINs,
providing a possible explanation for why Sox9 is absolutely
required for PanIN formation.

Acinar-derived duct-like lesions and pancreatic ducts display
similar molecular and morphological features, yet PanINs emerge
more readily from acinar-derived duct-like cells than ductal
cells. This implies that duct-like lesions differ from native pancre-
atic ducts. The transcription factors Sox9, Hnf6, and Hes1 are
not only markers for pancreatic ductal cells, but are also ex-
pressed in multipotent progenitors of the developing pancreas
(Jacquemin et al., 2003; Miyamoto et al., 2003; Seymour et al.,
2007), raising the question of whether ADM is truly ductal
in nature or more closely resembles embryonic progenitors.
Previous studies have suggested that ADM lesions are similar
to immature embryonic progenitor-like cells because they ex-
press Pdx1, Nestin, and Hes1 (Jensen et al., 2005; Miyamoto
etal., 20083; Shiet al., 2012; Song et al., 1999). However, multipo-
tent progenitor markers, such as Hnfib and Nkx6.1 (Schaffer
et al., 2010; Solar et al., 2009), are not present in acinar-derived
duct-like cells (Jensen et al., 2005; Prevot et al., 2012) indicating
that these cells may resemble an acinar-committed yet still
immature Nestin-positive progenitor cell (Carriere et al., 2007;
Esni et al., 2004). Comparative transcriptome analysis of these
different native and transformed cell populations will shed light
on the molecular differences between these populations and
could provide clues as to why PanINs readily emerge from acinar
cells, but not ducts, in response to oncogenic Kras.

The Role of Acinar-to-Ductal Metaplasia in the Initiation
of Pancreatic Neoplasia

Our finding that PanINs predominantly originate from acinar cells
identifies the transition of acinar cells into a duct-like state as an
important early event in tumor initiation. In addition to induction
of ductal genes, destabilization of the acinar cell phenotype
appears to also promote ADM and PanlNs, as evidenced by an
acceleration in Kras®?P-mediated ADM and PanIN formation
after deletion of the acinar-restricted transcription factor Mist1
(Shi et al., 2009, 2012). This suggests that the observed synergy
between oncogenic Kras and Sox9 misexpression or pancreatic
injury in PanIN initiation might be a result of each condition
increasing acinar cell plasticity. Therefore, known risk factors
for PDA, such as chronic pancreatitis or genetic variants of
acinar-specific genes (Li et al., 2012; Lowenfels et al., 1993,
1997), may increase PDA risk by rendering acinar cells more
plastic and reducing the threshold for ADM. It is important to
note that a direct lineage relationship between ADM and PanINs
has yet to be formally demonstrated and the possibility remains
that ADM lesions do not directly transition into PanINs. However,
it is clear that both ADM and PanlN lesions arise from acinar cells
(Guerra et al., 2007; Morris et al., 2010) and that reducing ADM
formation through inhibition of the EGFR pathway or overexpres-
sion of pro-acinar genes reduces Kras®'?P-induced PanINs
(Ardito et al., 2012; Navas et al., 2012; Shi et al., 2012). This
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suggests that pathways critical for ADM are also necessary for
PanIN formation.

Our results imply that therapeutic targeting of signaling path-
ways involved in ductal reprogramming of acinar cells could
prevent PDA initiation. Previous studies have demonstrated
that the EGFR, Hedgehog and Notch signaling pathways
promote ADM and PanIN formation (De La O et al., 2008; Fen-
drich et al., 2008; Miyamoto et al., 2003; Pasca di Magliano
et al., 2006; Rajurkar et al., 2012; Siveke et al., 2007). Interest-
ingly, these pathways are known to be upstream regulators of
Sox9 expression in multiple organs (Bien-Willner et al., 2007;
Haller et al., 2012; Ling et al., 2010; Meier-Stiegen et al., 2010;
Muto et al., 2009; Zong et al., 2009). Moreover, Notch signaling
has recently been shown to control Sox9 expression and induce
ductal genes in the pancreas (Delous et al., 2012; Manfroid
et al.,, 2012; Shih et al., 2012). Therefore, it is possible that
Sox9 is the critical effector of Notch during PanIN induction.
Consistent with this notion, inhibition of Notch signaling in the
presence of oncogenic Kras reduced PanIN formation (Plentz
et al., 2009), similar to Sox9 inactivation in our current study.
However, it remains to be examined how inputs from different
signaling pathways converge on Sox9 to promote PanlN initia-
tion. Our findings now pave the way for future studies exploring
whether the inhibition of acinar cell plasticity could have thera-
peutic applications in the prophylaxis of PDA in high-risk
individuals.

EXPERIMENTAL PROCEDURES

Mouse Procedures

All animal experiments described herein were approved by the University
of California, San Diego and San Francisco Institutional Animal Care and Use
Committees. The sources for mouse strains as well as genotyping and glucose
measurement strategies are described in the Supplemental Experimental
Procedures. Tamoxifen (Sigma-Aldrich) was dissolved in corn oil and adminis-
tered subcutaneously at 5 mg/40 g per injection. Mice were injected with caer-
ulein (50 png/kg diluted in saline; Sigma-Aldrich) or saline on two alternating days
once every hour for 6 hours each day (used in experiments with Kras®'2° mice)
or on two consecutive days once every hour for 8 hours each day (used in
experiments in absence of Kras®'2 allele) (Morris et al., 2010).

Histology, Inmunohistochemical and Inmunofluorescence Analysis
Paraffin-embedded or frozen sections were subjected to hematoxylin (Mayers
or Harris formulations), eosin, Alcian blue, nuclear fast red (Vector Labs),
immunohistochemical or immunofluorescence staining as described (Morris
et al., 2010; Seymour et al., 2007, 2008). Detailed procedures for histologic
and morphometric analyses, as well as a list of primary and secondary
antibodies can be found in the Supplemental Experimental Procedures.

Statistical Analysis

P values were calculated using the two-tailed Student’s t test with the Graph-
Pad Prism or Excel software.

SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures, one table, and Supplemental
Experimental Procedures and can be found with this article online at http://

dx.doi.org/10.1016/j.ccr.2012.10.025.
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SUMMARY

Proteolytic activity of the mucosa-associated lymphoid tissue lymphoma translocation protein-1 (MALT1)
paracaspase is required for survival of the activated B cell subtype of diffuse large B cell ymphoma (ABC-
DLBCL). We have identified distinct derivatives of medicinal active phenothiazines, namely mepazine,
thioridazine, and promazine, as small molecule inhibitors of the MALT1 protease. These phenothiazines
selectively inhibit cleavage activity of recombinant and cellular MALT1 by a noncompetitive mechanism.
Consequently, the compounds inhibit anti-apoptotic NF-kB signaling and elicit toxic effects selectively on
MALT1-dependent ABC-DLBCL cells in vitro and in vivo. Our data provide a conceptual proof for a clinical
application of distinct phenothiazines in the treatment of ABC-DLBCL.

INTRODUCTION

Upon antigenic stimulation, mucosa-associated lymphoid tissue
lymphoma translocation protein-1 (MALT1) is a key mediator of
upstream NF-«B signaling to control lymphocyte activation,
survival, and differentiation (Hailfinger et al., 2009a; Thome,
2008). Together with CARMA1 (also known as CARD11) and
BCL10, MALT1 assembles the CBM complex that bridges prox-
imal antigen receptor signaling events to the I1kB kinase (IKK)
complex, the gatekeeper of the canonical NF-«kB pathway
(Scheidereit, 2006). Upon T cell antigen receptor (TCR)/CD28

costimulation, MALT1 acts as a protein scaffold that recruits
other critical signaling molecules like TRAF6, caspase 8, and
A20 to the CBM complex (Thome, 2008). Furthermore, covalent
ubiquitin modifications in MALT1 catalyzed by the E3 ligase
TRAF6 facilitate the association of two downstream protein
kinase complexes, TAB2-TAK1 and NEMO-IKKa/B, which ulti-
mately leads to IKK activation (Oeckinghaus et al., 2007).

In addition to its scaffolding function, MALT1 contains a
paracaspase domain that displays high homology to caspases
from mammals and metacaspases from plants and fungi (Uren
et al., 2000). Like metacaspases, MALT1 cleaves substrates

Significance

Cleavage activity of the mucosa-associated lymphoid tissue lymphoma translocation protein-1 (MALT1) paracaspase
contributes to the oncogenic potential of MALT1 in MALT lymphoma and ABC-DLBCL, the latter representing one of the
most aggressive lymphoma entities. We identified small molecular compounds belonging to the class of phenothiazines
as potent and selective inhibitors of the MALT1 protease. MALT1 inhibition by phenothiazines selectively kills ABC-DLBCL
in vitro and in vivo, revealing their potency in achieving target-directed treatment of MALT1-dependent lymphoma. Pheno-
thiazines have been widely used as antipsychotic drugs even in long-term treatment of schizophrenia and psychosis. Thus,
well-defined toxicity, pharmacokinetics, and pharmacodynamics can facilitate clinical trials for an off-label use of these
compounds in ABC-DLBCL therapy.
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after arginine residues, indicating that the enzymatic cleavage
activity is quite distinct from caspases, which in general require
an aspartate at the P1 position (Vercammen et al., 2004). MALT1
proteolytic activity is induced upon TCR/CD28 costimulation,
which promotes cleavage of the substrates BCL10, AZ20,
CYLD, and RelB (Coornaert et al., 2008; Hailfinger et al., 2011;
Rebeaud et al., 2008; Staal et al., 2011). Inhibition of MALT1
protease activity by the antagonistic tetrapeptide Z-VRPR-
FMK, which was originally designed as an inhibitor of metacas-
pases in plants, impairs optimal NF-kB activation and inter-
leukin-2 (IL-2) production in T cells (DUwel et al., 2009; Rebeaud
et al., 2008). Similarly, mutation of the catalytic cysteine 464
renders MALT1 proteolytically inactive and also impairs IL-2
production after complementation of MALT1-deficient T cells
(DUwel et al., 2009). These results indicate that small molecule
inhibitors that selectively target MALT1 protease activity may
be promising candidates for clinical use in T cell-dependent im-
mune diseases, such as allergic inflammation or autoimmunity.

A tumor-promoting role of MALT1 has been found in a subset
of diffuse large B cell ymphoma (DLBCL) and MALT lymphoma
(Ngo et al., 2006). By gene expression profiling, DLBCL can be
classified into distinct entities and the most abundant subtypes
are the ABC-DLBCL and the germinal center B cell-like (GCB-)
DLBCL (Alizadeh et al., 2000; Rosenwald and Staudt, 20083;
Rosenwald et al.,, 2002; Savage et al., 2003; Wright et al.,
2003). Based on the gene expression signature, the ABC-DLBCL
subtype originates from B lymphocytes stimulated through
their B cell antigen receptor (BCR). With a 5-year survival rate
of 35%, patients with ABC-DLBCL have the worst prognosis,
reflecting the aggressive clinical behavior of ABC-DLBCL cells
(Lenz et al., 2008b). The hallmark of ABC-DLBCL, but not
GCB-DLBCL, cells is the constitutive activation of the NF-xB
signaling pathway (Alizadeh et al., 2000; Davis et al., 2001).
Congruent with this, a recent genetic study of the DLBCL re-
vealed the preferential association of gene alterations in the
NF-kB and BCL6-BLIMP1 axis in ABC-DLBCL and in BCL2
and MYC in GCB-DLBCL, suggesting that anti-apoptotic NF-
kB signaling is indeed critical for ABC-DLBCL survival (Pasqua-
lucci et al., 2011). While some ABC-DLBCL patients carry onco-
genic CARMA1 mutations (Lenz et al., 2008a), the majority of
ABC-DLBCL is characterized by chronic active BCR signaling
and in ~20% of the cases activating mutations in the BCR prox-
imal regulator CD79A and CD79B are found (Davis et al., 2010).
Consistent with a requirement for BCR signaling, an RNA inter-
ference screen identified CARMA1, BCL10, or MALT1 as critical
regulators of NF-«kB activation, and survival and growth of ABC-
DLBCL (Ngo et al., 2006). Furthermore, inhibition of MALT1
proteolytic activity by Z-VRPR-FMK inhibits NF-kB-dependent
gene expression and exerts toxic effects specifically in ABC-
DLBCL cells (Ferch et al., 2009; Hailfinger et al., 2009b).
MALT1 paracaspase activity also contributes to the pathogen-
esis of MALT lymphoma that is characterized by the transloca-
tion t(11;18)(g21;921), which creates a fusion between the C
terminus of MALT1, including the paracaspase domain, and
the N terminus of IAP2 (API2-MALT1) (Isaacson and Du, 2004).
The paracaspase domain of API2-MALT1 fusion protein cata-
lyzes the cleavage of NIK and thereby enhances noncanonical
NF-kB activation, which confers apoptosis resistance (Rose-
beck et al.,, 2011). Thus, specific small molecule inhibitors
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against the MALT1 paracaspase could be beneficial for the treat-
ment of lymphoma associated with deregulated MALT1 activity,
such as ABC-DLBCL and MALT lymphoma.

The peptide Z-VRPR-FMK provided an initial hint that MALT1
inhibition is a feasible strategy for interfering with survival of
ABC-DLBCL cells in vitro. However, due to poor pharmacologic
properties, Z-VRPR-FMK needs to be administered in very
high concentrations to exert effects on cells and antagonistic
peptides in general are not adequate for clinical applications.
The goal of this study was to identify small molecule inhibitors
for pharmacologic inhibition of the MALT1 protease and to deter-
mine the effects of these MALT1 inhibitors on ABC-DLBCL prolif-
eration and survival in vitro and in vivo.

RESULTS

Identification of Phenothiazine Derivatives as Selective
MALT1 Protease Inhibitors

To identify small molecular weight compounds that could inhibit
MALT1 protease activity, we purified recombinant GSTMALT1
from Escherichia coli to establish an in vitro protease cleavage
assay suitable for high throughput screening (HTS). GSTMALT1
was incubated for 1 hr at 30°C in the presence of 50 uM of the
tetrapeptide substrate Ac-LRSR-AMC, which is derived from
the MALT1 cleavage site in the C terminus of BCL10 (Rebeaud
et al., 2008). Proteolytic activity was determined by measuring
the increase of fluorescence that is emitted after cleavage and
the accompanying release of the fluorophore AMC (Figures 1A
and 1B). MALT1-catalyzed cleavage of Ac-LRSR-AMC is evident
from arobust increase in fluorescence intensity over time. As ex-
pected, mutation of the conserved cysteine (C453A) in the para-
caspase domain of MALT1 (Isoform B) completely abolished
MALT1 catalytic activity (Figure 1B). As expected, the tetrapep-
tide Z-VRPR-FMK blocked MALT1 cleavage activity at low nano-
molar concentrations (Figure 1B; Figure S1A available online). In
contrast, the potent caspase inhibitory peptide Ac-DEVD-CHO
effectively blocked caspase 8 activity at picomolar concentra-
tions, but only marginally reduced MALT1 activity when used
at concentrations up to 200 uM (Figures S1B-S1D).

We screened approx. 18,000 compounds of the ChemBioNet
collection (Lisurek et al., 2010) using the assay format depicted in
Table S1. The primary screen was conducted by measuring the
increase in AMC fluorescence in a 384 half-well format over an
assay time of 20 min in the presence of 10 uM of each compound
(see Supplemental Experimental Procedures). Dose-response
assays were performed for secondary hit validation and selec-
tivity on MALT1 was determined by comparing the influence on
caspase 8 activity. These analyses yielded 15 hits, correspond-
ing to ~0.08% of the primary screen. When examining the
structure of the 15 hits, we noticed that three of the most efficient
and selective compounds (Figure S1E, compounds A, B, and C)
are derivatives of the tricyclic phenothiazine that contains two
outer benzene rings linked by nitrogen and sulfur atoms in the
inner ring. Also the heterocyclic core found in compound D
displays high structural similarities to phenothiazine, whereby
the nitrogen is replaced by carbon. These initial results sug-
gested that certain phenothiazine derivatives (PD) may act as
MALT1 inhibitors. Moreover, at 50 uM, all four compounds
were reducing MALT1 protease activity to less than 10%, but
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Figure 1. Selective MALT1 Inhibition by Mepazine, Thioridazine, and Promazine
(A) A schematic representation of the MALT1 protease assay for HTS. Cleavage of the fluorophore AMC by GSTMALT1 from the fluorogenic substrate Ac-LRSR-

AMC results in an increase of fluorescence.

(B) Purified recombinant GSTMALT1 from bacterial expression was incubated for 1 hr at 30°C with 50 uM of Ac-LRSR-AMC and the proteolytic activity was
determined by measuring the increase of AMC fluorescence. Graph shows a representative of at least five independent experiments.

(C) Chemical structures of the three inhibitory compounds.

(D) Dose-response curves and ICsq values for mepazine, thioridazine, and promazine.
(E) Michaelis-Menten kinetics was determined by increasing the concentration of Ac-LRSR-AMC substrate in the absence or presence of 1 uM mepazine.
(F) GSTMALT1 coupled to glutathione sepharose beads was treated with mepazine (10, 20, or 50 uM) for 30 min. MALT1 activity was assayed after washing the

beads for 0, 3, or 6 times before cleavage reaction was started (mean + SD; n =

3).

(G) Cleavage of human recombinant caspase 3 and caspase 8 against Ac-DEVD-AMC as substrate (mean + SD; n = 3).

See also Figure S1 and Table S1.

caspase 8 activity was hardly affected even at the highest inhib-
itor concentration, indicating that the four PD display a high
selectively for MALT1 (Figure S1F). We also tested the core
phenothiazine scaffold and found that it inhibited MALT1 activity
in a dose-dependent manner (Figure S1G). Notably, our initial
results implied that only the modifications of compound A
seemed to significantly improve the inhibitory potential of the
phenothiazine backbone toward MALT1, suggesting that distinct
phenothiazines could be promising candidates as selective
MALT1 inhibitors.

Mepazine, Thioridazine, and Promazine Act as Potent
and Selective MALT1 Paracaspase Inhibitors

We obtained 26 commercially available PD, to test their inhibitory
potential (Figure S1H). Whereas most compounds (12-26)
had no or only very weak inhibitory potential (IC5o > 20 uM),
eight compounds (4-11) inhibited MALT1 activity with an ICsg
roughly between 5 and 20 puM. Only three PD had an ICsq
below 5 pM. Thus, only a small subset of PD was capable
of efficiently inhibiting MALT1. The three most potent com-
pounds represent promazine, thioridazine, and mepazine, the
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latter initially identified in the screening (Figure 1C). To define the
inhibitory potential, we determined exact ICsq values for each
compound on recombinant full length (FL) GSTMALT1 and an
enzymatically active MALT1 fragment encompassing amino
acids 325 to 760 that contained the paracaspase and C-terminal
Ig-like (Ig3) domains (Figure 1D). Mepazine was most effective in
inhibiting GSTMALT1 FL and GSTMALT1 325-760 with ICsg
values of 0.83 and 0.42 uM, respectively. Also thioridazine and
promazine showed a dose-dependent inhibition of GSTMALT1
FL and GSTMALT1 325-760, but the IC5q values were approxi-
mately 4-fold (GSTMALT1 FL) or 8-fold (GSTMALT1 325-760)
higher when compared to mepazine. In contrast, promethazine
(compound 18 in Figure S1H), a drug still being used in the treat-
ment of certain psychiatric disorders and highly related to the
three active PD, did not cause any significant MALT1 inhibition
at concentrations up to 20 uM. These results indicate a high
degree of specificity in MALT inhibition even within the group
of PD.

To test the mode of action, we determined the effect of mepa-
zine in Michaelis-Menten kinetics on the basis of the fluorogenic
MALT1 cleavage assay (Figure 1E). GSTMALT1 FL displayed
a Vyax of ~170 RFU/min and the Michaelis-Menten constant
(Km) was calculated to ~48 uM, which is in the range of what
has been determined previously (Hachmann et al., 2012). Addi-
tion of mepazine at a concentration around the ICso (1 uM)
strongly decreased the Vax to ~58 RFU/min while the Ky, of
48 uM was not altered. Mepazine and other phenothiazines do
not contain reactive groups. However, to confirm that mepazine
acts as a noncovalent reversible inhibitor, we performed wash-
out experiments using GSTMALT1 attached to glutathione se-
pharose beads (Figure 1F). Again, mepazine inhibited MALT1
cleavage activity, but several cycles of washing the GSTMALT1
beads resulted in complete loss of inhibition even at the highest
concentration of the compound (50 pM). Thus, the effects of me-
pazine on MALT1 enzymatic activity revealed a noncompetitive
and reversible mode of MALT1 inhibition by phenothiazines.

Next we assayed the effects of PD on caspases, which are
structurally the closest relatives of MALT1 in mammals (Uren
et al., 2000). Importantly, all three PD did not significantly inhibit
caspase 3 or caspase 8 activity, even at concentrations up to
50 uM (Figure 1G), reflecting the selectivity of the compounds
as MALT1 inhibitors.

Phenothiazines Inhibit MALT1 Activity and IL-2
Induction in T Cells

As MALT1 protease activity is required for T cell responses, we
determined the effects of PD on MALT1 activity and IL-2 produc-
tion in T cells. We performed a MALT1 cleavage assay after
immunoprecipitation (IP) of the protein from Jurkat T cells. Cells
were left untreated or incubated for 3 hr with 10 uM of mepazine
or thioridazine and subsequently left unstimulated or stimulated
with anti-CD3/CD28. MALT1 protease activity was almost unde-
tectable in the absence of stimulation and peaked at 30-60 min
after CD3/CD28 treatment. Addition of either mepazine or thio-
ridazine resulted in a strong reduction of MALT1 protease activity
in stimulated Jurkat T cells at all time points (Figure 2A). Mepa-
zine and thioridazine incubation also caused a severe reduction
in PMA/lonomycin (P/I)-stimulated MALT1 protease activity in
Jurkat T cells (Figure S2A). To confirm that both phenothiazines
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were inhibiting MALT1 activity inside the cells, we monitored
MALT1 cleavage of RelB after stimulation of Jurkat T cells
(Figure 2B). RelB cleavage product RelBA could be detected
when Jurkat T cells were incubated with proteasome inhibitor
MG132 prior to P/l stimulation to prevent degradation of the
unstable RelB truncation (Hailfinger et al., 2011). As evident
from decreased RelBA levels and a parallel increased expres-
sion of full-length RelB, mepazine and thioridazine impaired
RelB cleavage in a dose-dependent manner (Figure 2B). Similar
to the situation with recombinant MALT1, mepazine was more
efficient in inhibiting cellular MALT1 cleavage activity and signif-
icantly reduced the appearance of RelBA between 2 and 5 uM,
whereas thioridazine was effective above 5 pM.

To determine the impact of MALT1 inhibition by PD on T cell
activation, we measured secreted IL-2 amounts by ELISA after
P/l or anti-CD3/CD28 stimulation of Jurkat T cells in the presence
or absence of mepazine or thioridazine. Both compounds led to
a decrease of IL-2 levels in the media of PD-treated cells after
T cell activation (Figure 2C). To verify that the inhibitory potential
of PD was also detectable in primary T cells, we isolated and
purified murine CD4- positive Th1 T cells and measured IL-2
mRNA induction by gPCR and IL-2 protein levels by ELISA after
anti-CD3/CD28 coligation in the presence or absence of 5 and
10 uM of mepazine or thioridazine (Figures 2D and S2B). Both
IL-2 mRNA induction and protein expression were reduced in
a dose-dependent manner. Finally, we used primary human
peripheral blood mononuclear cells (PBMCs) from three donors
to evaluate whether inhibition of MALT1 activity also promoted
adecreased IL-2 production in primary human T cells (Figure 2E).
Congruent with the previous results, mepazine and thioridazine
treatment led to a significant decrease of IL-2 secretion in
PBMCs of all three donors.

Phenothiazines Inhibit MALT1 Activity and Induction of
NF-«B Target Genes in ABC-DLBCL Cells
Coinciding with a constitutive cleavage of MALT1 substrates, we
previously showed enhanced MALT1 protease activity as a char-
acteristic feature of all ABC-DLBCL cells (Kloo et al., 2011).
To determine the effect of phenothiazines on cellular MALT1
activity, ABC-DLBCL cells were treated for 4 hr with 5 or 10 uM
of mepazine, thioridazine, and promazine. We performed an
anti-MALT1 IP and MALT1 protease activity was determined by
adding the substrate AC-LRSR-AMC to the precipitates. All three
PD inhibited MALT1 protease activity from ABC-DLBCL cells in
a dose-dependent manner (Figure 3A). The inhibition after partial
MALT1 IP purification suggested that binding of PD promotes
MALT1 to adopt an inactive conformation inside the cells. Even
though inhibition of cellular MALT1 activity varied depending on
the individual cell lines and the compounds, in general, mepazine
had the strongest effects and MALT1 activity was reduced by
at least 75% in all ABC-DLBCL cells at 10 pM. Treatment of thio-
ridazine and promazine significantly inhibited cellular MALT1
activity and in agreement with in vitro ICso data the effects of
both inhibitors were in general weaker compared to mepazine.
Next, we asked whether MALT1 inhibition by the two strongest
compounds, mepazine and thioridazine, would also prevent
MALT1 substrate cleavage in ABC-DLBCL cells. RelB was
shown to counteract anti-apoptotic activity of the NF-kB factors
RelA and c-Rel and its cleavage to RelBA by MALT1 releases
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ABC-DLBCL cells from this negative regulation (Hailfinger et al.,
2011). The inherently unstable RelB cleavage product (RelBA)
was detected in ABC-DLBCL cells HBL1, OCI-Ly3, and TMD8
after addition of the proteasome inhibitor MG132 (Figure 3B).
When the cells were treated for 4 hr with 2, 5, or 10 uM of mepa-
zine or thioridazine, the appearance of RelBA cleavage product
was inhibited and full-length RelB was stabilized in a dose-
dependent manner. Correlating with the previous results on re-
combinant and cellular MALT1 inhibition, mepazine was more
effective than thioridazine in inhibiting RelB cleavage. These
results provided clear evidence that mepazine and thioridazine
were effectively inhibiting constitutive cellular MALT1 cleavage
activity in ABC-DLBCL cells.

In the ABC-DLBCL cell line HBL1, a MALT1 expression signa-
ture was generated using the covalently attached antagonistic
tetrapeptide inhibitor Z-VRPR-FMK (Hailfinger et al., 2009b).
To gain insight into whether PD exerted similar cellular effects,
we determined gene expression profiles in HBL1 cells after
different incubation times with mepazine, which most strongly
inhibited MALT1 in previous assays (Figure 3C). When we
compared the expression signature after administration of me-
pazine to the expression profile after Z-VRPR-FMK incubation,
we observed a significant overlap in the genes that are downre-
gulated in response to both treatments. In fact both the antago-
nistic tetrapeptide and the pharmacologic compound mepazine

inhibition. The weaker effects noted with

mepazine after 12 and 24 hr are most
likely due to the fact that, in contrast to Z-VRPR-FMK, the PD
is inhibiting MALT1 in a noncovalent and reversible manner. As
expected, we also observed differences in the two expression
profiles, which were most likely related to MALT1-independent
off-target effects of either Z-VRPR-FMK or mepazine.

Because MALT1 activity was shown to contribute to NF-«B
activation and target gene expression in ABC-DLBCL cells
(Ferch et al., 2009; Hailfinger et al., 2009a), we also determined
if mepazine treatment impaired NF-kB target gene expression
in HBL1 cells (Figure 4A). For this analysis, we compared relative
changes in the gene expression after increasing times of treat-
ment with mepazine in HBL1 cells by genome-wide expression
arrays to an NF-«kB expression signature generated after incuba-
tion with the highly specific IKKp inhibitor MLN120B (Kloo et al.,
2011). Mepazine significantly decreased the overall expression
as well as the proportion of NF-«B target genes in the signature,
clearly indicating that MALT1 inhibition by mepazine, just like
Z-VRPR-FMK, suppressed activation of the NF-kB pathway in
ABC-DLBCL cells.

To verify the effects of mepazine in other ABC-DLBCL cells,
we monitored protein expression of selected NF-«B target genes
that are known to possess critical functions for ABC-DLBCL
biology (Figures 4B and 4C). One-time mepazine treatment led
to a dose-dependent decrease of anti-apoptotic BCL-XL and
FLIP-L proteins (Figure 4B). Furthermore, ABC- or GCB-DLBCL
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(A) Cellular MALT1 activity in ABC-DLBCL was analyzed after 4 hr incubation with mepazine, thioridazine, or promazine (mean + SD; n = 3).
(B) Cells were treated with solvent, mepazine, or thioridazine for 4 hr prior to 1 hr MG132 incubation. RelB and RelBA were analyzed via western blot. Blots show

a representative of at least three independent experiments.

(C) Gene expression profiling of the ABC-DLBCL cell line HBL1 after treatment with peptide Z-VRPR-FMK or mepazine (20 uM) for 6, 12, and 24 hr. Gene
expression changes were assessed by DNA microarrays and are depicted according to the color scale shown. A gene was selected as dependent on MALT1
activity if Z-VRPR-FMK decreased gene expression by at least 33% after all three inhibition time points. This gene expression signature was subsequently applied
to expression data following treatment with mepazine. Error bars depict standard error of the mean. Statistical significance of the decrease in the MALT1

signature average in each treated sample was verified by paired t test.

cells were treated with 10 uM mepazine for 20 hr and secretion of
the NF-kB-regulated cytokines IL-6 and IL-10 was determined
by ELISA (Figure 4C). Whereas GCB-DLBCL cells expressed
low amounts of IL-6 or IL-10, ABC-DLBCL cells secreted both
cytokines albeit to variable extents, reflecting heterogeneity
among the different cell lines. Mepazine did not affect expression
of IL-6 and IL-10 in GCB-DLBCL cells.

Selective Toxicity and Induction of Apoptosis by
Phenothiazines in ABC-DLBCL Cells

Because the three PD efficiently inhibited MALT1 protease
activity in vitro and in vivo, we tested their effect on the viability
of ABC-DLBCL cells. As a control we used three GCB-DLBCL
cell lines, BJAB, Su-DHL-6, and Su-DHL-4 that were previously
shown to be independent of MALT1 proteolytic activity for their

growth and survival (Ferch et al., 2009). We measured cytotoxic
effects by MTT assays after 2 days of incubation after one-time
compound treatment using increasing concentrations of mepa-
zine, thioridazine, and promazine (Figure 5A). All compounds
caused a decrease of cell viability in the ABC-DLBCL cells
HBL1, OCI-Ly3, U2932, and TMD8, without significantly affect-
ing GCB-DLBCL cells. Furthermore, we determined cell viability
by cell counting after 4 days of incubation in response to a
singular compound treatment (Figure 5B). Congruent with the
MTT assay, the PD also decreased the overall number of viable
ABC-DLBCL cells. Again, the reduced viability was much
more pronounced in ABC-DLBCL cells, while GCB-DLBCL cell
viability was only slightly impaired at the highest concentration
of the compounds. Consistent with the results obtained in the
cellular MALT1 cleavage assay, in general promazine had the

830 Cancer Cell 22, 825-837, December 11, 2012 ©2012 Elsevier Inc.



Cancer Cell
MALT1 Inhibition by Phenothiazines in DLBCL

A IKKB Inhibitor Mepazine B HBL1 OCI-Ly3 TMD8 U2932
= — = —E8 Mepazine [uM] 10 20 - 10 20 10 20 10 20
E £ = = £ £
© & 3 o 8 3 FLIP-L (55 kDa) L e -

BCL-XL (26 kDa) N

B-ACHN (45 KDa) e s ae e S e S ———

o @ s s e

Relative
gene c
expression 800+ 60A
3 — 600
£ 40
F=)
S 4001
©
= 20+
200
0 0-
20004
_ 200
E 1500
NF-kB =) 1504
signature =
: : o
expression - ~ 10004
a2 4 100+
m g © <+ ©
& & & & & 5004 501
p-value g g =] s e
& & & & &
O 0-
Mepazine - + - + -+ - + - 4+ - 4+ - + - +

[10 uM] OCI-Ly3 TMD8

HBL1 OCI-Ly10 U2832 BJAB Su-DHL-4Su-DHL-6
ABC-DLBCL GCB-DLBCL

ABC-DLBCL

Figure 4. Mepazine Treatment Impairs NF-«B Target Gene Expression in ABC-DLBCL Cells
(A) Gene expression profiling of the ABC-DLBCL cell line HBL1 after treatment with mepazine (see Figure 3) was compared to the NF-kB gene signature
generated after administration of the specific IKKp inhibitor MLN120B. The significance of the decrease in the NF-kB signature average in each treated sample

was verified by paired t test.

(B) Expression of NF-kB target genes BCL-XL and FLIP-L in ABC-DLBCL cells after mepazine treatment. Protein amounts were examined after 20 hr of treatment
using the indicated concentrations by western blot. Data show a representative of three independent experiments.
(C) ABC- and GCB-DLBCL cells were treated with mepazine for 20 hr and the levels of secreted IL-6 and IL-10 were analyzed via ELISA (mean + SD; n = 3).

mildest effects on the viability of the ABC-DLBCL cells. To vali-
date that the decrease in viability of ABC-DLBCL cells is linked
to the administration of distinct PD that act as MALT1 inhibitors,
we treated DLBCL cells with promethazine (Figure S3A). Despite
its close structural relation to promazine, promethazine did not
inhibit MALT1 protease activity at concentrations up to 20 uM
(see compound 18 in Figure S1H). Indeed, promethazine did
not significantly inhibit viability of ABC- or GCB-DLBCL cells
after 4 days of treatment, providing further evidence that the
cellular effects of mepazine, thioridazine, and promazine were
dependent on their ability to inhibit MALT1.

To demonstrate that decreased viability of ABC-DLBCL cells
after PD treatment is linked to MALT1-dependent NF-«kB inhibi-
tion, we infected HBL1 cells with a lentivirus expressing the
constitutively active mutant IKKB SS176/180EE (calKKp) and
simultaneously GFP (Figure 5C). GFP-expressing cells were
sorted by FACS, yielding calKKB or mock-infected populations
of more than 95% GFP-positive cells. calKKB expression was
verified by western blotting (Figure S3B). As expected, the
viability of mock-infected HBL1 cells was strongly reduced in
response to increasing doses of mepazine or thioridazine. In
contrast, calKKpB—expressing cells were resistant to the incuba-
tion of the PD. Thus, augmented IKKp signaling counteracts the
toxicity of PD, providing further evidence that PD are acting
upstream of IKKB through MALT1 inhibition.

For efficient anticancer drugs it is required that they exert toxic
effects by enhancing cell death to eradicate the tumor cells.
Therefore, we determined whether mepazine, as the most potent
MALT1 inhibitor, affected viability of ABC-DLBCL cells by en-
hancing apoptosis (Figure 5D). To this end, DLBCL cells were
treated for 5 days with 15 uM mepazine and apoptotic cells
were identified by FACS as AnnexinV-PE positive and 7-AAD-
negative cells. Mepazine provoked an enhanced apoptotic rate
in all ABC-DLBCL cells, while apoptosis was not increased in
the two GCB-DLBCL control cells. Thus, PD are selectively toxic
to ABC-DLBCL cells and toxicity is at least partially due to
enhanced apoptosis in the affected lymphoma cells, revealing
a potential use of mepazine and structurally related compounds
for ABC-DLBCL therapy.

Mepazine and Thioridazine Impede Growth of ABC-
DLBCL In Vivo

We determined whether mepazine and thioridazine could also
exert effects on lymphoma growth in vivo in a murine DLBCL
xenogeneic tumor model. For this purpose, the ABC-DLBCL
cell line OCI-Ly10 and the GCB-DLBCL cell line Su-DHL-6
were injected as subcutaneous xenografts into NOD/scid IL-
2Rg™" (NSG) mice (Figure 6A). Both tumor cell lines were en-
grafted simultaneously on opposite flanks of individual mice.
Starting 1 day after injection, the mice were treated by
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Figure 5. PD Are Selectively Toxic to ABC-DLBCL Cells

(A) ABC-DLBCL cell lines (HBL1, OCI-Ly3, U2932, TMD8) and GCB-DLBCL cell lines (BJAB, Su-DHL-6, Su-DHL-4) were treated with indicated concentrations of
mepazine, thioridazine, or promazine (single treatment) for 2 days and their viability was subsequently analyzed with a MTT cytotoxicity test (mean + SD; n = 3).
(B) Viability of cells treated with mepazine, thioridazine, or promazine (single dose treatment) for 4 days was determined by trypan blue exclusion counting of living
cells. Data represent the mean of three independent experiments.

(C) HBLA1 cells were lentivirally transduced to co-express calKKp along with GFP or GFP alone (mock). GFP-positive cells were sorted via FACS and treated at
day 0 with the indicated concentrations of mepazine or thioridazine. Cells were treated for 4 days and viable cells were counted by trypan blue exclusion every day
during the treatment. Values represent the relative cell numbers compared to the untreated controls (mean + SD; n = 3).

(D) ABC-DLBCL and GCB-DLBCL cell lines were treated for 5 days with 15 uM mepazine. Apoptotic cells were identified by FACS analysis as AnnexinV-PE
positive and 7-AAD negative cells (mean + SD; n = 3).

See also Figure S3.

intraperitoneal (i.p.) administration of solvent or either mepazine of transplantation. Daily administration of mepazine or thiorida-
(16 mg/kg) or thioridazine (12 mg/kg). In control-treated mice, zine strongly impaired the expansion of the ABC-DLBCL cell
massive tumors grew from both DLBCL cell lines within 3 weeks  line OCI-Ly10. In contrast, both PD completely failed to exert
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any inhibitory effects on the progression of the GCB-DLBCL cell
line Su-DHL-6 in the same animals. To ascertain that mepazine
and thioridazine are not only impeding growth in the initiation
phase of xenografted OCI-Ly10 cells, but are also affecting
grown tumors, we allowed OCI-Ly10 and Su-DHL-6 xenografted
tumors to grow to ~75 mm? before treatment (Figure 6B). Again,
mepazine and thioridazine strongly reduced the progression
of OCI-Ly10 tumors while having no effect on the growth of
Su-DHL-6 tumors in this setting. Thus, PD are in fact able to
inhibit growth of a preformed ABC-DLBCL tumor.

Thioridazine is orally available in humans and pharmacokinetic
(PK) studies led to a consensus therapeutic range between
200 and 2000 ng/ml in the blood of patients (Baumann et al.,
2004). To determine if the concentrations of thioridazine in the
blood of NSG mice after i.p. injection are not exceeding this ther-
apeutic window, we measured serum concentrations in NSG
mice after 0, 1, 2, 6, and 24 hr in response to acute dosing of
12 mg/kg thioridazine. Thioridazine concentrations between
170 and 270 ng/ml were measured 1 hr after dosing and the
levels rapidly decreased thereafter (Figure 6C). After 24 hr, thio-
ridazine levels were below the detection limit (20 ng/ml).

To show that mepazine and thioridazine were acting directly
on the tumor cells, we determined the induction of apoptosis
in the tumor tissue. Transplanted tumors were removed at the
end of the treatment period (21 days; see Figure 6A) and
apoptotic cells were visualized by TUNEL staining on sections
of the tumor tissue (Figure 6D). Congruent with the selective
in vivo toxicity, mepazine or thioridazine treatment increased
the number of apoptotic cells in the xenografted ABC-DLBCL
cell line OCI-Ly10, while no induction of apoptosis was observed
in the in GCB-DLBCL cell line Su-DHL-6. Furthermore, con-
stitutive cleavage of the MALT1 substrate RelB was impaired
after mepazine and thioridazine treatment in specimens of xen-
ografted OCI-Ly10 tumors, revealing that also in mice the
compounds were indeed acting by inhibiting MALT1 activity in
the tumor cells (Figure 6E). Thus, the murine tumor model
provided evidence that MALT1 inhibition by phenothiazines
selectively kills MALT1-dependent DLBCL in vivo and indicates
a potential therapeutic benefit for use of the known compounds
in ABC-DLBCL therapy.

DISCUSSION

In this study, we have identified PD as small molecule inhibi-
tors that effectively and selectively inhibit proteolytic activity of
recombinant and cellular MALT1. Importantly, only a distinct
subset of PD inhibited MALT1, with the best inhibitory activity
found for mepazine, thioridazine, and promazine, three known
organic compounds that have been in clinical use as anti-
psychotic or sedative drugs. All three PD interfered with
inducible MALT1 activity in activated T cells and constitutive
activity in ABC-DLBCL cells. Furthermore, mepazine and thiorid-
azine caused impaired T cell activation as well as reduced
viability that was selective for the ABC subtype of DLBCL,
processes that were shown to be critically dependent on
MALT1 activity (DUwel et al., 2009; Ferch et al., 2009; Hailfinger
et al., 2009b). In addition, both compounds were inhibiting
MALT1 activity and selectively inducing apoptosis and thereby
reducing growth of ABC-DLBCL in a preclinical DLBCL xeno-

transplantation model. Thus, cellular and in vivo data underscore
the effectiveness of PD as pharmacologic MALT1 inhibitors
and suggest their potential clinical application for ABC-DLBCL
therapy.

MALT?1 is the only human paracaspase with very distinct prop-
erties when compared to mammalian caspases (Hachmann
et al., 2012), revealing that specific inhibitors are clearly prom-
ising drug candidates for selective inactivation of the MALT1
oncogenic activity. Selectivity is critical, because impairment of
apoptosis through caspase inhibition would certainly trigger
adverse effects detrimental for lymphoma therapy. Indeed, all
PD tested displayed a high preference for MALT1 and did not
impair the initiator caspase 8 and the executioner caspase 3.
Congruently, mepazine and thioridazine were able to induce
apoptotic cell death in MALT1-dependent ABC-DLBCL.

Michaelis-Menten kinetics and wash-out experiments re-
vealed that mepazine does not directly affect substrate binding
to the catalytic center of MALT1 in a competitive manner, but
rather acts as a noncompetitive and reversible inhibitor. Because
all PD inhibit activity of a catalytically active MALT1 fragment that
spans the paracaspase and C-terminal Ig3 domain to a similar
extent as the full length protein, they apparently exert allosteric
effects within the active paracaspase domain. The recent eluci-
dation of the crystal structure of the MALT1 paracaspase and Ig3
domains in its free form and bound to the tetrapeptide inhibitor
indicates that substrate binding causes a substantial structural
reorganization to achieve an active protease (Wiesmann et al.,
2012; Yu et al., 2011). Mepazine and thioridazine inhibit constitu-
tive activity of recombinant MALT1, suggesting that PD bind
within the paracaspase-Ig3 region of MALT1 and thereby
possibly counteract the structural rearrangement required to
maintain the active confirmation. Also inside the cells, PD act
directly on the MALT1 paracaspase, as indicated by impaired
cleavage of the substrate RelB. Furthermore, the inhibitory effect
on MALT1 is also evident from the inhibition of MALT1 activity in
in vitro protease assays after IP of cellular MALT1. Thus, in T cells
PD are apparently maintaining MALT1 in an inactive conforma-
tion that is resistant to activation by upstream pathways. Further-
more, the inhibition of constitutive MALT1 activity in ABC-DLBCL
cells even after IP purification suggests that in the ABC-DLBCL
cells PD are in fact forcing the active MALT1 protease into an
inactive conformation. Mepazine and thioridazine are most likely
causing cellular MALT1 to adopt a structure reminiscent to the
inactive enzyme prior to stimulation. In fact, these results on
cellular MALT1 inhibition are compatible with the noncompeti-
tive, allosteric mode of inhibition that PD exert on recombinant
MALT1. Taken together, our recombinant and cellular data
underscore the efficacy and selectivity of PD as small molecule
MALT1 inhibitors.

In cells, the strong inhibition of cellular MALT1 activity after
relatively short PD incubation times clearly indicated that the
substances were directly affecting MALT1 protease. Mepazine
was ~4- to 6-fold more effective than thioridazine in inhibiting
recombinant MALT1 and it was also more effective in cells, indi-
cating that cellular uptake, compound stability, and cellular
concentration may be in a similar range. Different PD have
been or are still in clinical use, reflecting that the phenothiazine
scaffold seems to be a privileged structure to obtain in vivo
effects. Interestingly, toxicity tests on ABC-DLBCL cells
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Figure 6. Mepazine and Thioridazine Inter-
fere with Growth and Induce Apoptosis in
ABC-DLBCL Cell Line OCI-Ly10 In Vivo

(A) Transplantation of OCI-Ly10 or Su-DHL-6 cells
resuspended in matrigel into the flanks of NSG
mice was carried out on day 0. Tumor size was
determined by caliper measurement. Intraperito-
neal administration of solvent, mepazine (400 pg/
day) or thioridazine (300 ng/day) was started 24 hr
after transplantation and given continuously every
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24 hr for the entire treatment period. Statistical
analysis was performed using a two-way Anova
test (mean + SD; n = 3).

(B) Mice were treated as in (A) but administration of
compounds was started on day 12 after xeno-
transplantation when tumors were grown to
~75 mm? (mean + SD; n = 3).

(C) Thioridazine concentrations were measured in
the serum 0-24 hr after i.p. injection (12 mg/kg) by
HPLC (mean + SD; n = 3).

(D) Apoptosis was determined on tumor sections
(experiment in A) by TUNEL staining after 22 days
of treatment. Pictures show staining of represen-
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revealed some differences in the effects of thioridazine to mepa-
zine. In fact, differential side effects of PD may synergize with
MALT1 inhibition to exert the toxic effect on ABC-DLBCL cells.
In this context, thioridazine has been reported to inhibit PI3K-
PDK1-AKT signaling in ovarian cancer cells (Choi et al., 2008;
Rho et al., 2011). Constitutive AKT phosphorylation is a common
feature of DLBCL cells, independent of their classification. We
observed some effects of thioridazine on AKT phosphorylation
(data not shown), which may account for an augmentation of
thioridazine toxicity. However, as GCB-DLBCL cells, which
also show constitutive PIBK-AKT signaling (Kloo et al., 2011)
and are resistant to thioridazine, MALT1 inhibition is clearly
the primary cause for the cellular toxicity in this setting. We
recently demonstrated that PI3K-PDK1 contributes to enhanced
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Su-DHL-6

(day 12) tative tumor sections (scale bar 100 pm).

(E) RelB and RelBA were detected in extracts of
OCI-Ly10 tumor specimens by western blotting
22 days after transplantation (experiment in A).
Blots show results from three mice treated with
solvent, mepazine, or thioridazine.

! Solvent

MALT1 activity in the two ABC-DLBCL
cell lines HBL1 and TMD8 that carry
oncogenic mutations in the BCR
signaling adaptor CD79B (Kloo et al.,
2011). Clearly, thioridazine did not only
affect survival of HBL1 and TMDS8 cells,
but also was toxic to all MALT1-depen-
dent ABC-DLBCL, again indicating that
its primary target is MALT1. Neverthe-
less, concomitant inhibition of PISBK-AKT
may add to the effects of thioridazine on
MALT1.

The important clinical potential of the
three PD identified and analyzed in this
study stems from the fact that all have
been used formerly in trials or in the clinic
as antipsychotic or sedative drugs. This
activity in this setting is thought to be based primarily on their
ability to function as dopamine D2 receptor antagonists (Seeman
et al., 1976). Mepazine, the most effective MALT1 inhibitor, has
been evaluated as an antipsychotic and tranquilizing drug under
the brand name Pacatal in the late 1950s and early 1960s.
Whereas some clinical investigations provided evidence for anti-
psychotic effects, other studies failed to do so (Sarwer-Foner
and Koranyi, 1957; Whittier et al., 1960). Some side effects
were reported after mepazine treatment, including a reduction
of asthma attacks, indicating potential immunosuppressive
activity (Sarwer-Foner and Koranyi, 1957). Thioridazine (brand
name Mellaril/Melleril) is still commercially available, but is
reserved for the treatment of schizophrenic patients who do
not respond to other antipsychotic drugs. Thioridazine is also
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¥
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834 Cancer Cell 22, 825-837, December 11, 2012 ©2012 Elsevier Inc.



Cancer Cell
MALT1 Inhibition by Phenothiazines in DLBCL

considered to be beneficial for other medical applications
because it exerts toxic effects on different cancer cell lines
(Rho et al., 2011; Zhelev et al., 2004). In addition, thioridazine
is considered as a candidate drug for the treatment of tubercu-
losis or malaria, but the reasons for its antimicrobial and antipar-
asitic actions are currently unknown (van Soolingen et al., 2010;
Weisman et al., 2006). Promazine (brand name Sparine), which
displayed the weakest toxicity for MALT1-dependent ABC-
DLBCL, is still used to treat restless behavior.

Comparative analysis of pharmacokinetic (PK) profiles in
rodents and humans further support the possibility for a potential
off-label clinical use of thioridazine to treat ABC-DLBCL. We
measured thioridazine levels of 170-270 ng/ml in the serum of
NSG mice 1 hr after treatment, which is congruent with previous
single dose PK studies after i.p. injection (10 mg/kg) in rats
(Daniel et al., 1997). The concentrations obtained in rodents
are within the range of peak concentrations reported in humans
(130-650 ng/ml) 1-4 hr after oral uptake of 100 mg thioridazine
(Chakraborty et al., 1989; Shvartsburd et al., 1984). However,
whereas in humans considerable concentrations of thioridazine
are still present even after 1 day, the drug is undetectable in
rodents after 24 hr (see Figure 6C; Daniel et al., 1997). A dose
of 10-12 mg/kg in rodents corresponds to ~800 mg for an adult.
Given these relatively high doses, PK studies clearly demon-
strate a much faster metabolism of thioridazine in rodents com-
pared to humans. Congruently, in rats 2 weeks of chronic i.p.
injection (10 mg/kg twice daily) led to plasma concentrations
of thioridazine that peaked at ~750 ng/ml and declined to
~90 ng/ml over 24 hr (Daniel et al., 1997). The recommended
therapeutic range of thioridazine in humans has been set to
steady state levels of 200-2,000 ng/ml in the plasma of patients
treated for psychiatric disorders (Baumann et al., 2004). These
data reveal that the thioridazine levels that are effective in killing
xenografted ABC-DLBCL tumors after i.p. injection in mice
are within the range or even below the therapeutic window
that can be achieved after oral administration of thioridazine in
humans. Thus, the PK profile lends support to a possible clinical
off-label use of PD in ABC-DLBCL therapy.

The identification of mepazine, thioridazine, and promazine as
three small molecule inhibitors of MALT1 opens potential addi-
tional therapeutic uses. The inhibitory action of PD on T cell
activation indicates a potential immunosuppressive effect of
MALT1 inhibition that needs to be further explored, but adverse
effects of PD that have mostly terminated a long-term antipsy-
chotic use are certainly not tolerated for an application as
immunosuppressants. However, a restricted short-term usage
of mepazine or thioridazine for treatment of patients with aggres-
sive lymphoma that depends on MALT1 proteolytic activity and
is resistant to current therapeutic protocols can be envisioned.
The overall 5-year survival rate of 35% for patients with ABC-
DLBCL emphasizes the urgent clinical need for alternative treat-
ment options (Lenz et al., 2008b). The increase in apoptosis as
well as the decrease in tumor growth of the ABC-DLBCL cell
line OCI-Ly10 in response to mepazine or thioridazine treatment
in mice underscores the potency of these drugs. Thioridazine is
still on the market and the xenotransplantation model as well as
PK profile suggests that a daily administration of up to 800 mg,
which is the maximal permitted oral dosage in psychotic
patients, could have beneficial effects in patients with ABC-

DLBCL. A combinatorial therapy could be possible, because
the reduced expression of prosurvival factors after MALT1
inhibition by PD could sensitize ABC-DLBCL tumor cells for
chemotherapy-induced apoptosis. Besides the differential
ABC- and GCB-DLBCL classification, further diagnostic markers
to identify patients with lymphoma who would most likely benefit
from MALT1 inhibition by PD are certainly required. In addition,
effectivity and selectivity of MALT1 inhibition by PD can be opti-
mized by medicinal chemistry programs to yield a more potent
and possibly selective drug for the treatment of MALT lymphoma
or ABC-DLBCL.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents

DLBCL cell lines (except OCI-Ly10) were cultured in RPMI 1640 medium
(Invitrogen) supplemented with 20% FCS and 100 U/ml penicillin/strepto-
mycin. OCI-Ly10 was cultured in IMDM (Invitrogen) with 20% human plasma,
penicillin/streptomycin and 50 uM B-mercaptoethanol. Jurkat T cells were
cultured like DLBCL cells with 10% FCS. The isolation of PBMCs from
heparin-treated (1000 U/ml) whole blood was done with Lymphoprep accord-
ing to manufacturer (Axis-shield). Isolation of murine CD4* T cells was per-
formed with T-cell-specific Dynabeads (Invitrogen) and they were cultured in
Jurkat medium and 50 uM B-mercaptoethanol. Stimulation of Jurkat T cells,
PBMCs, and mouse CD4™ T cells was either initiated by the addition of phorbol
12-myristate 13-acetate (PMA; 200 ng/ml) and ionomycin (I; 300 ng/ml) (both
Calbiochem) or by hCD3/hCD28 and migG1/mlgG2a antibodies (BD Biosci-
ences). The use of PBMC from healthy donors in this study was approved
by the Ethics Board of the Medical Faculty of the Ludwig-Maximilians-Univer-
sity Munich, Germany and donors gave informed consent.

Z-VRPR-FMK (Alexis Biochemicals), mepazine acetate (Chembridge), pro-
mazine hydrochloride, thioridazine hydrochloride, promethazine hydrochlo-
ride (all Sigma Aldrich), and all other PD tested (Chembridge or Sigma) were
solved in DMSO. Antibodies used were BCL-XL (Cell Signaling), MALT1
(H300, Santa Cruz), c-FLIP (Alexis Biochemicals), B-Actin (I-19, Santa Cruz),
and RelB (Cell Signaling).

Recombinant and Endogenous Protease Cleavage Assays
Recombinant GSTMALT1 was purified from E. coli and all cleavage assays
were in 384-well microplates format using 200 ng of GSTMALT1 and 50 uM
of the substrate Ac-LRSR-AMC. Cleavage activity was determined by the
increase of AMC fluorescence measured in Synergy 2 Microplate Reader (Bio-
tek). Reversible inhibition was determined after coupling of 300 ng GSTMALT1
to glutathione sepharose and subsequent wash out of the compounds.
Cleavage of human caspase 3 (BioVision) and caspase 8 (Cayman Chemical)
was assayed accordingly against Ac-DEVD-AMC as substrate using 50 and
250 pg of protein, respectively. Activity of endogenous MALT1 in the absence
or presence of inhibitors was determined after MALT1 IP as described earlier
(Kloo et al., 2011).

Real-Time RT-PCR and ELISA
Synthesis of cDNA was performed with DNA-free RNA samples (RNeasy Mini
Kit, QIAGEN) by reverse transcription with random hexamers and Superscript
I (Invitrogen) according to the manufacturer’s protocol and real-time PCR was
performed using LC 480 SybrGreen PCR mix on a LC 480 Lightcycler system
(Roche). RNA was normalized by B-Actin mRNA. Primers are shown in Supple-
mental Experimental Procedures.

Human and murine IL-2 (BenderMed Systems), IL-6, and IL-10 ELISAs
(Immunotools) were performed according to the manufacturer’s protocols.

Gene Expression Profiling

Gene expression profiling was performed for the ABC-DLBCL cell line HBL1
after treatment with DMSO or 20 uM of mepazine for the indicated time points.
RNA extraction using RNeasy Mini Kit (QIAGEN) and analysis of whole-
genome Agilent 4 x 44K gene expression arrays (Agilent Technologies)
was performed following the manufacturer’s protocol. Signals from either
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DMSO-treated (labeled with Cy3) or mepazine-treated (labeled with Cy5)
HBL1 cells were compared. We applied a previously developed MALT1 and
NF-kB target gene signature to the gene expression data (Hailfinger et al.,
2009b; Kloo et al., 2011). Genes that were significantly downregulated were
determined by paired t test (p < 0.05).

Viability, MTT, and Apoptosis Assays

Viability of DLBCL cell lines was analyzed with a cell count assay of trypan
blue-stained cells after 4 days and by MTT (3-4,5-dimethylthiazol-2-yl-2,5-
diphenyltetrazoliumbromid) cytotoxicity test after 2 days of inhibitor treat-
ment in comparison to DMSO-treated cells. Reduction of MTT to formazan
was measured at 450 nm with a pQuant microplate spectrophotometer
(Biotek). Apoptosis rates were determined with PE-Annexin V staining of
7AAD cells (BD PharMingen) by FACS (LSRIl, BD). Data were analyzed
using FlowJo software (Treestar). TUNEL assay was performed on frozen
5 um DLBCL tumor tissue sections with the DEAD End colorimetric TUNEL
system kit according to the manufacturer’s protocol (Promega). Tissue
sections were stained with H&E and images were taken on a Zeiss Axioplan
microscope.

Lentiviral Transduction

Constitutively active Flag-IKKp (calKKp) mutant (SS176, 180EE) and GFP were
linked by a cotranslational processing site T2A (Hadian et al., 2011) and intro-
duced into pLVTHM plasmid. Infection into HBL1 cells was performed as
described earlier (Wiznerowicz and Trono, 2003). After 1 week in culture,
HBL1 cells were sorted by FACS yielding more than 95% GFP-positive
HBL1 cells. Viability of cells in response to phenothiazine treatment was deter-
mined by counting of trypan blue staining.

In Vivo Tumor Cell Engraftment, Treatment of Mice, and PK
Thioridazine

All experiments were approved by the Bavarian State authorities (file no. 115-
09) according to the legal regulations for animal experimentation. Tumors were
engrafted in 6- to 8-week-old female NOD.Cg-Prkdc>® 112rg"™"Wi/SzJ (NSG)
mice by subcutaneous injection of 4 x 10° tumor cells (OCI-Ly10 or Su-
DHL-6) resuspended in matrigel (BD). Both tumors were engrafted simulta-
neously on opposite flanks of individual mice, with three mice for each
treatment group. Intraperitoneal administration of solvent, mepazine, or
thioridazine was started 1 or 12 days after transplantation and given continu-
ously every 24 hr thereafter. We used a daily application dose of 300 ng
thioridazine and 400 pg mepazine per animal (25 g), corresponding to approx-
imately 12 mg/kg and 16 mg/kg, respectively. The tumor size was measured
every other day after visual appearance using a caliper and calculated as
square millimeters (length x width). Mice were sacrificed when the SU-DHL-
tumor size was above 250 mm?. Statistical data were analyzed with a two-
way Anova test.

For the pharmacokinetic study of thioridazine, NSG mice were i.p. injected
with a single dose of 300 pg. For each indicated time-point three mice were
treated and blood serum concentrations of thioridazine were determined via
HPLC by standardized diagnostic protocol (MVZ Dortmund).
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SUMMARY

MALT1 cleavage activity is linked to the pathogenesis of activated B cell-like diffuse large B cell ymphoma
(ABC-DLBCL), a chemoresistant form of DLBCL. We developed a MALT1 activity assay and identified chem-
ically diverse MALT1 inhibitors. A selected lead compound, MI-2, featured direct binding to MALT1 and
suppression of its protease function. MI-2 concentrated within human ABC-DLBCL cells and irreversibly in-
hibited cleavage of MALT1 substrates. This was accompanied by NF-kB reporter activity suppression, c-REL
nuclear localization inhibition, and NF-kB target gene downregulation. Most notably, MI-2 was nontoxic to
mice, and displayed selective activity against ABC-DLBCL cell lines in vitro and xenotransplanted ABC-
DLBCL tumors in vivo. The compound was also effective against primary human non-germinal center B
cell-like DLBCLs ex vivo.

INTRODUCTION like (GCB) DLBCL, activated B cell-like (ABC) DLBCL, and
primary mediastinal B cell lymphoma (PMBL) (Alizadeh et al.,

Non-Hodgkin’s lymphoma (NHL) is the seventh most frequent 2000; Rosenwald et al., 2003). These subtypes differ significantly

cancer (Siegel et al., 2012). Diffuse large B cell lymphoma
(DLBCL) is the most common subtype of NHL, accounting for
~25% of all lymphoma cases (Swerdlow et al., 2008). Gene
expression profiling allowed subclassification of DLBCL into
distinct molecular subtypes, including germinal center B cell-

in their spectrum of recurrent somatic mutations, dependence
on different signaling pathways, and response to current stan-
dard therapies (Lenz et al., 2008b; Wright et al., 2003). Patients
with the GCB subtype have a significantly better overall survival
compared to those with the ABC subtype (Alizadeh et al., 2000;

Significance

therapeutic agents for B cell ymphomas.

MALT1 is a unique paracaspase protein that transduces aberrant oncogenic signaling in ABC-DLBCL. This manuscript
reports the development of a constitutively activated form of MALT1 that enabled a screen for small molecule inhibitors.
This led to identification of MI-2, an irreversible MALT1 protease inhibitor, which is a lead compound with nanomolar activity
in cell-based assays and selective activity against ABC-DLBCLs. Importantly, we show that MALT1 inhibitors kill ABC-
DLBCLs in vitro and in vivo, are nontoxic to animals, and also suppress primary human non-GCB-DLBCL specimens. Hence,
we demonstrate that MALT1 is a bona fide therapeutic target and provide a lead compound that forms the basis of a class of
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Rosenwald et al., 2002). Improved therapies are needed for all
DLBCLs but most urgently for ABC-DLBCLs, which are the
most chemoresistant.

ABC-DLBCL is characterized by its reliance on the oncogenic
activation of the NF-kB pathway through several different mech-
anisms. These mostly involve somatic mutations in molecules
participating in signaling downstream of the B cell receptor
(BCR), including activating mutations of CARMA1/CARD11
(Lenz et al., 2008a) and CD79A/B (Davis et al., 2010), homozy-
gous deletion/inactivating mutations of TNFAIP3/A20 (Com-
pagno et al., 2009; Honma et al., 2009), and activating mutations
of MYD88 downstream of the Toll-like receptor (Ngo et al., 2011).
CARMA1 forms part of the CARMA1-BCL10-MALT1 (CBM)
complex and mediates NF-«kB activation downstream of the B
cell receptor, T cell receptor (Ruefli-Brasse et al., 2003; Ruland
et al., 2003), and ITAM-coupled natural killer cell receptors
(Gross et al., 2008). The MALT1 (mucosa-associated lymphoid
tissue lymphoma translocation 1) subunit is the active signaling
component of the CBM complex (Lucas et al., 2001) and features
protease activity that cleaves and inactivates inhibitors of the
NF-kB signaling pathway such as TNFAIP3/A20 (Coornaert
et al., 2008), CYLD (Staal et al., 2011), and RELB (Hailfinger
et al., 2011) or the BCL10 protein (Rebeaud et al., 2008), indi-
rectly activating NF-kB signaling. MALT1 translocations,
including t(11;18)(g21;921), which produces an API2-MALT1
fusion, and t(14;18)(g32;921), which results in the IGH-MALT1
translocation, are detected in up to 55% of MALT-type
lymphomas (Farinha and Gascoyne, 2005). These translocations
lead to overexpression of MALTT1 and, in the case of the API2-
MALT1 translocation, constitutive activation of the pathway
(Dierlamm et al., 1999; Sanchez-lzquierdo et al., 2003; Streubel
et al., 2003). Constitutive expression of MALT1 in mice induces
a disease that is similar to MALT lymphomas in humans, and
induces ABC-like DLBCLs in a p53-null background (Vicente-
Duefas et al., 2012). MALT1 has not been found mutated or
translocated in DLBCL but is gained along with BCL2, and
this low-copy-number amplification is associated with an
ABC-DLBCL phenotype (Dierlamm et al., 2008). Moreover,
ABC-DLBCL cell lines have been shown to be dependent on
MALT1 catalytic activity (Ferch et al., 2009; Hailfinger et al.,
2009; Ngo et al., 2006).

MALT1 is a paracaspase, which is related to the caspase
(cysteine-aspartic proteases) family of proteases but cleaves
after Arg residues instead of Asp (Rebeaud et al., 2008).
MALTT1 is the only gene encoding paracaspase in the human
genome. MALT1-null animals display defects in B and T cell
function but are otherwise healthy (Ruefli-Brasse et al., 2003;
Ruland et al., 2003). These factors suggest that MALT1-targeted
therapy would likely be well tolerated with little or manageable
toxicity. Consequently, MALT1 represents a potentially impor-
tant therapeutic target for ABC-DLBCL and MALT lymphoma.

RESULTS

Biochemical Screening Identifies Low Molecular Weight
Inhibitors of MALT1 Proteolytic Activity

We reasoned that MALT1 small molecule inhibitors might be
useful chemical tools for studying MALT1 biology and treating
MALT1-addicted tumors. However, full length MALT1 and its

paracaspase domain (amino acids 340-789) are naturally
present in physiological solutions as a monomer, which has
very low proteolytic activity. Caspases generally must homodi-
merize for maximal catalytic activity (Pop et al., 2006; Walker
et al., 1994; Yin et al.,, 2006), and accordingly the recently
reported structures of the paracaspase domain of MALT1 in
complex with a peptide inhibitor are dimeric (Wiesmann et al.,
2012; Yu et al,, 2011). In order to generate catalytically active
MALT1 for an effective assay to screen for inhibitors, we
biochemically engineered a recombinant form of MALT1 (340-
789) fused with a leucine zipper dimerization motif (LZ-MALT1),
which promotes its dimerization and activation (Figure 1A).
We developed a MALT1 activity assay using the MALT1 sub-
strate peptide LRSR linked to the fluorogen AMC (7-amino-4-
methylcoumarin). Cleavage of the Ac-LRSR-AMC substrate by
MALT1 resulted in release of AMC and a fluorescent signal.

The optimal conditions for high-throughput screening were
determined by systematic variation of the concentrations of the
enzyme and the substrate in a two-dimensional grid. Fluores-
cence measurements were taken every 45 s for 60 min. The
measurements were plotted as a function of time. Conditions
with a linear relationship between fluorescence and time were
considered appropriate for screening. Quality was assessed
using the Z’ factor, a coefficient reflective of the dynamic range
of the assay and variance of the data (Zhang et al., 1999), calcu-
lated by the formula Z’ factor =1 — 3 X (o, + 6,)/(|1tp — ), Where
Op/n IS the standard deviation for positive and negative control
and pg/, is the mean for positive and negative control. The Z'
factor for this screen was 0.738, which is within the optimal range
0.5-1 (Zhang et al., 1999). A total of 46,464 compounds was
screened (see Supplemental Experimental Procedures available
online). Using 40% inhibition as a threshold, 324 candidate
compounds were selected for validation in a concentration-
response assay (Figure 1B). Of these, 19 compounds (Fig-
ure S1A) were selected for further validation based on their
biochemical activity (half-maximal inhibitory concentration
[ICs0] < 20 uM; Figure 1C).

Candidate Inhibitors Selectively Suppress ABC-DLBCL
Cell Lines and MALT1 Catalytic Activity

MALT1 activity plays an important role in selectively maintaining
proliferation of ABC-DLBCL cell lines (Ngo et al., 2006). Accord-
ingly, ABC- and GCB-DLBCL cell lines present differential
sensitivity to MALT1 cleavage inhibition by the peptide Z-
VRPR-FMK (Ferch et al., 2009; Hailfinger et al., 2009; Rebeaud
et al., 2008). To determine whether candidate small molecules
display a similar profile, two ABC-DLBCL cell lines, HBL-1 and
TMD8, and one GCB-DLBCL cell line, OCI-Ly1, were exposed
to increasing concentrations of the 19 selected molecules. Cell
proliferation was measured 48 hr after exposure to a single
dose of compound using an ATP-based metabolic luminescent
assay (summarized in Figure 1C). Three compounds consistently
induced significant selective dose-dependent suppression of
ABC-DLBCL cells (MI-2, p < 0.0001; MI-4, p = 0.006; MI-11,
p < 0.0001; regression extra sum-of-squares F test; Figures 1C
and S1B). Hence, these compounds were active in cells, selec-
tive for ABC-DLBCLs, and lack nonspecific cellular toxicity.
MI-6 and MI-15 also showed differential inhibition of ABC-
DLBCL cells but did not reach statistical significance.

Cancer Cell 22, 812-824, December 11, 2012 ©2012 Elsevier Inc. 813
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Figure 1. Identification of MALT1 Small
Molecule Inhibitors

(A) Dimeric LZ-MALT1 representation showing
LZ-MALT1 monomers in yellow and magenta.
Met338 is shown as a sphere model. The model
was generated using the MALT1 structure (Protein
Data Bank [PDB] ID code 3UOA) and LZ structure
(PDB ID code 2ZTA).

(B) Represented is the % inhibition for each of
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the compounds assayed at 12.5 uM. Cutoff was
40% inhibition.

(C) Summary table of ICso and Glys results for
screening hits. Experiments were performed
a three times in triplicate. Fold difference = OCI-Ly1
Glys/average Glos for the MALT1-dependent cell
lines. *Significant dose-dependent suppression
of proliferation in ABC-DLBCL, regression extra
sum-of-squares F test.

(D) MI-2 structure.

(E) MALT1 cleavage of CYLD inhibition by MI-2
in HBL-1 cells at 24 hr studied by western blot.
a-tubulin, and loading control. Densitometry
values were normalized to a-tubulin and are rela-
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Compound MI-2 was the most potent in cell-based assays,
with 25% growth-inhibitory concentration (Glos) values in the
high-nanomolar range. MI-2 (Figure 1D) was therefore next as-
sayed for inhibition of MALT1-mediated substrate cleavage in
lymphoma cells. HBL-1 cells were treated with increasing
concentrations of MI-2 for 24 hr and cleavage of the MALT1
target protein CYLD was measured by western blotting and
densitometry. MI-2 caused a dose-dependent decrease
in MALT1-mediated cleavage, noted by an increase in the
uncleaved CYLD protein and a decrease in the cleaved form of
the protein (Figure 1E). MI-2 was selective as a MALT1 paracas-
pase inhibitor, because it displayed little activity against the
structurally related caspase family members caspase-3, -8,
and -9 (Figure S1C). Moreover, MI-2 did not inhibit caspase-3/7
activity or apoptosis in cell-based assays at concentrations
that suppress MALT1 (Figures S1D-S1F). Hence, MI-2 is a
potential lead compound as a therapeutic MALT1 inhibitor.

MI-2 Analogs Display MALT1-Inhibitory Activity

To establish whether compound MI-2 represented a potential
scaffold for development of MALT1 inhibitors, we compared
MI-2 with other chemical compounds in silico to identify potential
analogs. A total of 704 analog compounds from available
libraries with similarity score >70% (Tanimoto similarity func-
tions) was screened by LZ-MALT1 fluorescence assay. Nineteen
analogs displaying equal or higher activity than MI-2 were

= CYLD
= CYLDp70

selected (Figure 2A). Five analogs with
biochemical 1Csos within a similar range
as MI-2 were selected for further charac-
terization in cell-proliferation assays (Fig-
ures 2B and 2C). All five analogs (MI-2A1-
5) exhibited the same trend toward selec-
tive suppression of the ABC-DLBCL cell
lines, with Glys concentrations in the micromolar range (Fig-
ure 2C). Two analog compounds with no LZ-MALT1-inhibitory
activity in vitro (MI-2A6 and -7) used as chemical controls had
no effect on cell proliferation over the same dose range (Fig-
ure S2). The five active MI-2 analogs were assayed for inhibition
of MALT1 cleavage of CYLD. All five compounds, administered
at 5 uM for 8 hr, showed cleavage inhibition similar to the
Z-VRPR-FMK MALT1 blocking peptide (50 uM) used as positive
control (Figure 2D), although MI-2 itself remained the most
potent compound. Collectively, the conservation of MALT1
inhibitor activity in vitro and in cell-based assays among
chemically related compounds points toward the suitability of
MI-2 and its analogs as lead compound inhibitors of MALT1.

Mi-2 Directly Binds and Irreversibly Inhibits MALT1

We next investigated whether MI-2 directly bound to MALT1 or
indirectly affected MALT1 activity, for example through binding
to the LZ region of the fusion protein. Heteronuclear single-
quantum coherence (HSQC) nuclear magnetic resonance
(NMR) spectroscopy was used to characterize the binding of
MI-2 to the paracaspase domain of MALT1 (residues 329-728).
As MI-2 was titrated in, resonances corresponding to the
unbound state of MALT1 decreased in intensity, while another
set of resonances corresponding to the MALT1-MI-2 complex
gradually appeared (Figure 3A). This pattern of chemical shift
changes is characteristic of slow exchange on the NMR

814 Cancer Cell 22, 812-824, December 11, 2012 ©2012 Elsevier Inc.
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Figure 2. MI-2 Analogs Display Similar
MALT1-Inhibition Activity

(A) Seven hundred and four compounds with
over 70% homology to MI-2 were screened.
Compounds with equal or higher activity than MI-2
were selected.

(B) Structures of the MI-2 analog compounds
assayed in cell growth-inhibition experiments.
Blue, active analogs; red, inactive analogs.

(C) ICs50 and Glys values for the selected analogs
assayed in HBL-1, TMD8, and OCI-Ly1 cells.
Experiments were performed three times in tripli-
cate. Fold difference = OCI-Ly1 Gl,s/average Glos
for the MALT1-dependent cell lines.

(D) CYLD cleavage was studied in HBL-1 cells
treated with 5 UM analog compound or 50 pM
Z-VRPR-FMK for 8 hr. Densitometry results were
normalized to a-tubulin and fold change-to-vehicle

MI'ZAT HNYQ\(- ratios were calculated. Results are mean + SEM
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R See also Figure S2.
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to bind the active site cleft with its
chloromethyl group close to the active
site C464 in the paracaspase domain
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timescale and is indicative of a robust interaction between
MALT1 and MI-2. In contrast, NMR spectroscopy studies
showed no evidence of binding by the inactive analogs MI-2A6
and MI-2A7 (Figure 3B).

Because MI-2 contains a reactive chloromethyl amide, we
investigated whether MI-2 could modify MALT1 covalently
using liquid chromatography-mass spectrometry (LC-MS). As
shown in Figure 3C, MALT1 paracaspase domain (329-728)
presented a major peak at 55,988.4 Da. Upon incubation with
the compound MI-2, the major peak of MALT1 was shifted to
56,407.5 Da, an increase of 419.1 Da. This corresponds to
addition of MI-2 minus the chloride group, indicating that MI-
2 can bind covalently to MALT1 and potentially act as an irre-
versible inhibitor. Because the chloromethyl amide group is
not conserved in the active MI-2 analogs (Figure 2B), it is
most likely the common chemical scaffold in the MI-2 series
that provides specificity to MALT1. Notably, LC-MS performed
with MI-2 and the MALT1 active site mutant C464A revealed
markedly reduced covalent binding, suggesting that the active
site C464 residue is the main target of modification by MI-2
(Figure 3C). To further explore the potential mode of binding
of MI-2 to the MALT1 paracaspase domain, we employed
molecular docking using AutoDock 4.2 (Morris et al., 2009).
The crystal structure of MALT1 (Wiesmann et al., 2012; Yu
et al., 2011) was kept as a rigid body while allowing conforma-
tional flexibility of MI-2. The final results were ranked on the
predicted binding free energy and the cluster size for each
docking conformation. The top five poses were selected, all
of which had similar docking scores with slight changes in
their orientations. As shown for the first top hit, MI-2 appears

two groups. Collectively, the data sug-
gest that MI-2 engages and irreversibly
binds the MALT1 active site.

To examine whether MI-2 inhibition of MALT1 is consistent
with irreversible binding kinetics, LZ-MALT1 was preincubated
with different concentrations of MI-2 for 5-80 min followed by
addition of the substrate Ac-LRSR-AMC to determine enzymatic
activity (Figures 3E and S3B). Notably, the percent MALT1
inactivation increased with time, reaching plateaus near the
end of the test, consistent with covalent and irreversible inhi-
bition. Inhibition was concentration dependent, with higher
concentrations showing greater inactivation and faster rates of
saturation. In contrast, the active MI-2 analog MI-2A2, which
does not have the chloromethyl amide group, showed no
evidence of cumulative inhibition of MALT1, consistent with
reversible inhibition. It should be noted that MI-2 reached close
to 100% inhibition, whereas MI-2A2 with a lower ICso only
reached ~50% inhibition (Figure 3E). The irreversible kinetics
might contribute to the more potent effects of MI-2 in cell-based
assays versus its analogs that lack the chloromethyl amide
group and only bind reversibly, as has been noted in the case
of peptidyl halomethyl ketone protease inhibitors (Powers
et al., 2002).

MI-2 Inhibits MALT1 Functions in ABC-DLBCL Cell Lines

Having confirmed MI-2 as a lead compound, we next explored
its effects on MALT1 signaling in ABC-DLBCL cells. We first
examined the impact of MI-2 on cleavage of additional MALT1
substrates such as A20, BCL10, and RELB. Because these
proteins are directed to proteasomal degradation after cleavage
(Coornaert et al., 2008; Hailfinger et al., 2011; Rebeaud et al.,
2008), we used the proteasome inhibitor MG-132 to facilitate
visualization of cleavage products (Figure 4A). HBL-1 and
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Figure 3. MI-2 Directly Interacts with and
Irreversibly Inhibits MALT1
(A) Superposition of the 'H-"®N HSQC spectrum
of the apo-MALT1 (red) with the MALT1-MI-2
complex (blue) at a molar ratio of 1:1. The ex-
""."‘. W A panded regions highlight interacting residues in
;2 ;nf 1_:3‘ : the slow-exchange regime on the NMR timescale
g (intermediate 1:0.5 MALT1:MI-2 ratio is shown in
green).
(B) One-dimensional (top) and two-dimensional
(bottom) "H-"*C HSQC NMR spectra of MALT1
(329-728) without (black) and with compounds
MI-2A6, MI-2A7, and MI-2 (red).
(C) LC-MS for MALT1"T and MALT1%%¢*A (amino
acids 329-728) with and without MI-2.
(D) Docked MI-2 (in stick model) on the MALT1
paracaspase domain (in surface representation).
MALT1 is shown in magenta with C464 in yellow.
MI-2 is shown with carbons in yellow, oxygens in
red, nitrogens in blue, and chlorines in green.
(E) LZ-MALT1 was preincubated with the indi-
cated concentrations of MI-2 or MI-2A2 (0-25 pM)
for different durations (5-90 min) before Ac-LRSR-
AMC was added. The graphs represent normal-
ized % inhibition compared to preincubation time.
See also Figure S3.
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TMD8 cell lines were exposed to either MI-2 (2 uM) or vehicle for
30 min followed by 5 uM MG-132 for an additional 1 (lanes 2 and
3) or 2 hr (lanes 4 and 5) in order to allow cleaved forms of MALT1
substrates to accumulate during exposure to MI-2. As expected,
MG-132 exposure revealed the accumulation of A20, BCL10,
and RELB cleavage products due to the constitutive activity
of MALT1 in these DLBCL cells. However, exposure to MI-2
diminished the abundance of cleaved forms and/or increased
the abundance of full-length proteins, consistent with the loss
of MALT1 enzymatic activity (Figure 4A).

MALT1 mediates c-REL translocation to the nucleus following
BCR stimulation (Ferch et al., 2007). Therefore, HBL-1 cells were
exposed to 200 nM MI-2, 50 uM Z-VRPR-FMK (positive control),
or vehicle for 24 hr, followed by c-REL flow cytometry of whole
cells or isolated nuclei. Both MI-2 and Z-VRPR-FMK reduced
nuclear c-REL to a similar extent, without affecting whole-cell
levels of this protein (Figure 4B). To further confirm this result,
we also performed western blots for c-REL and p65 in nuclear
extracts of HBL-1 and TMD8 cells treated for 24 hr with Glsg
concentrations of MI-2 (200 nM for HBL-1 and 500 nM for
TMD8). In both cell lines, exposure to MI-2 caused a clear reduc-
tion of nuclear c-REL whereas it did not affect p65 levels (Fig-

MI-2A2 preincubation time (min)

80 naling partly depends on MALT1 activity
(Ruefli-Brasse et al., 2003; Ruland et al.,
2003). Hence, we tested the effect of
MI-2 on attenuating NF-«kB activation
induced by phorbol 12-myristate 13-acetate (PMA)/ionomycin,
which mimics BCR activation and activates MALT1-dependent
cleavage (Coornaert et al., 2008; Rebeaud et al., 2008). First,
293T cells were transfected with the NF-kB reporter vector
(NF-kB)s-luc2CP-pGL4 (harboring five copies of the NF-xB
consensus-response element and a destabilized firefly lucif-
erase) and TK-pRL control together with plasmids expressing
BCL10 and either MALT1WT or MALT1%46** (inactive mutant).
Exposure to PMA/ionomycin significantly increased luciferase
activity in 293T cells when MALT1WT was transfected, but not
with the mutant MALT1°4¢*A, Pretreatment with MI-2 signifi-
cantly inhibited NF-kB induction by PMA/ionomycin stimulation
similarly to Z-VRPR-FMK, whereas it did not significantly affect
that of MALT194%%A (Figure 4D). HBL-1 cells are reported to
exhibit chronic active B cell receptor signaling with consequent
NF-kB activation (Davis et al., 2010). HBL-1 was transfected
with the reporter construct (NF-kB)s-luc2CP-pGL4 and TK-pRL
control. Treatment with MI-2 promoted a 20% and 50% reduc-
tion in NF-«kB reporter activity at 8 and 24 hr, respectively. A
similar result was observed for Z-VRPR-FMK (50 uM) (Figure 4E).
This reduction in NF-«B reporter activity was significant at 24 hr
for MI-2 and the blocking peptide Z-VRPR-FMK.

816 Cancer Cell 22, 812-824, December 11, 2012 ©2012 Elsevier Inc.



Cancer Cell
MALT1 Inhibitors for ABC-DLBCL

Figure 4. MI-2 Inhibits MALT1 Signaling in
DLBCL Cells

(A) Western blots for A20, RELB, and BCL10 after
30 min pretreatment with 2 pyM MI-2 or vehicle,
followed by proteasome inhibitor MG-132 (5 uM)
treatment for 1 or 2 hr in HBL-1 and TMDS8.
Arrowheads indicate cleavage products.

(B) Flow cytometry for c-REL whole cells or iso-
lated nuclei from HBL-1 cells treated with 200 nM
MI-2, 50 uM Z-VRPR-FMK, or vehicle for 24 hr.
(C) c-REL and p65 protein expression in nuclear
extracts of HBL-1 and TMD8 cells treated for 24 hr
with 200 or 500 nM MI-2, respectively.

(D) NF-kB reporter assays in 293T cells trans-
fected with the indicated expression constructs.
Cells were treated for 30 min with 2 uM MI-2,
50 uM Z-VRPR-FMK, or vehicle followed by PMA/
ionomycin for 2 hr. The y axis represents luciferase
fold induction relative to vehicle-treated cells,
normalized to internal control. Statistics, ANOVA,
Bonferroni posttest.

(E) NF-«kB reporter assays in HBL-1 cells treated
with 200 nM MI-2, 50 uM Z-VRPR-FMK, or vehicle
for 8 and 24 hr. The y axis represents % luciferase
activity relative to vehicle-treated cells, normalized
to internal control. Statistics, ANOVA, Bonferroni
posttest.
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The impact of MI-2 on NF-«B signaling was further character-
ized by gene expression profiling. For these experiments, the
HBL-1 and TMD8 cell lines were treated with Glsg concentrations
of MI-2 (HBL-1, 200 nM; TMD8, 500 nM) or 50 uM Z-VRPR-FMK
for 8 hr, and RNA was extracted for gene expression studies
using oligonucleotide microarrays. Z-VRPR-FMK was previously
shown to attenuate the NF-«B signature in ABC-DLBCL cell lines
(Hailfinger et al., 2009). MI-2 would be expected to exhibit
a similar profile. For this study, we assigned Z-VRPR-FMK signa-
tures by capturing the top 200 downregulated genes by Z-VRPR-
FMK treatment compared to vehicle for each cell line. We next
performed gene set enrichment analysis (GSEA) of this Z-
VRPR-FMK signature against the differential expression of all
genes preranked by fold change between MI-2- and vehicle-
treated cells for each cell line. The Z-VRPR-FMK signature was
significantly enriched among genes downregulated after MI-2
treatment for both cell lines (Figure 4F). GSEA was next per-
formed using two independent ABC-DLBCL NF-kB gene
expression signatures derived from either OCI-Ly3 and OCI-
Ly10 or HBL-1 cell lines. We observed significant enrichment
of these NF-kB gene sets among genes downregulated after
MI-2 treatment in both cell lines (Figure S4). Collectively, these

data suggest that MI-2 suppresses NF-«B activity induced by
MALT1, similar to the effect observed with Z-VRPR-FMK.

Mi-2 Selectively Suppresses MALT1-Dependent DLBCL
Cell Lines

To further explore the spectrum of MI-2-mediated MALT1-inhibi-
tion effects, we turned to a larger panel of six ABC-DLBCL and
two GCB-DLBCL cell lines (Table S1). Endogenous MALT1
activity was evaluated by western blotting for A20, BCL10, and
CYLD, and NF-kB activation by phospho-IkB-a and total IkB-
o (Figure S5A). Dependence on MALT1 proteolytic activity for
proliferation was tested by 50 uM Z-VRPR-FMK treatment for
48 hr (Figure S5B). As expected, the two GCB-DLBCL cell lines
(OCI-Ly7 and OCI-Ly1) did not display evidence of MALT1 or
NF-kB signaling and did not respond to Z-VRPR-FMK. The
U2932 and HLY1 ABC-DLBCL cell lines harbor mutations in
TAK1 and A20, which activate NF-kB signaling downstream of
MALT1. Hence, these two cell lines displayed relatively little
response to Z-VRPR-FMK. In contrast, the ABC-DLBCL cells
HBL-1, TMD8, OCI-Ly3, and OCI-Ly10 displayed evidence of
MALT1 activity and inhibition of proliferation by Z-VRPR-FMK,
indicating that these four cell lines are MALT1 dependent.
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Figure 5. MI-2 Inhibits Cell Proliferation of MALT1-Dependent DLBCL Cells
(A) Dose-effect graphical representation for eight DLBCL cell lines exposed to MI-2 for 48 hr. Data are mean + SEM of three independent experiments performed

in triplicate.

(B) Intracellular MI-2 concentration determined by LC-MS in HBL-1 cells treated for 2 hr. The y axis represents MI-2 intracellular concentration. The x axis
represents administered dose of MI-2. Fold-change accumulation in cells is indicated.
(C) CFSE dilution assay in HBL-1and OCI-Ly1 cells after treatment with MI-2 for 48, 72, and 96 hr. Cells (2 x 10 were measured; DAPI~ cells were gated for analysis.
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All eight cell lines were exposed to increasing concentrations
of MI-2 (single dose) and cell proliferation was measured at
48 hr using an ATP-based metabolic luminescent assay (Fig-
ure 5A). Growth inhibition by MI-2 was selective for MALT1-
dependent cell lines, whereas the ABC-DLBCL MALT1-indepen-
dent cell lines, U2932 and HLY-1, and the two GCB-DLBCL cell
lines were resistant. The Glsg for MI-2 in HBL-1, TMD8, OCI-
Ly3, and OCI-Ly10 cells was 0.2, 0.5, 0.4, and 0.4 uM, respec-
tively, which is lower than its ICs in vitro (Figure 1). This is likely
explained by the irreversible binding of MI-2 to MALT1 as shown
in Figure 3, but could also be due to intracellular accumulation of
the compound. Indeed, we observed an 18-to 30-fold increase in
MI-2 intracellular concentration in experiments where HBL-1
cells were exposed to0 0.02, 0.2, or 2 uM MI-2 for 2 hr and washed
three times and MI-2 was measured by LC-MS (Figure 5B). The
intracellular concentration in the 0.2 uM MI-2-treated cells was
5 uM, similar to the calculated in vitro IC5q (Figure 5B). To deter-
mine the kinetics of accumulation of free drug, we measured the
intracellular concentration of MI-2 at the Glsg concentration of
0.2 uM at 30 min and 2, 6, 12, 24, and 48 hr (Figure S5C). By
12 hr, there was virtually no detectable free MI-2 within the cells.
However, after exposure of HBL-1 cells to increasing concentra-
tions of a single dose of MI-2, recovery of cells only started to
become evident after 48 hr (of the 0.2 M dose level; Figure S5D).
These data suggest that the potent biological effects of MI-2 are
due at leastin part toitsirreversible binding to MALT1 aided by its
tendency to concentrate in cells.

To explore in more detail the biological effects of MALT1 inhi-
bition, HBL-1, TMD8, OCI-Ly10, and the GCB-DLBCL cell line
OCI-Ly1 were treated with increasing concentrations of MI-2.
Cell proliferation was examined using the 5-(and 6)-carboxy-
fluorescein diacetate succinimidyl ester (CFSE) dilution assay
by flow cytometry on viable cells at 48, 72, and 96 hr. MI-2
substantially inhibited proliferation in HBL-1, TMD8, and OCI-
Ly10 whereas it did not affect OCI-Ly1 (Figures 5C and S5E).
Using BrdU incorporation-DAPI (4',6-diamidino-2-phenylindole)
staining and flow cytometry to assess the cell cycle, it
was evident that MI-2 induced a dose-dependent decrease in
S phase, with a reciprocal increment in the proportion of cells
in G1-0 and sub-GO0 (Figure 5D). To determine whether MALT1
inhibitors induced apoptosis, the ABC-DLBCL cell lines HBL-1
and TMD8 were treated daily with MI-2 at their respective Glos
and Glso, and the control OCI-Ly1 cell line at the higher doses
was used for TMD8. Trypan blue exclusion and apoptosis as-
sessed by Annexin V* DAPI™ flow cytometry was measured
every 48 hr for a period of 14 days. Whereas MI-2 had no effect
on OCI-Ly1 cells, it profoundly suppressed both HBL-1 and
TMD8 cells, with the former exhibiting earlier and higher abun-
dance of apoptotic cells (Figure 5E). Using the more sensitive
caspase-3/7 cleavage assay, we observed evidence of dose-
dependent apoptosis within 48 hr in both ABC-DLBCL cell lines
(Figure S5F). Hence, MI-2 powerfully suppresses the growth and
survival of ABC-DLBCL cell lines.

Compound MI-2 Is Nontoxic to Animals

To determine its suitability as a MALT1 lead compound for in vivo
studies, we examined whether MI-2 induced toxic effects in
mice. Five C57BL/6 mice were exposed to daily intraperitoneal
(IP) administration of increasing doses of MI-2 ranging from
0.05 to 25 mg/kg over the course of 10 days to a cumulative
dose of 51.1 mg/kg, and another five mice were exposed to
vehicle only (5% DMSO, n = 5) (Figure 6A, toxicity 1). There
was no evidence of lethargy, weight loss (Figure 6B, toxicity 1),
or other physical indicators of sickness. To ascertain whether
the maximal administered dose of 25 mg/kg is safe in a 14 day
schedule, we exposed ten mice to daily IP administration of
25 mg/kg of MI-2 over 14 days to a cumulative dose of
350 mg/kg, using as controls five mice injected with vehicle
only (Figure 6A, toxicity 2). Five mice were sacrificed after the
14 day course of MI-2 administration (together with the five
controls) and the other five mice were sacrificed after a 10 day
washout period to assess delayed toxicity. No toxic effects or
other indicators of sickness, including weight loss (Figure 6B,
toxicity 2) or tissue damage (macroscopic or microscopic),
were noted (Figure 6C). Brain, heart, lung, liver, kidney, bowel,
spleen, thymus, and bone marrow tissues were examined.
Bone marrow was normocellular with trilineage maturing hema-
topoiesis. Myeloid-to-erythroid ratio was 4-5:1. Megakaryo-
cytes were normal in number and distribution. There was no
fibrosis or increased number of blasts or lymphocytes. Complete
peripheral blood counts, biochemistry, and liver function tests
were normal (Table S2), These studies established the safety
of MI-2 for use in antilymphoma efficacy studies.

MI-2 Suppresses Human ABC-DLBCL Xenografts

and Primary Human DLBCLs Ex Vivo

In order to determine whether MI-2 could suppress DLBCLs
in vivo, we engrafted HBL-1 and TMD8 (MALT1-dependent)
and OCI-Ly1 (MALT1-independent) DLBCL cells into the right
flank region of nonobese diabetic/severe combined immuno-
deficiency (NOD-SCID) mice. Once tumors reached an average
of 120 mm?® in volume, mice were randomized to receive IP
injection of MI-2 25 mg/kg/day or vehicle (5% DMSO). Animals
were sacrificed 24 hr after the 14th injection. Remarkably, MI-2
profoundly suppressed the growth of both the TMD8 and
HBL-1 ABC-DLBCL xenografts versus vehicle, whereas it had
no effect on the growth of OCI-Ly1 tumors (Figure 7A). The fact
that OCI-Ly1 tumors were unaffected suggests that MI-2 activity
is due to its effects on lymphoma cells rather than the host
microenvironment. Histological examination using the TUNEL
assay to detect apoptotic cells showed a significant increase
in apoptotic cells in MI-2-treated HBL-1 and TMD8 xenografts
relative to vehicle but not in OCI-Ly1 xenografts (Figures 7B
and S6A). We also observed a significant decrease in prolife-
ration as measured by Ki-67 staining in HBL-1 and TMD8
xenografts compared to vehicle, but observed no difference in
OCI-Ly1 xenografts (Figures 7C and S6B). To evaluate the effect

(D) BrdU pulse-labeled HBL-1 cells treated for 24 and 48 hr with MI-2 were analyzed by flow cytometry. The graph shows the % of cells for each cell-cycle phase
for vehicle and each of the concentrations assayed. Data are mean + SD of two independent experiments.

(E) Apoptosis time course in cell lines treated with MI-2 every 24 hr. Cells were counted using trypan blue and apoptosis was assessed by Annexin V* DAPI™ every
48 hr for a period of 14 days. Left y axis, % cell number relative to vehicle for each time point. Right y axis, % apoptotic cells for each time point.

See also Table S1 and Figure S5.
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Figure 6. MI-2 Is Nontoxic to Animals

(A) Dose scheme for toxicity 1 (increasing daily
dose) and toxicity 2 (same daily dose) experiments
show daily and cumulative doses for each exper-
iment.

(B) The y axis depicts mean + SEM body weight of
animals studied in both the incremental and
cumulative dose schemes. Toxicity 1, p = 0.59
t test; toxicity 2, p = 0.52 t test.

(C) H&E staining for the indicated tissues in
animals treated with vehicle, MI-2 25 mg/kg daily
for 14 days, or MI-2 25 mg/kg daily for 14 days
followed by a 10 day washout.

See also Table S2.
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of MI-2 treatment on NF-kB signaling in xenografts, c-REL
immunofluorescence was performed in paraffinized tumor
sections. Consistent with data shown in Figures 4B and 4C,
MI-2-treated tumors exhibited reduced c-REL nuclear protein
(Figures 7D and S6C). Therefore, the MI-2 small-molecule
MALT1 inhibitor specifically suppresses proliferation, survival,
and NF-kB activity in ABC-DLBCLs in vivo in a lymphoma cell-
autonomous manner.

Finally, to determine whether MI-2 could also suppress
primary human DLBCLs, we obtained single-cell suspensions
from lymph node biopsies of five DLBCL patients for whom their
GCB versus non-GCB status could be ascertained by immuno-
histochemistry using the Hans criteria (Hans et al., 2004), as
a surrogate for GCB versus ABC classification. Lymphoma cells

were isolated and exposed to 0.8 uM MI-
2 or vehicle in four replicates. After 48 hr
exposure, cell number and viability were
determined using trypan blue. Notably,
two of the non-GCB cases responded to
MI-2 (p = 0.04 and 0.003 versus vehicle),
whereas none of the GCBs did (Figure 7E).
One of the non-GCB cases did not
respond to MI-2; perhaps this case was
not accurately classified by Hans’s
criteria. Overall, these studies indicate
that therapeutic targeting of MALT1 using
the MI-2 small-molecule inhibitor has
powerful suppressive effects on human
ABC-DLBCL cells and warrants transla-
tion for use in clinical trials.

DISCUSSION

CBM complex signaling is constitutively
active in a subset of ABC-DLBCLs due
to somatic mutations of various genes
leading to constitutive MALT1 signaling
and NF-«kB activation (Davis et al.,
2010). The catalytic activity of MALT1 is
well defined and involves substrate fea-
tures such as peptide length and amino
acid composition and position (Hach-
mann et al., 2012). Purified MALT1 is not
very active in solution, because it is
present as a monomer instead of its active dimeric form. Dimer-
ization can be induced by high-salt concentrations, 1 M sodium
citrate (Boatright et al., 2003). However, these high-salt condi-
tions are nonphysiological and unsuitable for screening physio-
logically relevant small-molecule inhibitors. Use of a constitu-
tively dimeric form of MALT1 enabled us to screen and identify
potential inhibitors. Among these, MI-2 was found to be a potent,
selective, and irreversible MALT1 inhibitor, analogous to
protease inhibitor drugs such as telaprevir against the NS3/4A
protease of hepatitis C virus (Klibanov et al., 2011), the protea-
some inhibitor carfilzomib (Genin et al., 2010), and others
(Powers et al., 2002). Although the peptide inhibitor Z-VRPR-
FMK has been useful as a research tool, it is not suitable as
a MALT1 therapeutic agent given its relatively large size, charge,
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Figure 7. MI-2 Suppresses ABC-DLBCLs
In Vivo and Primary Human DLBCL Ex Vivo
= M-z (A) Tumor growth curve for HBL-1, TMD8, and
OCI-Ly1 xenografts in NOD-SCID mice treated
with 25 mg/kg/day MI-2 or the same volume of
vehicle for 14 consecutive days. Statistics, paired
t test.

(B) TUNEL* staining in histologic sections of
HBL-1, TMD8, and OCI-Ly1 xenografts. The y axis
represents the number of TUNEL* cells per ten
high-power fields (HPFs; n = 5 tumors/treatment,
n = 3 for HBL-1). Statistics, t test.

(C) Ki-67 immunohistochemistry staining of
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xenografted HBL-1, TMD8, and OCI-Ly1 tumor
sections. The y axis represents Ki-67" cells per
high-power field (5 HPFs/tumor for n = 5 where
analyzed for each treatment, n = 3 for HBL-1).
Statistics, t test.

(D) Immunohistochemical detection of c-REL in
sections from HBL-1 xenografts exposed to MI-2
or vehicle. Insets are 2x digital amplification.
Representative image of three HPFs analyzed for
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n = 3 tumors stained for each treatment.

(E) Viability assays were performed in quadrupli-
cate in primary human DLBCL patient samples
treated for 48 hr with 0.8 uM MI-2 or vehicle. The y
axis represents % of viable cells normalized to
vehicle. Data are presented as mean + SEM for
all panels.

See also Figure S6.

Chronic activation of the BCR pathway
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in ABC-DLBCL is mediated by several
different mechanisms, many of them
upstream of MALT1. ABC-DLBCL is ad-

™ non GCB-DLBCL

and consequent lower cell permeability. Accordingly, MI-2 dis-
played superior activity in cell-based assays with excellent cell
penetration and indeed featured high concentration within cells,
and yet was still highly selective for MALT1 versus other cas-
pases. Notably, a selective and irreversible small-molecule
inhibitor of the tyrosine kinase BTK, PCI-32765 (ibrutinib),
is currently under clinical development in patients with B cell
non-Hodgkin’s lymphoma (Honigberg et al., 2010). Irreversibility
of MI-2 may provide pharmacokinetic advantages. As ABC-
DLBCLs have chronically active BCR signaling, prolonged
suppression of MALT1 cleavage would likely be necessary for
maximal antilymphoma activity. Using an irreversible inhibitor,
activity will only return when new enzyme is synthesized. This
may allow drugs to be effective at a lower plasma concentration,
thus reducing dosing level and frequency, limiting the require-
ment for a long plasma half-life without compromising efficacy,
and minimizing potential toxic effects related to prolonged expo-
sure to circulating drugs. Indeed, our detailed studies indicated
that MI-2 was nontoxic in animals. This result is consistent with
the fact that MALT1 is the only paracaspase in humans and
that MALT1-deficient mice are relatively healthy (Ruefli-Brasse
et al., 2003; Ruland et al., 2003).

dicted to this pathway and is often specif-
ically addicted to MALT1 cleavage
activity (Ferch et al., 2009; Hailfinger
et al., 2009; Ngo et al., 2006). Notably,
MI-2 selectively killed ABC-DLBCL cell lines with CD79A/B,
CARMA1, and/or MYD88 mutations but not those occurring in
proteins downstream of MALT1, including those with A20 homo-
zygous deletion or TAK1 mutation. These findings underline the
importance of targeted resequencing of recurrently mutated
alleles in lymphoma for the rational deployment of targeted ther-
apeutics. Although the full spectrum of lymphomas that can be
targeted with MALT1 inhibitors is not fully clear yet, using an
ex vivo system we were able to show that primary human non-
GCB-DLBCL specimens are also addicted to MALT1 and are
suppressed by MI-2.

As single agents are generally not curative and rapidly
generate resistance (Misale et al., 2012), there is a growing
interest in combinatorial-targeted therapy. Rational combination
of MALT1 cleavage inhibition could include a combination with
tyrosine kinase inhibitors targeting the Src family (dasatinib,
saracatinib, bosutinib, and KX01), SYK (fostamatinib disodium),
or BTK (PCI-32765). These drugs would likely synergize with
MALT1 cleavage inhibition of NF-kB by further inhibiting BCR
signaling, including mitogen-activated protein kinases and
phosphatidylinositol 3-kinase (Lim et al., 2012). Protein kinase
C (PKC) inhibition would also be a potentially beneficial
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combination, as it could further inhibit the NF-xB pathway,
including those activities dependent on MALT1 but independent
of its proteolytic activity. The PKC inhibitor sotrastaurin, in clin-
ical trials for prevention of transplantation rejection and treat-
ment of psoriasis (Manicassamy, 2009; Matz et al., 2011), has
been recently shown to inhibit growth of ABC-DLBCL xeno-
grafted tumors (Naylor et al., 2011), pointing to its potential use
as an antilymphoma therapy for this lymphoma subtype. ABC-
DLBCLs also feature BCL6 translocation, SPI-B amplification,
or PRDM1 deletion or mutation (Lenz and Staudt, 2010). BCL6
inhibitors promote apoptosis and cell-cycle arrest through
release of critical checkpoint genes (Cerchietti et al., 2009,
2010a; Polo et al., 2004). Combination of MI-2 and BCLS6 inhi-
bitors would thus suppress two critical pathways in ABC-
DLBCLs (BCL6 and NF-«B), potentially leading to therapeutic
synergy. Taken together, the results reported here identify MI-2
as a lead compound targeting MALT1 and demonstrate the
significance, safety, and efficacy of MALT1 as a therapeutic
target and MI-2 as a therapeutic agent for the treatment of
aggressive non-Hodgkin’s lymphomas that are both dependent
on NF-kB signals and resistant to conventional chemothera-
peutic regimens.

EXPERIMENTAL PROCEDURES

Detailed experimental procedures are presented in Supplemental Experi-
mental Procedures.

High-Throughput Screening for MALT1 Proteolytic Activity

Inhibitors

Ac-LRSR-AMC was used as substrate and reactions were measured with
excitation/emission wavelengths of 360/465 nm. Two time points were
measured for each reaction to eliminate false positives due to compound
autofluorescence. The final percent inhibition was calculated with the
formula {[fluorescenceies; compound T2—T1) — fluorescenceneg ciri m2—T11)l/
[fluorescencepos ctri ra—T1) — fluorescenceneg ctn r2—71)l} X 100, where Z-
VRPR-FMK (300 nM) was used as positive control and buffer only as negative
control. The positive hits were validated in concentration-response experi-
ments within a dose range of 0.122-62.5 uM to determine ICsy of the
compounds. Activity was validated using recombinant full-length wild-type
MALTT.

Growth-Inhibition Determination

Cell proliferation was determined by ATP quantification using a luminescent
method (CellTiter-Glo; Promega) and trypan blue dye exclusion. Standard
curves for each cell line were calculated by plotting the cell number (deter-
mined using trypan blue) against their luminescence values, and cell number
was calculated accordingly. Cell viability in drug-treated cells was normalized
to their respective controls (fractional viability), and results are given as
1-fractional viability. CompuSyn software (Biosoft) was used to determine
Glys and Glsg values.

Mouse Xenograft Experiments

Eight-week-old male SCID NOD.CB17-Prkdc®%/J mice were purchased from
Jackson Laboratories and housed in a clean environment. Mice were subcu-
taneously injected with low-passage 107 human HBL-1, TMDS8, or OCI-Ly1
cells in 50% Matrigel. Treatment was initiated when tumors reached an
average size of 120 mm?®. MI-2 was reconstituted in DMSO and stored
at —80°C until used and was administered by intraperitoneal injection. Tumor
volume was monitored by digital calipering three times a week and calculated
using the formula (smallest diameter? x largest diameter)/2. All procedures
involving animals followed National Institutes of Health protocols and were
approved by the Animal Institute Committee of the Weill Cornell Medical
College of Cornell University.

Cancer Cell
MALT1 Inhibitors for ABC-DLBCL

Primary Cells

Patient-deidentified tissues were obtained in accordance with the guidelines
and approval of the University of Navarra Institutional and Weill Cornell
Medical College Review Boards. Only discarded leftover tissue after diagnosis
was rendered was utilized for research, in agreement with institutional review
board protocol. Patient samples were processed as previously described
(Cerchietti et al., 2010b). Briefly, single-cell suspensions from lymph node
biopsies were obtained by physical disruption of tissues followed by cell-
density gradient separation. Cell number and viability were determined by
trypan blue exclusion. Primary DLBCL cells were cultured in 96-well plates.
Cells were grown in RPMI medium with 20% FBS supplemented with antibi-
otics for 48 hr. Cells were exposed to 0.8 uM MI-2 (1 uM for Pt.2) or control
(DMSO) in quadruplicate. After 48 hr of exposure, viability was determined
by using trypan blue (Sigma). All samples were normalized to their own repli-
cate control.
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SUMMARY

In human glioblastomas (hGBMs), tumor-propagating cells with stem-like characteristics (TPCs) represent
a key therapeutic target. We found that the EphA2 receptor tyrosine kinase is overexpressed in hGBM
TPCs. Cytofluorimetric sorting into EphA2"9" and EphA2-°" populations demonstrated that EphA2 expres-
sion correlates with the size and tumor-propagating ability of the TPC pool in hGBMs. Both ephrinA1-Fc,
which caused EphA2 downregulation in TPCs, and siRNA-mediated knockdown of EPHAZ2 expression sup-
pressed TPCs self-renewal ex vivo and intracranial tumorigenicity, pointing to EphA2 downregulation as
a causal event in the loss of TPCs tumorigenicity. Infusion of ephrinA1-Fc into intracranial xenografts elicited
strong tumor-suppressing effects, suggestive of therapeutic applications.

INTRODUCTION

Human glioblastoma multiforme (hGBM) is the most malignant
among gliomas. Because of their very heterogeneous cellular,
genetic, epigenetic, and molecular make-up (Maher et al.,
2001), hGBMs have a dismal prognosis and almost inevitably
recur (Krex et al., 2007; Chen et al., 2012).

Recent findings have demonstrated the existence of a subpop-
ulation of hGBM cells, called cancer stem cells, whose idiosyn-

cratic properties make them resilient to standard therapies. First
identified in acute myeloid leukemia (Bonnet and Dick, 1997),
cancer stem cells, better defined as tumor-propagating cells
(TPCs; Kelly et al., 2007), have been isolated from a variety of
solid tumors (Ponti et al., 2005; Ricci-Vitiani et al., 2009; Buzzeo
etal., 2007). TPCs with both stem cell characteristics and tumor-
initiation and propagation ability have now emerged as key
players in hGBM pathogenesis (Hadjipanayis and Van Meir,
2009; Galli et al., 2004).

Significance

activity.

Identification and characterization of key regulatory mechanisms in TPCs are crucial for the development of specific ther-
apies for hGBMs. We show that TPCs overexpress EphA2 in hGBMs, which underpins their inherent ability to maintain an
undifferentiated state, supporting their self-renewal and tumorigenicity. EphA2 abundance provides a measure of the stem-
like potential and tumor-propagating ability of TPCs from hGBMs. Thus, high EphA2 levels can be used to enrich TPCs by
cell sorting. EphrinA1-Fc ligand-induced downregulation or siRNA-mediated knockdown of EPHAZ2 expression both cause
loss of self-renewal as well as induce differentiation and loss of tumor-initiating capacity in hGBM TPCs. Sustained intra-
cranial infusion of ephrinA1-Fc under settings that resemble putative therapeutic conditions elicits effective antitumorigenic
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Figure 1. The EphA2 Receptor in Human Glioblastoma Tissues and TPCs
(A and B) Example of strong and frequent EphA2 immunoreactivity (brown) in the tumor core (A, arrows) as compared to infrequent, weaker labeling in the

periphery (B) of the same hGBM specimen (six hGBMs yielded similar results). Insets: higher magnification. Bottom: no primary antibody. Blue, hematoxylin
counterstain. Scale bar, 20 pm. See also Figures STA-S1C.
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While the origin and nature of hGBM TPCs remain to be
unraveled, alterations of G1 arrest regulatory pathways in
Nestin- or GFAP-positive cells can cause the onset of high-grade
gliomas (Alcantara Llaguno et al., 2011). Thus, hGBM TPCs
might derive from the transformation of neural stem cells or their
transit amplifying precursor progeny (Alcantara Llaguno et al.,
2009; Vescovi et al., 2006). Oligodendroglial precursors might
also be the cell of origin in some hGBMs (Sukhdeo et al.,
2011). The peculiar characteristics of TPCs encompass a relative
quiescent nature, unlimited self-renewal, the clonal capacity to
found a tumor (Galli et al., 2004), and resistance to conventional
and multimodal treatments (Bao et al., 2006).

Owing to their stem-like nature, TPCs might be regulated by
the same cues that control the activity of normal neural precur-
sors and stem cells (NSCs). In fact, pathways that impinge on
self-renewal and cell fate in normal NSCs are also active in brain
tumors (Alcantara Llaguno et al., 2011; Dell’Albani, 2008). Also,
therapeutic agents targeting Wnt, Hedgehog, or Notch deplete
the TPC population in hGBMs (Takebe et al., 2011), and tumor
suppressor genes can regulate TPC self-renewal (Zheng et al.,
2008). The connection of TPCs with NSCs is reinforced by the
discovery that critical effectors of NSC activity in the brain
stem cell niche, such as bone morphogenetic proteins, suppress
the growth of hGBM TPCs, enforcing their differentiation into as-
troglia (Lee et al., 2008; Piccirillo et al., 2006; Zhang et al., 2006).
Another key regulator in the adult NSC niche, nitric oxide, can
also drive TPC proliferation in hGBMs (Eyler et al., 2011).

Ephreceptortyrosine kinases and their ephrin ligands influence
central nervous system development, stem cell niches, and can-
cer cells (Goldshmit et al., 2006; Genander and Frisén, 2010; Pas-
quale, 2010). Deregulation of the Eph receptor/ephrin system is
associated with acquisition of tumorigenic properties, tumor
growth, angiogenesis, and metastasis in human cancers. In par-
ticular, EphA2 receptor is overexpressed in many human epithe-
lial malignancies and hGBMs, where it can promote proliferation
and invasiveness through mechanisms that are not well under-
stood and may be independent of ephrin ligand binding (Wykosky
and Debinski, 2008; Miao et al., 2009; Pasquale, 2010; Gopal
et al., 2011; Nakada et al., 2011; Miao and Wang, 2012). High
EphA2 expression also correlates with tumor stage, progression,
and patient survival (Wykosky et al., 2005; Liu et al., 2006; Wang
et al., 2008; Miao et al., 2009; Li et al., 2010; Wu et al., 2011).

In this study, we investigated the putative regulatory role and
function of the EphA2 receptor in TPCs from hGBMs.

RESULTS
High EphA2 Expression in hGBMs and Their TPCs

Analysis of hGBM surgery specimens showed high EphA2
mRNA expression as compared to other EphA and EphB recep-

tors (Figure S1A available online). Real-time PCR (qPCR) re-
vealed how EphA2 mRNA levels were up to 100-fold higher in
hGBMs than in normal human brain tissue, as compared to
a 10-fold upregulation in low-grade gliomas, epitheliomas, and
primitive neuroectodermal tumors (Figure S1B).

Strong EphA2 immunoreactivity was found in many cells of the
non-necrotic hGBM core (Figure 1A) versus a few positive cells in
the tumor periphery (Figure 1B) and normal brain (Figure S1C).
Accordingly, immunolabeling of hGBM tissues showed coex-
pression of EphA2 and antigens of normal and transformed
neural precursors, namely Nestin, Sox2, and Olig2 (Fatoo
etal., 2011; Ligon et al., 2007) (Figure 1C). In contrast, the signal
for ephrinA1, an EphA2 preferred ligand (Wykosky et al., 2008;
Miao et al., 2009), was variable in intensity and distribution in
the hGBM core and undetectable in the periphery (Figure S1C).

We also found high EphA2 mRNA and protein levels in cells
acutely dissociated from hGBMs or cultured as neurospheres
and enriched for the putative TPC markers SSEA-1 or CD44
(Figures S1D-S1F). Analysis of hGBM TPCs confirmed this over-
expression (Figure 1E), which was from 2- to 300-fold that of their
original hGBM tissue (Figure S1G). EphA2 and ephrinA1 were
detected in both hGBMs and their TPCs (Figure 1D). Notably,
EphA2 was heavily downregulated when TPCs were differenti-
ated, losing stemness and tumorigenicity (Piccirillo et al., 2006;
Zhang et al., 2006) (Figure 1F), reinforcing a correlation between
high EphA2 levels and the TPC state.

EphA2 mRNA levels in individual TPC neurosphere cultures
also correlated with their specific growth kinetics (Figures S1H
and S1l), i.e., with their self-renewal activity (Rietze and Rey-
nolds, 2006), and with EPHA2 gene copy number at the
1p36.12 locus (p < 0.0001) (Figures S1H and S1J).

Enriching for Cells with Enhanced Tumor-Propagating
Ability Based on EphA2 Expression

To reinforce the correlation between EphA2 enhanced levels and
the TPC state we FACS-sorted acutely isolated hGBM cells into
two distinct pools, expressing either high (EphA2"9") or low
(EphA2-°%) EphA2 levels, and then assessed their in vitro clono-
genicity and intracranial tumorigenic capacity. As expected,
the EphA2M9" fraction contained more clonogenic cells than
the EphA2-°" fraction (Figure 2A) and mice implanted with
EphA2i9" cells showed a higher mortality (median survival
4 months) than those receiving EphA2-°" cells (median survival
7 months) (Figure 2B). Limiting dilution intracranial transplanta-
tion using acutely dissociated EphA2"9" and EphA2-°" cells
(Figures S2A-S2C) confirmed that high EphA2 levels are a hall-
mark of TPCs and can be used for their enrichment. In addition,
when primary hGBM cells were sorted based on their combined
expression of EphA2 and the putative TPC antigen SSEA-1
(Figures 2C and 2D), intracranial tumorigenicity was significantly

(C) Immunolabeling of hGBM tissue shows that cells positive for the putative neural stem cell markers Nestin, Sox2, or Olig2 (red) coexpress (arrows) the EphA2

receptor (green; five hGBMs yielded similar results). Scale bar, 20 um.

(D) Coexpression of EphA2 (green) and ephrinA1 (red) on the surface of cells in hGBM tissues (left) and TPC cultures (right). Arrows mark examples of coex-

pression (yellow). Scale bars, 10 um.

(E) Higher EphA2 expression as detected by gPCR in cultured TPCs from the core (TPCs; n = 14 independent cultures) versus cells from the periphery of the same
hGBM (non-TPCs; n =6 independent cultures; Student’st test, p=0.017). Controls: vhNSCs and human fibroblasts (HF). Error bars: SEM. See also Figures S1D-S1J.
(F) TPCs differentiated by mitogen starvation show upregulation of astroglial (GFAP), oligodendroglial (GalC), and neuronal (8-Tub, MAP2, tyrosine hydroxylase
[TH], glutamate, and GABA) markers (left), while losing EphA2 expression (right). Scale bar, 20 um
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Figure 2. Enrichment of the Stem-like Tumorigenic Pool Based on EphA2 Levels
(A) Viable (propidium iodide negative) tumor cells acutely isolated from hGBM specimens (top left) were sorted into EphA2H9" and EphA2-°Y fractions (bottom

left). The EphA2"i9" fraction displayed higher clonogenic index than the EphA2-°" fraction (right) (n = 4 tumors). Error bars: SEM; **p = 0.0004 for EphA2"9" versus
EphA2-°" by Student’s t test.
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higher in EphA2"i9" SSEA-1119" than in EphA2-°" SSEA-1-°%
cells (Figure 2E). Similar results were obtained with EphA2Hie"
CD4479" and EphA2-°" CD44°" cells (Figures S2D-S2F). By
applying the extreme limiting dilution analysis approach, we
were able to show that the frequency of tumor-initiating cells
(TICs) was always significantly higher in cell fractions with an
increased EphA2 expression, alone or in combination with
SSEA-1 or CD44 (Figure S2G). Finally, when EphA29" and
EphA2-°" cultured TPCs were assayed for intracranial tumorige-
nicity in a limiting dilution assay, as few as 100 EphA2H9" cells
established large gliomas in 60 days, as compared to a minimum
requirement of 5,000 cells when using EphA2-°", below which
level tumorigenicity was negligible, even after 7 months (Figures
2F and 2G).

EphrinA1-Fc Downregulates EphA2 and Inhibits TPC
Growth and Expression of Neural Stem Markers

Due to the emerging correlation between high EphA2 expres-
sion and TPC state, we used ephrinA1-Fc (a soluble ephrinA1
dimer fused to Fc) to downregulate EphA2 (Wykosky et al.,
2005; Liu et al.,, 2007) and examined its effects on hGBM
TPCs. A dose-dependent EphA2 downregulation ensued, which
peaked at ephrinA1-Fc concentrations of 1-5 pg/ml, producing
up to 90% receptor depletion (Figure S3A). EphrinA1-Fc induced
a negligible EphA2 downregulation both in cells derived from the
hGBM periphery (non-TPCs)—bearing stem-like features but
negligible tumorigenicity (Piccirillo et al., 2009)—and v-myc-
immortalized, non-transformed hNSCs (vhNSCs; De Filippis
et al., 2007) (Figure 3A). Immunofluorescence assays confirmed
EphA2 loss in both acutely isolated and cultured TPCs upon
ephrinA1-Fc treatment (Figure 3B).

TPCs acutely isolated from hGBM specimens adhered to the
dish when treated with ephrinA1-Fc, losing their capacity to
grow and to generate stable TPC lines in the neurosphere assay
(Figures 3C, 3D, and 3G), an effect also seen in 14 established
TPC cultures (Figures 3E-3G, S3B, and S3C). In contrast,
ephrinA1-Fc had negligible effects on non-TPCs (Figure 3H)
and vhNSCs (Figure 3l). Hence, ephrinA1-Fc dowregulates
EphA2 and hinders the expansive growth of cells that possess
both stem cell characteristics and tumor-propagating ability.

EphrinA1-Fc Depletes the TPC Pool, Inhibits Self-
Renewal, and Induces Astroglial Differentiation

The effects of ephrinA1-Fc suggested that it might inhibit the
expansion of the TPC pool. This was emphasized by the ability
of ephrinA1-Fc to downregulate both EphA2 and the neural

precursor markers Nestin, Sox2, or Olig2 (Figure 3J) that are
coexpressed in TPC spheroids. Also, FACS analysis showed
loss of the putative TPC markers SSEA-1, CD44 and CD133
(Dell’Albani, 2008; Fatoo et al., 2011) (Figure S3D), but not of
BMI-1 (Fatoo et al., 2011). Finally, ephrinA1-Fc depleted the
TPC side population (SP), thought to comprise stem-like cells
(Fukaya et al., 2010) (Figure S3E).

To confirm depletion of the TPC stem-like pool by ephrinA1-
Fc, we measured self-renewal ability in a clonogenic assay,
whereby single cells from acutely dissociated or from estab-
lished TPC lines were plated in single wells by automated
FACS and grown as neurospheres. EphrinA1-Fc drastically
decreased clonogenicity in TPCs but not in non-TPCs, slightly
increasing VhNSC clonogenicity (Figure 4A). Loss of self-
renewal was not caused by changes in cell cycling (Figure 4B)
or viability (Figure 4C). Notably, ephrinA1-Fc induced a marked,
time-dependent upregulation of the astroglial antigen GFAP,
without affecting the neuronal BlIl tubulin and oligodendroglial
GalC markers (Figure 4D). Thus, ephrinA1-Fc hinders self-
renewal in TPCs in a non-cytotoxic way and increases astroglial
differentiation.

Molecular Regulation of TPCs Stemness by EphA2

We studied the molecular events underlying the changes in-
duced in hGBM TPCs by ephrinA1-Fc. EphrinA1-Fc transiently
increased EphA2 tyrosine phosphorylation, in a dose-dependent
manner, causing a strong and persistent downregulation of
EphA2 expression (Figure 4E). We also observed marked ERK
phosphorylation, which returned to basal levels after 24 hr,
amoderate increases in Akt and FAK phosphorylation (Figure 4E,
bottom panels), and reorganization of the actin cytoskeleton
(Figures 4F-4J).

Altogether, this suggested that EphA2 expression sustains
TPC self-renewal and that receptor loss played a causal role in
the depletion of the hGBM stem-like pool. To prove this, we
used a mixture of siRNAs to assess the effects of direct EphA2
downregulation (Figure 5A). EPHAZ2 silencing caused changes
consistent with loss of stemness and increased differentiation,
ie, (1) loss of clonogenicity (Figure 5B) and amplification rate (Fig-
ure 5C), (2) downregulation of putative stem cell markers (Fig-
ure 5E), and (3) increased GFAP expression (Figure 5F). These
changes were quite similar to those induced by ephrinA1-Fc
(Figures 3G, 3J, 4A, and 4D). Per se, EphA2 downregulation acti-
vated ERK in TPCs, as shown by a prominent increase in its
phosphorylation (Figures 5F and 5G). Feeble Akt and FAK activa-
tion were detected. Furthermore, when EphA2 levels began to

(B) Intracranial transplantation of 6 x 10* EphA2H9" or EphA2-°" cells confirmed the much higher tumor-propagating capacity of the former (MC test, log-rank

p < 0.0001 for EphA2"19" versus EphA2-°%; n = 8).

(C) Confocal images show widespread colocalization (arrowheads; yellow) of EphA2 (red) and SSEA-1 (green) in hGBM tissue. Scale bar, 20 pm.
(D) Cells from the same hGBM were sorted and gated according to EphA2 and SSEA-1 levels.

(E) Kaplan-Meier survival curves show that mice receiving intracranially 2 x 10* and 1 x 10* EphA2H9" SSEA-1Hi9" purified TPCs die earlier (median survival: 135
and 164 days, respectively) than mice receiving EphA2-°" SSEA-1-°" cells (56% and 67% survival at 200 days, respectively). MC and GBW tests, log-rank
p < 0.0001 EphA2Mi9" SSEA-1H19" yersus EphA2-°" SSEA-1-°"; n = 9). Survival was also shorter when implanting 4 x 10* EphA2H19" SSEA-1119" a5 compared to
EphA2-°% SSEA-1-°" TPCs. See also Figure S2.

(F) Limiting dilution intracranial transplant of cultured, luciferase-tagged TPCs sorted into EphA2"'9" and EphA2-°" pools (top). Light emission imaging analysis
(bottom; 5,000, 1,000, and 100 cells per mouse) shows a higher tumor-initiating ability of EphA2"9" versus EphA2-°" TPCs. Error bars, SEM; ***p < 0.0001,
**p = 0.002, EphA2"9" versus EphA2-°".

(G) Kaplan-Meier analysis shows that mice receiving EphA2"S" TPCs die earlier than mice receiving EphA2-°" cells (MC and GBW tests, log-rank p < 0.0001
EphA2Hi9" versus EphA2-°%; n = 9).
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(A) (Top) Cells were treated with ephrinA1-Fc for 24 hr. EphA2 was heavily downregulated in TPCs but not vhNSCs and non-TPCs. (Bottom) FACS analysis and
flow cytometry quantitative data showing EphA2 downregulation in TPCs based on equivalent molecules of phycoerythrin (ME-PE) (n = 10 independent cultures);
error bars, SEM; **p < 0.005 by Student’s t test. See also Figure S3A.

(B) EphrinA1-Fc (5 pg/ml for 24 hr) downregulates EphA2 expression in TPCs acutely isolated from patients or from neurospheres (TPCs no. 8 shown as an

example), but not in vhNSCs. Scale bar, 20 pm.
(C-F) EphrinA1-Fc (5 ng/ml for 48 hr) triggers obvious morphologic changes (arrowheads) in acutely isolated TPCs (C, control; D, treated) or serially subcultured

TPC neurospheres (E, control; F, treated), promoting cell adhesion. Scale bar, 50 um.
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normalize, due to the elapsing effect of siRNAs transfection (Fig-
ure 5A, arrow), TPCs growth and ERK phosphorylation also
began to normalize (Figures 5C, arrow, and 5F). siRNA-mediated
knockdown of EPHA2 expression in VhNSCs also inhibited
growth (Figure 5D), in contrast to ephrinA1-Fc treatment, which
neither inhibited growth nor downregulated EphA2 in these cells
(Figures 3A, 3B, and 3l). Transduction of TPCs with individual
EPHA2 siRNA, and rescue with a siRNA-resistant EPHAZ2
construct, confirmed these effects as the result of the EphA2
mRNA knockdown (Figure 5G). Importantly, inhibition of ERK
activation partially rescued loss in clonogenicity as induced by
EPHAZ2 siRNA, implicating ERK activation in the loss of TPC
stemness, as caused by EphA2 downregulation (Figure 5H).

Notably, EphA2 phosphorylation on Serine897 (Ser897) pro-
motes oncogenic activities of the receptor that do not depend
on its interaction with ephrin ligands (Miao et al., 2009). We de-
tected a strong signal for Ser897-phosphorylated EphA2 in the
hGBM core and in TPCs but not in the hGBM periphery, non-
TPCs or vhNSCs (Figure 6A). Furthermore, treatment with high
doses of soluble monomeric EphA2 extracellular domain that
block endogenous EphA2-ephrin interaction did not affect
GFAP levels or ERK activity in TPCs (Figure 6B). Thus, the effects
of EphA2 in TPCs appear to be independent from activation by
endogenous ephrinA ligands.

EphrinA1-Fc and EPHA2 Silencing by siRNAs Suppress
TPC Tumorigenicity In Vivo

The main effect of ephrinA1-Fc treatment or siRNA-mediated
EPHA?2 silencing is the depletion of the tumorigenic hGBM
TPC pool, which ought to reduce their tumorigenic capacity
in vivo. To examine the in vivo effects of ephrinA1-Fc, we used
three experimental paradigms. hGBM TPCs were (1) treated
with ephrinA1-Fc in culture prior to transplantation (pre-treat-
ment), (2) treated starting immediately after transplantation (co-
treatment), or (3) allowed to establish sizeable tumors before
beginning treatment with ephrinA1-Fc (post-treatment). All three
protocols were evaluated in a subcutaneous xenograft model.
Furthermore, pre- and post-treatment protocols were also eval-
uated in an intracranial (orthotopic) xenograft model (Galli et al.,
2004; Piccirillo et al., 2006).

When TPCs were injected subcutaneously, ephrinA1-Fc in-
hibited growth in all three protocols (Figure 7A). Similar results
were obtained with the more complex, yet clinically more rele-
vant, orthotopic model. In the intracranial hGBM model, tumor
growth was greatly reduced in the pre-treatment settings, as
shown by quantitative imaging of luciferase-tagged hGBM
TPCs (luc-TPCs; Figures 7B left panels, 7C left, 7E, and 7F)
and by the increase in overall survival (Figure 7C, right). Impor-
tantly, ephrinA1-Fc infusion into the brain for 14 days by
means of osmotic mini-pumps also effectively suppressed the
growth of well pre-established hGBMs (Figures 7B middle
and right panels, 7D left, 7G, and 7H). Kaplan-Meier analysis

revealed a median survival of 130 days for mice receiving
ephrinA1-Fc versus 72 days for controls, infused with Fc (Fig-
ure 7D, right)—confirming the therapeutic efficacy of ephrinA1-
Fc administration.

Immunohistochemistry confirmed that EphA2, which was
high in TPC-derived, control intracranial hGBMs (Figure S4A),
strongly downregulated upon ephrinA1-Fc infusion (Figure S4B).
Control tumors contained numerous malignant cells (Fig-
ure S4C), whereas ephrinA1-Fc-treated ones contained few
neoplastic cells and many more differentiated elements (Fig-
ure S4D). Accordingly, ephrinA1-Fc-treated tumors embodied
a lower percentage of mitotic cells (Figures S4E and S4F) and
were significantly less vascularized than Fc-treated controls
(2-fold reduction in total vascular area, with less and smaller
blood vessels; Figures S4G and S4H and data not shown).

To determine if decreasing EphA2 receptor levels was suffi-
cient to inhibit hGBM tumorigenicity, we analyzed the effects
of siRNAs-mediated EPHAZ2 silencing on the in vivo tumor-prop-
agating ability of luc-TPCs, in comparison with luc-TPCs treated
with control-siRNAs or untreated ones. Knockdown of endoge-
nous EPHA2 suppressed the growth of TPC-derived intracranial
tumors (Figure 71, top) and substantially increased overall sur-
vival (Figure 71, bottom).

Given the prominent involvement of EphA2 in the pathogenic
mechanisms of hGBMs documented above, we analyzed the
TCGA data set (Network, 2008) for relative EphA2 mRNA expres-
sion in hGBM subcategories (Verhaak et al., 2010). We found that
the classical and mesenchymal subtypes had the highest EphA2
expression (Figure 8). In addition, when the mesenchymal or pro-
neural subtypes were divided into two groups based on median
EphA2 expression, high EphA2 expression trended with poor
patient survival (mesenchymal: 10.9 versus 15.03 months, p =
0.0415 Mantel-Cox [MC], p = 0.0215 Gehan-Breselow-Wilcoxon
[GBW]; proneural: 9.9 versus 16.73 months, p = 0.2026 MC test,
p = 0.0411 GBW test). There was no significant correlation
between EphA2 and patient survival in the neural and classical
subtypes.

DISCUSSION

We describe a specific role for the EphA2 receptor in the patho-
genesis of hGBMs. We report how enhanced EphA2 expression
is a property of the TPCs in these cancers and show a causal
relationship between high EphA2 expression and the capacity
of these cells to expand their pool size and form hGBMs. Accord-
ingly, high levels of EphA2 expression can be used to enrich for
TPCs by FACS. Furthermore, treatment with a soluble form of the
EphA2 ligand, ephrinA1-Fc, hinders the self-renewal ability of
hGBM TPCs causing a drastic loss in their capacity to establish
and propagate hGBM phenocopies subcutaneously or intracra-
nially. We demonstrate that EphA2 receptor downregulation is
a causal event in the suppression of the tumor-propagating

(G-I) Acutely isolated TPCs cannot establish stable TPC primary lines if exposed to ephrinA1-Fc (G, red line), which also inhibits steady growth in pre-established
TPCs (G); p < 0.0001 versus Control-Fc. Negligible inhibition of ephrinA1-Fc was observed in non-TPCs (H) and VhNSCs (1) (p < 0.005 versus Control-Fc; TPCs no.
8 and non-TPCs no. 8 are shown as representative examples); error bars, SEM. See also Figures S3B and S3C.
(J) Coexpression of EphA2 (red) with the putative stem antigens Nestin, Sox2, or Olig2 (green) in TPC spheroids treated for 24 hr with Control-Fc or ephrinA1-Fc.
EphrinA1-Fc nearly abolishes expression of both EphA2 and the stem antigens. Insets: higher magnification. Scale bar, 40 pm. See also Figures S3D and S3E.
Unless otherwise indicated, the data are representative of three independent experiments giving similar results.
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Figure 4. EphrinA1-Fc Inhibits TPC Self-Renewal by Inducing a Differentiated Phenotype

(A) Clonogenic assays show a dose-dependent inhibition of self-renewal by ephrinA1-Fc in TPCs but not in non-TPCs and vhNSCs; error bars, SEM; ***p < 0.0001
versus Control-Fc cells.

(B) Up to 5 pg/ml ephrinA1-Fc does not alter TPC cell cycling, as determined by FACS analysis of BrdU incorporation; error bars: SEM.

(C) Cytofluorimetric Tunel analysis shows no induction of apoptosis in TPCs or non-TPCs treated with ephrinA1-Fc; error bars: SEM; **p < 0.005, *p < 0.05 versus
Control-Fc.
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capacity of TPCs. Intracranial administration of ephrinA1-Fc
causes EphA2 downregulation in hGBM orthotopic xenografts,
significantly hindering their growth and expansion in the brain,
even if these tumors are established ahead of ephrinA1-Fc
administration.

Aberrant expression of Eph receptors has been reported in
various cancers, including gliomas, and correlates with malig-
nancy (Wykosky and Debinski, 2008; Pasquale, 2010; Nakada
et al., 2011; Miao and Wang, 2012). In our survey of 12 hGBM
specimens, we found EphA2 to be the most upregulated of the
Eph receptors. This is consistent with the EphA2 overexpression
previously reported in most high-grade human gliomas, which
correlates with poor prognosis (Wykosky et al., 2005; Liu et al.,
2006; Wang et al., 2008; Miao et al., 2009; Li et al., 2010; Wu
et al., 2011), suggesting a role for EphA2 in the pathogenesis
of hGBMs.

While studies with glioma cell lines have implicated EphA2 in
cell growth and invasiveness (Wykosky et al., 2005; Liu et al.,
2006, 2007; Miao et al.,, 2009; Li et al.,, 2010; Gopal et al,,
2011), the identity and nature of the actual target cells in the
patients’ own GBM remain unclear. In addition, the cellular func-
tions affected by EphA2, the regulatory mechanisms underpin-
ning EphA2’s actions in hGBMs pathophysiology, and the possi-
bility of manipulating this system to suppress glioma growth are
not well characterized. hGBMs contain subpopulations of cells
that act as stem-like TPCs, which have now been proven to
be crucial therapeutic targets (Chen et al., 2012). We found
that the EphA2 receptor is coexpressed with neural precursor
markers in hGBMs, being concentrated in regions rich in TPCs.
Furthermore, hGBM cell preparations enriched in TPCs display
enhanced EphA2 levels which, conversely, are low in low-grade
gliomas (Figure S1B) that contain few TPCs (Galli et al., 2004).
Altogether, these findings suggest that high EphA2 levels are
a distinguishing feature of hGBM TPCs.

Conclusive evidence to this idea came from fractionating
TPCs into EphA2-°" and EphA2H9" populations, also in combi-
nation with high levels of the putative TPC markers. The highest
tumorigenic potential was associated with high EphA2 or com-
bined, high EphA2 SSEA-1 or EphA2 CD44 expression. Thus,
in vitro and in vivo limiting dilution experiments show that high
EphA2 expression can be exploited to obtain preparations highly
enriched in TPCs, which are capable of establishing intracranial
hGBMs by injection of as few as 100 cells.

Overexpression of EphA2 in TPCs suggests a role for this
receptor in hGBM pathogenesis. A first indication that EphA2
might drive the expansion of the TPC pool came from the signif-
icant correlation between the rate of self-renewal of multiple TPC
preparations and their EphA2 mRNA levels and EPHA2 gene
copy number. This was reinforced by the fact that EphA2 expres-

sion decreases dramatically when hGBM TPCs lost their stem-
ness upon differentiation.

To verify the role of EphA2 in TPC self-renewal and amplifica-
tion, we first perturbed EphA2 by using the ephrinA1-Fc ligand
(Noblitt et al., 2004; Lee et al., 2011; Khodayari et al., 2011).
This treatment decreased the proliferation of both acutely iso-
lated and of serially subcultured hGBM TPCs, was coupled to
the failure of primary hGBM TPCs to generate stably expanding
lines and caused both loss of expansion capacity and clono-
genic ability in well-established TPC cultures.

The ephrinA1-Fc action was associated to decreased expres-
sion of putative hGBM TPC antigens (such as Olig2, Nestin,
Sox2, CD133, CD44, and SSEA-1), occurred in the absence of
detectable changes in cell cycle or apoptosis and produced
increased astroglial differentiation and the depletion of the che-
moresistant SP. Notably, these effects were specific to TPCs,
since stem-like cells from the same tumors but lacking tumor-
propagating ability (non-TPCs) and nontransformed neural
stem cells (vhNSCs) were resilient to ephrinA1-Fc administra-
tion. Thus, in vitro exposure to ephrinA1-Fc leads to the deple-
tion of those stem-like cancer cells that are responsible for
hGBM initiation, growth, and recurrence after therapy.

EphrinA1-Fc caused prolonged EphA2 downregulation in
TPCs, suggesting a critical role for this phenomenon in this
ligand’s tumor suppressor activities. Although ephrin Ligands
trigger Eph receptor tyrosine phosphorylation and activation,
thereby eliciting complex downstream signaling, they also cause
Eph receptor downregulation (Wykosky et al., 2005; Liu et al.,
2007; Pasquale, 2010). We observed only negligible inhibition
of TPC clonogenicity (less than 10%; data not shown) at the
lower ephrinA1-Fc concentrations tested, which induced strong
intracellular signaling but limited EphA2 downregulation. Con-
versely, at higher ephrinA1-Fc concentrations, signaling was
weaker, but EphA2 downregulation, inhibition of TPC clonoge-
nicity and growth were much more evident. Indeed, while sig-
naling was transient and returned to basal levels within 24 hr,
the inhibition of TPC tumorigenicity and EphA2 downregulation
persisted well beyond 24 hr. The importance of EphA2 down-
regulation was further supported by the observation that in
VvhNSCs ephrinA1-Fc failed to both induce EphA2 downre-
gulation and inhibit cell growth and self-renewal. Furthermore,
siRNA-mediated knockdown of EPHAZ2 expression closely
mimicked the effects of ephrinA1-Fc on TPC self-renewal, ex-
pansion, differentiation in vitro, and tumorigenic ability in vivo.
Interestingly, EPHAZ2 expression knockdown also inhibited
the growth and self-renewal of the “ephrinA1-Fc-resilient”
VhNSCs. Therefore, EphA2 downregulation alone can inhibit
TPC tumor-propagating activity although it remains possible
that ephrinA1-Fc-induced EphA2 signaling may also contribute

(D) Quantitative FACS analysis shows a time-dependent increase in equivalent molecules of fluorescein (ME-FITC) for astroglial GFAP but not neuronal lll tubulin
(B-Tub) or oligodendroglial GalC markers in ephrinA1-Fc-treated TPCs; error bars, SEM; *p = 0.0095, **p = 0.0005 versus Control-Fc. (Inset) Western blotting

confirms a marked, time-dependent increase in GFAP under the same settings.

(E) (Top) Tyrosine phosphorylation of EphA2 immunoprecipitated from whole hGBM lysates and from TPCs treated with ephrinA1-Fc. (Bottom) Western blots for
EphA2, ERK, Akt and FAK (Tyr397) expression and phosphorylation in TPCs treated with increasing ephrinA1-Fc concentrations over a 24 hr time course. Lower
ephrinA1-Fc concentrations preferentially stimulate signaling, higher ones more rapidly downregulate the receptor.

(F-J) (F) TPCs spread on Cultrex show an organized actin cytoskeleton and F-actin assembled in stress fibers (arrows). Typical ring-like actin bundles are seen at
higher magnification (H and I; arrowheads). (G and J) EphrinA1-Fc-treatment (5 ug/ml for 5 min) causes TPC elongation and actin concentration at cell-cell

junctions (arrowhead). Scale bar, 20 um.

Unless otherwise indicated, the data are representative of three independent experiments giving similar results.
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Figure 5. EPHA2 siRNA Knockdown in hGBM TPCs Inhibits Self-Renewal and Increases Differentiation, Concomitant with ERK and Akt
Activation

(A) TPCs were treated with an EPHA2 siRNA pool, non-targeting control (NTC) or GAPDH control pool siRNAs. Three days post-transfection, only the EPHA2
siRNAs caused a substantial decrease in EphA2 mRNA, as detected by gPCR. Between 12 and 16 days post-transfection (DIV), EphA2 levels began to normalize
(arrow); error bars, SEM.
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to the suppression of TPC tumorigenicity (Wykosky and Debin-
ski, 2008; Nakada et al., 2011; Miao and Wang, 2012). Thus,
EphA2 is prominently expressed in TPCs and is required for sus-
tained self-renewal and expansion of this tumor-propagating cell
pool in hGBMs.

The depletion of the TPC stem-like pool induced by ephrinA1-
Fc treatment and EphA2 downregulation seems to arise from
increased cell differentiation. First, loss of the undifferentiated
state is demonstrated by the depletion of Sox2, Olig2, Nestin,
CD133, CD44, and SSEA-1, as well as the increased expression
of the astroglial marker GFAP, as induced by both ephrinA1-Fc
and knockdown of EPHAZ2 expression. Second, both manipula-
tions also inhibit the typical undifferentiated stem-like functions
of TPCs, such as self-renewal and extensive amplification
capacity. Given the unchanged cell cycling and death rate, these
data imply that ephrinA1-Fc and EphA2 downregulation cause
the loss of undifferentiated functional and antigenic properties
as well as the acquisition of a more mature cell phenotype
by TPCs.

The activities of EphA2 in hGBM TPCs appear to involve
unconventional ephrin-independent activities of EphA2, which
are not yet well understood but may also involve crosstalk with
other signaling systems (Miao et al., 2009; Pasquale, 2010; Go-
pal et al., 2011; Miao and Wang, 2012). This is supported by the
prominent phosphorylation of EphA2 at the Ser897 residue (Miao
et al., 2009) that we detected in the TPC-enriched core but not
the periphery of hGBMs, and in cultured TPCs but not non-
TPCs or vhNSCs. Phosphorylation of EphA2 Ser897 by Akt is
known to promote EphA2’s oncogenic activities independently
of ephrin binding, and in fact interaction of EphA2 with ephrinA1
inhibits phosphorylation at this site (Miao et al., 2009). Consistent
with a role of EphA2 in TPCs that does not depend on activation
by endogenous ephrins, using the soluble EphA2 extracellular
domain to block EphA2-ephrin interaction did not affect GFAP
levels or ERK activation in TPCs. In contrast, EPHA2 siRNA-
mediated knockdown depleted the stem cell pool concomitantly
with ERK, suggesting that this pathway may mediate the effects
of EphA2. This was confirmed by using the ERK inhibitor UO126,
which re-established self-renewal ability in TPCs with downregu-
lated EphA2 expression. This suggests that ERK can promote
differentiation in TPCs that have lost EphA2 expression.

The hindrance of self-renewal capacity induced by ephrinA1-
Fc predicts that this ligand will lessen the ability of TPCs to
establish tumors in vivo. In fact, a 48 hr exposure to soluble
ephrinA1-Fc reduced the capacity of TPCs to establish hGBM

phenocopies, both subcutaneously and intracranially. A similar
effect was observed when we implanted TPCs subcutaneously
and began ephrinA1-Fc infusion either at the same time or after
sizeable tumors had been established. Treatment of intracranial
tumors with ephrinA1-Fc significantly reduced the tumor mass,
vascularization, and proliferation and dramatically decreased
EphA2 levels. When EPHA2 expression in TPCs was knocked
down with siRNAs, intracranial tumorigenicity was nearly abol-
ished. Thus, EphA2 is critical to maintain TPC properties and
plays a pivotal role in the pathogenesis of hGBMs in the brain,
as driven by TPCs.

Our findings are consistent with previous studies suggesting
that EphA2 expression correlates with malignancy in hGBMs
(Liu et al., 2006; Wang et al., 2008; Li et al., 2010; Wu et al.,
2011). Hence, we examined the relationship between EphA2
expression and patient survival in relation to the recent stratifica-
tion of hGBM s into different subtypes (Verhaak et al., 2010). We
found that EphA2 is most highly expressed in the classical and
mesenchymal groups and that, at least in the mesenchymal
subtype, patients with EphA2 levels above the median trended
toward poorer survival. This trend was also present and statisti-
cally significant in the proneural subtype, although this subtype
has lower mean levels of EphA2 than the mesenchymal and clas-
sical ones. The correlation with poor survival in these two groups
further underscores the importance of EphA2 expression in
aggressive tumor behavior, which may be more relevant in the
mesenchymal and proneural hGBM subtypes.

We were able to drastically inhibit the growth of pre-existing
orthotopic hGBM xenografts under experimental conditions
that mimic those needed for experimental human therapy,
such as protracted delivery through intra-parenchymal infusion.
This supports the value of devising anti-GBM therapies that
harness the Eph/ephrin system to target the TPC compartment.
Hence, the concept emerges of impinging in non-toxic fashion
on specific molecular targets, such as EphA2, to tackle the
subset of tumor cells that plays the most critical role in hGBM
pathogenesis.

We show that a signaling system that is operational in the
neural stem cell niche also regulates self-renewal and tumorige-
nicity in hGBM TPCs, in agreement with previous observations
(Ying et al., 2011). Eph receptors and ephrins regulate the migra-
tion, survival, proliferation, cell fate and differentiation of neural
precursors during development (Goldshmit et al., 2006; Gen-
ander and Frisén, 2010). In the adult, such activities persist in
stem cell niches, including those of the adult central nervous

(B) siRNA-mediated knockdown of EPHA2 expression causes loss of TPC clonogenicity; error bars, SEM; **p < 0.005 EphA2 versus NTC siRNAs.

(C) TPC growth decrease is concomitant with siRNA-mediated EphA2 downregulation and normalizes when EphA2 levels begin recover (arrow); error bars, SEM;
p < 0.0001 EPHAZ2 siRNAs versus NTC.

(D) siRNA-mediated EphA2 downregulation decreased vhNSCs growth; error bars, SEM; ***p < 0.0001 EPHAZ2 siRNAs versus NTC. Inset: western blot for EphA2
upon EPHA2 siRNA treatment.

(E) Confocal analysis shows that siRNA-mediated EphA2 downregulation in TPC spheroids is associated with depletion of putative stem markers, as compared to
NTC-treated spheroids (NTC siRNAs). Insets: magnification. Scale bar, 40 um.

(F and G) Western blot analysis show increased GFAP but not 8-Tub or GalC levels in TPCs treated with EPHAZ2 siRNAs versus NTC or GAPDH siRNAs (F). ERK
phosphorylation is also strongly increased concomitant with EphA2 downregulation, with more prominent effects at 72 hr than at 5 days, when EphA2 levels begin
to recover. (G) Representative western blot showing that only the siRNA sequences that effectively reduce EphA2 expression increase GFAP expression and
activate ERK. An EPHA2 construct lacking the 3'UTR sequence targeted by EPHA2 siRNA no. 3 was used to transfect TPCs in a control rescue experiments.
(H) The reduced TPC clonogenicity caused by knockdown of EPHA2 expression was partially restored by 10 uM UO126, which inhibits ERK; error bars, SEM;
***p < 0.0001, **p < 0.005 versus untreated TPCs.

Unless otherwise stated, data are representative of three independent experiments giving similar results.
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Figure 6. EphA2 Does Not Appear to be
Activated by Ephrins in hGBM

TPC is phosphorylated on Ser897 in hGBM and
treatment with the soluble EphA2 extracellular
domain to inhibit ephrin binding to endogenous
EphA2 does not affect TPC signaling pathways.
(A) Top: EphA2 is constitutively phosphorylated
on Ser897 in the core of hGBMs (left) but not in
the periphery of hGBMs (center) or normal brain
(right). Bottom: EphA2 is highly phosphorylated
on Ser897 in hGBM TPCs but not non-TPCs or
vhNSCs. EphA2 Ser897 phosphorylation suggests
ephrin-independent oncogenic activities.

(B) Representative western blots showing that
treatment of TPCs with 10 pg/ml EphA2 extracel-
lular domain to inhibit possible interactions with
endogenous ephrin ligands does not affect GFAP
levels or ERK phosphorylation as compared to Fc
protein used as a control.

Data are representative of three independent
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system, although our understanding of Eph/ephrin regulatory
functions in adult neurogenesis remains limited. Since other
Eph receptors besides EphA2 are expressed in adult neural
stem cell niches (Goldshmit et al., 2006; Genander and Frisén,
2010), by using agents that selectively target EphA2 we may

without affecting the normal brain stem
cell population.

These findings emphasize the impor-
tance of approaches that exploit funda-
mental similarities in the physiology of
normal neural stem cells and their stem-
like, tumor-propagating counterpart in
brain tumors (Vescovi et al., 2006). Such
approaches can make use of the wealth
of information derived from studies on
regulatory systems in normal neural
stem cells to identify candidate effectors
capable to affect TPCs, thus helping to
design more effective and specific anti-
GBM therapies.

EXPERIMENTAL PROCEDURES

Primary Culture, Culture Propagation,
Population Analysis, and Cloning
Adult hGBM, low-grade gliomas, ependimomas,
PNET tissues, and normal human brain samples
were obtained and classified according to the
World Health Organization guidelines. All of the
tumors were banked in accordance with research
ethics board approval from the Institute of Neuro-
surgery, Catholic University of the Sacred Heart
(Prot. RBAP10KJC5) and patients gave informed
consent prior to surgery. hGBM non-necrotic
core and periphery tissues were dissected and
digested in a papain solution (Worthington Bio-
chemical, Lakewood, NJ, USA). Primary stem-
like tumor-propagating cells (acutely isolated
cells) were plated in NeuroCult NS-A medium
(StemCell Technologies, Vancouver, BC, Canada) containing 20 ng/ml of
epidermal- and 10 ng/ml of fibroblast-growth factor (Peprotech, Rocky Hill,
NJ, USA) (culture medium; Galli et al., 2004). EphA2 was stimulated with
ephrinA1-Fc (R&D Systems, Minneapolis, MN, USA) for the indicated concen-
trations and times. Mouse monoclonal IgG1 isotype (R&D Systems) was used
as control. For population analysis, clonogenic assays and differentiation
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Figure 7. EphA2 Downregulation by EphrinA1-Fc or by siRNA-Mediated Knockdown Inhibits TPC Tumorigenicity in Inmunodeficient Mice
(A) Treating TPCs with ephrinA1-Fc (5 pg/ml for 48 hr) prior to subcutaneous implantation (PRE-treatment) lessens their tumor-initiating capacity (left). Similar
results were obtained by coinjecting TPCs and ephrinA1-Fc (CO-treatment) or injecting ephrinA1-Fc (10 pg/day) around the tumor starting 11 days after cell
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mRNA expression levels and EPHA2 copy number
were assessed including them into the statistical
models (Figures S1TH-S1J). A spatial power corre-
lation type was used to account for unequally
spaced time occasions during the experiment
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tute, Cary, NC, USA) or GraphPad Prism.
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Evaluation of Tumorigenicity by
Subcutaneous or Orthotopic Implantation
Tumorigenicity was studied by TPCs subcuta-
neous or orthotopic injections (Galli et al., 2004).
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Procedures. Supplemental Experimental Procedures for details.

Statistical Analysis for the Correlation Molecular Analysis

Growth curves were analyzed with a hierarchical linear model for repeated-  TCGA data analysis was performed as described by Squatrito et al., 2010;
measurements to assess trend over time (Diggle et al., 1994; Singer and Wil-  survival and expression data were based on clinical TCGA data and relative

transplant (POST-treatment). (Right) Volumes of subcutaneous tumors 35 days after TPCs injection. Histograms, mean volume + SEM; **p = 0.0002 versus
Control-Fc mice, n = 6.

(B) Imaging of luciferase-tagged TPCs (luc-TPCs) injected into the brain of Scid/bg mice. After 42 days, untreated TPCs established larger tumors (vehicle, top
left) than ephrinA1-Fc PRE-treated TPCs (bottom left). Luc-TPC tumors established for 7 days (7 DPT, top center) grew quickly when a mini-pump delivered
Control-Fc for 14 days starting at 11 days post-transplant (27 DPT, bottom center). In contrast, tumor growth was markedly inhibited by ephrinA1-Fc (top and
bottom right panels).

(C) (Left) Quantitative analysis of luc-TPC signals for the PRE-treatment intracranial transplants. Histograms, mean + SEM; ***p < 0.0001 versus Control-Fc mice;
n = 6. (Right) Kaplan-Meier survival curves showing that mice receiving ephrinA1-Fc-treated TPCs have a significant longer life span than mice injected with
Control-Fc cells (MC and GBW tests, log-rank p = 0.0005 and 0.0013 respectively; n = 9).

(D) (Left) Quantitative time course analysis of the luc-TPC signal for POST-treatment paradigm (arrows mark the time of mini-pumps implantation). Histograms,
mean + SEM; *p < 0.05 versus Fc-treated mice; n = 8. (Right) Kaplan-Meier survival curves are shown (MC and GBW tests, log-rank p < 0.0001 and p = 0.0002
versus Control-Fc mice; n = 9).

(E-H) Mouse brain sections immunolabeled for luciferase show that tumors established from luc-TPCs PRE-treated with Control-Fc (E) spread through the brain
parenchyma more than those established from cells PRE-treated with ephrinA1-Fc (F) at 42 DPT. Similarly, ephrinA1-Fc infused into the brain for 2 weeks starting
11 days after tumor establishment (H) inhibits the growth of luc-TPC tumors more than Control-Fc (G). Arrowheads mark the edges of the tumors. CC, corpus
callosum; LV, lateral ventricle; St, striatum. See also Figure S4. Scale bar, 1 mm.

(I) Loss of intracranial tumorigenicity in luc-TPCs treated with EPHA2 siRNAs for 72 hr prior to transplantation as compared to NTC siRNA-treated or untreated
TPCs. Tumor growth was monitored by quantitative imaging analysis (top). Histograms, mean + SEM; ***p < 0.0001 EPHAZ2 siRNAs versus NTC; n = 6. (Bottom)
Kaplan-Meier survival analysis. Mice receiving EPHA2 siRNA-transfected TPCs die significantly later than those receiving untreated TPCs or TPCs transfected
with non-targeting control siRNAs (MC and GBW tests, log-rank p < 0.0001 versus NTC siRNAs treatment; n = 9).
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mRNA expression obtained from the TCGA data portal (http://cancergenome.
nih.gov/dataportal/data/about) and the MSKCC cBio Genome Data Analysis
Portal (http://cbio.mskcc.org/gdac-portal/index.do), respectively. Tumor
subtype classification was previously described (Verhaak et al., 2010). Relative
mRNA results are based on relative distribution of the expression values for
diploid tumor samples and were subjected to statistical analysis by one-way
ANOVA (GraphPad Prism v5.0 software). Survival curves were analyzed using
the Kaplan-Meier method, with groups compared by respective median
survival of number of days taken to reach 50% morbidity; log-rank p value
was measured using both MC and GBW tests.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.ccr.2012.11.005.

ACKNOWLEDGMENTS

This research was supported by grants from the McDonnell Foundation
(220020207), AIRC (IG-10141), MIUR (RBAP10KJC5 and RF-INN-2008-
1220368), and NIH (P01CA138390). We thank Lucia Sergisergi for providing
the luciferase lentivirus.

Received: August 4, 2011
Revised: January 31, 2012
Accepted: November 13, 2012
Published: December 10, 2012

REFERENCES

Alcantara Llaguno, S., Chen, J., Kwon, C.H., Jackson, E.L., Li, Y., Burns, D.K.,
Alvarez-Buylla, A., and Parada, L.F. (2009). Malignant astrocytomas originate
from neural stem/progenitor cells in a somatic tumor suppressor mouse
model. Cancer Cell 15, 45-56.

Alcantara Llaguno, S.R., Chen, Y., McKay, R.M., and Parada, L.F. (2011). Stem
cells in brain tumor development. Curr. Top. Dev. Biol. 94, 15-44.

Bao, S., Wu, Q., McLendon, R.E., Hao, Y., Shi, Q., Hjelmeland, A.B., Dewhirst,
M.W., Bigner, D.D., and Rich, J.N. (2006). Glioma stem cells promote radiore-
sistance by preferential activation of the DNA damage response. Nature 444,
756-760.

Bonnet, D., and Dick, J.E. (1997). Human acute myeloid leukemia is organized
as a hierarchy that originates from a primitive hematopoietic cell. Nat. Med. 3,
730-737.

Buzzeo, M.P., Scott, E.W., and Cogle, C.R. (2007). The hunt for cancer-
initiating cells: a history stemming from leukemia. Leukemia 27, 1619-1627.

Chen, J., Li, Y., Yu, T.S., McKay, R.M., Burns, D.K., Kernie, S.G., and Parada,
L.F. (2012). A restricted cell population propagates glioblastoma growth after
chemotherapy. Nature 488, 522-526.

De Filippis, L., Lamorte, G., Snyder, E.Y., Malgaroli, A., and Vescovi, A.L.
(2007). A novel, immortal, and multipotent human neural stem cell line
generating functional neurons and oligodendrocytes. Stem Cells 25, 2312-
2321.

Dell’Albani, P. (2008). Stem cell markers in gliomas. Neurochem. Res. 33,
2407-2415.

Diggle, P., Liang, K.Y., and Zeger, S.L. (1994). Analysis of Longitudinal Data
(New York: Clarendon Press).

Eyler, C.E., Wu, Q., Yan, K., MacSwords, J.M., Chandler-Militello, D.,
Misuraca, K.L., Lathia, J.D., Forrester, M.T., Lee, J., Stamler, J.S., et al.
(2011). Glioma stem cell proliferation and tumor growth are promoted by nitric
oxide synthase-2. Cell 146, 53-66.

Fatoo, A., Nanaszko, M.J., Allen, B.B., Mok, C.L., Bukanova, E.N., Beyene, R.,
Moliterno, J.A., and Boockvar, J.A. (2011). Understanding the role of tumor
stem cells in glioblastoma multiforme: a review article. J. Neurooncol. 103,
397-408.

Fukaya, R., Ohta, S., Yamaguchi, M., Fujii, H., Kawakami, Y., Kawase, T., and
Toda, M. (2010). Isolation of cancer stem-like cells from a side population of
a human glioblastoma cell line, SK-MG-1. Cancer Lett. 297, 150-157.

Galli, R., Binda, E., Orfanelli, U., Cipelletti, B., Gritti, A., De Vitis, S., Fiocco, R.,
Foroni, C., Dimeco, F., and Vescovi, A. (2004). Isolation and characterization of
tumorigenic, stem-like neural precursors from human glioblastoma. Cancer
Res. 64, 7011-7021.

Genander, M., and Frisén, J. (2010). Ephrins and Eph receptors in stem cells
and cancer. Curr. Opin. Cell Biol. 22, 611-616.

Goldshmit, Y., McLenachan, S., and Turnley, A. (2006). Roles of Eph receptors
and ephrins in the normal and damaged adult CNS. Brain Res. Brain Res. Rev.
52, 327-345.

Gopal, U., Bohonowych, J.E., Lema-Tome, C., Liu, A., Garrett-Mayer, E.,
Wang, B., and Isaacs, J.S. (2011). A novel extracellular Hsp90 mediated co-
receptor function for LRP1 regulates EphA2 dependent glioblastoma cell inva-
sion. PLoS ONE 6, e17649.

Hadjipanayis, C.G., and Van Meir, E.G. (2009). Tumor-initiating cells in malig-
nant gliomas: biology and implications for therapy. J. Mol. Med. 87, 363-374.

Kelly, P.N., Dakic, A., Adams, J.M., Nutt, S.L., and Strasser, A. (2007). Tumor
growth need not be driven by rare cancer stem cells. Science 317, 337.

Khodayari, N., Mohammed, K.A., Goldberg, E.P., and Nasreen, N. (2011).
EphrinA1 inhibits malignant mesothelioma tumor growth via let-7 microRNA-
mediated repression of the RAS oncogene. Cancer Gene Ther. 18, 806-816.

Krex, D., Klink, B., Hartmann, C., von Deimling, A., Pietsch, T., Simon, M.,
Sabel, M., Steinbach, J.P., Heese, O., Reifenberger, G., et al.; German
Glioma Network. (2007). Long-term survival with glioblastoma multiforme.
Brain 130, 2596-2606.

Lee, H.Y., Mohammed, K.A., Peruvemba, S., Goldberg, E.P., and Nasreen, N.
(2011). Targeted lung cancer therapy using ephrinA1-loaded albumin micro-
spheres. J. Pharm. Pharmacol. 63, 1401-1410.

Lee, J., Son, M.J., Woolard, K., Donin, N.M., Li, A., Cheng, C.H., Kotliarova, S.,
Kotliarov, Y., Walling, J., Ahn, S., et al. (2008). Epigenetic-mediated dysfunc-
tion of the bone morphogenetic protein pathway inhibits differentiation of glio-
blastoma-initiating cells. Cancer Cell 13, 69-80.

Li, X., Wang, L., Gu, J.W., Li, B., Liu, W.P., Wang, Y.G., Zhang, X., Zhen, H.N.,
and Fei, Z. (2010). Up-regulation of EphA2 and down-regulation of EphrinA1
are associated with the aggressive phenotype and poor prognosis of malig-
nant glioma. Tumour Biol. 37, 477-488.

Ligon, K.L., Huillard, E., Mehta, S., Kesari, S., Liu, H., Alberta, J.A., Bachoo,
R.M., Kane, M., Louis, D.N., Depinho, R.A., et al. (2007). Olig2-regulated
lineage-restricted pathway controls replication competence in neural stem
cells and malignant glioma. Neuron 53, 503-517.

Liu, D.P., Wang, Y., Koeffler, H.P., and Xie, D. (2007). Ephrin-A1 is a negative
regulator in glioma through down-regulation of EphA2 and FAK. Int. J. Oncol.
30, 865-871.

Liu, F., Park, P.J., Lai, W., Maher, E., Chakravarti, A., Durso, L., Jiang, X., Yu,
Y., Brosius, A., Thomas, M., et al. (2006). A genome-wide screen reveals func-
tional gene clusters in the cancer genome and identifies EphA2 as a mitogen in
glioblastoma. Cancer Res. 66, 10815-10823.

Mabher, E.A., Furnari, F.B., Bachoo, R.M., Rowitch, D.H., Louis, D.N., Cavenee,
W.K., and DePinho, R.A. (2001). Malignant glioma: genetics and biology of
a grave matter. Genes Dev. 15, 1311-1333.

Miao, H., and Wang, B. (2012). EphA receptor signaling—complexity and
emerging themes. Semin. Cell Dev. Biol. 23, 16-25.

Miao, H., Li, D.Q., Mukherjee, A., Guo, H., Petty, A., Cutter, J., Basilion, J.P.,
Sedor, J., Wu, J., Danielpour, D., et al. (2009). EphA2 mediates ligand-depen-
dent inhibition and ligand-independent promotion of cell migration and inva-
sion via a reciprocal regulatory loop with Akt. Cancer Cell 16, 9-20.

Nakada, M., Hayashi, Y., and Hamada, J. (2011). Role of Eph/ephrin tyrosine
kinase in malignant glioma. Neuro-oncol. 73, 1163-1170.

Network, C.G.A.R.; Cancer Genome Atlas Research Network. (2008).
Comprehensive genomic characterization defines human glioblastoma genes
and core pathways. Nature 455, 1061-1068.

Cancer Cell 22, 765-780, December 11, 2012 ©2012 Elsevier Inc. 779


http://cancergenome.nih.gov/dataportal/data/about
http://cancergenome.nih.gov/dataportal/data/about
http://cbio.mskcc.org/gdac-portal/index.do
http://dx.doi.org/10.1016/j.ccr.2012.11.005
http://dx.doi.org/10.1016/j.ccr.2012.11.005

Noblitt, L.W., Bangari, D.S., Shukla, S., Knapp, D.W., Mohammed, S., Kinch,
M.S., and Mittal, S.K. (2004). Decreased tumorigenic potential of EphA2-over-
expressing breast cancer cells following treatment with adenoviral vectors that
express EphrinA1. Cancer Gene Ther. 11, 757-766.

Pasquale, E.B. (2010). Eph receptors and ephrins in cancer: bidirectional sig-
nalling and beyond. Nat. Rev. Cancer 70, 165-180.

Piccirillo, S.G., Reynolds, B.A., Zanetti, N., Lamorte, G., Binda, E., Broggi, G.,
Brem, H., Olivi, A., Dimeco, F., and Vescovi, A.L. (2006). Bone morphogenetic
proteins inhibit the tumorigenic potential of human brain tumour-initiating cells.
Nature 444, 761-765.

Piccirillo, S.G., Combi, R., Cajola, L., Patrizi, A., Redaelli, S., Bentivegna, A.,
Baronchelli, S., Maira, G., Pollo, B., Mangiola, A., et al. (2009). Distinct pools
of cancer stem-like cells coexist within human glioblastomas and display
different tumorigenicity and independent genomic evolution. Oncogene 28,
1807-1811.

Ponti, D., Costa, A., Zaffaroni, N., Pratesi, G., Petrangolini, G., Coradini, D.,
Pilotti, S., Pierotti, M.A., and Daidone, M.G. (2005). Isolation and in vitro prop-
agation of tumorigenic breast cancer cells with stem/progenitor cell proper-
ties. Cancer Res. 65, 5506-5511.

Ricci-Vitiani, L., Fabrizi, E., Palio, E., and De Maria, R. (2009). Colon cancer
stem cells. J. Mol. Med. 87, 1097-1104.

Rietze, R.L., and Reynolds, B.A. (2006). Neural stem cell isolation and charac-
terization. Methods Enzymol. 4719, 3-23.

Singer, J.D., and Willett, J.B. (2003). Applied Longitudinal Data Analysis:
Modeling Change and Event Occurrence (Oxford: Oxford University Press).
Squatrito, M., Brennan, C.W., Helmy, K., Huse, J.T., Petrini, J.H., and Holland,
E.C. (2010). Loss of ATM/Chk2/p53 pathway components accelerates tumor
development and contributes to radiation resistance in gliomas. Cancer Cell
18, 619-629.

Sukhdeo, K., Hambardzumyan, D., and Rich, J.N. (2011). Glioma develop-
ment: where did it all go wrong? Cell 146, 187-188.

Takebe, N., Harris, P.J., Warren, R.Q., and lvy, S.P. (2011). Targeting cancer
stem cells by inhibiting Wnt, Notch, and Hedgehog pathways. Nat. Rev.
Clin. Oncol. 8, 97-106.

Cancer Cell
EphA2 Drives GBM-Derived Tumor-Propagating Cells

Verhaak, R.G., Hoadley, K.A., Purdom, E., Wang, V., Qi, Y., Wilkerson, M.D.,
Miller, C.R., Ding, L., Golub, T., Mesirov, J.P., et al.; Cancer Genome Atlas
Research Network. (2010). Integrated genomic analysis identifies clinically
relevant subtypes of glioblastoma characterized by abnormalities in
PDGFRA, IDH1, EGFR, and NF1. Cancer Cell 177, 98-110.

Vescovi, A.L., Galli, R., and Reynolds, B.A. (2006). Brain tumour stem cells.
Nat. Rev. Cancer 6, 425-436.

Wang, L.F., Fokas, E., Bieker, M., Rose, F., Rexin, P., Zhu, Y., Pagenstecher,
A., Engenhart-Cabillic, R., and An, H.X. (2008). Increased expression of EphA2
correlates with adverse outcome in primary and recurrent glioblastoma muilti-
forme patients. Oncol. Rep. 79, 151-156.

Wu, N., Zhao, X., Liu, M., Liu, H., Yao, W., Zhang, Y., Cao, S., and Lin, X. (2011).
Role of microRNA-26b in glioma development and its mediated regulation on
EphA2. PLoS ONE 6, e16264.

Wykosky, J., and Debinski, W. (2008). The EphA2 receptor and ephrinA1 ligand
in solid tumors: function and therapeutic targeting. Mol. Cancer Res. 6, 1795-
1806.

Wykosky, J., Gibo, D.M., Stanton, C., and Debinski, W. (2005). EphA2 as
a novel molecular marker and target in glioblastoma multiforme. Mol. Cancer
Res. 3, 541-551.

Wykosky, J., Palma, E., Gibo, D.M., Ringler, S., Turner, C.P., and Debinski, W.
(2008). Soluble monomeric EphrinA1 is released from tumor cells and is a func-
tional ligand for the EphA2 receptor. Oncogene 27, 7260-7273.

Ying, M., Wang, S., Sang, Y., Sun, P., Lal, B., Goodwin, C.R., Guerrero-
Cazares, H., Quinones-Hinojosa, A., Laterra, J., and Xia, S. (2011).
Regulation of glioblastoma stem cells by retinoic acid: role for Notch pathway
inhibition. Oncogene 30, 3454-3467.

Zhang, Q.B., Ji, X.Y., Huang, Q., Dong, J., Zhu, Y.D., and Lan, Q. (2006).
Differentiation profile of brain tumor stem cells: a comparative study with
neural stem cells. Cell Res. 16, 909-915.

Zheng, H., Ying, H., Yan, H., Kimmelman, A.C., Hiller, D.J., Chen, A.J., Perry,
S.R., Tonon, G., Chu, G.C., Ding, Z., et al. (2008). p53 and Pten control neural
and glioma stem/progenitor cell renewal and differentiation. Nature 455, 1129-
11383.

780 Cancer Cell 22, 765-780, December 11, 2012 ©2012 Elsevier Inc.



Cancer Cell

EMT and MET in Metastasis: Where Are
the Cancer Stem Cells?

Thomas Brabletz'-*

1Department of General and Visceral Surgery, Comprehensive Cancer Center and BIOSS Centre for Biological Signalling Studies,
University of Freiburg Medical Center, Hugstetter Str. 55, 79106 Freiburg, Germany
*Correspondence: thomas.brabletz@uniklinik-freiburg.de

http://dx.doi.org/10.1016/j.ccr.2012.11.009

Activation of epithelial-mesenchymal transition (EMT) is important for cancer cell dissemination. Two papers
in this issue of Cancer Cell (Ocana and colleagues and Tsai and colleagues) support the concept that the
reversal of EMT is necessary for efficient metastatic colonization. Moreover, although EMT has been associ-
ated with stemness properties, one study indicates that they are not necessarily linked.

Metastasis is responsible for more than
90% of cancer associated mortality;
therefore, the clinical need to prevent or
target metastasis is great. For distant
metastasis, primary tumor cells must
invade, disseminate through blood
vessels, seed at the distant site, and colo-
nize to macrometastases. De-differentia-
tion through aberrant activation of the
embryonic program “epithelial-mesen-
chymal transition” (EMT) was shown to
strongly enhance cancer cell motility and
dissemination (Thiery et al., 2009). More-
over, gene expression patterns in human
cancers indicated that de-differentiated
cancer cells combine EMT properties
with a stem-cell like phenotype, leading
to the concept of “migrating cancer
stem cells” as the basis of metastasis
(Brabletz et al., 2005). A direct molecular
link between EMT and stemness was
demonstrated by seminal findings that
EMT activators, such as Twist1, can co-
induce EMT and stemness properties
(Mani et al., 2008; Morel et al., 2008),
thereby linking the EMT and cancer
stem cell concept (Dalerba et al., 2007).
However, metastases of the most com-
mon human cancers (well- to moder-
ately-differentiated carcinomas) often
show a re-differentiation in the sense
of a mesenchymal-epithelial (re-)transi-
tion (MET). Consequently, transient de-
differentiation (EMT)- re-differentiation
(MET) processes were proposed to be
a driving force of metastasis (Brabletz
et al., 2001). But why do metastases re-
differentiate? Invasive, de-differentiated
cancer cells were shown to be growth
arrested, and proliferation was detected
in re-differentiated metastasis, leading

to the proposal that EMT must be
reversed in order to allow growth and
colonization (Brabletz et al., 2001). This
is supported by the fact that EMT-
inducing transcription factors can directly
inhibit proliferation (Thiery et al., 2009).
Although many clinical reports fostered
the concept of transient EMT-MET
switches in metastasis, there are only
a few experimental proofs (e.g., Chaffer
et al.,, 2006; Korpal et al., 2011). Two
papers in this issue of Cancer Cell sup-
port the role of an EMT in dissemination
and the need of a MET for efficient
metastasis.

In the first report, Tsai et al. (2012, in
this issue of Cancer Cell) used an elegant
mouse model for skin cancer in which
metastatic squamous cell carcinomas
were induced by topic application of
the carcinogens DBMA and TPA and
the expression of Twist1 was selectively
induced in keratinocytes by docycycline.
Oral application of doxycycline induced
Twist1 in all cancer cells, irrespective of
their localization (primary tumor, circu-
lating or disseminated tumor cells, or
metastasis), therefore modeling “irre-
versible” Twist1/EMT activation. In
contrast, topical application of doxycy-
cline only induced Twist1 in the primary
skin tumors, and Twist1 expression is
shut down in disseminated tumor cells
(“reversible”  Twist1/EMT activation).
Twist1 activation in both conditions
(compared to uninduced controls) in-
creased the number of circulating tumor
cells and tumor cells extravasated to
the lung, supporting the role of EMT in
dissemination. However, the number of
metastases in the “reversible” Twist1-

model was higher than that in the “irre-
versible” Twist1-model. Moreover, the
authors demonstrated that downregula-
tion of Twist1 in metastases was associ-
ated with increased proliferation and
reversal of an EMT-associated growth
arrest. In summary, this study clearly
supports the role of an EMT in dissemi-
nation and the necessity of a subsequent
MET for colonization and macrometasta-
sis (Figure 1A). Twist1 downregulation
was shown to be important to overcome
EMT-associated growth arrest, but reac-
tivation of proliferation is likely not the
only reason for a MET in metastasis.
Recently, it was shown that, while re-
differentiation induced by expression of
miR-200 is required for metastatic
colonization in a xenograft model, miR-
200 also directly targets SEC23A, which
stimulates the secretion of metastasis-
suppressive proteins (Korpal et al,
2011).

The second study by Ocana et al.
(2012, in this issue of Cancer Cell) also
supports the role of EMT for dissemina-
tion and the necessity to revert EMT for
metastasis. But, surprisingly, the features
of the newly discovered EMT activator
“paired-related homeobox transcription
factor 1” (Prrx1) make the underlying
molecular links more complex. In contrast
to other EMT-activators, Prrx1 sup-
presses stemness traits, raising again
the questions of where and which are
the cancer stem cells. The authors de-
tected Prrx1 as an additional EMT inducer
activating delamination from the primitive
streak in chicken embryos. Prrx1 is coex-
pressed and cooperates with Twist1 in
inducing all EMT features relevant for
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dissemination, such as migration
and invasion. In a xenograft model
using human BT-549 breast cancer
cells (coexpressing Prrx1 and
Twist1), a knockdown of both
factors (but not of Twist1 alone!)
increased lung metastasis after tail
vein injection, but not in an ortho-
topic setting. Importantly, in con-
trast to the study by Tsai et al.
(2012), depletion of Twist1 alone
had no effect, indicating that Prrx1
is not only cooperating with Twist1,
but is also dominating its function.
The big surprise came when the
authors analyzed stemness and
tumor-initiating features: Prrx1 de-
creased stemness features and
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(and potentially other EMT
inducers like Snaill and ZEB1)?
How does the loss of Prrxi1
induce stemness in (re-)dif-
ferentiated epithelial cancer
cells, which also downregulate
Twist1?

What is the role of Prxx1 in
physiological stem cell biology?
Does it distinguish between
stationary and migrating stem
cells? Are these mutually ex-
clusive modes of stemness? Is
the Twist1-mode or the Prrx1-
mode (Figure 1) more relevant
for human cancer metastasis?

In which (cancer) cells and
tissues is Prrx1 expressed and

knockdown of Prrx1 in BT-549-
increased mammosphere forma-
tion, self renewal capacity, and the
fraction of CD24'°%/CD44"9" cancer
stem cells. Of note, increased stem-
ness was associated with main-
tained proliferation capacity. This is
in contrast to stemness induced by
other EMT activators (Twist1 alone,
Snail1l, Snail2, and ZEB1), which
are associated with a growth arrest.
Strikingly, the presence of Twist1
was not necessary for the stemness
features, because combined deple-
tion of both Prrx1 and Twist1 had
the same effect. Conversely, over-
expression of Prxx1 in another
undifferentiated breast cancer cell
line MDA-MB-231 (expressing
ZEB1 but neither Prrx1 nor Twist)
also suppressed stemness features,
indicating that ZEB1-associated
stemness can also be inhibited.
Finally, by analyzing published data
sets, the authors could show that high
expression of Prrx1 (often associated
with Twist1 expression) in breast and the
squamous type of lung cancer is associ-
ated with a good prognosis and increased
metastasis-free survival. These results
are of high relevance for cancer biology
because they not only support the model
of an EMT/MET switch in metastasis, but
they also identify a potentially new mech-
anism allowing metastatic colonization by
uncoupling stemness from EMT and
growth arrest in favor of a parallel mainte-
nance of a stemness, MET, and prolifera-
tion phenotype (Figure 1B). In this con-
text, the study mechanistically supports
a concept where cancer stem cells either

Cancer Stem Cells

Figure 1. EMT and MET in Metastasis: Where Are the
Cancer Stem Cells?
Models and consequences deduced from the papers by Tsai
et al. (2012) and by Ocana et al. (2012) are shown.
(A) Data by Tsai et al. (2012) support the concept that upregu-
lation of an EMT activator (e.g., Twist1) in invasive cells of
the primary tumor induces dissemination. A downregulation
of the EMT inducer and a subsequent redifferentiation (MET)
at the distant site is necessary to allow colonization and
macrometastasis. Because Twist1 also induces stemness
properties and a growth arrest, putative cancer stem cells
are mobile but nonproliferating (migrating cancer stem cells;
green indicates stemness phenotype and activation).
(B) The EMT activator Prrx1, newly identified by Ocana et al.
(2012), suppresses stemness properties in the EMT and
dissemination state. Prrx1 must be downregulated to activate
stemness properties and allow colonization. Thus, putative
cancer stem cells are not mobile but embedded in the epithe-
lial tumor mass both in the primary tumor and metastases
(stationary cancer stem cells). Both types of metastasis
require an EMT for dissemination and a MET for colonization.
The most important difference is that in the Prrx1-type EMT,
growth arrest and stemness are uncoupled, favoring the
parallel maintenance of a MET, proliferation, and stemness
phenotype.

can be embedded in the epithelial
mass of benign precoursors, primary
tumors, or metastases (stationary cancer
stem cells) or linked to EMT/motility in
invading, disseminating, growth-arrested
tumor cells (migrating cancer stem cells)
initially proposed from the analyses
of colon cancer (Brabletz et al., 2005)
(Figure 1).

However, these data on Prxx1 raise
a lot of new questions, particularly in the
context of publications on Twist1, e.g.,
by Tsai et al. (2012).

How do Twist and Prrx1 interact at
a molecular level and how does Prrx1
inhibit the stemness-inducing but not
the EMT-inducing function of Twist1
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potentially controlling other EMT
inducers (see BT549 versus
MDA-MB-231; different areas
during primitive streak delami-
nation)?

In summary, both papers ex-
perimentally support the need of a
re-differentiation (MET) for the
colonization and metastasis of dif-
ferentiated carcinomas and show
that one reason is the EMT-associ-
ated growth arrest. This has a
clinical impact for future thera-
peutic strategies against metas-
tasis. Inducing differentiation and
targeting EMT alone might be
counterproductive by activating
proliferation of disseminated cells;
it should be combined with therapy
against cycling cells, e.g., with
a standard chemotherapy. In addi-
tion, inhibiting MET, thereby main-
taining dormancy and/or directly target-
ing the stem cell phenotype, wherever
it is located, could be a promising
strategy.
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In this issue of Cancer Cell, Kopp and colleagues report that pancreatic ductal cells are largely refractory to
the induction of pancreatic neoplasia. Whereas a rare ductal subpopulation may still prove capable of
neoplastic transformation, these findings refocus attention on acinar and other non-ductal cell types as initi-

ators of this deadly neoplasm.

While malignant tumors of the pancreas
can display a variety of histologic forms,
the term “pancreatic cancer” is usually
synonymous with a pathological diag-
nosis of pancreatic ductal adenocarci-
noma (PDAC). As its name implies,
PDAC has long been presumed to arise
from pancreatic ductal epithelial cells.
Along with its noninvasive precursor, pan-
creatic intraepithelial neoplasia (PaniIN),
these tumors typically display a distinctly
duct-like histology, and express markers
of ductal differentiation. As demonstrated
for other tumor types, however, tumor
histology is often misleading in deter-
mining tumor lineage, and work from
Kopp et al. (2012) published in this
issue of Cancer Cell reinforces the
disputed paternity of pancreatic “ductal”
neoplasia.

Initial clues suggesting that non-ductal
cells might serve as effective cells of
origin for pancreatic ductal neoplasia
were provided by studies involving
transgenic misexpression of individual
oncogenes under the regulation of non-

ductal promoter elements, in which a
subset of resulting tumors displayed
histologic resemblance to adult ductal
epithelium (Sandgren et al., 1991). How-
ever, these similarities were ultimately
proven to be only skin-deep, as additional
studies of PanIN and PDAC revealed
activation of transcriptional programs
typically observed in embyronic pancre-
atic epithelium, but not in differentiated
duct cells (Miyamoto et al., 2003; Park
et al., 2011).

With the advent of autochthonous
mouse models of pancreatic neoplasia,
more recent studies have interrogated
individual pancreatic cell types for the
ability to generate PanIN, based upon
Cre/lox-mediated activation of oncogenic
Kras. Initial seminal work in this arena
utilized either Pdx71°"® or Ptf1a°" alleles
to activate Kras in embryonic pancreatic
progenitor cells (Aguirre et al., 20083;
Hingorani et al,, 2003). While these
studies demonstrated that embryonic
activation of oncogenic Kras effectively
initiated pancreatic ductal neoplasia,

they provided considerably less informa-
tion regarding the capacity of individual
adult cell lineages to similarly serve as
effective cells of origin. Based on the
availability of appropriate Cre driver
lines, this adult capacity was first interro-
gated in pancreatic acinar cells. Using
either a Nestin-Cre driver to activate
oncogenic Kras in exocrine progenitor
cells and their acinar cell descendants
(Carriere et al., 2007) or a variety of induc-
ible Cre lines to activate Kras in adult
acinar cells (De La O et al., 2008; Guerra
et al., 2007; Habbe et al., 2008), these
studies provided strong evidence that
acinar cells could indeed serve as effec-
tive biologic parents for pancreatic ductal
neoplasia. In these studies, the ability of
adult acinar cells to generate PanIN was
dramatically accelerated in the context
of associated pancreatitis, a known risk
factor for the human disease. Additional
studies suggested that a permissive
inflammatory microenvironment could
broadly bestow PanIN-parenting capabil-
ities, as even insulin-expressing cells
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The activated B cell-like (ABC) subtype of diffuse large B cell ymphoma (DLBCL) is an aggressive lymphoma
that is addicted to NF-«kB signaling through the CARD11-BCL10-MALT1 complex. In this issue of Cancer Cell,
Nagel and colleagues and Fontan and colleagues describe MALT1 inhibitors suitable for clinical use that are

selectively toxic to this malignancy.

Aberrant activation of NF-«kB is a feature
shared by many human lymphomas due
to the ability of NF-xB to promote tumor
survival. In particular, constitutive NF-kB
activity is a hallmark of the ABC DLBCL
subtype. This DLBCL subtype is the
most recalcitrant to current immunoche-
motherapy regimens, due in part to
the anti-apoptotic properties of NF-«B
activity. Hence, targeted therapeutic
agents that shut down NF-kB in ABC
DLBCL are urgently needed.

ABC DLBCL tumors subvert normal
B cell signaling pathways to activate NF-
kB by acquiring somatic mutations that
activate and/or amplify their signaling
output (Figure 1). An RNA interference
screen identified a central role for
CARD11, BCL10, and MALT1 in the path-
ogenesis of ABC DLBCL cell lines (Ngo
et al., 2006). These three signaling effec-
tors form the “CBM” complex, which
serves as a signaling scaffold that recruits
TRAF6, TAK1, and the IKK complex to
activate the IkB kinase B (IKKB) and stim-
ulate NF-kB through the “classical”
pathway. In 10% of ABC DLBCL cases,
somatic mutations affecting the coiled-
coil domain of CARD11 spontaneously
induce the formation of the CBM complex
and NF-kB activity (Lenz et al., 2008).
Other ABC DLBCL lymphomas lack
CARD11 mutations but, nevertheless,
rely upon wild-type CARD11 to activate
NF-kB and sustain survival (Ngo et al.,
2006). These ABC DLBCL tumors rely
upon a “chronic active” form of BCR
signaling to engage CARD11 and the
NF-kB pathway (Davis et al., 2010). ABC
DLBCLs with wild-type CARD11 die
upon knockdown or pharmacologic in-
hibition of any component of the BCR
signaling cascade (Davis et al., 2010).
Recurrent mutations in the BCR subunits

CD79B and CD79A occur in roughly one
fifth of ABC DLBCL cases, providing
genetic evidence that chronic active
BCR signaling is important in ABC DLBCL
pathogenesis (Davis et al., 2010).

BCR pathway inhibitors are currently
being investigated in clinical trials to eval-
uate their efficacy against ABC DLBCL
and other forms of B cell lymphoma.
These inhibitors chiefly target either BCR
proximal kinases, such as BTK and SYK,
or the phosphatidylinositol 3-kinase path-
way that emanates from the BCR. Promis-
ing responses have been observed,
including complete and partial responses
to the BTK inhibitor ibrutinib in ABC
DLBCL. However, experiments in cell
lines suggest that these upstream BCR
pathway inhibitors will be unable to treat
tumors that harbor oncogenic CARD11
mutations, necessitating alternative ther-
apies for these patients.

The recently described proteolytic
activity of MALT1 provides a new target
for therapeutic development (reviewed in
McAllister-Lucas et al., 2011). The cas-
pase-like domain of MALT1 cleaves sub-
strates following arginine residues, unlike
conventional caspase that cleave after
aspartate residues. MALT1 cleaves and
disables A20 (TNFAIP3) and CYLD, both
negative regulators of NF-kB, thereby
potentiating NF-kB signaling. Based on
these results in normal lymphocytes, two
groups demonstrated that MALT pro-
tease activity is required for NF-«kB activity
and survival of ABC DLBCL cells (Ferch
et al., 2009; Hailfinger et al.,, 2009). A
peptide inhibitor of MALT1 paracaspase
activity was toxic to ABC DLBCL cell
lines, but not to models of other lym-
phoma subtypes. In theory, MALT1
should make an excellent therapeutic
target. First, MALT1 knockout mice are
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defective in T and B cell activation
but are otherwise healthy. Second, the
paracaspase domain of MALT1 is unique
within the human genome, suggesting
that a MALT1 inhibitor might not cause
significant off-target side effects.

In this issue of Cancer Cell, Nagel et al.
(2012) and Fontan et al. (2012) report the
discovery of small molecule inhibitors
of MALT1 that represent a new class of
lymphoma therapeutics. Both studies
utilized in vitro MALT1 protease assays
in high-throughput screens of small mole-
cule libraries, yielding inhibitors of MALT1
activity at low micromolar concentrations
in vitro. In a library of drugs approved for
human use, Nagel et al. (2012) identified
three phenothiazines, a class of anti-
psychotic drugs, which inhibit MALT1
paracaspase activity and kill ABC DLBCL
cells. The doses necessary to inhibit the
growth of ABC DLBCL xenografts were
equivalent to those achieved when hu-
mans are given these drugs, suggesting
that they could be used off-label in clinical
trials soon. While phenothizines may be
tolerated for short term chemotherapy,
their long-term use will be limited by the
already known side effects characteristic
of this drug class, for example tardive
dyskinesia. Fontan et al. (2012) discov-
ered a novel small molecule, termed
MI-2, that notably inhibited MALT1 by
forming a covalent linkage in the active
site. Although traditional drug develop-
ment has shied away from irreversible
inhibitors because of potential crossreac-
tivity and immunogenicity, they afford
outstanding pharmacodynamic proper-
ties. Indeed, the hepatitis C NS3/4A
protease inhibitor Telaprevir and the
proteasome inhibitor Carfilzomib are
both irreversible. Likewise, the unusual
potency of ibrutinib in many lymphoid
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Figure 1. Role of MALT1 in Signaling to NF-xB in ABC DLBCL

Two prominent pathways leading to NF-kB activation in ABC DLBCL are shown: chronic active BCR
signaling and constitutive MYD88 signaling. MALT1 plays a key role in the BCR pathway in two ways. First,
as a component of the CBM complex with CARD11 and BCL10, MALT1 helps recruit and activate kB
kinase (IKK). Second, MALT1 protease activity potentiates NF-«kB signaling by cleaving and inactivating
two negative regulators of IKK, A20 (TNFAIP3), and CYLD. Recurrent mutations in ABC DLBCL tumors

that cause or intensify NF-«xB activity are shown.

malignancies may be due to its covalent
attachment to BTK. While MI-2 is a lead
compound that may require further opti-
mization, it is notable that mice treated
with MI-2 did not have detectable physio-
logical, histological, or biochemical signs
of toxicity.

Clinical trials with correlative studies
will be needed to determine the lym-
phoma phenotypes and genotypes that
are best suited to MALT1-directed
therapy. While the BCR pathway inhibitor
ibrutinib is showing promising activity in
clinical trials, it is too early to know what
mechanisms of resistance may develop.
From this perspective, we cannot really
have too many targeted therapies, espe-
cially ones that have few if any side
effects. An important niche not addressed
by the BCR pathway inhibitors would be
the ~10% of ABC DLBCL tumors with
CARD11 mutations. MALT1 inhibitors
might also be potentially useful in some
cases of germinal center B cell-like

(GCB) subtype of DLBCL, since CARD11
mutations occur in =5% of these tumors
and are associated with elevated NF-kB
activity compared to the majority of GCB
DLBCLs (Lenz et al., 2008). Gastric
MALT lymphomas with a t(11;18) translo-
cation may be another venue because this
translocation creates a fusion oncopro-
tein composed of protein interaction
domains from c-IAP2 and the MALT1 par-
acaspase domain that is proteolytically
active (McAllister-Lucas et al.,, 2011).
Germline CARD11 coiled-coil domain
mutations have recently been identified
in families with a congenital B lymphocy-
tosis, which can progress to chronic
lymphocytic leukemia. MALT1 inhibitors
could prove useful in this setting if they
can be tolerated long-term without side
effects (Snow et al.,, 2012). Finally, it
should be noted that a second prominent
signaling pathway can activate NF-«xB in
ABC DLBCL via the signaling adaptor
MYDB88. Recurrent somatic mutations of

MYD88 occur in 39% of ABC DLBCLs,
with one particularly potent point mutant,
MYDB88 L265P, occurring in 29% of cases
(Ngo et al., 2011). Some ABC DLBCLs
have both MYD88 L265P and CD79B
mutations (Ngo et al., 2011), and cell line
models of such cases rely on MALT1 for
survival (Fontan et al.,, 2012). However,
other ABC DLBCLs only have MYD88
mutations and are not dependent upon
BCR signaling (Ngo et al., 2011), and
these do not respond to MALT1 inhibition
(Fontan et al., 2012). Thus, the optimum
deployment of MALT1 inhibitors awaits
a precise definition of which ABC DLBCL
tumors rely upon BCR signaling through
MALT1 for survival.
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metaplasia (ADM) do, indeed, harbor
KRAS mutations identical to those ob-
served in adjacent PanIN (Shi et al.,
2009). These findings might be consistent
with KRAS mutations arising in either
acinar cells themselves or in areas of
ADM, with subsequent rapid progression
to PanIN.

Assuming that these findings are
indeed relevant to the human disease,
what are the ramifications of the current
findings? Certainly, they suggest that
future chemoprevention strategies might
be best targeted at early events in acinar
rather than ductal cells; blocking acinar
cell activation of Sox9 now joins Notch
pathway inhibition and maintenance of
Mist1 expression as examples of such
approaches. In addition, these findings
underscore an increasingly recognized
disconnect between Kras mutations and
Kras activity. Along these lines, it will be
fascinating to determine the presumably
epigenetic determinants underlying the
differential responsiveness to oncogenic

Kras observed in acinar and ductal cell
types; manipulating such determinants
may convert acinar cells into less capable
parents, hopefully eliminating PanIN from
the pancreatic family tree.
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Adaptive resistance to PISBK-mTOR inhibitors potentially limits the clinical antitumor activities of these
agents. In this issue of Cancer Cell, Britschgi and coworkers show that certain tumors acquire resistance
to PIBK-mTOR inhibitors through activation of a JAK2-dependent pathway, leading to interleukin-8 secretion.

More than 25 years have passed since the
discovery of phosphoinositide 3-kinase
(PIBK) as an oncoprotein-associated
enzymatic activity. The term “PI3K” in
this context designates the Class | subset
of phosphoinositide kinases (comprising
the a, B, v, and & isoforms), which convert
phosphatidylinositol-4,5-bisphosphate to
the bioactive second messenger phos-
phatidylinositol-3,4,5-trisphosphate (Van-
haesebroeck et al., 2012). These PI3Ks

are activated, directly or indirectly, by
a variety of cell surface receptors that
include receptor tyrosine kinases (RTKs)
and G protein-coupled receptors. Several
cardinal alterations elicited by PI3K acti-
vation include changes in cell prolifera-
tion, survival, migration, and metabolism,
and are highly aligned with the “hallmarks
of cancer” discussed by Hanahan and
Weinberg (2011). Indeed, inappropriate
activation of the PI3K pathway has been

observed in a remarkably broad array of
human cancers. Nested within this pro-
oncogenic signaling network are two
pivotal protein serine-threonine kinases,
AKT (also termed protein kinase B) and
mTOR, both of which represent druggable
targets, like PI3K itself. This combination
of biological relevance and pharmaco-
logical tractability rendered the PI3K
pathway an irresistible target for cancer
drug discovery. The ensuing efforts in
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medicinal chemistry delivered a treasure
trove of PI3K pathway inhibitors, and a
stunning number (25-30) of these
compounds are now in various stages of
late preclinical or clinical development.

The unprecedented level of pharma-
ceutical investment in PI3K pathway
inhibitors was based on expectations
that these agents would exert broad-
based inhibitory effects on tumor growth
and progression. Unfortunately, single-
agent therapy with PIBK pathway inhibi-
tors has, with few exceptions, failed to
deliver on the promise of breakthrough
antitumor activity in the clinical setting.
Adaptive drug resistance has emerged
as an important mechanism whereby
cancer cells limit the therapeutic activities
of these inhibitors (Bagrodia et al,
2012). Recent studies indicate that phar-
macological disruption of PI3K signaling
engages a multiplicity of compensatory
responses that restore signal flux to a level
that maintains the oncogenic phenotype.
An intriguing report by Britschgi et al.
(2012) in this issue of Cancer Cell
adds to this compendium of resistance
mechanisms by demonstrating that
certain tumors acquire resistance to
PI3K pathway-targeted therapies by elab-
orating a pro-inflammatory chemokine
that not only drives drug resistance, but
also leads to a more invasive, metastatic
phenotype for the cancer cells.

Britschgi et al. (2012) focused their
studies on triple-negative breast cancer
(TNBC), a tumor type differentiated from
other breast cancer subtypes by the
absence of receptors for HER2, proges-
terone, and estrogen. TNBC is a highly
aggressive disease with a poor response
to current therapies. Evidence that the
PI3K pathway is commonly activated in
TNBC has raised hope that PI3K
pathway-targeted agents might signifi-
cantly alter the therapeutic landscape
for this disease (Ibrahim et al.,, 2012).
Britschgi et al. (2012) examined the phos-
phorylation states of specific signaling
proteins during acute (<20 hr) exposure
of TNBC-like cell lines to BEZ235,
a dually-active PISBK/mTOR inhibitor. An
unanticipated finding was that BEZ235
exposure stimulated tyrosine phos-
phorylation of the JAK2 kinase and its
substrate, the STAT5 transcription factor.
The JAK kinase family consists of four
members, which are typically (but not
exclusively) activated by cytokine and

chemokine receptors (Seavey and Dobr-
zanski, 2012). The activated JAKs, in
turn, phosphorylate one or more of the
seven STAT family proteins, thereby stim-
ulating their nuclear translocation and
transactivating functions. BEZ235 treat-
ment triggered selective modification
of JAK2 and STAT5, indicating that
this drug provoked specific rather gener-
alized activation of JAK-STAT signaling
in these TNBC cell lines (Britschgi et al.,
2012). Further experiments revealed that
BEZ235 stimulated the expression of
mRNA transcripts encoding interleukin-8
(IL-8) and the subsequent secretion of
this chemokine by the drug-treated cells.
The expression of IL-8 receptor CXCR1
was also increased during BEZ235
exposure, establishing an autokine-acting
chemokine signaling pathway in the drug-
treated TNBC cells.

Exploration of the mechanism under-
lying BEZ235-induced JAK2-STAT5 acti-
vation uncovered a biphasic response.
The early (0-8 hr after drug treatment)
increase in JAK2-STATS activation was
linked to upregulation of the IR/IGF-1R
signaling pathway. This finding is consis-
tent with previous observations that inhi-
bition of the PIBK-AKT axis of the PI3K
signaling network stimulates a FOXO
transcription factor-dependent homeo-
static response leading to upregulation
of receptors that strongly activate PI3K,
such as the RTKs IR/IGF1R and MET
(Chakrabarty et al., 2012; Muranen et al.,
2012). The initial wave of JAK2/STAT5
signaling stimulated the expression and
secretion of IL-8, which then acted
through the CXCR1 receptor to drive
a second wave of JAK2-STAT5 activity.
Thus, inhibition of PIBK/mTOR sets in
motion a sequence of events that culmi-
nate in a self-amplifying autocrine loop
involving the IL-8-CXCR1-JAK2-STAT5
signaling cascade. The unanticipated
increase in IL-8 signaling provoked by
PISBK/mTOR inhibition was at least
partially responsible for limiting the inhib-
itory effects of BEZ235 on AKT activity,
cancer cell survival in vitro, and tumor
growth in vivo. Moreover, these results
may have broader clinical implications,
in that IL-8 is recognized as a significant
tumor progression factor through its
pleiotropic activities related to cancer
stem cells, angiogenesis, and metastasis
(Waugh and Wilson, 2008). Hence, it is
conceivable that treatment of TNBC with
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PI3BK/mTOR inhibitors could to lead to
worsened patient outcomes related to
enhanced intratumoral IL-8 activity.

Although these findings place an addi-
tional obstacle in the path to successful
implementation of PI3K pathway-tar-
geted therapies, they also present a thera-
peutic opportunity, in that the IL8-depen-
dent adaptive response is amenable to
pharmacologic intervention (for example
with drugs that target JAK2) (Seavey and
Dobrzanski, 2012). Indeed, Britschgi
et al. (2012) demonstrated that combina-
tion therapy with a JAK2 kinase inhibitor
increased the antiproliferative and cytoci-
dal activities of BEZ235 in vitro and
augmented the antitumor activity of
BEZ235 in mouse xenograft studies.
Furthermore, the authors observed that
circulating tumor cell numbers in mice
bearing highly metastatic breast tumors,
which were only marginally reduced by
the PIBK/mTOR inhibitor, were dramati-
cally suppressed by treatment with a
JAK?2 inhibitor, both in the absence and
presence of BEZ235. The authors further
noted that CXCR1 expression was
heterogeneous in these tumor cell
populations and presented evidence that
the most highly CXCR1-positive cells
were enriched for both tumor-initiating
and metastatic behaviors. The results
support a clinically testable combination
strategy involving PIBK-mTOR and JAK2
inhibitors in TNBC and in other tumors
in which suppression of PI3K signaling
provokes a compensatory increase in
IL8 production.

This study underscores the robustness
of the adaptive network that strives to
maintain homeostatic signal flux through
the PI3K pathway in cancer cells. Previ-
ously described mechanisms of PI3K
inhibitor resistance can be characterized
as “vertical”; for example, inhibition of
PI3K-a elicits a homeostatic response,
such as increased expression of IR/
IGF1R, which aims to restore PI3K-a
activity (Figure 1). The adaptive response
uncovered by Britschgi et al. (2012) adds
a chemokine-dependent “horizontal”
element to the existing array of PI3K inhib-
itor resistance mechanisms. The more
sobering news might be that this adaptive
response confers not only drug resis-
tance, but also a more aggressive pheno-
type on TNBC cells.

This study raises several questions for
future investigation. First, given that IL-8



Cancer Cell

Drug-naive state Adaptive resistance

Tl

Oy CXCR1 [y

IR/IGF1R

L Y e

-
@

IRS-1

@ PI3K/mTOR

inhibitor l

Drug resistance
Tumorigenicity
Invasiveness

Nucleus

Figure 1. Acquisition of Resistance to PI3K/mTOR Inhibitors through Compensatory
Activation of the JAK2-STAT5 Pathway

Triple-negative breast cancer cells drive signaling through the PISBK/mTOR pathway via activation of
receptor tyrosine kinases, such as insulin receptors and insulin-like growth factor-1 receptors (IR/IGF-
1R). Treatment with a PIBK-mTOR inhibitor triggers a biphasic adaptive resistance response. In the initial
phase of this response, the cells upregulate expression of IR/IGF-1R and IRS-1 (1), which stimulates
acompensatory increase in PI3K-a activity (vertical resistance), together with IRS-1-dependent activation
of the JAK2-STATS5 pathway (2). STAT5 translocates to the nucleus and stimulates transcription of the
genes encoding interleukin-8 (IL-8) and the IL-8 receptor, CXCR1 (3). The secretion of IL-8 establishes
a self-amplifying, autocrine and/or paracrine chemokine loop that might activate a different PI3K isoform,
PI3K-v (4), and propagates JAK2-STATS5 activation, leading to horizontal drug resistance and increased
tumorigenicity and invasiveness in TNBC cell populations (5).

signals through a GPCR, it would be inter-
esting to learn whether the IL-8-depen-
dent adaptive response involves a switch
from PI3K-a to the GPCR-associated
PI3K-y isoform (Figure 1). Second, PI3K/
mTOR inhibitors stimulate autophagy,

which was recently shown to support the
secretion of IL-8 and other pro-inflamma-
tory cytokines through an unconventional
secretory pathway (Deretic et al., 2012). If
IL-8 release from drug-treated TNBC cells
is attributable to unconventional secre-

tion, then this mechanism of adaptive
resistance might be susceptible to combi-
nation therapy with an autophagy inhib-
itor. Finally, and most importantly, we
need to understand more fully the actual
contributions of IL-8 to PIBK/mTOR inhib-
itor resistance in human TNBC patients,
as well the roles of drug-induced IL-8
release in adaptive drug resistance in
other human cancers.

REFERENCES

Bagrodia, S., Smeal, T., and Abraham, R.T. (2012).
Pigment Cell Melanoma Res. 25, 819-831.

Britschgi, A., Andraos, R., Brinkhaus, H., Klebba, I.,
Romanet, V., Muller, A., Murakami, M., Radimer-
ski, T., and Bentires-Alj, M. (2012). Cancer Cell
22, this issue, 796-811.

Chakrabarty, A., Sanchez, V., Kuba, M.G.,
Rinehart, C., and Arteaga, C.L. (2012). Proc. Natl.
Acad. Sci. USA 109, 2718-2723.

Deretic, V., Jiang, S., and Dupont, N. (2012).
Trends Cell Biol. 22, 397-406.

Hanahan, D., and Weinberg, R.A. (2011). Cell 144,
646-674.

lbrahim, Y.H., Garcia-Garcia, C., Serra, V., He, L.,
Torres-Lockhart, K., Prat, A., Anton, P., Cozar, P.,
Guzman, M., Grueso, J., et al. (2012). Cancer Dis-
cov 2, 1036-1047.

Muranen, T., Selfors, L.M., Worster, D.T.,
Iwanicki, M.P., Song, L., Morales, F.C., Gao, S.,
Mills, G.B., and Brugge, J.S. (2012). Cancer Cell
21, 227-239.

Seavey, M.M., and Dobrzanski, P. (2012). Bio-
chem. Pharmacol. 83, 1136-1145.

Vanhaesebroeck, B., Stephens, L., and Hawkins,
P. (2012). Nat. Rev. Mol. Cell Biol. 13, 195-203.

Waugh, D.J., and Wilson, C. (2008). Clin. Cancer
Res. 14, 6735-6741.

Cancer Cell 22, December 11, 2012 ©2012 Elsevier Inc. 705



Cancer Cell

Chaffer, C.L., Brennan, J.P., Slavin, J.L., Blick, T.,
Thompson, E.W., and Williams, E.D. (2006).
Cancer Res. 66, 11271-11278.

Dalerba, P., Cho, R.W., and Clarke, M.F. (2007).
Annu. Rev. Med. 58, 267-284.

Korpal, M., Ell, B.J., Buffa, F.M., Ibrahim, T.,
Blanco, M.A., Celia-Terrassa, T., Mercatali, L.,
Khan, Z., Goodarzi, H., Hua, Y., et al. (2011). Nat.
Med. 17, 1101-1108.

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.

Morel, A.P., Liévre, M., Thomas, C., Hinkal, G., An-
sieau, S., and Puisieux, A. (2008). PLoS ONE 3,
€2888.

Ocana, O.H., Corcoles, R., Fabra, A., Moreno-
Bueno, G., Acloque, H., Vega, S., Barrallo-Gimeno,

A., Cano, A., and Nieto, M.A. (2012). Cancer Cell
22, this issue, 709-724.

Thiery, J.P., Acloque, H., Huang, R.Y., and
Nieto, M.A. (2009). Epithelial-mesenchymal transi-
tions in development and disease. Cell 139,
871-890.

Tsai, J.H., Donaher, J.L., Murphy, D.A., Chau, S.,
and Yang, J. (2012). Cancer Cell 22, this issue,
725-736.

Disputed Paternity: The Uncertain Ancestry
of Pancreatic Ductal Neoplasia

Anirban Maitra'-® and Steven D. Leach?2-3*

1Department of Pathology

2Department of Surgery and the McKusick-Nathans Institute of Genetic Medicine
3The Sol Goldman Center for Pancreatic Cancer Research
Johns Hopkins University, Baltimore, MD 21205, USA

*Correspondence: stleach@jhmi.edu
http://dx.doi.org/10.1016/j.ccr.2012.11.015

In this issue of Cancer Cell, Kopp and colleagues report that pancreatic ductal cells are largely refractory to
the induction of pancreatic neoplasia. Whereas a rare ductal subpopulation may still prove capable of
neoplastic transformation, these findings refocus attention on acinar and other non-ductal cell types as initi-

ators of this deadly neoplasm.

While malignant tumors of the pancreas
can display a variety of histologic forms,
the term “pancreatic cancer” is usually
synonymous with a pathological diag-
nosis of pancreatic ductal adenocarci-
noma (PDAC). As its name implies,
PDAC has long been presumed to arise
from pancreatic ductal epithelial cells.
Along with its noninvasive precursor, pan-
creatic intraepithelial neoplasia (PaniIN),
these tumors typically display a distinctly
duct-like histology, and express markers
of ductal differentiation. As demonstrated
for other tumor types, however, tumor
histology is often misleading in deter-
mining tumor lineage, and work from
Kopp et al. (2012) published in this
issue of Cancer Cell reinforces the
disputed paternity of pancreatic “ductal”
neoplasia.

Initial clues suggesting that non-ductal
cells might serve as effective cells of
origin for pancreatic ductal neoplasia
were provided by studies involving
transgenic misexpression of individual
oncogenes under the regulation of non-

ductal promoter elements, in which a
subset of resulting tumors displayed
histologic resemblance to adult ductal
epithelium (Sandgren et al., 1991). How-
ever, these similarities were ultimately
proven to be only skin-deep, as additional
studies of PanIN and PDAC revealed
activation of transcriptional programs
typically observed in embyronic pancre-
atic epithelium, but not in differentiated
duct cells (Miyamoto et al., 2003; Park
et al., 2011).

With the advent of autochthonous
mouse models of pancreatic neoplasia,
more recent studies have interrogated
individual pancreatic cell types for the
ability to generate PanIN, based upon
Cre/lox-mediated activation of oncogenic
Kras. Initial seminal work in this arena
utilized either Pdx71°"® or Ptf1a°" alleles
to activate Kras in embryonic pancreatic
progenitor cells (Aguirre et al., 20083;
Hingorani et al,, 2003). While these
studies demonstrated that embryonic
activation of oncogenic Kras effectively
initiated pancreatic ductal neoplasia,

they provided considerably less informa-
tion regarding the capacity of individual
adult cell lineages to similarly serve as
effective cells of origin. Based on the
availability of appropriate Cre driver
lines, this adult capacity was first interro-
gated in pancreatic acinar cells. Using
either a Nestin-Cre driver to activate
oncogenic Kras in exocrine progenitor
cells and their acinar cell descendants
(Carriere et al., 2007) or a variety of induc-
ible Cre lines to activate Kras in adult
acinar cells (De La O et al., 2008; Guerra
et al., 2007; Habbe et al., 2008), these
studies provided strong evidence that
acinar cells could indeed serve as effec-
tive biologic parents for pancreatic ductal
neoplasia. In these studies, the ability of
adult acinar cells to generate PanIN was
dramatically accelerated in the context
of associated pancreatitis, a known risk
factor for the human disease. Additional
studies suggested that a permissive
inflammatory microenvironment could
broadly bestow PanIN-parenting capabil-
ities, as even insulin-expressing cells
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Figure 1. Competence of Individual Pancreatic Cell Types to Generate Pancreatic
Intraepithelial Neoplasia in Response to Oncogenic Kras Activation
(A) Kras activation in early pancreatic progenitor cells and their progeny leads to effective pancreatic intra-

epithelial neoplasia (PanlIN) initiation.

(B) Kras activation in later exocrine-dedicated progenitor cells and their acinar cell progeny also results

in PanIN.

(C) Kras activation in differentiated acinar cells, but not the most common ductal epithelial lineage, leads to
effective PanIN initiation. In an inflammatory microenvironment, insulin-expressing endocrine cells can
also generate PanIN. Low-abundance pancreatic ductal/centroacinar subpopulations may still remain
to be evaluated as effective cells of origin. Red indicates cell types capable of forming PanlIN; yellow indi-
cates cells resistant to PanIN; and gray indicates known and potentially unknown cell populations still

unevaluated.

were shown to be capable of generating
PanIN in the context of associated
pancreatitis (Gidekel Friedlander et al.,
2009).

Ironically, these studies demonstrating
that pancreatic ductal neoplasia could
be generated from a variety of non-ductal
cell types were all completed prior to
a similar definitive evaluation in actual
ductal epithelial cells. However, a long-
awaited detailed glimpse at the parental
capacities of the ductal epithelial lineage
is now available. In this new study, Kopp
et al. (2012) directly compare the effi-
ciency of PanIN formation following cell
type-specific activation of oncogenic
Kras in the acinar lineage using a
Ptf12°"EF line and in the ductal/centroa-
cinar lineage using a Sox9°°%" line. For
both lines, postnatal tamoxifen adminis-
tration induced recombination in a
similar proportion of target cells. Similar
to prior studies using other acinar cell-
specific Cre driver lines, the authors
observed potent induction of PanIN
lesions in Ptf1a®E7; Kras®’?P mice, an
effect that was further accelerated by
concomitant pancreatitis. However there
was minimal-to-no PanIN induction in
Sox9°°ER: Kras®'?P mice, even in the

presence of pancreatitis. Even when dis-
crepant PanIN frequencies were normal-
ized based on the greater abundance of
acinar cells, the difference in PanIN-
generating capabilities between the two
lineages remained striking, with acinar
cells at least 100-fold more effective
than ductal/centroacinar cells in gener-
ating PanIN. In addition, the authors
demonstrated that, within the acinar
lineage, Sox9 itself was required for effi-
cient PanIN induction, and that Sox9
overexpression enhanced both pancrea-
titis-associated metaplasia and Kras-
induced PanlIN formation within the acinar
lineage.

Together, these comprehensive studies
demonstrate that, while differentiated
acinar cells are fully capable of generating
PanIN through requisite Kras-induced
Sox9 activation, ductal and centroacinar
cells already expressing Sox9 are dramat-
ically resistant to Kras-induced neoplastic
transformation. In conjunction with prior
studies, these findings lead to the startling
recognition that the predominant Sox9-
expressing ductal epithelial lineage re-
presents the only pancreatic epithelial
lineage evaluated to date that is unable
to efficiently generate PanIN (Figure 1).
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Before entirely disqualifying ductal and
centroacinar cells from consideration as
capable PanlIN parents, it is necessary to
consider a broad number of remaining
questions and possibilities. First, it must
be recognized that, while Sox9 appears
to be expressed in a substantial majority
of pancreatic ductal and centroacinar
cells, there is considerable heterogeneity
in gene expression along the ductal
epithelial tree, and the distinct possibility
remains that PanIN can effectively origi-
nate from a subpopulation of Sox9-nega-
tive ductal epithelial cells. In addition, the
study by Kopp et al. (2012) relied on
tamoxifen-induced recombination in only
12% of all Sox9-expressing cells. As
acknowledged by the authors, this frac-
tion, when further reduced by a less
than uniform response to Kras even
among competent cell types, means that
rare Sox9-expressing cells (i.e., centroa-
cinar cells) might not have been effec-
tively interrogated in large numbers;
perhaps these cells account for the rare
PanIN lesion observed in these mice.
In spite of these caveats, it remains
difficult to escape the authors’ primary
conclusion that the predominant ductal
lineage in adult mouse pancreas re-
mains largely refractory to Kras-mediated
transformation.

While it is tempting to extend these
findings to the human disease, appro-
priate caution is warranted. In particular,
the current experimental paradigm only
evaluates what can happen, i.e., the
competence of individual adult murine
cell types to generate PanlIN in response
to oncogenic Kras, as opposed to what
actually does happen under conditions
of spontaneous or carcinogen-induced
human KRAS mutations. Certainly,
murine PanIN induced by Kras activation
in either embryonic pancreas or in adult
acinar cells seems to bear exquisite
resemblance to human PanIN, both histo-
logically and with respect to gene expres-
sion patterns. However, prior analysis of
KRAS sequences in acinar cells adjacent
to human PanIN failed to identify mutant
alleles (Shi et al., 2009), suggesting that
acinar cell KRAS mutations are either
extremely rare or rapidly induce meta-
plastic or neoplastic conversion to a
non-acinar morphology. On the other
hand, cells with features of acinar differ-
entiation can often be identified in human
PanIN, and a subset of acinar to ductal
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metaplasia (ADM) do, indeed, harbor
KRAS mutations identical to those ob-
served in adjacent PanIN (Shi et al.,
2009). These findings might be consistent
with KRAS mutations arising in either
acinar cells themselves or in areas of
ADM, with subsequent rapid progression
to PanIN.

Assuming that these findings are
indeed relevant to the human disease,
what are the ramifications of the current
findings? Certainly, they suggest that
future chemoprevention strategies might
be best targeted at early events in acinar
rather than ductal cells; blocking acinar
cell activation of Sox9 now joins Notch
pathway inhibition and maintenance of
Mist1 expression as examples of such
approaches. In addition, these findings
underscore an increasingly recognized
disconnect between Kras mutations and
Kras activity. Along these lines, it will be
fascinating to determine the presumably
epigenetic determinants underlying the
differential responsiveness to oncogenic

Kras observed in acinar and ductal cell
types; manipulating such determinants
may convert acinar cells into less capable
parents, hopefully eliminating PanIN from
the pancreatic family tree.
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Adaptive resistance to PISBK-mTOR inhibitors potentially limits the clinical antitumor activities of these
agents. In this issue of Cancer Cell, Britschgi and coworkers show that certain tumors acquire resistance
to PIBK-mTOR inhibitors through activation of a JAK2-dependent pathway, leading to interleukin-8 secretion.

More than 25 years have passed since the
discovery of phosphoinositide 3-kinase
(PIBK) as an oncoprotein-associated
enzymatic activity. The term “PI3K” in
this context designates the Class | subset
of phosphoinositide kinases (comprising
the a, B, v, and & isoforms), which convert
phosphatidylinositol-4,5-bisphosphate to
the bioactive second messenger phos-
phatidylinositol-3,4,5-trisphosphate (Van-
haesebroeck et al., 2012). These PI3Ks

are activated, directly or indirectly, by
a variety of cell surface receptors that
include receptor tyrosine kinases (RTKs)
and G protein-coupled receptors. Several
cardinal alterations elicited by PI3K acti-
vation include changes in cell prolifera-
tion, survival, migration, and metabolism,
and are highly aligned with the “hallmarks
of cancer” discussed by Hanahan and
Weinberg (2011). Indeed, inappropriate
activation of the PI3K pathway has been

observed in a remarkably broad array of
human cancers. Nested within this pro-
oncogenic signaling network are two
pivotal protein serine-threonine kinases,
AKT (also termed protein kinase B) and
mTOR, both of which represent druggable
targets, like PI3K itself. This combination
of biological relevance and pharmaco-
logical tractability rendered the PI3K
pathway an irresistible target for cancer
drug discovery. The ensuing efforts in
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