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SUMMARY

The natural product englerin A (EA) binds to and activates protein kinase C-0 (PKC0). EA-dependent activa-
tion of PKCO induces an insulin-resistant phenotype, limiting the access of tumor cells to glucose. At the
same time, EA causes PKCO-mediated phosphorylation and activation of the transcription factor heat shock
factor 1, an inducer of glucose dependence. By promoting glucose addiction, while simultaneously starving
cells of glucose, EA proves to be synthetically lethal to highly glycolytic tumors.

INTRODUCTION

Many solid tumors are characterized by an altered metabolic
program and display increased dependence on glucose. Several
signaling pathways and transcription factors are critical for
providing sustained intake of glucose by tumor cells and for
enforcing their glycolytic dependence, including the insulin
signaling pathway (Leto and Saltiel, 2012) and the heat shock
transcription factor heat shock factor 1 (HSF1) (Dai et al.,
2007). Whereas a lack of function of the insulin pathway or
HSF1 has been linked to diabetes and aging, hyperinsulinemia
and HSF1 activation have been linked to the development of
cancer (Whitesell and Lindquist, 2009; Gallagher and LeRoith,
2011; Mendillo et al., 2012). Indeed, recent reports suggest
that dependence on HSF1 reflects the “nononcogene addiction”
of tumor cells for this transcription factor (Solimini et al., 2007).

Molecular mechanisms underlying HSF1-enforced glucose
dependence are not well understood. However, effects of the
insulin pathway on glucose uptake and utilization have been
well characterized. Insulin and insulin-like growth factors acti-
vate the PI3K/AKT pathway to stimulate glucose uptake.

Numerous epithelial tumors rely on constitutive activation of
this pathway to increase their supply of glucose (Vander Heiden
et al., 2009; Leto and Saltiel, 2012). The protein kinase C (PKC)
family of kinases exerts both positive and negative effects on
this pathway (Nelson et al., 2008). In type Il diabetes, activation
of some PKCs, including PKC#, with fatty acids or diacylglycerol
can induce insulin resistance via inhibitory phosphorylation of
insulin receptor substrate 1 (IRS1) (Griffin et al., 1999; Li et al.,
2004). Phosphorylated IRS1 dissociates from the insulin
receptor, leading to decreased signaling via PISK/AKT and
reduced glucose uptake (Li et al., 2004; Griffin et al., 1999).

PKC isozymes are divided into three groups: conventional
PKCs (PKCa, PKCBI, PKCBII, and PKCy), novel PKCs (PKCS3,
PKCH, PKCeg, and PKCn), and atypical PKCs (PKC¢ and PKCu).
Although PKCa, -3, and -¢ are broadly expressed, other
isozymes have a more restricted expression. For example,
PKC# is mainly expressed in T lymphocytes and in some tumors
(Marsland and Kopf, 2008; Griner and Kazanietz, 2007). Because
of the lack of selectivity of available PKC modulators, the role
played by each isozyme in tumorigenesis is not well understood
(Griner and Kazanietz, 2007).

Significance

Many epithelial tumors display a glycolytic phenotype characterized by enhanced dependence on glucose. Targeting the
abnormal metabolism of such tumors has been a long-term goal of the scientific community. The natural product EA selec-
tively activates PKCO to induce a metabolic catastrophe in glycolytic tumor cells by promoting insulin resistance and inhib-
iting glucose uptake, while simultaneously activating the heat shock transcription factor HSF1, thereby enforcing glucose
dependence. These data identify EA as a mechanistically unique cytotoxic agent.
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Table 1. EA Cytotoxicity Correlates with Glucose Sensitivity in a Panel of Cell Lines

Cell line Origin of the tissue EA (IC50) 2-DG (ICs)
786-0 Kidney cancer (VHL ") (Williams et al., 1978) 50 nM 60 uM
786-0/VHL VHL-restored cell line (Tong et al., 2011) >10 uM >1 mM
UOK257 Kidney cancer (FLCN /") (Yang et al., 2008) 65 nM 285 uM
UOK257WT FLCN-restored cell line (Hong et al., 2010) >10 uM 721 uM
UOK262 Kidney cancer metastasis (FH’/’) (Yang et al., 2010) 35nM 222 uM?
UOK262WT FH-restored cell line (Tong et al., 2011) >10 uM >1 mM?
HK2 Normal kidney (proximal tubule) (Ryan et al., 1994) >10 pM >1 mM
HEK293 Embryonic epithelial kidney cell (Pear et al., 1993) >10 uM >1 mM
PC3 Prostate cancer (Kaighn et al., 1979) 5 uM 300 uM
SKBr3 Breast cancer (Fogh and Trempe, 1975) 3 uM n/a

Cells (70% confluence) were treated with a range of EA concentrations (1 nM—10 uM) in serum-free media. After 48 hr, viability was measured by MTT or
manual cell counting. For UOK262 and UOK262WT, viability was only assessed by manual cell counting. Molecularly restored kidney cancer cell lines
and normal kidney cell lines did not show significant sensitivity toward EA. Glucose dependence of the cells was similarly assessed by determining
sensitivity to 2-deoxyglucose (2-DG, 10 nM—100 uM). Cells were cultured in DMEM containing 1g/l glucose and were treated with 2-DG for 72 hr
(786-0, 786-0/VHL, UOK257, UOK257WT, HK2, HEK293, PC3, and SKBr3), except for UOK262 and UOK262WT, which were treated for 24 hr.
Viability was assessed by MTT and/or manual cell counting as above. EA sensitivity displays a highly significant positive correlation with glucose
dependence, as assessed by determining R? and the Pearson Correlation Coefficient (R? = 0.9126; Pearson Correlation Coefficient = 0.962; p =
0.000003). UOK262 data were not included when determining R? and the Pearson Correlation Coefficient because they were exposed to 2-DG for

24 hr and not 72 hr like the other cell lines.

The epoxyguaiane englerin A (EA) is a natural product that
displays selective in vitro cytotoxicity toward kidney cancer
cell lines in the NCI-60 cell line panel (Ratnayake et al., 2009).
Because EA’s cytotoxicity profile suggests a unique mecha-
nism of action, we sought to identify EA’s molecular target(s)
in order to provide potentially novel therapeutic anticancer
strategies.

RESULTS

EA Is Selectively Cytotoxic for a Panel of Genetically
Defined Kidney Cancer Cell Lines

Using cell lines derived from three genetically defined kidney
cancers (Clear Cell Renal Cell Cancer, 786-0; Hereditary Leio-
myomatosis Renal Cell Cancer, UOK262; Birt-Hogg-Dubé
Syndrome, UOK257) and their molecularly restored (e.g., stable
re-expression of VHL, FH, or Folliculin, respectively; see refer-
ences in Table 1) nontumorigenic isogenic counterparts, we
assessed EA cytotoxicity by MTT assay and/or manual cell
counting (Table 1). Whereas the three genetically defined kidney
cancer cell lines displayed an ICsq for EA of 35-50 nM, in each
case the molecularly restored isogenic counterpart was mark-
edly less sensitive to EA (IC5o > 10 uM). Two nontumorigenic
kidney-derived cell lines, HK2 and HEK293, were similarly insen-
sitive to EA (ICso > 10 uM). In contrast, the prostate cancer cell
line PC3 and the breast cell line SKBr3 displayed intermediate
sensitivity to EA (ICso = 3-5 uM). Sensitivity to EA correlated
significantly with sensitivity to 2-deoxyglucose (2-DG), an
indicator of glucose dependence (Table 1).

EA Selectively Activates PKC0

Because nothing is known about EA’s mechanism of action, we
predicted potential target(s) by structure activity relationship
analysis (see the Experimental Procedures). Fifteen potential
molecular targets were identified, half of which were isoforms

of protein kinase C (PKC) (Table S1 available online). Therefore,
we investigated further the potential effect of EA on PKCs, first
using a pan-PKC kinase assay. We found that treatment of
whole-cell extracts with EA increased pan-PKC activity in
a dose-dependent manner (Figure 1A; Figure S1). To identify
which PKC isoforms were responsive to EA, we individually
silenced expression of PKC-a, -3, -0, -n, or -¢ in 786-0 cells
and examined the impact on EA cytotoxicity. Only PKC6 knock-
down abrogated EA cytotoxicity (Figure 1B), suggesting that
PKC6 may be a target of EA. We confirmed this hypothesis by
evaluating the effect of EA on the enzymatic activity of purified
PKCS8 in vitro. We found that PKC6-mediated phosphorylation
of its substrate IRS1 was dose-dependently enhanced by EA
(Figures 1C and 1D).

Because PKC6 is structurally very similar to PKC3, we asked
whether EA’s effect on PKC activity is due solely to PKC6 activa-
tion. Phorbol esters, including the fluorescent analog sapintoxin
D (SAPD), bind to the same pocket in PKCs as does diacylgy-
cerol (DAG) and are well-known PKC activators. Unlike PKC6H
and PKC3, conventional PKCs, including PKCea, require priming
with Ca®* in order to bind either DAG or phorbol esters (Luo and
Weinstein, 1993; Griner and Kazanietz, 2007). In vitro kinase
assay (in the absence of Ca?*) using either PKCa, -3, or -6
proteins confirmed that EA selectively activates PKCH. In
contrast, SAPD activated both PKCd and PKC6O under the
same assay conditions (Figure 1E).

Finally, we took advantage of the fluorescent properties of
SAPD to confirm the binding of EA to PKC6 (Figure 1F). Purified
PKC6 was incubated for 20 min with EA (1 uM) or DMSO prior
to the addition of SAPD (2 uM). We found that premixing
PKCH with EA significantly reduced SAPD binding, supporting
the hypothesis that EA interacts with a motif in PKCH, either
contiguous with or close to the SAPD/DAG binding domain.
Premixing EA with PKC3d had no effect on SAPD binding
(data not shown).
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Figure 1. EA Is a Selective PKCO Activator
(A) Pan-PKC kinase activity was assessed in 786-0
cells following EA treatment. Whole-cell lysates
were incubated for 1 hr at 30°C with EA or DMSO
in the presence of ATP (10 uM). PKC kinase
activity was quantified by spectrophotometry (see
the Experimental Procedures).

(B) Viability (determined by MTT assay) after 24 hr
EA treatment (100 nM) of 786-0 cells silenced for
different PKC isoforms by RNA interference.

(C) Effect of 30 min EA (100 nM) treatment on
PKC6-mediated phosphorylation of IRS1. A
radioactive kinase activity assay was performed
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PKCO0 Activation Induces an Insulin-Resistant
Phenotype in Tumor Cells
Because we demonstrated that EA enhanced PKCO-mediated
inhibitory phosphorylation of IRS1 (on S1101) in vitro, we hypoth-
esized that EA might induce an insulin-resistant phenotype. EA
enhanced the inhibitory phosphorylation of IRS1 in 786-0 cells
and led to reduced activating phosphorylations of AKT (T308
and S473) and reduced AKT-mediated phosphorylation of
GSK3p (S9). These effects are PKCO-dependent because they
were ameliorated upon siRNA-mediated silencing of PKC6
(Figure 2A). EA also reduced glucose uptake in 786-0 cells, to
a similar degree as the Glut1 inhibitor fasentin (Figure 2B), and
decreased cellular ATP content as well (Figure 2C). However,
at the concentration used, fasentin only slightly affected 786-0
cell viability (Figure S2A), whereas addition of cell permeable
pyruvate (methylpyruvate) abrogates EA cytotoxicity (Fig-
ure S2B). These data suggest that glucose uptake inhibition
contributes to but does not solely account for EA cytotoxicity.
Next, we assessed the role played by insulin pathway inhibi-
tion in EA-mediated inhibition of AKT. We confirmed that the
inhibitory effect of EA on AKT activity was IRS1-dependent
because EA-mediated AKT inhibition was overcome by the

IRST e—

in the presence of 6 uCi (0.2 pM) of [*2P]-ATP and
10 uM nonradioactive ATP using purified PKC6
(50 ng) and its substrate IRS1 (50 ng).

(D) Nonradioactive dose-dependent effects of
EA on PKC6-mediated phosphorylation of IRS1-
S1101 using purified proteins were assessed by
immunoblotting (1 hr treatment; 10 ng PKC6, 20 ng
IRS1). The last lane omits IRS1 and is a negative
control.

(E) Purified PKCa, PKC3, or PKCO (5 ng) were
incubated for 1 hr with DMSO, SAPD (2 uM), or EA
(1 uM) in presence of ATP (10 uM). PKC kinase
activity was quantified by spectrophotometry.

(F) EA competes with the fluorescent phorbol
ester SAPD for binding to PKCH. EA (1 uM)
was preincubated for 20 min with 5 ng purified
PKC protein prior to addition of SAPD (2 uM).
SAPD fluorescence shifts from 455 nm to 420 nm
when it is bound to PKC. Thus, fluorescence
emission was measured at 420 nm (excita-
tion at 355 nm) to assess SAPD binding in pres-
ence or absence of EA (*p < 0.05). Data are
displayed as the mean + SD (see also Figure S1
and Table S1).
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inclusion of EGF in the culture media (Figure S2C). To confirm
the importance of IRS1-dependent AKT inhibition for EA cyto-
toxicity, we infected 786-0 cells with several AKT viral
constructs. As shown in Figure 2D (upper panel), expression of
dominant negative AKT (AktDN) enhanced EA cytotoxicity,
whereas expression of constitutively active AKT (AktCA)
protected cells from EA. These impacts on EA cytotoxicity
were consistent with AKT activity status (Figure 2D, lower panel;
Figure S2D), and the data clearly implicate IRS1-dependent
inhibition of AKT as a necessary component of the cytotoxic
response to EA.

To determine whether the in vitro cytotoxicity of EA was
obtainable in vivo, we treated athymic mice bearing 786-0 tumor
xenografts with EA (5 mg/kg intraperitoneally, daily except
Sunday). EA markedly inhibited tumor growth during the
2-week treatment period (Figure 2E). In agreement with our
in vitro data, inhibitory phosphorylation of IRS1 was increased,
and activity of the PIBK/AKT pathway was decreased in 786-
0 tumors excised from mice treated with EA, when compared
to tumors from vehicle-treated mice (Figure 2F). Importantly, in
a second tumor xenograft model, EA inhibited human prostate
tumor growth by up to 60% (Figure S2E), consistent with its
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http://www.tracker-software.com/buy-now
http://www.tracker-software.com/buy-now

Cancer Cell
PKCH Mediates Cytotoxic Activity of Englerin A

A siCtl siPKC8 B D "
EA(10 uM) - 4+ - 4 g g m .
»
PKCE - el T 4 : ’
S 01 * * 5 0
@ 3
S1101-IRS1 |S=E== = g 01 S @
2 4 !
IRS1 P w= e - om- I]CTL EA CTL EA CTL EA CTL EA
o AKWT AktDN AlKCA
T308-Akt == — o Control EA Fasentin
(10 M) (50 M)

S473-Akt - 30

=
c 120 T 25
Akt - - - - 100 % 20
§ 80 * £z 15
SO-GSK3E = w— a— — E 60 % 10
< 40 g s
tubulin [ —— 20 0
0 CTL EA EA CTL EA CTL EA
L AWT AKIDN AKCA

m
-

'

'

'

;

'
o
o
-
e
]

'

'

'

:
-

oo , i Veicle i : i
= -EA : i pIRS1(S1101)
E 1000 2000 = i i & 180 *
T g T : ‘ i g 140 pGSK38(S9)
: : . -
é 600 4 g L i EA vehicle | E 180 *
5 2 B ! “—:’_. 80 1
£ 400 g 500 ;2- 80 A
5 B = 53 = o
200 4 = 2 2 20
o
0 Dayl Dayl4 EVE TS SIS
0 5 10 15 Dayl Dayl4d ayl Day © % ©
Days - & & b
Vehicle EA 3 Vehicle W EAS mg/kg/day

Figure 2. EA Induces Insulin Resistance In Vitro and In Vivo

(A) EA-mediated phosphorylation of IRS1 (S1101), AKT (pT308 and pS473), and GSK3p (pS9) in 786-0 cells requires PKC6 expression. EA treatment (10 uM) was
for 6 hr.

(B) EA inhibits glucose uptake in 786-0 cells as shown by using the nondegradable fluorescent glucose analog 2-NBDG. The Glut1 inhibitor fasentin (50 uM) is
shown as a positive control. EA and fasentin treatments were for 3 hr.

(C) Effect of EA treatment (6 hr, 1 uM) on ATP levels in 786-0 cells was measured using ATPlite assay.

(D) Effect of AKT activation on EA cytotoxicity. 786-0 cells were infected 24 hr prior to EA treatment with AKT lentiviral constructs: wild-type AKT (AktWT),
dominant negative AKT (AktDN), or constitutively active AKT (AktCA). After treatment with 1 uM EA for an additional 24 hr, cell viability was assessed by manual
cell counting with trypan blue exclusion (upper panel). Impact of lentiviral infections on AKT activity is shown in the lower panel and in Figure S2D. EA inhibits the
activity of wild-type but not of constitutively active AKT.

(E) Effect of EA treatment (5 mg/kg, daily except Sunday) on xenograft growth of 786-0 cells in athymic mice (vehicle: PBS/DMSO, 1/1). The left panel displays the
growth curve of one of two animal experiments, each with eight animals per group. The right panel represents the averaged mean end point tumor volumes of the
two experiments (32 animals in total).

(F) EA treatment in vivo stimulates inhibitory phosphorylation of IRS1 (pS1101) and reduced phosphorylation of the AKT substrate GSK3p (pS9) in tumor
xenografts of treated mice. *p < 0.05. Data are displayed as the mean + SD (see also Figure S2).

ability to stimulate PKC6 in these cells and with its in vitro toxicity ~ either 786-0 or PC3 xenografts before and following a single

profile (Figure S1; Table 1). treatment with either EA or vehicle (PBS/DMSO, 1:1). Surpris-
ingly, mice treated with EA displayed significantly lower blood

PKCO Induces Heat-Shock-Independent Activation glucose compared to vehicle-treated mice (Figure 3A).

of HSF1 Chemically induced reduction in blood glucose has been re-

Because the in vivo data support further evaluation of EA as an  ported previously and is thought to be due to increased
anticancer agent, we asked whether treated animals might HSP70, resulting in sensitization of cells to insulin (Chung
develop hyperglycemia because of induction of systemic insulin et al., 2008; Kavanagh et al., 2011). We observed that in mice
resistance. We measured blood glucose level in mice harboring  treated with EA both plasma and tumor HSP70 were elevated

Cancer Cell 23, 228-237, February 11, 2013 ©2013 Elsevier Inc. 231
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Figure 3. EA Activates HSF1

(A) Effect of EA on blood glucose level in tumor-
bearing mice prior to (“basal level”) or 5 min after
treatment with EA (EA, 5 mg/kg; vehicle: PBS/
DMSO, 1/1).

(B) Quantification of plasma HSP70 level in tumor-
bearing mice 4 hr following EA treatment (EA:
5 mg/kg; vehicle: PBS/DMSO, 1/1).

(C) HSP70 protein expression following EA treat-
ment of 786-0 cells in vitro (EA, 1 uM for 8 hr) and
in vivo (786-0 xenografts; prior to and 8 hr after EA,
5 mg/kg) was assessed by immunoblotting.

(D) EA stimulation of HSF1 transcriptional activity
requires PKCO expression. HSF1 activity was
measured in cells transiently transfected with
a HSP70 HSE-promoter GFP-tagged reporter
plasmid 6 hr after EA treatment.

(E) EA cytotoxicity is affected by HSF1 activation
and extracellular glucose concentration. BGP-15
prolongs the HSF1 transcriptional response. High
glucose medium contains 4.5 g/l glucose; low
glucose medium contains 1 g/l glucose. BGP-15
was used at 50 M (Chung et al., 2008) and EA was
used at 1 uM. Incubation was for 24 hr. Viability
was assessed by MTT assay and confirmed by
manual cell counting of trypan blue-excluding
cells using a hemacytometer. *p < 0.05; *"p <
0.001. Data are displayed as the mean + SD (see
also Figure S3).
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that PKC6 induced insulin resistance in
tumor cells, and Dai et al. (2007) demon-
strated that HSF1 enforces glucose
dependence in tumor cells. Thus, we
hypothesized that the increased cytotox-
icity obtained in vitro upon combination
of BGP-15 and EA might result from the
simultaneous occurrence of these two

DMSO
BGP
EA
BGP +
EA
DMSO

compared to vehicle-treated mice (Figures 3B and 3C). HSP70 is
a marker of cell stress and is a transcriptional target of HSF1
(Trepel et al., 2010). Consistent with these data, we observed
that EA induced HSF1 nuclear translocation and upregulated
its transcriptional activity in a PKC0-dependent manner (Figures
3D and S3).

Because HSF1 has recently been identified as a contributing
factor for tumorigenesis and likely represents a nononcogene
addiction of most tumor cells (Whitesell and Lindquist, 2009;
Santagata et al., 2011; Dai et al., 2007; Mendillo et al., 2012;
Min et al., 2007), we investigated whether HSF1 activation might
compromise EA cytotoxicity, much as it is thought to compro-
mise the cytotoxicity of HSP9O0 inhibitors (which also induce
HSF1 [Zou et al., 1998]). We examined the impact of the HSF1
chemical enhancer BGP-15, currently under clinical evaluation
for treating insulin-resistance disorders (Chung et al., 2008;
Literati-Nagy et al., 2009; Hargitai et al., 2003), on EA-induced
cytotoxicity. To our surprise, addition of BGP-15 significantly
increased EA cytotoxicity (Figure 3E, left panel). We have shown

g

1]
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metabolic events. If this were the case,
the cytotoxicity of an EA/ BGP-15 drug
combination should be augmented in
cells exposed to low glucose. Indeed,
as shown in Figure 3E (right panel), BGP-15 and EA, either
administered as individual agents or in combination, displayed
greater cytotoxicity when tumor cells were cultured in low
glucose media.

<
w <
i

BGP +

EA Cytotoxicity Requires Expression of Both PKC0O

and HSF1

Next, we asked whether HSF1 expression is necessary for EA-
induced cytotoxicity. Using shRNA to knock down HSF1 (Fig-
ure S4A), we found that HSF1 expression, like PKCH, is essential
for cell sensitivity to EA (Figure 4A). Importantly, the synergistic
effect obtained by combining BGP-15 and EA (see Figure 3E)
also depended on HSF1 expression. To provide further support
for our hypothesis that both PKC6 and HSF1 are necessary for
EA cytotoxicity, we made use of the fact that HEK293 cells are
insensitive to EA (see Table 1), express undetectable levels of
endogenous PKCH, and do not overexpress HSF1 (data not
shown). We were able to induce EA sensitivity in HEK293 cells
after transfection with both PKC6 and HSF1 but not after
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Figure 4. PKC0 and HSF1 Are Both Neces-
sary for EA Cytotoxicity in Tumor Cells
(A) EA sensitivity of 786-0 cells to EA and EA/BGP-
15 requires HSF1 expression. EA was used
at 1 pM and BGP-15 at 50 uM (24 hr). HSF1
expression was decreased by transfection of
* HSF1-specific shRNA 24 hr prior to treatment. *p <
0.05 (compared to control); #, p < 0.05 (compared
to EA-treated).
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(B) HEK293 cells are not sensitive to EA. HSF1 and
PKCH overexpression confers EA sensitivity on
HEK293 cells (EA treatment was for 24 hr at 1 uM,
commencing 24 hr after transfection). *p < 0.05
(compared to cotransfected control).

(C) Interaction of endogenous HSF1 and PKC# in
786-0 cells was visualized by immunoprecipitation
of endogenous PKC6 and blotting for associated
HSF1. 786-0 cells grown in 6-well plates were
lysed in TNESV buffer. The lysates were treated for
1 hr with EA (100 nM) or DMSO at 30°C before
immunoprecipitation. HSP90 interaction with the
PKC6/HSF1 immunocomplex was reduced by EA
treatment (left panel). The inputs for this experi-
ment can be found in Figure S4C.

(D) EA stimulates PKC6-mediated phosphoryla-
tion of purified HSF1 in vitro (50 ng of purified

+ +
-+ o+ o+ o+

B EA(1 M)

8

*

2

proteins; treatment for 30 min at 30°C).

(E) Identification of a putative PKC6 phosphoryla-
tion site on HSF1. HEK293 cells were transfected
with PKCH and either wild-type or point mutated
HSF1 plasmids (see Figures S4E and S4F) and
sensitivity to EA was assessed (treatment for 24 hr
with 1 pM EA).

(F) Effect of HSF1 S333 mutants on EA sensitivity
of HEK293 cells overexpressing PKC6. The
phosphomimetic mutant HSF1-S333E supports
EA cytotoxicity, whereas the nonphosphorylatable
mutant HSF1-S333A does not (treatment for 24 hr
with 1 pM EA).

(G) Association of HSF1-S333A, HSF1-S333E,
and wild-type HSF1 with HSP90. HEK293 cells
were transiently transfected with Flag-tagged
HSF1 plasmids as indicated. After 24 hr, Flag
immunoprecipitates were subjected to SDS-
PAGE, transferred to PVDF membrane, and im-
munoblotted for associated endogenous HSP90.

HSF1 mutants

- Hsp90

- - HSF1

- A E WT
HSF1-S333

A E WT
HSF1-5333

Anti-HSF1 antibody was also blotted to monitor the uniformity of HSF1 expression and efficiency of immunoprecipitation. The phosphomimetic mutant HSF1-
S333E associates with endogenous HSP90 to a markedly lesser degree than does nonphosphorylatable HSF1-S333A; HSP90 association with wild-type HSF1
is shown for comparison. Band optical densities from two separate experiments were obtained by image analysis software and the HSP90 band density in
each case was normalized to the respective HSF1 band density (graphical insert). The inputs for this experiment can be found in Figure S4H. Data are displayed

as the mean + SD (see also Figure S4).

transfection with either construct alone (Figure 4B; see Fig-
ure S4B for inputs).

Extending our observation that PKCH is necessary for HSF1
activation by EA (Figure 3D), we were able to detect the interac-
tion of endogenous PKCH and HSF1 in 786-0 cells (Figure 4C;
see Figure S4C for inputs). In addition, we found that PKC6O
phosphorylated HSF1 in vitro in the presence of EA (Figure 4D),
and EA-induced serine phosphorylation of endogenous HSF1
in 786-0 cells was PKCO-dependent (Figure S4D). Further, we
observed that HSP90 was also a component of the HSF1/PKC6
complex but was dissociated after treatment with EA (Figure 4C).

Because dissociation from HSP90 is a prerequisite for HSF1
activation (Anckar and Sistonen, 2011; Zou et al., 1998), these

data suggest that PKC6 phosphorylation of HSF1 may promote
this process. To identify a putative PKC8 phosphorylation
site(s) on HSF1, we mutated several predicted PKC consensus
phosphorylation sites (see Figure S4E), and we examined the
ability of these HSF1 mutants to complement exogenous PKC6
in mediating EA cytotoxicity in HEK293 cells (Figure 4E; see
Figure S4F for inputs). EA cytotoxicity was abrogated only
when HSF1 serine 333 was mutated to alanine (S333A),
implicating S333 as a potential PKC6 phosphorylation site.
Supporting this possibility, we found that the phosphomimetic
mutant HSF1-S333E, but not the nonphosphorylatable mutant
HSF1-S333A, fully complemented PKC6-dependent EA cyto-
toxicity (Figure 4F; see Figure S4G for inputs).
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Figure 5. EA Proposed Mechanism of Action: Activation of PKCO
in Cells Expressing HSF1 Leads to Simultaneous Induction of
Insulin Resistance and Glucose Dependence, Resulting in Metabolic
Catastrophe

(A) EA-dependent activation of PKC6 stimulates an insulin-resistant phenotype
via inhibitory phosphorylation of IRS1 and inhibition of AKT, limiting access of
tumor cells to glucose.

(B) EA simultaneously stimulates PKC0-mediated phosphorylation and acti-
vation of HSF1, a transcription factor that enforces tumor cell glucose
dependence (Dai et al., 2007).

(C) By simultaneously inducing insulin resistance and glucose dependence,
EA is synthetically lethal to glycolytic tumor cells.

Although the domain of HSF1 that interacts with HSP90 is not
known, S333 is located within the regulatory domain of the tran-
scription factor, a region rich in posttranslational modification
sites and important for the stress inducibility of HSF1 (Anckar
and Sistonen, 2011). Therefore, we examined whether S333
mutation to either alanine or glutamic acid affected HSF1 inter-
action with HSP90. FLAG-tagged HSF1 wild-type, S333A, and
S333E plasmids were transiently transfected into HEK293 cells,
and FLAG immunoprecipitates were probed for associated
endogenous HSP90. Indeed, we found that HSF1-S333A asso-
ciated with endogenous HSP90 to a markedly greater extent
than did HSF1-S333E (Figure 4G; see Figure S4H for inputs).
These data are consistent with the hypothesis that PKCo6-
mediated phosphorylation of HSF1 S333 promotes dissociation
from HSP90. Supporting this possibility, we found that HSF1-
S333E was more efficiently activated (>2-fold) by heat shock
when compared to HSF1-S333A (Figure S4l).

DISCUSSION

Survival of tumor cells depends on their ability to adapt to their
environment. Because cellular transformation is associated
with an increased dependence on glucose (Vander Heiden
et al., 2009), tumor cells have reprogrammed their cellular sig-
naling pathways to allow for increased glucose uptake. Indeed,
positron emission tomography with 2-deoxy-2('®F)-fluoro-D-
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glucose, a nonmetabolizable glucose analog, is frequently
used to distinguish tumors from adjacent normal tissues (Gamb-
hir, 2002), and targeting glucose uptake and/or metabolism
has been explored for its therapeutic potential in treating cancer,
including VHL-deficient kidney cancer (Chan et al., 2011; Hama-
naka and Chandel, 2012). The insulin pathway and the transcrip-
tion factor HSF1 are two examples of evolutionarily conserved
signaling networks that support and foster the glucose depen-
dence of tumor cells (Barbieri et al., 2003; Pirkkala et al., 2001;
Dai et al., 2007).

In this study, we have identified a unique strategy to create
metabolic disaster in glucose-dependent tumor cells by selec-
tively activating PKC6O with the natural product EA (schema
illustrated in Figure 5). When examined in a panel of kidney-
cancer-derived cell lines with unique genetic lesions distinct
from VHL deficiency, EA cytotoxicity paralleled sensitivity to
2-deoxy-D-glucose (2-DG), itself an indicator of glucose depen-
dence (see Table 1). In each case, correction of the unique
genetic lesion in isogenic cell lines abrogated both EA sensitivity
and 2-DG cytotoxicity. Nontumorigenic cell lines derived from
normal kidney epithelium were resistant to both EA and 2-DG.
Importantly, however, nontumorigenic HEK293 cells can be
made sensitive to EA by exogenous expression of both PKC6
and HSF1.

Although the crystal structure of EA bound to PKC6 will be
necessary to unambiguously identify its binding domain, compe-
tition binding experiments with the fluorescent phorbol ester
SAPD suggest that EA binds within or adjacent to the C1 domain
of PKC6. Because EA is not able to compete with SAPD binding
to PKC3, and because EA is structurally dissimilar from either
phorbol esters or DAG, it is likely that EA has binding require-
ments that are only met in PKCB.

Because of the lack of selectivity of most PKC modulators, the
unique role of PKCH in cancer biology has remained unclear.
Here, we have identified PKC6 as an important pharmacologic
target in glucose-dependent tumor cells. Kim and collaborators
first identified a link between PKC6 and insulin resistance when
they demonstrated that PKC6 knockout mice were protected
from developing fat-induced insulin resistance (Kim et al.,
2004). We confirmed the association of PKC6 with insulin resis-
tance in tumor cells by showing that selective activation of PKC6
disrupts insulin signaling to AKT and induces an insulin-resistant
phenotype reminiscent of that caused in skeletal muscle by
a high fat diet and observed in patients with type 2 diabetes
(Samuel and Shulman, 2012).

We suspect that the lack of hyperglycemia in EA-treated mice
is due to increased HSP70 levels because elevated HSP70 has
been shown to enhance insulin sensitivity (Chung et al., 2008;
Kavanagh et al., 2011). Because EA promoted increased
HSP70 expression in tumor xenografts and in tumor cells
in vitro, we examined the possible impact of EA on HSF1, a
transcriptional regulator of HSP70 and a protein frequently upre-
gulated in cancer (Whitesell and Lindquist, 2009; Santagata
etal., 2011). As discussed earlier, HSF1 enhances tumor glucose
dependence and the transcription factor, although not trans-
forming on its own, is considered to be a critical contributor to
tumor cell survival (Dai et al., 2007; Solimini et al., 2007).
Recently, HSF1 has been reported to transcriptionally regulate
a number of genes not involved in the heat shock response of
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normal cells but which are commonly upregulated in cancer
cells (Mendillo et al., 2012). Thus, inhibition of HSF1 is predicted
to be of therapeutic value in cancer (Whitesell and Lindquist,
2009).

Unexpectedly, although EA stimulates HSF1 transcriptional
activity, we found this to be a prerequisite for EA cytotoxicity.
Thus, we propose that EA is synthetically lethal for tumor cells
that simultaneously express PKC6 and are addicted to HSF1.
PKC6 activates HSF1 by phosphorylating serine 333 in the stress
responsive regulatory domain. Mutation of this residue to a non-
phosphorylatable (S333A) or phosphomimetic (S333E) amino
acid markedly affects the interaction of HSF1 with HSP9O.
Because dissociation of HSF1 from HSP9O0 is a prerequisite for
HSF1 activation and nuclear translocation (Anckar and Sistonen,
2011), these data provide a mechanistic basis to explain PKCO-
dependent activation of HSF1 by EA. Importantly, EA sensitivity
is strongly correlated with glucose dependence and is most
pronounced when glucose availability is limiting.

In summary, our data show that PKC6-mediated induction of
insulin resistance occurring simultaneously with PKC8-mediated
HSF1 activation is responsible for EA cytotoxicity. PKC8 thus
represents a unique molecular target for HSF1-addicted glyco-
lytic tumors, and EA provides a template for designing effective
PKC6-activating drugs.

EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture

The sporadic VHL-deficient kidney tumor cell line 786-0 (Williams et al., 1978),
the prostate cancer cell line PC3 (Kaighn et al., 1979), the breast cancer cell
line SKBr3 (Fogh and Trempe, 1975), the normal kidney cell line HK2 (Ryan
et al.,, 1994), and HEK293T, an embryonic kidney epithelial cell line (Pear
et al., 1993), were all purchased from ATCC. UOK262, UOK262WT,
UOK257, UOK257-2 (WT), and 786/VHL were established within the Urologic
Oncology Branch. UOK262 is a kidney cancer cell line derived from a metas-
tasis that is deficient in fumarate hydratase (FH) (Yang et al., 2010).
UOK262WT was established by stably transfecting UOK262 with a functional
FH gene (Tong et al., 2011) and is therefore considered to be “molecularly
restored.” UOK257 is a folliculin (FLCN)-deficient kidney tumor cell line derived
from human renal carcinoma of an individual with Birt-Hogg-Dubé (BHD)
syndrome and its molecularly restored counterpart UOK257-2 (WT) was
established by stably transfecting UOK257 with FLCN (Yang et al., 2008;
Hong et al., 2010). The stably VHL-transfected 786-0 (786/VHL) cell line has
been described previously (Tong et al., 2011). Cells were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) high glucose without sodium pyruvate
(Cellgro, Herndon, VA, USA) or in RPMI-1640 (PC3 only) supplemented with
10% fetal bovine serum (Invitrogen, Grand Island, NY, USA). Viability experi-
ments were performed in serum-free media.

Reagents

EA was generously supplied by R. Akee of the Natural Products Support
Group (Developmental Therapeutics Program, National Cancer Institute,
Frederick National Laboratory, Frederick, MD, USA). Complete mini protease
inhibitor cocktail tablets were purchased from Roche (Indianapolis, IN, USA).
The siRNAs for PKC-a and -¢ were purchased from OriGene (Rockville, MD,
USA). The siRNAs for PKC-0, -3, and -¢ were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Purified HSF1, PKC-6, -a, and -3 were purchased from
EnzoLife Sciences (Farmingdale, NY, USA).

Prediction of EA Targets

Metadrug (Genego, Carlsbad, CA, USA) is a systems pharmacology platform
using QSAR modeling to analyze and compare biological effects of small
molecules. We used it to predict potential targets for EA (see a complete list
of predicted targets in Table S1).

Nonradioactive PKC Kinase Assay

PKC kinase activity of cell lysates was measured using the pan-PKC activity
assay from EnzolLife Sciences, following the manufacturer’s recommenda-
tions. Briefly, cells were lysed in TNESV lysis buffer (50 mM Tris, 1% Nonidet
P-40, 2 mM EDTA, 100 mM NaCl, and 2 mM NagVO,). After 15 min of centri-
fugation (13, 200 rpm, 4°C), clarified supernatant was incubated with 10 uM
EA in the kinase buffer provided by the manufacturer (1 hr at 30°C with
10 uM ATP). The reaction was stopped by emptying the wells prior to
measuring the phosphorylation of a PKC substrate by spectrophotometry.
PKCua, -3, and -0 kinase assays were performed in a similar manner using
5 ng of purified PKC proteins instead of cell lysate (incubation for 1 hr at
30°C with 10 uM ATP). Kinase activity was also assessed by incubating
purified PKC6 (10 ng) with purified IRS1 (20 ng) in presence of increasing
concentrations of EA (incubation for 1 hr at 30°C with 10 pM ATP). The reaction
was stopped by adding denaturing sample buffer, and phosphorylation of
IRS1 on S1101 was assessed by immunoblot analysis.

Radioactive In Vitro Kinase Assay

Purified IRS1 (50 ng) or HSF1 (50 ng) was incubated with purified PKC6 (50 ng)
in presence or absence of EA (100 nM). Reactions were initiated by the
addition of 10 M nonradioactive ATP and 6 uCi (0.2 uM) of [*2P]-ATP and
incubated at 30°C for 30 min with periodic mixing. Proteins in the kinase reac-
tions were separated by SDS-PAGE and transferred to PVDF membrane.
Phosphorylation of IRS1 or HSF1 was assessed by radiography of PVDF
membranes. IRS1 or HSF1 were immunoblotted to ensure equal loading.

Phorbol Ester Competition Binding Assay

The fluorescent phorbol ester sapintoxin D (SAPD, 2 uM; Santa Cruz) (Taylor
et al., 1981) was incubated with purified PKC proteins (5 ng) after preincuba-
tion for 20 min with EA (1 uM) or DMSO. Fluorescence of SAPD is shifted
from 455 to 420 nm when it is bound to PKC. Therefore, we monitored fluores-
cence emission at 420 nm to determine SAPD binding to PKC proteins
(Das et al., 2004).

Glucose Uptake Assay

Glucose uptake was measured using a fluorescent nonmetabolizable
D-glucose analog 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-
D-glucose (2-NBDG; Cayman Chemicals, Ann Arbor, MI) as previously
described (O’Neil et al., 2005), with the following modifications. Five thousand
cells were plated in black-well 96-well plates. After treatment as indicated
(3 hr), cells were incubated for 20 min in KREB buffer containing 1g/I glucose
in presence or absence of 20 uM 2-NBDG. Cells were then washed three times
for 5 min with PBS to remove all residual extracellular 2-NBDG. The amount of
2-NBDG imported into the cells was measured by assessing fluorescence at
488 nm. The Glut 1 inhibitor fasentin (50 uM; Sigma-Aldrich, St. Louis, MO)
was used as a positive control.

HSP70 Secretion

Plasma HSP70 in tumor-bearing mice was assessed using an ELISA kit
purchased from EnzoLife Sciences and following the manufacturer’s protocol.
Blood was collected 4 hr after EA or vehicle (PBS/DMSO, 1/1) injection.

HSF1 Transcriptional Activity

Cellular HSF1 transcriptional activity was measured using a green fluorescent
protein (GFP)-tag HSE promoter reporter (generously provided by Dr. Luke
Whitesell, Whitehead Institute, Cambridge, MA, USA). Twenty-four hours prior
to analysis, 5,000 786-0 cells were plated in 96-well black-view plates. While
still in suspension, cells were transfected with the reporter plasmid (1 pg
DNA) using lipofectamine LTX (Invitrogen) and following the manufacturer’s
protocol. To avoid potential interference of the phenol red from the media
with the GFP reading, phenol red-free DMEM (high glucose and without
sodium pyruvate) was used instead of regular DMEM. The following day,
786-0 cells were treated as described with EA 6 hr prior to measure the amount
of GFP produced using a spectrophotometer (488 nm). For HSF1 silencing
experiments, 786-0 cells were transfected with 14 ug of shRNA to HSF1 in
6-well plates using lipofectamine LTX (Invitrogen) 2 days prior to plating into
96-well black-view plates. Nuclear translocation of HSF1 was visualized by
immunofluorescence. Three thousand 786-0 cells were plated in 2-well
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chamber-slides (Nunc/Sigma-Aldrich) and treated for 1 hr with EA (1 uM)
before fixation with 4% paraformaldehyde. Cells were blocked 1 hr with BSA
(83%) and permeabilized with Triton (0.5%). HSF1 antibody was incubated
overnight at 4°C in a humidified atmosphere. After three washes with TBST
buffer, slides were incubated 1 hr with secondary antibody coupled to
Alexad55, washed, and mounted. DAPI (Cell Signaling Technology, Danvers,
MA, USA) was used to visualize cell nuclei. Pictures were taken with a confocal
microscope (Zeiss NLO510).

Xenograft Tumor Studies

Animal experiments were carried out following the ethical guidelines of the
National Cancer Institute and using an animal protocol approved by the
National Institutes of Health Animal Care Facility. Ten million 786-0 or one
million PC3 cells were implanted subcutaneously on the left flanks of twenty
7-week-old female nude (Nu/Nu) mice (strain code 088; Charles River,
Wilmington, MA, USA). After 1-4 weeks (depending on the cell line), tumors
reached an average volume of 100-150 mm?®. Tumor take for both 786-0
and PC3 xenografts was 100%; however, to maintain homogenous group
sizes, only 16 mice out of the 20 were used. Mice were then randomly
separated in two groups of eight mice with comparable tumor volumes and
treated six times a week (daily except Sunday) intraperitoneally with either
EA at 5 mg/kg or vehicle (PBS/DMSO, 1/1). Food and water were available
ad libitum. Tumors were measured throughout the duration of the experiment
using calipers and tumor volumes were estimated using the formula (I x w?)/2.
At the end of the experiment, blood was collected, and tumors were surgically
excised and frozen for further analysis. Animal experiments were performed
twice with eight animals per group each time.

Statistics

Unless specified, all values are expressed as the mean + standard error.
Values were compared using the Student-Newman-Keul’s test. p < 0.05 was
considered significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes one table, four figures, and Supplemental
Experimental Procedures and can be found with this article online at http://dx.
doi.org/10.1016/j.ccr.2012.12.007.
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SUMMARY

The LKB1 (also called STK11) tumor suppressor is mutationally inactivated in ~20% of non-small cell lung
cancers (NSCLC). LKB1 is the major upstream kinase activating the energy-sensing kinase AMPK, making
LKB1-deficient cells unable to appropriately sense metabolic stress. We tested the therapeutic potential
of metabolic drugs in NSCLC and identified phenformin, a mitochondrial inhibitor and analog of the diabetes
therapeutic metformin, as selectively inducing apoptosis in LKB1-deficient NSCLC cells. Therapeutic trials in
Kras-dependent mouse models of NSCLC revealed that tumors with Kras and Lkb1 mutations, but not those
with Kras and p53 mutations, showed selective response to phenformin as a single agent, resulting in pro-
longed survival. This study suggests phenformin as a cancer metabolism-based therapeutic to selectively
target LKB1-deficient tumors.

INTRODUCTION

The gene encoding the serine/threonine kinase LKB1 was identi-
fied originally as the tumor suppressor gene responsible for the
inherited cancer disorder Peutz-Jeghers syndrome (Hemminki
et al., 1998). LKB1 is also the second most commonly mutated
tumor suppressor in sporadic human lung cancer (after TP53),
particularly in multiple subtypes of NSCLC (Sanchez-Cespedes
et al., 2002). LKB1 is mutated in at least 15%-30% of NSCLCs,
but the true frequency might be even higher because of difficul-
ties in detecting inactivating lesions (Ding et al., 2008; Gill et al.,
2011; Ji et al., 2007). Roughly half of the NSCLC tumors with
LKB1 mutation also bear activating KRAS mutations, and current

estimates suggest that 7%-10% of all NSCLC are comutated for
KRAS and LKB1 (Ding et al., 2008; The Cancer Genome Atlas).
Studies in genetically engineered mouse models have shown
that simultaneous activation of Kras®'2P and biallelic deletion of
Lkb1 inthe lung dramatically increases tumor burden and metas-
tasis (Carretero et al., 2010; Chen et al., 2012; Ji et al., 2007).
Biochemical and genetic analyses in worms, flies, and mice
have shown that LKB1 is the major kinase phosphorylating the
AMP-activated protein kinase (AMPK) under conditions of
energy stress across metazoans (Hardie et al., 2012). AMPK is
a highly conserved energy sensor and modulator of cell growth
and metabolism that is activated under conditions of low intra-
cellular ATP. Activated AMPK regulates cell growth at least in

Significance

Targeted therapeutics are making significant advances in subsets of NSCLC bearing activated oncogenic targets, such as
EGFR and ALK. More prevalent in NSCLC are mutations in the KRAS oncogene coincident with mutations in the LKB1 or p53
tumor suppressor genes. Currently, there are limited options for LKB1 mutant tumors. Here, we define the hypersensitivity of
LKB1-defective cells to metabolic stress and test the therapeutic use of phenformin, a mitochondrial inhibitor and a former
type 2 diabetes drug, in mouse models of NSCLC. Phenformin as a single agent reduced tumor burden and prolonged
survival in Kras;Lkb1 compound mutant mice but not Kras;p53 mice. These findings suggest phenformin or related agents
may find clinical utility to treat NSCLC bearing LKB1 mutations.
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part through inhibition of mTORC1 signaling achieved through
dual phosphorylation of TSC2 (Inoki et al., 2003) and Raptor
(Gwinn et al., 2008). AMPK is also hypothesized to maintain
energy homeostasis in part by targeting defective mitochondria
for autophagy (Egan et al., 2011) and control of fatty acid metab-
olism (Jeon et al., 2012).

The diabetes therapeutic biguanide compounds metformin
and phenformin have been shown to inhibit complex | of the
mitochondria (Dykens et al., 2008; EI-Mir et al., 2000; Owen
et al., 2000), resulting in increases in intracellular AMP and
ADP that bind to the gamma regulatory subunit of AMPK and
trigger LKB1-dependent phosphorylation of AMPK (Hawley
et al., 2010). Consistent with activation of a low energy check-
point, metformin treatment has been found to reduce tumor
growth in xenograft, transgenic, and carcinogen-induced mouse
cancer models (Algire et al., 2011; Anisimov et al., 2005; Buzzai
et al.,, 2007; Memmott et al., 2010). Epidemiological studies
revealed that diabetic patients taking metformin show a statisti-
cally significant reduced tumor incidence (Dowling et al., 2012;
Evans et al., 2005). Given the extensive knowledge on the safety
and use of metformin, there is increasing interest in using
metformin as an anticancer agent (Taubes, 2012). Phenformin
is a 50-fold more potent inhibitor of mitochondrial complex |
than metformin (Dykens et al., 2008; Owen et al., 2000). More-
over, uptake of metformin, but not phenformin, into tissue
appears to require the expression of Organic Cation Transporter
1 (OCT1), which is highly expressed in hepatocytes but not
elsewhere (Shu et al., 2007). Consistent with greater potency
and broader tissue bioavailability, phenformin delayed tumor
progression in a Pten*’~ spontaneous lymphoma mouse model
to a much greater extent than metformin (Huang et al., 2008).

In most settings metabolic stress induces a cytostatic growth
arrest, dependent in part on AMPK. However, in cells lacking
a functional LKB1 pathway, metabolic stress has been demon-
strated to result in rapid apoptosis as the cells are unable to
sense the energy stress and activate mechanisms to restore
energy homeostasis (Shaw et al., 2004). Similar effects are
seen in autophagy-defective cells that are unable to restore
metabolism under low nutrient conditions (Jin et al., 2007).
Here, we directly examine the hypothesis that LKB1-deficient
lung tumors may be targeted with metabolic drugs.

RESULTS

Phenformin Selectively Induces Apoptosis

in LKB1-Deficient NSCLC Cell Lines

We previously reported that nontransformed murine embryonic
fibroblasts and Hela cervical carcinoma cells deficient of

LKB1 exhibit increased apoptosis in response to metabolic
stresses, including glucose deprivation and the AMP mimetic
AICAR (Shaw et al., 2004). However, whether tumor cells
undergo growth arrest or apoptosis following a particular cellular
insult is dependent in part on the full constellation of oncogenic
mutations present in the cell. We sought to determine whether
NSCLC cell lines bearing KRAS mutations and lacking LKB1
would show enhanced rates of apoptosis following metabolic
stress treatments compared to isogenic lines in which wild-
type LKB1 had been restored.

We performed our initial studies using the KRAS mutant and
LKBT1-deficient NSCLC cell line A549 and derivatives with retro-
virally introduced stable expression of wild-type LKB1 cDNA
(LKB1WT), a kinase-inactive LKB1 cDNA (LKB1XP), or an empty
vector (pBABE). These cells were treated with a variety of
drugs with established roles in causing metabolic stress: metfor-
min, phenformin, the cell permeable AMP-mimetic AICAR, the
glycolysis inhibitor 2-deoxyglucose, or the thiazolidinedione
compound troglitazone that acts as a mitochondrial inhibitor in
addition to effects on PPARY (Hardie et al., 2012). Immunoblot-
ting for cleaved caspase 3 and cleaved PARP as markers of
apoptosis induction, we observed that, of the agents tested,
only phenformin induced apoptosis in the cells lacking functional
LKB1 (Figure 1A). Although both biguanides lowered ATP
production in A549 cells (Figure S1A available online), phenfor-
min reduced cellular ATP more, consistent with previous studies
(Owen et al., 2000; Dykens et al., 2008). The ATP-lowering effect
of both drugs was modestly blunted when wild-type LKB1 was
present, consistent with the current model that AMPK acts to
restore ATP levels and with previous findings in wild-type and
Lkb1-deficient myocytes (Sakamoto et al., 2005). Consistent
with a greater impact on ATP levels, phenformin but not metfor-
min induced apoptosis in A549 cells lacking functional LKB1 by
multiple measures: cleaved PARP and caspase 3 immunoblot
(Figure 1B), activated caspase 3/7 luminescence assay (Fig-
ure S1B), and flow cytometry measuring AnnexinV and 7AAD
staining (Figure 1C).

As human daily doses of metformin routinely run between
500 and 1,000 mg, and phenformin was given in the range of
50 to 100 mg previously when used clinically, we performed
a direct comparison of metformin to phenformin at ratios of 1:1
and 10:1 in time course experiments in isogenic A549 cell lines.
At early time points (8 or 12 hr) metformin at 2 or 20 mM or phen-
formin at 2 mM similarly induced AMPK signaling as shown by
increased P-AMPK and P-Raptor levels (Figure S1C). However,
only phenformin induced higher levels of cellular stress, trig-
gering induction of P-Ser51 elF2a and its downstream target
CHOP, and markers of apoptosis at later times (Figures 1B and

Figure 1. Phenformin Selectively Induces Apoptosis in LKB1~”~ NSCLC Tumor Cells
(A) A549 human NSCLC cells expressing the pBabe vector (A549-pBabe), full-length LKB1 (A549-LKB1"T), or kinase-dead LKB1 (A549-LKB1XP) were treated
with vehicle (DMEM), AICAR (2 mM), metformin (20 mM), phenformin (2 mM), 2DG (10 mM), or troglitazone (25 M) for 48 hr. Lysates were immunoblotted with the

indicated antibodies.

(B) A549 isogenic cell lines were treated for 24 hr with vehicle (DMEM), 2 mM phenformin, or 20 mM metformin. Lysates were immunoblotted with the indicated

antibodies.

(C) Fluorescence-activated cell sorting (FACS) on cells stained with AnnexinV-PE and 7AAD following 48 hr treatment with vehicle or 2 mM phenformin.
(D) H460, H157, or A427 cell lines expressing the pBabe vector (pBabe), full-length WT LKB1 (LKB1™T), or kinase-dead LKB1 (LKB1XP) were treated for 24 hr
with vehicle (DMEM), 2 mM phenformin, or 20 mM metformin. Lysates were immunoblotted with the indicated antibodies. Cancer gene driver mutations found

in these cell lines listed under each.
See also Figure S1.
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S1C). elF2a phosphorylation and upregulation of CHOP is
observed in response to a diverse set of cellular stresses,
including the unfolded protein response, nutrient deprivation,
and mitochondrial stress (Muaddi et al., 2010; Ye et al., 2010;
Chae et al., 2012). This suggests that although AMPK activation
is a rapid and sensitive sensor of ATP loss, its signal plateaus
and does not continue to increase with greater ATP loss, when
additional stress sensing pathways like elF2q. kinases may be
engaged. Note that LKB1 did not impact P-elF2« or CHOP levels
(Figures 1B and S1C), indicating that elF2« signaling is behaving
here as an AMPK-independent pathway.

To examine how widely the sensitivity of cell lines to apoptosis
by phenformin treatment is dictated by LKB1, we tested a panel
of NSCLC lines that all had KRAS and LKB1 mutations, but each
contained additional unique mutations. Isogenic derivatives of
each cell line expressing wild-type or kinase-dead LKB1 were
established and examined for sensitivity to phenformin or met-
formin. Despite each cell line containing different additional
mutations, their sensitivity to undergo apoptosis following phen-
formin treatment was dictated by the LKB1 genotype in all cases
(Figures 1D and S1B). Protection from phenformin-induced
apoptosis was also observed with LKB1-reconstituted NSCLC
and cervical cell lines H838 and Hela, respectively, that are defi-
cient for LKB1 but wild-type for KRAS (Figure S1B). Taken alto-
gether, these data indicate that LKB1 dictates the sensitivity of
a variety of cancer cell lines to phenformin-induced metabolic
catastrophe regardless of the other tumor mutations present.

Developing Genetically Engineered Mouse Models of
NSCLC that Can Be Monitored by Bioluminescence
Longitudinally

Though a handful of studies have begun examining metabolic
drugs in xenograft models, of particular concern is that subcuta-
neous placing a mass of tumor cells into an nonvascularized
environment and without appropriate basement membrane
attachment will itself result in severe metabolic stress and
AMPK activation (Jeon et al., 2012; Laderoute et al., 2006),
thus altering the very pathways being tested here for their impact
on therapeutic outcome. To better model LKB1-deficient
tumors, we took advantage of the well-characterized adenoviral
cre-induced NSCLC models initiated by a conditionally activated
K-ras oncogene (Lox-Stop-Lox-Kras®'2P, hereafter called Kras),
combined with mice bearing floxed alleles of p53 or Lkb1 (Farago
et al., 2012). As previously reported (Chen et al., 2012; Ji et al.,
2007), when p53 deficiency or Lkb1 deficiency is combined
with Kras activation, there is a dramatic increase in tumor
burden leading to metastasis and earlier death,10-12 weeks
post-cre administration in both Kras;Lkb1"" and Kras;p53""*
mice compared to 25+ weeks in Kras mice. To facilitate noninva-
sive imaging of tumor burden in longitudinal studies on these
mice following therapeutic intervention, we crossed Kras,
Kras;Lkb1"", or Kras;p53"" mice with a ROSA26 lox-stop-lox
luciferase allele (hereafter called Luc) (Safran et al., 2003) to
generate Kras;Luc (Kiuo), Kras;Lkb 1 ;Luc (KLye), or Kras;p53-'L;
Luc (KP,,c) mice. We bred these genotypes into the FVB back-
ground whose white coat allowed for noninvasive biolumines-
cent luciferase imaging without fur removal (Figures S2A-S2C).
On the FVB genetic background, KL, and KP,,. mice exhibited
comparable extents of tumor burden and similar latency.
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We demonstrated that the bioluminesence output from the
ROSA26-encoded luciferase was proportional to tumor burden
(see the Supplemental Experimental Procedures). Analyzing
lung tumor progression in Kj,., KL,,., and KP,,. mice, we de-
tected bioluminescence as early as 4 weeks in KL, and KPy,.
mice and confirmed the presence of adenomas by hematoxylin
and eosin (H&E) staining (Figures 2A-2D; Figures S2A-S2C). At
6 weeks, tumors in the KL, and KP,,c mice began to change
from adenomatous features to a more malignant tumor pheno-
type typical of carcinomas (Figure 2D). The most common
histologic pattern in both KL, and KP,,c mice were high-grade
invasive papillary adenocarcinoma. Squamous cell and adeno-
squamous carcinoma were commonly observed tumor subtypes
in KL, mice, as previously noted (Ji et al., 2007). Interestingly,
KL, mice also displayed severe mucinous bronchiolar-epithe-
lial adenocarcinoma (mBEAC) and bronchial mucinous papillary
lesions, which were rarely seen in K, or KP,,c mice (Figure S2D).
Of note, LKB1 is frequently mutated in NSCLC patients with
mucinous bronchiolar adenocarcinoma (Osoegawa et al., 2011).

Next, we characterized AMPK and mTORC1 signaling in Kj,c,
KLye, and KPy,c lung tumors by immunohistochemical staining
for P-AMPK and P-4E-BP1 (Figure 2E). Notably, the KL, tumors
contained the highest degree of P-4E-BP1, consistent with
mTORC1 being particularly hyperactive in LKB1-deficient
tumors. Lkb1 deletion in the Kras mutant tumors was also
accompanied by near-complete loss of P-AMPK as seen in
many other tissues previously (Figure 2E).

Phenformin Activates the AMPK Signaling Pathway

in K;,c and KP,,. Lung Nodules

To further examine their prospects as anticancer agents, we
compared the bioavailability of metformin and phenformin in
mouse lung tissue. Phenformin is a more lipophilic molecule
compared to metformin (Figure S3A) and, unlike metformin
requiring OCT1 for cell entry (Shu et al., 2007), readily permeates
cells and tissues (Hawley et al., 2010; Huang et al., 2008). We
performed intraperitoneal (i.p.) injections of vehicle, metformin,
or phenformin on wild-type mice and isolated lung tissue at 1,
4, and 8 hr postinjection. Immunoblot analysis showed a weaker
activation of the AMPK signaling pathway by metformin that only
was observed at the 1 hr time point, unlike phenformin, which
showed a robust activation at 4 hr postinjection (Figure 3A).
However, mice bearing lung tumors did not tolerate daily i.p.
injections over multiple weeks, and therefore phenformin was
administered through the drinking water of mice fed ad libitum,
as previously described (Appleyard et al., 2012; Huang et al.,
2008). Quantitative analysis of P-AMPK staining in KP,,c lung
tumors from mice treated for 2 weeks showed greater activation
of AMPK with phenformin than metformin (Figures S3B and
S3C). As expected, no induction of P-AMPK was ever seen in
KLc tumors. Measurement of metformin and phenformin in
blood plasma of mice by mass spectrometry revealed that levels
of both were steady over days when administered via drinking
water (Figure S3D).

Immunoblot analysis of snap-frozen K¢, KL;,c, and KP,,c lung
tumor nodules revealed that tumors from K, and KP,,c mice
treated with phenformin had higher levels of AMPK activation
compared to vehicle treated mice, whereas KL, lung tumors
showed a lack of AMPK signaling as expected (Figure 3B).
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Figure 2. Time Course of Tumor Progression in Kj,¢, KL, and KP;,. Lung Tumor Models

(A—C) Tumor progression in K¢ (A), KL, (B), and KPy,. (C) murine lung tumor measured by H&E staining or bioluminescence (bottom panel) at the indicated time
points. Scale bars (black) = 300 um. Scale bars (white) = 100 um. Mice shown are representative of 10-12 mice per genotype.

(D) Detailed analysis of H&E-stained lung tumors from a KL, mouse (red circled mouse from the bottom of B) at 6 weeks post-AdCre administration. Scale bars
(red) = 1 mm, (black) = 500 um, and (white) = 100 um.

(E) Immunohistochemical analysis of representative lung tumors from K¢, KLy, and KPy,c mice 10 weeks post-AdCre administration. Sections were stained with
H&E or the indicated antibodies. Scale bars (black) = 500 um. Scale bars (white) = 100 um.

See also Figure S2.
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Figure 3. Phenformin Treatment Activates AMPK Pathway in K-Ras-Driven Lung Tumors In Vivo

(A) Lung tissue lysates from wild-type FVB mice following i.p. injection of saline (0.9%), metformin (300
with the indicated antibodies.

mg/kg), or phenformin (150 mg/kg) and immunoblotted

(B) Lysates of lung tumor nodules from K¢, KL,c, and KP,,c mice treated with vehicle (water) or phenformin via 5 days ad lib feeding were immunoblotted with the

indicated antibodies.

(C) Representative images of Kj,¢, KL,c, and KPy,. lung tumor sections stained with hematoxylin and eosin (H&E), P-AMPK, or P-4E-BP1. P-AMPK or P-4E-BP1

positively stained cells (in green) and nuclei (in blue). Scale bar = 100 pum.

(D and E) Box plots representing the mean P-AMPK (D) or P-4E-BP1 (E) signal from Kj,, KL,,c, and KPy,. lung tumors treated with vehicle or phenformin. n =6 mice

analyzed per treatment group in each genotype (Kj,c, KL, and KP,,c) treatment group.
All data are represented as the mean + SEM.
See also Figure S3.
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Normal lung lysates from wild-type FVB mice given phenformin
ad libitum for 2 weeks showed an increase in AMPK signaling
and lowered mTORC1 signaling, when compared to the vehicle
treated mice (Figure S3E). Phenformin also increased levels of
P-elF20 and its target BiP/Grp78 in normal lung as well as in
lung tumors (Figures S3E and S3F) (the CHOP antibody afore
used recognized human but not mouse CHOP). There was no
observed difference in IGF-IR/IR or Akt signaling between the
vehicle- or phenformin-treated mice. Analysis of the AMPK acti-
vation in lung tumors by quantitative immunohistochemistry
following phenformin treatment paralleled the results observed
by immunoblotting (Figures 3C and 3D), and phenformin was
observed to modestly reduce the mTORC1 substrate P-4E-
BP1 levels in all genotypes (Figures 3C and 3E).

Lkb1™/- Lung Tumors Reveal Higher Levels of Apoptosis
and Reduced Tumor Burden following Phenformin
Treatment

Having established that phenformin had greater bioavailability
and was capable of more potently inducing energy stress in
tumors than metformin, we next tested phenformin as a single-
agent therapeutic in the Kj,., KL, and KP,. mice. Following
tumor induction, we performed bioluminescent imaging (BLI) to
monitor tumor growth and sorted mice into equal groups accord-
ing to their BLI value to normalize the cohorts receiving vehicle or
phenformin (Figures S4A-S4C). We first tested phenformin as
a chemotherapeutic by initiating treatment 6 weeks postadeno-
viral cre delivery for the KP,,. and KL, mice and 9 weeks post-
adenoviral cre delivery in the Kj . mice (Figure S4D) in order to
target aggressively growing tumors transitioning from benign
to malignant tumors (Figures 2A-2C). After 3 weeks of treatment,
BLI imaging revealed modestly reduced tumor burden in mice of
all genotypes receiving phenformin, but the only statistically
significant decrease was in the KL, lung tumors (Figures 4A
and 4B).

To better quantify tumor burden in mice, we combined BLI
with quantitative histological analysis. H&E-stained lungs were
imaged with morphometric software to quantify the surface
area composed of tumor as opposed to normal tissue of repre-
sentative cross-sections of each lung lobe for each mouse was
determined (Figures S4E and S4F). Importantly, tumor burden
determined by histological analysis correlated closely with BLI.
KL, mice showed significant reductions in lung tumor area
(Figures 4C and 4D), while modest reductions in tumor burden
were also seen in both K. and KP,,. mice. Normalization of
the tumor burden for each tumor genotype, performed by calcu-
lating the ratio of phen:veh tumor mass, showed the largest
decrease in tumor burden for the KL, mice as compared to
Kyc and KPy,. mice (Figure S4G). In addition, we observed no
change in rate of metastasis following phenformin treatment in
any of our therapeutic trials. These results demonstrate phenfor-
min as a single agent selectively attenuates Lkb7-deficient lung
tumor growth in vivo.

We next analyzed apoptosis and tumor proliferation in the lung
tumors by TUNEL and Ki67 staining, respectively. Phenformin
treatment modestly reduced Ki67 index in KL, tumors but not
Kyec and KPy,c tumors (Figures 4E and 4F), and TUNEL staining
revealed that KL, . lung tumors had the highest levels of
apoptotic tumor cells following phenformin (Figures 4E and
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4G). Interestingly, KL, lung tumors also had higher basal levels
of apoptosis compared to KP,,. and K|, tumors, perhaps reflect-
ing the prosurvival role of LKB1 in restoring energy homeostasis
under conditions of metabolic stress, which may spontaneously
arise in the context of a tumor.

Phenformin Induced a Significant Increase in Survival
and Therapeutic Response in KL, Mice following
Long-Term Treatment

Given the response of late-stage KL, lung tumors to phenfor-
min treatment, we decided to treat earlier stage lung tumors in
KL, and KP,,. mice. To better mimic the human clinical use of
biguanides, we used oral gavage (0.p.) to deliver daily the
maximum tolerated dose of 100 mg/kg phenformin starting at
3 weeks posttumor induction (Figure S5A). As expected, delivery
of phenformin by this method resulted in AMPK pathway activa-
tion in KPy,. but not KL, tumor nodules (Figures S5B and S5C).
Mass spectrometry on phenformin in blood plasma following
o.p. delivery demonstrated a rapid uptake of phenformin
followed by a steady decrease in blood plasma over 24 hr (Fig-
ure S5D). Importantly, these FVB mice are on a chow diet and
nondiabetic, and the dose of phenformin used following 6 weeks
of daily administration did not significantly impact blood plasma
insulin levels, glucose levels, or lead to increased blood lactate
levels as compared to vehicle-treated mice (Figures SS5E-S5H).

The loss of LKB1 function in tumors predicts increased glyco-
lytic metabolism and '8F-fluoro-2-deoxyglucose positron emis-
sion tomography (FDG-PET) avidity as shown in gastrointestinal
polyps from Lkb1*~ mice (Shackelford et al., 2009) and
in NSCLC in mice and humans (Chen et al., 2012). Therefore,
we explored the use of FDG-PET as a surrogate endstage
biomarker in combination with microCT (uCT) imaging to longitu-
dinally monitor tumor progression and response in KL, and
KP,,c mice following phenformin treatment. KL, and KP,c
mice were given baseline FDG-PET and pCT scans, which
were scored by a radiologist blinded to the identities of the
mice. Mice in both groups were determined to be negative for
tumors by both PET and CT scans and were randomly sorted
into treatment groups (Figure 5C).

When phenformin was administered by o.p. for an extended
time, it significantly increased survival in KL, mice compared
to KP,,c mice (Figures 5A and 5B). Phenformin treatment resulted
in delayed tumor progression in KL, but not KP,. mice as
shown by pCT measurements of lung tumor volume over time
for individual mice in the study (Figures 5C-5E, S5J, and S5K).
At 4 and 6 weeks of treatment, average lung tumor size was
significantly reduced in KL, mice (Figure 5D). There was a trend
toward smaller tumors in the KP,, mice but did not reach statis-
tical significance (Figure 5E). However, at endstage, there was
the presence of large, advanced solid tumors of the vehicle
and phenformin groups in both KL, and KP,,. tumor genotypes
(Figure S51). The '®FDG uptake into tumors was quantified by the
standardized uptake value (SUVmax) at 4 and 6 weeks of treat-
ment. The SUVmax for phenformin-treated KL, lung tumors
was significantly reduced compared to vehicle ones (Figure 5F).
No difference was seen in the SUVmax for the KP,,. mice at
these same time points (Figure 5G). These data suggest a thera-
peutic response in KL, lung tumors following phenformin treat-
ment. However, the SUVmax values in endstage tumors were
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Figure 4. Phenformin Preferentially Inhibits LKB1-Deficient Lung Tumors In Vivo
(A) Representative ventral view images of bioluminescence from K¢, KL, and KP;,c mice. Bioluminescence imaging (BLI) performed on K, (veh, n = 11; phen,
n =12 mice), KL, (veh, n =10; phen, n = 10 mice), and KP,,. (veh, n = 7; phen, n = 7 mice) following 3 weeks of treatment with vehicle (water) or phenformin via ad
lib feeding.
(B) Average BLI for each treatment group of the K¢, KL,c, and KPy,. mice at 3 weeks treatment.
(C) Representative images of tumor burden in K¢, KL;,c, and KP,, mice as shown by H&E-stained lung sections (top panel) or the same images tissue segmented
and pseudocolored with Inform software (bottom panel). Scale bar = 1 mm.

(legend continued on next page)
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increased in both KL, and KP,,. mice (Figures S5L and S5M),
suggesting the emergence of phenformin-resistant tumors in
KL,c mice (Figures S5J and S5L).

Histopathological analysis of 6 week o.p. phenformin-treated
lungs revealed that KL, but not KP,,. lung tumors had large
regions of necrosis, which was absent in the vehicle-treated
controls (Figure 6A; Figure S6A). Further analysis of KL, lung
sections revealed an 8-fold increase in necrotic tumor areas as
shown by the presence of necrotic bodies with ghost cells
(Figures 6B and 6F). Staining of KL, and KP,,. tumors for
cleaved caspase 3 revealed a significant increase in tumor cell
apoptosis in both KL, and KP,,. lung tumors following phenfor-
min (Figures 6C, 6G, S6A, and S6B) but no difference in Ki67
indices in either genotype following phenformin treatment
(Figures 6D, 6H, S6A, and S6C). Elevated P-AMPK levels were
observed in both tumor and lung parenchyma of phenformin-
treated KP,,c mice (Figure S6D), further reflecting that this dosing
regimen was capable of inducing energy stress in these different
lung cell populations. Strikingly, the abundant mucinous bron-
chiolar-epithelial adenocarcinoma (mBEAC), which occluded
much of the upper airways in KL, mice, showed a 2-fold
decrease in surface area in mice receiving phenformin compared
to the vehicle group (Figures 6E and 6l). Altogether, these results
indicate that phenformin as a single agent induces a tumor
response in both KL, and KP,,. lung tumors with Lkb7-deficient
tumors showing the most robust overall therapeutic response to
phenformin.

Mitochondrial Defects May Sensitize LKB1-Deficient
NSCLC Tumor Cells to Phenformin

To examine the molecular mechanism behind the selective
induction of apoptosis in LKB1-deficient lung cancer cells, we
analyzed signals downstream of its main target AMPK. Recently,
we demonstrated that AMPK phosphorylates and activates the
autophagy kinase ULK1, which is required for mitophagy and
cell survival under starvation conditions (Egan et al., 2011). We
previously observed an accumulation of mitochondria with
defective mitochondrial membrane potential (Ays) in Ampk- and
Ulk1-KO fibroblasts and hepatocytes (Egan et al., 2011), similar
to that observed in Lkb7-KO hematopoetic stem cells (Nakada
et al., 2010), so we examined here whether ULK1 and mitochon-
drial homeostasis might be disrupted in LKB1 mutant NSCLC
cells. A549 cells reconstituted with functional LKB1 showed
AMPK activation and its phosphorylation of endogenous ULK1
on Ser555 following phenformin treatment, paralleling phosphor-
ylation of Raptor, another AMPK substrate (Figure 7A). Phenfor-
min treatment also resulted in a decrease in levels of the p62/
Sgstm1 protein only in the wild-type LKB1-reconstituted cells,
indicative of efficient autophagy reliant on LKB1 function (Fig-
ure 7A). Importantly, p62 levels were not reduced by metformin
here, perhaps reflecting the lower level of AMPK signaling from

metformin as compared to phenformin. Expression of functional
LKB1 in LKB1-deficient H157 and H838 cells also restored their
P-Ser555 ULK1 signal, indicating this is a general defect in
LKB1-deficient NSCLC cell lines (Figure S7A). As observed
previously in AMPK- and ULK1-defective fibroblasts and hepa-
tocytes, here A549, H157, and H838 NSCLC cells defective for
LKB1 function exhibited increased mitochondrial content as as-
sayed by flow cytometry for mitotracker red staining (Figure 7B
and S7B), suggesting that reconstitution of wild-type LKB1 into
these LKB1-deficient NSCLC cell lines may actively induce func-
tional mitophagy. A549-pBabe and A549-LKB1XP cells had
impaired Ay, reflecting impaired mitochondrial membrane integ-
rity, as exhibited by the failure of JC-1 dye to accumulate in the
mitochondrial membrane when compared to A549-LKB1"T cells
(red to green ratio of JC-1 staining in Figure 7C). Following treat-
ment with phenformin, LKB1-deficient tumor cells showed
a complete loss of mitochondrial membrane potential, whereas
expression of functional LKB1 fully prevented this loss. In
contrast, treatment with the mitochondrial uncoupler CCCP
induced loss of Ay in all cell lines, though LKB1-reconstituted
cells still retained the most mitochondrial membrane potential
(Figure 7C). As one measure of functionality of the mitochondria
in these cell lines, we examined oxygen consumption as a direct
measurement of mitochondrial respiration. Consistent with
mitochondrial defects, A549-pBabe and A549-LKB1XP cells
had a lower basal rate of oxygen consumption rate (OCR) than
the A549"7 cells (Figures 7D and S7C). Treatment of these cells
with either phenformin or rotenone resulted in inhibition of mito-
chondrial respiration as shown by an acute drop OCR in levels
(Figures S7C and S7D). OCR levels tracked inversely with mito-
tracker red staining here, consistent with the idea that the
accumulated mitochondria in the LKB1-deficient cells are respi-
ration defective.

Mitochondrial Complex | inhibition has been reported to
induce reactive oxygen species (ROS) similar to that seen with
Complex |l inhibition (Hirst et al., 2008; Kushnareva et al.,
2002). Thus, we next examined the release of mitochondrial
reactive oxygen species (mtROS) following the treatment with
phenformin, metformin, or the complex Il inhibitor antimycin A
and found that phenformin was a more potent inducer of mtROS
than metformin (Figure S7E). Staining of A549-pBabe and A549-
LKB1XP cells showed modest elevations in mtROS compared to
A549-LKB1WT cells, both basally and following phenformin treat-
ment (Figure 7E). To examine whether the doses of phenformin
used in our therapeutic study were effective enough to induce
LKB1-dependent effects on mitophagy, we performed western
blot analysis of lung tumor nodules from mice with and without
phenformin treatment for 5 days and discovered reduced phos-
phorylation of ULK1 and an accumulation of the mitophagy regu-
lator Parkin in KL, but not K, or KP,, lung tumors (Figure 7F).
These results suggest defects of the AMPK-ULK1 signaling

(D) Box plots representing the mean tumor burden following 3 weeks of treatment. Tumor burden was calculated by averaging the red pseudocolored tumor area

from H&E-stained whole lung sections shown in (C) bottom panel.

(E) Representative images of H&E-, Ki67-, or TUNEL-stained Kj,, KL,,c, and KP,,. lung tumor sections. Ki67 or TUNEL positively stained cells (in green) and nuclei

(in blue). Scale bar = 100 um.

(F and G) Box plots representing the mean Ki67 (F) and TUNEL scores (G) from Kj,c, KL, and KP,,. mice treated with vehicle or phenformin. (*) Statistical
significance (p < 0.05) calculated using a nonparametric one-way ANOVA (Tukey test).

All data are represented as the mean + SEM. See also Figure S4.
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Figure 5. Phenformin Significantly Increased Overall Survival and Slowed Tumor Progression in KL,,. Mice Shown by '®FDG-PET and uCT

Imaging
(A and B) Kaplan-Meier survival curves for KL, mice (A) or KP,,c mice (B) treated with vehicle (n = 5) or phenformin (n = 5) for each tumor genotype, respectively,

with a **p = 0.008 for KL, mice determined by Wilcoxon logrank test.
(legend continued on next page)
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pathway and mitophagy in vivo following loss of LKB1 (Fig-
ure 7G), which may help sensitize these tumors to the effects
of phenformin on mitochondrial integrity.

DISCUSSION

In this study we have found that the diabetes drug phenformin
shows selective and significant antitumor activity in genetically
engineered mouse models of lung cancer bearing LKB1 muta-
tions. Molecular targeted therapeutics hold great promise for
the future of cancer treatment, but for the 15%-30% of NSCLC
bearing inactivating mutations in LKB1, there has been little in
the way of targeted agents to date. As loss of LKB1 results in

has been in rapamycin analogs or other
mTOR inhibitors. However, rapamycin
treatment of an autochthonous lung
tumor model with Kras and Lkb1 mutations similar to the one
used here showed a minimal therapeutic effect (Liang et al.,
2010), perhaps because of the multitude of pathways deregu-
lated from LKB1 deficiency that can still fuel tumorigenesis
even when mTORC1 is suppressed. Hyperactivation of Src
family kinases was also discovered as a biochemical marker
and potential therapeutic target in Lkb7-deficient lung tumors
(Carretero et al., 2010). Combination of the Src inhibitor dasatinib
with PI3K and MEK inhibitors in similar mouse lung tumor models
showed a synergistic tumor response, though dasatinib as
a single agent displayed a minimal effect (Carretero et al.,
2010). The fact that phenformin induces therapeutic response
as a single agent taken together with the success of dasatinib

KLV KLyP

I fue”

(C) Representative images of micro-FDG-PET and CT scans of lungs from KL, and KP,,. mice at baseline (pretreatment) or following 4 and 6 weeks treatment
with vehicle or phenformin. Heart is labeled (H), and tumors are labeled with arrows (white or blue).
(D and E) Mean tumor volume measured by micro-CT at 4 and 6 weeks treatment for KL,,. (D) and KP,,. (E) mice, respectively. ***p = 0.0009 for KL, mice as

determined by Wilcoxon rank-sum test.

(F and G) Mean FDG-PET SUVmax measured at 4 and 6 weeks treatment for KL, (F) and KP,,c mice (F), respectively. **p = 0.005 for KL, mice as determined by

Wilcoxon rank-sum test. n = 5 mice per treatment group of each genotype.
All data are represented as the mean + SEM. See also Figure S5.
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Figure 7. Mitochondrial Defects in LKB1~~ NSCLC Confer Sensitivity to Phenformin

(A) Lysates from A549-pBabe, A549-LKB1"T, and A549-LKB1XP cells were treated with vehicle (DMEM), phenformin (2 mM), or metformin (20 mM) for 4 hr and
immunoblotted with the indicated antibodies.

(B) FACS analysis of cells from (A) stained with Mitotracker Red.

(C) Cells from (A) stained with JC-1 dye following 4 hr of treatment with vehicle (DMEM), phenformin (2 mM), metformin (20 mM), or CCCP (100 uM). Mitochondrial
membrane potential (Ay;, red/green ratios) were measured by emission of red and green fluorescence using FACS.

(D) Oxygen consumption rate (OCR) of cells from (A).

(E) Cells from (A) were stained with MitoSOX Red following 16 hr of treatment with vehicle (DMEM) or phenformin (2 mM) and analyzed by FACS.

(F) Lung tumor lysates from K¢, KL, and KP,,c mice treated 5 days with vehicle or phenformin ad lib feeding were immunoblotted with the indicated antibodies.
(G) Model illustrating mitochondrial defects and phenformin induced cell death in LKB1~/~-deficient tumor cells.

All data are represented as the mean + SEM. See also Figure S7.
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in combinations suggests that phenformin may also show
greater success in defined combinations, which will be a focus
for future investigations. Of relevance, a recent study treating
the same three NSCLC models used here with a combination
of standard-of-care docetaxel with MEK inhibitors revealed
that Kras; Lkb1 mutant tumors were selectively resistant to that
combination, unlike Kras alone or Kras; p53 mutant tumors
(Chen et al., 2012). It is in the context of this body of work that
selective sensitivity of Kras; Lkb1 tumors to phenformin as
a single agent in aggressive autochthonous models of lung
cancer is so notable.

We have been interested in whether one could utilize meta-
bolic stress-inducing compounds as anticancer agents for
LKB1 mutant tumors in their autochthonous setting in the intact
organism ever since we observed that LKB1-deficient cells were
sensitive to apoptosis induced by metabolic stress in culture
(Shaw et al., 2004). We focused our attention on the biguanide
family of antidiabetes therapeutics for their ability to reduce intra-
cellular ATP levels as a result of mitochondrial complex | inhibi-
tion. The absence of LKB1 signaling to AMPK means such cells
will go for an extended time without activation of this sensor to
restore ATP levels. We expect that mitochondrial damage and
ATP loss also activate AMPK-independent stress sensing path-
ways, as we demonstrate here with multiple markers of the elF2a
signaling pathway. These findings are consistent with previous
reports of AMPK-independent effects of biguanides (Foretz
etal., 2010; Kalender et al., 2010). Our results are also consistent
with recent studies demonstrating that AMPK mediates cell
survival following metabolic stress not only through effects on
ATP restoration but also by restoring NADPH levels, which are
needed to neutralize ROS that arise during these stresses
(Jeon et al., 2012). Inhibition of mitochondria complex | has
been shown to cause ROS induction (Hirst et al., 2008; Kushnar-
evaetal., 2002), so the fact that phenformin is a potent complex |
inhibitor may underlie its ROS generation, which LKB1-deficient
cells are genetically incapable of neutralizing efficiently. Future
studies will be needed to fully assess the contribution of ROS
in the LKB1-sensitive apoptosis following phenformin.

The biguanide metformin is the most widely used type 2 dia-
betes therapeutic worldwide and more recently has become
used in treating other insulin-resistant conditions, including
polycystic ovary syndrome (PCOS) (Motta, 2008). Metformin
garnered considerable attention as a potential anticancer agent
once the connection between LKB1 and AMPK was discovered
(Birsoy et al., 2012; Taubes, 2012). As AMPK activation can be
growth suppressive, diabetics taking these agents daily for
decades might have a lowered incidence of cancer because of
chronic effects from AMPK-mediated suppression of mTORC1
and other progrowth pathways, depending on how effective
and sustained the clinical doses of metformin are at activating
AMPK in different tissues. In addition, a non-cell-autonomous
mechanism for metformin’s antitumor effects may be its ability
to lower circulating blood glucose and insulin levels, which
also contribute to cancer risk and incidence in some contexts
(Pollak, 2010). A number of epidemiological studies have found
that diabetics taking metformin exhibit lowered risk of overall
cancer compared to those taking other forms of diabetes medi-
cation (Dowling et al., 2012; Pollak, 2012). Given these observa-
tions, over 50 different clinical trials investigating the use of

Cancer Cell 23, 143-158, February 11, 2013 ©2013 Elsevier Inc.

metformin in oncology are currently underway (http://www.
clinicaltrials.gov). Whether phenformin would yield similar broad
anticancer results, given that it also effectively lowers blood
glucose and also more potently activates AMPK across
a wide-variety of tissues, remains to be investigated. As phenfor-
min has a 50-fold greater potency than metformin for mitochon-
drial complex | inhibition (Owen et al., 2000; Dykens et al., 2008),
part of its therapeutic success in cancer models when compared
to metformin may be due to the fact that at maximal tolerated
doses in rodents and clinically utilized doses in humans, one
achieves greater ATP loss and ROS induction with phenformin.
However, another distinction between these two biguanides is
a greater tissue bioavailability for phenformin, which may be
due to the apparent reliance of metformin on a tissue-restricted
cell-surface transporter, Oct1, to efficiently cross the plasma
membrane, unlike the more lipophilic phenformin (Hawley
et al.,, 2010). Phenformin was removed from clinical use for
type 2 diabetes because of incidence of fatalities from lactic
acidosis (Crofford, 1995; Owen et al., 2000), reported in 64 cases
per 100,000 patients per year, with patients bearing compro-
mised kidney function at greatest risk. However, phenformin or
another biguanide analog may still find utility as anticancer
agents as the dosing and shorter duration in cancer therapy
would be quite different from its prior clinical use for diabetes.
Patients could also be prescreened for kidney function and other
biomarkers to reduce any risk of lactic acidosis. Based on our
findings here and previous studies of metformin, it seems most
likely that phenformin might have potential use for early-stage
lung tumors or as an adjuvant therapy following resection of
early-stage NSCLC tumors. Although phenformin is unlikely to
be suitable as a single-agent therapy in advanced-stage
disease, it may synergize with other modalities, which warrants
future investigation. A critical need for future clinical studies
will be developing biomarkers of metformin and phenformin
action in human tissues using clinically achievable doses
(Pollak, 2010). Our identification of phospho-Ser51 elF2« and
its targets CHOP and BiP/Grp78 as AMPK-independent markers
of phenformin-induced stress may prove valuable for such
studies.

Whether LKB1 deficiency confers sensitivity toward other
agents that perturb ATP production via effects on mitochondria,
glycolysis, or glutaminolysis also remains an interesting area
for future targeted therapeutic development. Given the large
percentage of sporadic lung, cervical, and endometrial cancers
bearing LKB1 mutations, identifying agents selectively targeting
LKB1 mutant tumors is a critical goal and one that seems partic-
ularly amenable to drugs targeting tumor metabolism.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents

Antibodies from Cell Signaling Technologies (Danvers, MA, USA) used for
immunoblots were diluted 1:1,000 and included LKB1 (D60C5) (#3047), phos-
pho-AMPK Thr172 (#2531), total AMPK a1/2 (#2532), phospho-Raptor Ser792
(#2083), total Raptor (#2280), phospho-ULK1 (ser555) (#5869), elFAE (#9742),
phospho-elF2a. (ser51) (#3398), total elF2a (#9722), cleaved caspase 3
(#9664), PARP (#9542), cleaved PARP (Asp214) (#5625), cleaved PARP
mouse-specific (Asp214) (#9544), phospho-S6 (ser255/236) (#4858), S6
(#2217), phospho-4E-BP1 (thr37/46) (#2855), 4E-BP1 (#9644), phospho-IGF-
IR/IR (#3024), IGF-IR/IR (#3027), phospho-AKT (ser473) (#4060), AKT
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(#9272), CHOP (#5554), and BiP/GRP78 (#3177). Total ULK1 (A7481 WB
1:1,000) and anti-actin (A5441 WB1:5000) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). The p53 (CM5) antibody was obtained from Vector Labs
(Burlingame, CA, USA; VP-P956 WB 1:1,000). The p62 antibody was obtained
from Progen (Heidelberg, Germany; #GP62-C). AICAR was obtained from
Toronto Research Chemicals (North York, Ontario, Canada). Phenformin,
Metformin, and 2-deoxyglucose (2DG) and Antimycin A (cat. no. A8674);
were purchased from Sigma-Aldrich. CCCP was obtained from the Molecular
Probes JC-1 dye kit (Carlsbad, CA, USA; cat no. M34152).

Cell Culture

Cells were incubated at 37°C and maintained at 5% CO2. A549, H460, A427,
H838, and Hela cell lines were obtained from ATCC, and H157 cells were
a kind gift from Dr. John Minna. Cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) or RPMI 1640 medium (GIBCO) plus 10% fetal bovine
serum (Hyclone, Logan, UT, USA) and penicillin and streptomycin. Retroviral
gene expression was performed as described previously (Gwinn et al.,
2008). Briefly, for retroviral infection, the pBabe, pBabe-FLAG-LKB1, and
pBabe-FLAG-LKB1-KD (Addgene #'s 1764, 8592, and 8593) constructs
were transfected along with the ampho packaging plasmid into growing
HEK293T cells. Viral supernatants were collected 48 hr after transfection,
spun for 5 min at 3,000 rpm, and filtered, and target cells were infected in
the presence of polybrene. Twenty-four hours later, cells were selected with
puromycin. Cells were plated at a density of 1 x 10° per well in 6-well dishes
and grown for 18 hr before treatment.

Mouse Therapeutic Trials

Lox-Stop-Lox Kras®'2° were obtained from Tyler Jacks at Massachusetts
Institute of Technology (Jackson et al., 2005) and p53°>”°* mice from the
Mouse Models of Human Cancers Consortium (Jonkers et al., 2001).
Lkb1'%* mice are as previously reported (Shaw et al., 2005). Rosa26-Lox-
Stop-Lox-Luc mice were obtained from Jackson Laboratories (Bar Harbor,
ME, USA) courtesy of Bill Kaelin (Safran et al., 2003). Mice were inbred on
an FVB background. Lung tumors were induced by intranasal inhalation of
5 x 10° plaque forming units adeno-Cre (purchased from University of lowa
adenoviral core) as previously described (Jackson et al., 2005). Mice that dis-
played with clinical signs of disease, such as labored breathing or severe
weight loss, were euthanized and necropsied. The mean tumor latencies we
observed were comparable to previous studies with the exception of KP,.
mice, which developed large, aggressive lung tumors with the same latency
of KLy, mice (Jackson et al., 2005; Ji et al., 2007). In the experiments in Fig-
ure 4, mice were administered with vehicle (water), metformin, or phenformin
(Toronto Research Corporation, Ontario, Canada) ad lib through their drinking
water, and their daily intake of fluids were monitored. Fresh metformin
(1.8 mg/ml) or phenformin (1.8 mg/ml) was administered every other day.
Long-term treatments consisted of 3 weeks treatment (schematic in Fig-
ure S4D), and acute treatments lasted 5 days. For the intraperitoneal injections
in Figure 4A, mice were given one injection of saline (0.9%), metformin
(300 mg/kg), or phenformin (150 mg/kg) and euthanized at 1, 4, and 8 hr post-
injection, and lung tissue was isolated. In the therapeutic trials in Figures 5
and 6 (schematized in Figure S5A), mice were administered phenformin
(100 mg/kg/day) by o.p. once daily 6 days/week beginning at 3 weeks postde-
livery of adenovirus expressing Cre. All experimental procedures performed on
mice were approved by the Salk Institute and University of California at Los
Angeles Institutional Animal Care and Use Committees.

Statistical Analysis Methods

Means were compared and p values determined by parametric or nonpara-
metric ANOVA, and statistical test details and significance at p < 0.05 are
indicated in the text and figure legends. Survival curves were computed using
the Kaplan-Meier method. All statistical calculations were carried out using
GraphPad Prism 5 software (San Diego, CA) or SAS 9.3 (SAS, Cary, NC). For
analysis of SUVmax and tumor volume from FDG-PET and uCT imaging,
comparisons were made between vehicle (V) versus Phenformin (P) treatments
at week 7 and week 9. Values that were below the level of detection, referred
to as left-censored observations, were coded with “zero”, although the
actual value may be above zero but is usually lower than the lowest observed
value.
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SUMMARY

Clear cell sarcoma (CCS) of tendons and aponeuroses is a deadly soft-tissue malignancy resembling mela-
noma, with a predilection for young adults. EWS-ATF1, the fusion product of a balanced chromosomal trans-
location between chromosomes 22 and 12, is considered the definitional feature of the tumor. Conditional
expression of the EWS-ATF1 human cDNA in the mouse generates CCS-like tumors with 100% penetrance.
Tumors, developed through varied means of initiating expression of the fusion oncogene, model human CCS
morphologically, immunohistochemically, and by genome-wide expression profiling. We also demonstrate
that although fusion oncogene expression in later stages of differentiation can transform mesenchymal
progenitor cells and generate tumors resembling CCS generally, expression in cells retaining stem cell

markers permits the full melanoma-related phenotype.

INTRODUCTION

Clear cell sarcoma (CCS) is a soft-tissue neoplasm classically
arising in the extremities of young adults near tendons and
aponeuroses. Despite their often small size, these tumors
have high rates of recurrence and metastasis following stan-
dard local therapy, portending a poor general prognosis.
CCS was first identified in 1965 and then termed “malignant
melanoma of the soft parts” because of its histologic appear-
ance fitting with metastatic melanoma (Enzinger, 1965). In
addition, CCS was later found to demonstrate melanocytic
differentiation markers, including immunohistochemical posi-
tivity for M-MITF, S100B, MelanA, and HMB45 (Granter et al.,
2001; Hocar et al., 2012). Until recently, the only means of
differentiating CCS from the soft-tissue metastasis of a distant

melanoma was its clinical history (i.e., confirmed absence of
any cutaneous melanomas).

In the last decade, recognition of the characteristic t(12;22)
(913;912) chromosomal translocation and its resultant fusion
oncogene EWSR1-ATF1 (EWS-ATF1) has provided a means of
defining CCS and distinguishing it from melanoma (Antonescu
et al., 2002). Traditional cytogenetics, fluorescent in situ hybrid-
ization (FISH), and RT-PCR have all proven to be diagnostic tools
capable of identifying this defining molecular feature of CCS
(Wang et al., 2009). The type 1 fusion of EWS-ATF1, which
includes exons one through eight of EWSR17 and exons four
through seven of ATF1, is the most common variant of the
described translocation products (Wang et al., 2009).

The EWS-ATF1 fusion protein contains the amino-terminal
transcriptional activation domain of the EWSR1 protein joined

Significance

effective therapies for CCS.

CCS, a rare soft tissue malignancy typically arising in the extremities of young adults, closely resembles melanoma.
EWS-ATF1, a fusion oncogene resulting from a t(12;22) chromosomal translocation, defines the neoplasm. Conditional
expression of the human EWS-ATF1 cDNA in the mouse demonstrates its profound transformational impact. Although
a number of cell types can be rendered tumorigenic via expression of the fusion oncogene, the undifferentiated cells
appear to enable the full melanoma-related phenotype. This model deciphers part of the enigma of the melanoma
expression profile of CCS and explains the range of human tumors derived from this powerful translocation product.
The mouse model should provide a robust platform for interrogating molecular mechanisms and developing more
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Figure 1. Conditional Expression of the

eGFP Human Clear Cell Sarcoma Fusion Onco-
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(A) Schematic showing the cDNA of the type |
variant of EWS-ATF1 isolated from a human tumor
and cloned into a vector designed for targeting into
the mouse Rosa26 locus. neo-R, neomycin resis-
tance cassette; polyA, polyadenylation stop se-
quence; IRES, internal ribosome entry site; eGFP,
enhanced green fluorescent protein. Cre-medi-
ated recombination excises the stop sequence
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to the bZIP DNA binding/dimerization domain of activating tran-
scription factor 1 (ATF1). In the fusion protein, the EWSR1 activa-
tion domain replaces a protein kinase A phosphoacceptor site
that renders endogenous ATF1 activity dependent on the pres-
ence of cyclic adenosine monophosphate (Fujimura et al.,
2001). As a consequence, EWS-ATF1 is thought to be a constitu-
tive activator of ATF1-regulated genes. A small minority of CCS
cases harbor a t(2;22) (q32;912) translocation and the alternate
CREB1 fusion partner replacing ATF1, with which CREB1 shares
binding of an identical consensus sequence (Wang et al., 2009).

The cell, or cells, of origin for CCS are not known. Traditionally,
CCS tumors were characteristically identified near the tendons
and aponeuroses of young adults but have also recently been
identified in the gastrointestinal tract (Covinsky et al., 2005;
D’Amico et al., 2012; Lyle et al., 2008) and dermis (Falconieri
et al., 2012; Hantschke et al., 2010). The expression of melano-
cyte-specific markers in CCS tumors has been variably attrib-
uted to the effects of the cell of origin or the effects of aberrant
M-Mitf expression, shown to be driven by EWS-ATF1 in CCS
cell lines (Davis et al., 2006). Using EWS-ATF1 as a diagnostic
marker led to the identification of CCSs that do not express
melanocytic markers. Further, some histologically distinct
neoplasms have also been associated with this fusion oncogene,
including angiomatoid fibrous histiocytoma (Somers et al., 2005)
and hyalinizing clear cell carcinoma of the salivary gland (Anto-
nescu et al., 2011). The latter tumors do not express M-Mitf or
other melanocytic markers.

Toinvestigate the role that EWS-ATF1 plays in clear cell sarco-
magenesis and in tumorigenesis more broadly, we developed
a mouse model that expresses the human EWS-ATF1 fusion
oncogene complementary DNA (cDNA) in a conditional fashion.
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and initiates expression of the fusion oncogene
and eGFP.

(B) Embryonic day 14.5 fibroblasts isolated from
Rosa264" heterozygous mice were exposed to
TAT-Cre protein or vehicle control, and images
were collected 24 hr later. The left two panels show
light images of fibroblasts, whereas the right two
panels show the GFP fluorescence. All scale bars
are 50 um in length.

RESULTS

Generation of a Targeted Mouse

Line Conditionally Expressing the

EWS-ATF1 Oncogene

To generate the EWS-ATF1 cDNA, total

RNA was isolated from human CCS
tumors, reverse transcribed, and screened by PCR to identify
a type 1 EWS-ATF1 fusion product. The integrity of the EWS-
ATF1 cDNA was confirmed by DNA sequencing. The EWS-
ATF1 cDNA was targeted to the ubiquitously expressed
Rosa26 locus (Mao et al.,, 1999). Linked to the EWS-ATF1
cDNA via an internal ribosomal entry site (IRES) was the
sequence encoding an enhanced green fluorescent protein
(eGFP). To prevent transcription of the fusion gene and eGFP
from the Rosa26 promoter, a neomycin resistance cassette
and poly-adenylation stop signal flanked by /oxP sites was in-
serted between the promoter and the EWS-ATF1-IRES-eGFP
sequence (Figure 1A). In the absence of Cre, neither the fusion
gene product nor eGFP should be expressed. Temporal, spatial,
and tissue-specific control of Cre presence is possible through
a variety of techniques for its genetic or protein delivery. Mouse
embryonic stem cells confirmed to bear the targeted allele were
injected into blastocysts to generate chimeras that were then
bred to generate progeny with a germline-transmissible condi-
tional allele of EWS-ATF1 (designated Rosa265).

To confirm inducibility of the EWS-ATF1 fusion gene and eGFP
by Cre, embryonic fibroblasts were isolated from E14.5 mouse
embryos heterozygous for the Rosa265"" allele and exposed in
culture to purified TAT-Cre protein or vehicle buffer control.
TAT-Cre is an engineered Cre protein containing a short peptide
sequence derived from the human immunodeficiency virus that
mediates efficient endocytic uptake and nuclear localization of
the protein (Joshi et al., 2002). Recombination efficiency
in vitro exceeds 95% as reported previously (Haldar et al.,
2009). Without exposure to TAT-Cre, mouse embryonic fibro-
blasts heterozygous for Rosa265*" demonstrated no green fluo-
rescence. Twenty-four hours after exposure to TAT-Cre (5 uM),
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cells began to express eGFP (Figure 1B), and the percentage of
fluorescing cells increased thereafter. The expression of other
sarcoma fusion oncogenes from the Rosa26 locus has proven
lethal for mouse embryonic fibroblasts (Haldar et al., 2007).
Surprisingly, EWS-ATF1-expressing fibroblasts survived beyond
the expected crisis and senescence of control fibroblasts that
carried the Rosa2654" allele but were exposed to vehicle rather
than TAT-Cre. Expression of EWS-ATF1 remained strong in the
embryonic fibroblasts activated by TAT-Cre, even following
long-term passage (data not shown).

Generation of Tumors by In Vivo Exposure to TAT-Cre
Because expression of EWS-ATF1 was so well tolerated in vitro,
we investigated whether the Rosa26" allele might be activated
in vivo first by injecting TAT-Cre into mice heterozygous for the
Rosa26""" allele. Mice receiving TAT-Cre show YFP expression
within 24 hr of injection (Figure S1A available online). To look at
this on a cellular level, mice heterozygous for Rosa26™"™¢
reporter allele (Muzumdar et al., 2007) were also injected
with TAT-Cre. All cells in mice bearing the Rosa26™"™€ allele
express membrane-bound Tomato fluorescent protein prior to
recombination with Cre but express a membrane-bound GFP
after Cre-mediated excision of the mTomato coding sequence.
A single subdermal injection of TAT-Cre resulted in dense GFP
expression in the surrounding tissue (Figure S1B).

To determine the sufficiency of the EWS-AFT1 fusion gene to
drive clear cell sarcomagenesis in vivo, we injected TAT-Cre
protein into the anterolateral soft tissues abutting the tibia and
in the distal forelimbs of mice heterozygous for the Rosa2654"
allele. EWS-ATF1 transcripts were detectable by RT-PCR from
tissues harvested within 24 hr of the TAT-Cre injection (Fig-
ure S1C). Every injection of TAT-Cre yielded a tumor (Figure 2A),
tightly localized to the injection site. Control mice, including both
uninjected littermates and littermates injected with saline and fol-
lowed for 15 months, never formed tumors. All mouse tumors
derived from the TAT-Cre-activated Rosa26*" allele demon-
strated eGFP fluorescence (Figure 2A).

Noting an extremely brief latency to tumorigenesis, the ability
to form tumors in a broad array of tissue locations, and the histo-
logical appearance of poly-clonality among the first rounds of
TAT-Cre-induced tumors, we investigated whether the rapid
growth of large tumors might result primarily from a large initial
population of induced EWS-ATF1-expressing cells. To address
this question, we injected limbs of mice heterozygous for the
Rosa265"" allele with different concentrations of TAT-Cre and
found that the latency to tumor formation correlated with the
concentration of TAT-Cre administered (Figure 2B). Injecting
100 uM of TAT-Cre resulted in visible tumors as quickly as
3 weeks postinjection, with 100% penetrance per injection site
by 6 weeks. TAT-Cre at 2 uM still produced tumors with full pene-
trance but required a longer latency with visible tumors observed
after a period of 6 to 9 months. Although TAT-Cre concentration
impacted latency to development of a visible tumor, it did not
impact the observed rate of tumor growth following visible
detection of any specific tumor. Tumors appearing early from
concentrated TAT-Cre or after a longer latency from diluted
TAT-Cre still grew at a similarly rapid rate after detection.

The tumors that formed following TAT-Cre injection into mice
heterozygous for the Rosa26’ allele recapitulated human

CCS molecularly, with expression of the fusion oncogene and
melanocytic markers M-Mitf and Tyrosinase (Figure 2C). Mouse
tumors also matched human tumor histomorphology and immu-
nohistochemical profile. In hematoxylin and eosin (H&E)-stained
sections, the majority of murine tumors demonstrated nuclear
features typical of primitive cell types, with prominent open chro-
matin patterns as well as abundant clear cytoplasm (the feature
for which the tumor is named) (Figure 2D). Although some tumors
had a pseudoencapsulated, pushing border with surrounding
tissues, others demonstrated clear infiltration into adjacent
tissue planes. A minority subset of tumors (20%) demonstrated
spindle cell morphology, also observed in some human CCS
cases (Figure 2D). Consistent with human CCS, the tumors
demonstrated immunohistochemical positivity for melanocytic
markers (M-MITF and S100B) and lacked staining for cytokera-
tins (Figure 2E).

Unbiased Expression of EWS-ATF1 Also Results in
Tumorigenesis, Preferentially in Mesenchyme

Because tumors rapidly invaded surrounding tissues, dissec-
tions of the limbs did not clearly indicate from which tissues
they arose. In a search for tissues incompatible with transforma-
tion, TAT-Cre was injected into subcutaneous adipose, dorsal
paw peritendinous, periosteal, intramuscular, and mammary
fat pad tissue compartments in mice between 3 weeks and
6 months of age. The latency to tumor appearance varied with
age and injection site, but every injection in each of these tissue
locations yielded completely penetrant tumorigenesis (Table
S1). Each of these locations bears some cells of mesenchymal
character, but whether these or neighboring cells actually gave
rise to tumors remained unclear.

In order to broaden exposure to EWS-ATF1 fusion protein
across multiple cell types and developmental periods, we next
utilized Rosa26C™EF to express Cre sporadically, in random
cell types. Although efficient CreER-mediated recombination
requires the presence of tamoxifen, a very low level of CreER-
mediated recombination is observed even in the absence of
tamoxifen (Haldar et al., 2009). Breeding mice bearing the
Rosa26°™EF allele to mice bearing the Rosa2654 allele resulted
in smaller litters than breeding Rosa2654" mice alone, fitting with
the previously described early embryonic leakiness of this CreER
and suggesting some developmental toxicity of early expression
of EWS-ATF1 (Figure 3A).

Among the Rosa26°EF/EAT mice that survive embryogenesis,
administration of tamoxifen prior to 3 weeks of age results in
stunted growth (Figure 3B) and death by 12 weeks of age without
detectible tumor formation. Rosa26C°EFEAT mice receiving
tamoxifen after 3 weeks of age form more tumors than those
receiving no tamoxifen, but both of these groups demonstrate
complete penetrance of tumor formation by 12 weeks of age
(Figure 3C). The tumors arising in Rosa26*EFEAT mice were
histologically similar to the murine TAT-Cre-induced tumors
and human clear cell sarcoma (Figure 3D). Whether or not
enhanced by later tamoxifen administration, tumors arose
most often in the extremities, rib cage, and facial tissues of the
Rosa26°*EF/EAT mice but were also less frequently found in
the dermis, liver, and bone (Table S2). As following TAT-Cre
induction, the preponderance of tumors arose in mesenchymal
tissue compartments. A variety of mouse cells are permissive
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Figure 2. TAT-Cre-Initiated Expression of EWS-ATF1 In Vivo Leads to Tumorigenesis

(A) Radiographs of limbs of Rosa265*” heterozygous mice without (top) or with (bottom) injection of TAT-Cre (left two columns). Necroscopy light and GFP
fluorescence photo of Rosa265" limb without injection (top) or of tumor extracted from the TAT-Cre-injected Rosa265" (bottom) (right two columns). Arrows
point to individual tumors.

(B) Latency to visible tumor formation for Rosa2654" mice injected with 100, 10, and 2 uM solutions of TAT-Cre.

(C) RT-PCR analysis of the indicated mRNAs from uninjected control tissues and TAT-Cre-induced tumors.

(D) Representative histology of TAT-Cre-induced tumors with H&E stain showing a multinodular tumor at low power (left), cells marked by round shape, clear
cytoplasm and an open chromatin pattern at higher power (middle), and a tumor having a more spindled cell morphology (right).

(E) Immunohistochemical stains for M-MITF (left), S100B (middle), and cytokeratin 5 (right). All black scale bars are 100 um in length, and the white bar is 500 pm.
See also Figure S1 and Table S1.
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to EWS-ATF1-driven transformation, replicating the range of
tumor tissue locations observed in molecularly defined human
cases of CCS but preferentially arising in mesenchyme.

EWS-ATF1 Drives an Expression Signature of
Transformation
Because the brief latency to tumorigenesis in both models sug-
gested a powerful role for EWS-ATF1 in driving transformation,
we sought to define the expression signature shared by tumors
from both means of inducing EWS-ATF1 expression. To this
end, we harvested tumors from each cohort as well as from
control mesenchymal tissue, consisting of a portion of the
thoracic cage, including cartilage, bone, skeletal muscle, and
connective tissue, isolated total RNA from each, and performed
lllumina sequencing. The samples generated an average of
24.4 + 3.1 million reads, which aligned to 16,840 + 778 genes at
greater than or equal to 0.1 reads per kilobase per million (RPKM).
Clustering analysis demonstrated highly similar expres-
sion profiles among tumors induced by either TAT-Cre or
Rosa26°ER both distinct from control tissues. An unsupervised
hierarchical clustering of the samples according to the 200 most
differentially expressed genes is shown in Figure 4A (gene lists in
Tables S3, S4, and S5). DAVID analysis of the most significantly
upregulated genes in the mouse tumors compared to control
tissues highlighted several informative KEGG pathways,
including cell-cycle control, cancer, p53, and extracellular matrix
pathways (Huang da et al., 2009a, 2009b) (Figure 4B). These
data provide insight into the transforming power of EWS-ATFT,
with consistent alterations in gene expression profiling among
different methods of activation.

Embryonic Expression of EWS-ATF1 in Mesenchymal
Tissues and Predecessors Causes Lethality

Although experiments with TAT-Cre injections and Rosa26°°EF-
initiated EWS-ATF1 expression suggested that a variety of cell

Figure 3. Early Expression of EWS-ATF1 in
the Broad Rosa26°°FF-Lineage Renders
Stunted Growth, but Later Expression
Drives Tumorigenesis

(A) The number of pups per litter of mice hetero-
zygous for the Rosa26°EF allele crossed with
mice homozygous for the Rosa26*" allele com-
pared to that of Rosa2654"FA" backcrossed
controls.

(B) Photograph of a 7-weeks-old male
Rosa26547CrER mouse injected with tamoxifen at
10 days (white arrow) and two uninjected female
littermates of the same genotype.

(C) Chart of the number of tumors per mouse at
12 weeks age among Rosa2654"C*EF mice in-
jected with tamoxifen after 3 weeks (late, n = 4),
before 3 weeks (early, n = 3), or not at all (n = 5).
Error bars denote standard deviation, t test
p < 0.05.

(D) H&E-stained histopathology demonstrating
the classic clear cell morphology apparent in a
Rosa26°* -initiated tumor after late injection of
tamoxifen. Scale bar is 20 um in length.

See also Table S2.

types appear to support a program of transformation, they also
suggested that the preferred clear cell sarcomagenesis tissue
of origin is mesenchyme. As postnatal mesenchymal tissues
derive from both neural crest and mesodermal origins, we inves-
tigated the identity of potential cells of origin by breeding mice
bearing the Rosa26" allele to mice bearing Cre expressed
from promoters specific to these lineages. With regard to neural
crest, mice bearing the Rosa265*" allele and Wnt1-Cre (Danie-
lian et al., 1998) did not complete embryogenesis. Conditional
EWS-ATF1 activated by Pax3-Cre (Engleka et al., 2005), Pax7-
Cre (Keller et al., 2004b), Tie2-Cre (Kisanuki et al., 2001), or
Prx1-Cre (Durland et al., 2008; Logan et al., 2002), all expressed
in mesoderm, also resulted in embryonic lethality.

At E13.5, the Prx1-Cre lineage demonstrated GFP fluores-
cence in Prx1-Cre;Rosa265"" mouse embryos, indicating
expression of eGFP from the IRES on the EWS-ATF1 transcript
(Figure 5A). As late as E14.5 Prx1-Cre;Rosa26™" mouse
embryos remained viable but demonstrated severe limb
deformities (Figure 5A). It suggests that EWS-ATF1 was toxic
to these cells.

Pax7-Cre; Rosa265*" did not produce live progeny, but
embryos were retrieved as late as E18.5. These embryos
showed severe craniofacial deformation with no visible eGFP,
which suggests that the lineage cannot survive expression of
EWS-ATF1 (Figure S2A).

Mice bearing the Rosa265" allele and Myf5-Cre, which acti-
vated the fusion gene expression in myoblasts (Haldar et al.,
2007), did not form tumors but demonstrated another phenotype
in which EWS-ATF1 was also apparently toxic to cells. These
mice survived to birth and lived to approximately 3 months of
age but were very small in size and severely myopathic, with
eGFP expression detectable in the remaining muscle fibers
(Figures S2B and S2C).

These data demonstrate that even though the expression of
EWS-ATF1 is tolerated better than the expression of other
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sarcoma-related fusion oncogenes in mouse embryonic fibro-
blasts in vitro and many tissues in vivo when induced after wean-
ing, it is of significant toxicity in specific tissue settings during
development.

EWS-ATF1 Expression in Postnatal Mesenchymal
Progenitors Generates Two CCS Tumor Types

Noting that early tamoxifen administration in Rosa26CeER/EAT
mice did not result in tumorigenesis but later administration
did (Figure 3), we hypothesized that the toxicity prompted in
the mesenchymal tissues embryonically might be avoided at
later stages of development. In order to test this hypothesis,
we bred mice bearing the Rosa265" allele to mice bearing
either Pax7°"*ER™ (Murphy et al., 2011) or Prx1-CreERT2 (Has-
son et al., 2007), then administered tamoxifen after three weeks
of age. By 12 months posttamoxifen, myopathy consistently
developed in the Pax7°ER7%:Rosa2654" mice, but no tumors
were observed (Figures S2D and S2E). The absence of tumor
formation argues against muscle satellite cells being a potential
cell of origin for EWS-ATF1-induced tumors. In the embryo,
Prx1-Cre is widely expressed in the mesenchyme of the
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Figure 4. The Expression Signature of EWS-
ATF1-Driven Tumors

(A) Heat map depicting the 200 most significantly
(p < 0.001) differentially expressed genes between
TAT-Cre- or Rosa26°™F-initiated tumor and
control tissue, as assessed by transcriptome
sequencing.

(B) DAVID analysis of the most upregulated genes
in tumors highlights Kegg pathways known to be
involved in transformation.

See also Tables S3, S4, and S5.

developing mammalian limb and head
(Durland et al., 2008), whereas Prx1-
CreERT2 expression is reported to be
restricted postnatally to a smaller
progenitor cell population in the same
anatomic regions, still capable of osteo-
chondrogenic differentiation (Kawanami
et al., 2009).

Prx1-CreERT2;Rosa26*" mice devel-
oped tumors (Figure 5B) by 8 weeks
posttamoxifen injection with 100% pene-
trance. Most of these tumors developed
in the extremities and head, consistent
with the expected anatomic distribution
of Prx1 postnatal expression. The tumors
showed GFP fluorescence marking
expression of the EWS-ATF1-IRES-
eGFP transcript (Figure 5B). The Prx1-
CreERT2-induced tumors appeared to
arise from the periosteal/perichondrial
layer as well as from within the muscula-
ture as judged by gross microscopy
and histology (Figures 5B and 5C). The
tumors induced in the Prx1 lineage
demonstrated either the clear cell mor-
phology with lightly stained eosinophilic cytoplasm or spindle
cell morphology, both closely resembling tumors induced by
TAT-Cre.

Notably, some tumors induced by Prx71-CreERT2 expressed
M-MITF, but others did not (Figure 5D). CCS in humans often
but not always expresses M-MITF (Granter et al., 2001). Thus,
it appears that induction of EWS-ATF1 expression with Prx1-
CreERT2 generated both subtypes of CCS.

Control

EWS-ATF1 Expression in Postnatal Mesenchymal Stem
Cells Generates CCSs with a More Consistent
Phenotype

In order to interrogate possible cells of origin in the undifferenti-
ated progenitor cell population that precedes Prx1 expression
postnatally, we bred mice bearing the Rosa26" allele to mice
bearing Bmi1®f" (Sangiorgi and Capecchi, 2008). BmiT is
a general marker for stem cells and has been demonstrated to
label intestinal, neural, epidermal, and hematopoietic stem cells
(Claudinot et al., 2005; Leung et al., 2004; Park et al., 2003; San-
giorgi and Capecchi, 2008). A single peritoneal injection of
tamoxifen into Bmi1¢72:Rosa26*" mice after 3 weeks of
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age resulted in fully penetrant tumorigenesis. Every mouse
developed tumors in the deeper mesenchymal tissues of
the limb and trunk (Figure 6A). Some tumors formed com-
pletely within and surrounded by muscle (Figure 6B), similar to
a subset of the Prx1-lineage tumors. A larger portion formed
adjacent to bone, arising from the periosteum/perichondrium,
also similar to several of the Prx7-lineage tumors (Figure 6B).
The Bmi1-lineage tumors consistently matched the clear cell
morphology and immunohistochemical profile of human CCS
tumors, uniformly demonstrating M-MITF and S100B (Figures
6B and 6C).

Prior reports have suggested a role for Bmi1 in mesen-
chymal stem cells based on depletion of the pool of osteo-
chondroprogenitors in mice bearing homozygous disruption
of Bmil (Zhang et al., 2010). To follow up these studies
and more fully characterize the Bmi1 lineage in mesen-

necropsy GFP photo

Figure 5. EWS-ATF1 Drives Apoptosis in the
Embryonic Prx1-Lineage and Tumorigen-
esis in the Postweaning Prx1 Lineage

(A) GFP fluorescence image of Prx1-Cre;
Rosa26" embryos at embryonic day 13.5 (far
left). Prx1-Cre;Rosa265*" at E14.5 (top middle),
compared to littermate controls lacking Prx71-Cre
(bottom middle); the limbs of mutant and control
are enlarged to show difference in size (outlined in
right panels).

(B) Radiograph of a Prx1-CreERT2;Rosa265""
mouse 8 weeks after a single tamoxifen injection
at 4 weeks of age (left), gross necropsy
photos with halogen light (middle) or GFP fluo-
rescence (right) of Prx1-CreERT2;Rosa26" limb
8 weeks posttamoxifen injection (arrows point to
tumors).

(C) H&E-stained histopathology of Prx1-CreERT2;
Rosa26A" tumor immediately adjacent to bone
(upper) and tumor exhibiting classic clear cell
sarcoma morphology (lower).

(D) Immunohistochemistry for M-MITF on Prx1-
CreERT2;Rosa26-derived tumors. Scale bars
are 100 um in length.

See also Figure S2.

chyme, mice bearing Bmi1CeER™?

were crossed to a robust reporter
mouse expressing tdTomato condition-
ally from the Rosa26 locus. Bmi1C™EF:;
Rosa26'7°ma mice were injected with
a single dose of tamoxifen at 6 weeks
of age, and their limb tissues were har-
vested 1, 2, and 9 months postinjection
for analysis.

We analyzed the early Bmi1 lineage
focused on the mesenchymal progenitor
population within the bone marrow and
endosteum. Nestin has recently been
shown to be an accurate marker of the
multipotent mesenchymal stem cell
subpopulation in this location, whereas
no specific markers are agreed upon in
the periosteum (Méndez-Ferrer et al.,
2010). Colabeling experiments on tissue sections revealed
the colocalization of the early Bmi1 lineage marker to the
Nestin-expressing cells, both at the endosteal surface in the
bone marrow and in periosteum (Figure 6D), indicating that
Bmi1 is indeed expressed in this mesenchymal stem cell
population. Lineage tracing experiments from tissues har-
vested 60 days and 9 months following tamoxifen administra-
tion revealed that Bmi7-expressing cells contribute to both
osteoblast and chondrocyte lineages (Figure 6E), further
affirming Bmi1 as a marker of very early, stem-like cells in
mesenchyme. The previously described Prx1-CreERT2-
defined lineage marks a similar but smaller population of these
differentiated mesenchymal cells (Kawanami et al., 2009).
Using an antibody against Prx1 to locate cells actively ex-
pressing the marker, we found a portion but not all of the cells
in the Bmi1°®f":R0sa267°ma° |ineage expressed Prx1,
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suggesting that differentiating cells from the Bmi71 lineage
express Prx1 (Figure 6F). Lineage tracing with Prx1-CreERT2

mice and immunofluorescence against Nestin confirmed
that a subset of Prx7-lineage cells still express Nestin as
well (Figure S3A).

Although mesenchymal stem cell and progenitor populations
within and adjacent to the bone explain the location of some
tumors arising in both the Bmi1 and Prx1 lineages, other
tumors in both groups arose within the muscle compart-
ments. Because it has previously been demonstrated that
Bmi1 is expressed in Pax7-positive satellite cells within muscle
(Robson et al., 2011), it is possible that the intramuscular
Bmi1-lineage tumors could arise from this cell population.
However, we already discussed that Pax7°°ER72; Rosa265A
do not form tumors, arguing against the possibility that
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Figure 6. The Bmil Lineage, Including
Mesenchymal Stem Cells, Enables More
Consistent Development of Clear Cell
Sarcomas with Melanocytic Features

(A) Living image of Bmi1°°f2;R0sa2654" mouse
with black arrows indicating tumor formation (far
left), radiograph (left), necropsy photo (right), and
GFP fluorescence (far right) image of tumor formed
in the chest wall (yellow arrow showing location of
the tumor).

(B) H&E-stained histopathology of Bmi1C¢eERT2.
initiated tumors, including both intramuscular (left)
and periosteal/perichondrial (right) tumors.

(C) Immunohistochemistry of Bmi1°eER 2. jniti-
ated tumors stained for M-MITF (left) and S100B

(right).
(D) Immunofluorescence for Nestin (green)
and  Bmi1®°ff™.induced  expression  of

tdTomato (red) in Bmi1°ER™2: Rosa26tdTomato
mice 30 days after injection of tamoxifen shown
in the bone marrow BM (left) and periosteum P
(right).

(E) Bmit-lineage tracing from Bmi
Rosa26™™°ma% mouse at 60 days posttamoxifen
demonstrates tdTomato fluorescence (red) in
osteoblasts and chondrocytes.

(F) Immunofluorescence against Prx1 (green)
and Bmil lineage defined by tdTomato (red) in
Bmi1°ERT2:R05226'97°™3° mice 30 days post-
tamoxifen injection.

(G) Immunofluorescence against CD31 (green)
and tdTomato Bmi7-lineage cells (red) at 60 days
posttamoxifen All scale bars are 100 um in length.
See also Figure S3.

CreERT2.
1 ;

satellite cells provide a potential cell of
origin for CCS (Figures S2D and S2E).

Further analysis of the Bmi1 lineage
within the muscle compartments identi-
fied not only satellite cells but also CD31-
expressing endothelial cells (Figure 6G).
Lineage tracing with Prx7-CreERT2 mice
identified CD31* endothelial cells within
its lineage as well (Figure S3B). A perivas-
cular population of cells that has ex-
pressed both Bmi1 and Prx1, perhaps at
different stages of differentiation, may serve as the originating
cells of the CCS tumors that appear within the muscle compart-
ments in these two groups.

Murine CCS Tumors Fit the Human CCS Expression
Profile; Variations Appear to Reflect Different Cells of
Origin

In order to determine the impact of these varied potential
cells of origin on the resultant tumors, we performed RNA
sequencing on a panel of mouse CCS tumors, induced by
TAT-Cre, Rosa26"°FR, Bmi1°®Fh™2 and Prx1-CreERT2. We
simultaneously sequenced RNA from mouse synovial sarcomas
and osteosarcomas, as well as control mesenchymal tissue.
Using Spearman correlation as the distance metric and an
average linkage, CCS from all induction methods clustered
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Figure 7. Tumors Derived from EWS-ATF1
Expression in Different Cells of Origin
Cluster Together According to Expression
Profile and Fit Human Clear Cell Sarcoma
Profiles

(A) Unsupervised hierarchical clustering of mouse
samples by sequencing-defined transcriptional
profiling, osteosarcomas (triangle), synovial
sarcomas (diamond), EWS-ATF1-driven tumors by
TAT-Cre (red circles), Rosa26°" (pink circles),
Bmi1°ER72 (dark blue circles), and Prx1-CreERT2
(light blue circles) and control samples from chest-
wall mesenchymal tissues (cross).

L (B) Unsupervised hierarchical clustering of human
tumors profiled by microarray and used to train the
supervised machine-learning module, solitary
fibrous tumor (triangle), myxoid liposarcoma
(square), melanoma (pentagon), leiomyosarcoma
(triangle), synovial sarcoma (diamond), and clear
cell sarcoma (circle). The mouse EWS-ATF1-
driven tumors are placed under the category
of human tumors they most identified with on
the supervised machine-learning module, TAT-
Cre (red circles), Rosa26FF (pink circles),
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Bmi1°®ER72 (dark blue circles), and Prx1-CreERT2
(light blue circles).

tumors were predicted to be human
CCS, rather than one of the other tumor
types (Figure 7B). As a control, zero of
five RNA sequencing data sets from

wild-type mouse mesenchymal tissue

oo00 controls were identified as human CCS
Y when input into the same SVM. These
“clear el data confirm that mouse tumors derived

S.V.M “not clear cell’

closely and separately from control tissue and the other two
sarcoma types (Figure 7A).

To test the extent of molecular similarity between human
CCS and the tumors induced by expression of EWS-ATF1 in
mice across the range of tissues of origin, we compared
mRNA sequencing expression analysis of mouse CCS tumors
to microarray-derived expression data from a panel of related
human tumors. A support vector machine (SVM), or supervised
machine learning, technique was created to predict the identity
of a tumor using a training platform built by human HEEBO mi-
croarray data from samples of CCS, melanoma (MEL), solitary
fibrous tumor (SFT), leiomyosarcoma (LMS), myxoid liposar-
coma (MLS), and synovial sarcoma (SS), all of which, except
CCS, were previously reported (Nielsen et al., 2002). We first
filtered the human data by mapping the HEEBO probes to
the mm9 mouse reference genome, retaining only the 12,246
probes whose alignments demonstrated at least 80%
homology across the probe length. The human expression
data across this subset of probes was used to train the linear
SVM model by creating CCS and non-CCS classes (n = 4
and 25, respectively). The normalized RPKM mouse data
were input into the SVM as read depths per probe and classi-
fied into one of the two classes. Twelve of 13 murine CCS

from conditional expression of EWS-

ATF1 resemble the expression profile of
human CCS more closely than the other soft-tissue tumors or
melanoma.

Notably, the one mouse CCS that did not cluster closely to the
human CCS SVM prediction was a Prx1-CreERT2-initiated
tumor that did not express M-Mitf. In contrast, another Prx1-
CreERT2-initiated tumor that expressed M-Mitf did cluster with
human clear cell sarcoma.

Further comparative analysis of the RNA-sequencing expres-
sion profiles of the two Prx7-lineage and the two Bmi1-lineage
tumors, both sets from the same anatomic locations, identified
a number of consistently differentially expressed genes. Three
of the top ten genes more highly expressed in Prx1-CreERT2;
Rosa265" were Crif1, which is present in osteoblasts and chon-
drocytes, along with Saa7 and Saa2, which are upregulated in
differentiated compared to undifferentiated mesenchymal stem
cells (Clancy et al., 2003; Kovacevic et al., 2008).

To better evaluate the difference between the Bmi
Rosa2654" and Prx1-CreERT2;Rosa2654" tumors, we performed
RT-PCR on a panel of additional samples. This revealed that
some Prx1-lineage tumors indeed expressed M-Mitf and Tyros-
inase but not all (Figure 8A). All Bmi1-lineage tumors expressed
these melanocytic markers. Interestingly, the Prx1-lineage tumor
that did not express Nestin also did not express M-Mitf or

CreERT2.
1 ;
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Tyrosinase. An additional Prx1-lineage tumor failed to express
Tyrosinase only. This may indicate that between the stem-like
state of Bmi1 expression and the progenitor state of Prx71
expression Nestin, M-Mitf, and Tyrosinase are epigentically
silenced (Figure 8B).

EWS-ATF 1-driven
transformation

DISCUSSION

A few mouse genetic models of translocation-associated
sarcomas have been described over the last decade, including
models of alveolar rhabdomyosarcoma expressing PAX3-
FKHR (Keller et al., 2004a, 2004b; Keller and Capecchi, 2005),
myxoid liposarcoma expressing FUS-CHOP (Pérez-Losada
et al.,, 2000), and synovial sarcoma expressing SS718-SSX2
(Haldar et al., 2007, 2008, 2009). The last of these used means
of transcriptional control of the fusion oncogene similar to
those used in the current study, with expression in Cre/loxP
conditional fashion from the Rosa26 locus. The model of synovial
sarcoma also demonstrated fully penetrant tumorigenesis when
initiated by Rosa26°ER or Myf5Cre (Haldar et al., 2009).
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Lineages Differ by Expression Profile

(A) RT-PCR analysis of the indicated transcripts on
total RNA isolated from Bmi7- and Prx1-lineage
tumors (arrow points to the correct band).

(B) Working model of the impact of early differen-
tiation within multipotent mesenchymal progeni-
tors on the possibility of transdifferentiation to
express melanocytic markers upon clear cell
sarcomagenesis driven by EWS-ATF1.

Comparison of the two models highlights
the brief latency to tumorigenesis fol-
lowing expression of EWS-ATF1 initiated
by Rosa26°ER. The synovial sarcoma
model develops tumors after a year,
rather than within 3 months. Further,
expression of SS78-SSX2 in most cells,
in vitro or in vivo, was toxic. The very rapid
onset of visible tumors in the mouse CCS
model relative to synovial sarcoma sug-
gest that fewer additional hits may be
required to foster progression of the
tumor. This may represent a fundamental
difference between the biology of the two
fusion oncogenes, as all other aspects of
the models are the same.

It has not escaped our notice that the
extreme oncogenicity of EWS-ATF1 in
mice contrasts with the rare incidence of
formally diagnosed CCS in humans. A
potential explanation for this discrepancy
is the possibility that EWS-ATF1 involve-
ment in human tumorigenesis remains
underappreciated. t(12;22) (q13;912)
chromosomal translocation and resultant
fusion oncogenes are identified only
when pursued in clinical tumors. The widening range of tumors
recently found to bear EWS-ATF1, such as angiomatoid fibrous
histiocytoma and clear cell carcinoma of the salivary gland (An-
tonescu et al., 2011; Chen et al., 2011; Mangham et al., 2010;
Ren et al., 2009), suggests that more may yet be identified in
the near future. Second, the observed toxicity to embryonic
development in the mouse by the early expression of the
EWS-ATF1 fusion gene may greatly limit the acceptable time
frame for the formation of the required t(12;22) chromosomal
translocation in humans. Finally, not all balanced chromosomal
translocations arise with equal frequency, and the formation of
the t(12;22) translocation responsible for CCS may be the rate
limiting step for this malignancy.

Different cells of origin impacted features of the tumors
resulting from EWS-ATF1 expression. Tumors from both the
Bmi1 and Prx1 postnatal lineages developed in nearly identical
anatomic locations (in the muscle and from the periosteal
surface of bones) and fit the histologic appearance of
human CCS, but the Prx7-lineage tumors did not consistently
express the melanocytic markers M-Mitf and Tyrosinase. The


http://www.tracker-software.com/buy-now
http://www.tracker-software.com/buy-now

M-Mitf-expressing Prx1-lineage tumors fit the general expres-
sion signature of human CCS. Those not expressing M-Mitf did
not. This observation may explain the fact that not all human
CCSs clearly express melanoma markers. All four human tumors
used for expression profiling were typical M-Mitf-expressing
melanoma-like CCSs. Perhaps, the Prx7-induced mouse tumor
that did not express M-Mitf might have fit better with a broader
group of human CCSs.

Expression of Nestin has previously been reported in human
CCS cell lines (Dimas et al., 2008). All Bmi1-lineage tumors ex-
pressed Nestin and the melanocytic markers, whereas variable
Nestin expression in Prx1-lineage tumors predicted expression
of the melanocytic markers. Nestin has previously been proven
to be a marker of stemness in mesenchyme (Méndez-Ferrer
et al., 2010) and to overlap with the Bmi7 lineage and partly
with the Prx1 lineage. This evidence along with the colabeling
experiments showing Prx1 expression within the Bmi1 lineage
suggests that the differentiation steps between Bmi7-expressing
cells and Prx1-expressing cells include a gradual loss of stem-
ness. The epigenetic state may render the melanocytic markers
unavailable for upregulation by ATF constitutive activation alone
(Figure 8B).

Many have argued in the past about the origin of the melano-
cytic features of human CCS, variably attributing them to either
cell of origin or transformation by EWS-ATF1, which also upregu-
lates M-Mitf. Although we have not ruled out the possibility that
melanocytes or their precursors might also offer sufficient cells
of origin, the tumors we have induced in mesenchyme actually
bolster both prior arguments. CCS transformation can enable
transdifferentiation that includes melanocytic markers but only
from certain cells of origin. Perhaps a cell’s reprogrammability,
even during aggressive transformation from expression of
a powerful fusion oncogene, remains at least partly checked
by its antecedent differentiation state.

This mouse model will enable additional dissection of the
ATF pathway’s impact on oncogenesis in vivo. Further, the
model is ideally suited to preclinical testing of targeted therapies
for this and other CCS pathways. Administration of TAT-Cre
produces visible tumors within a few weeks and avoids any
pleiotropic developmental effects from toxicity of the fusion
oncogene expressed across an entire tissue. These tumors are
well localized, offering a reasonable model for the study of
metastasis. Unlike delivery of Cre with a virus, a single molecule
of TAT-Cre cannot readily diffuse to a great distance or travel
through the blood stream to a distant site and induce recombina-
tion, as at least two molecules of the TAT-Cre protein must
enter any given cell to catalyze the recombination event (Joshi
et al., 2002).

Because of the low frequency of sarcomas, the most critically
scarce resource for developing more effective therapeutic strat-
egies for these malignancies is patients themselves. It is not easy
to assemble sufficient numbers of patients for carrying out
subtype-specific sarcoma clinical trials. Therapeutic strategies
must be optimized and prioritized in the preclinical arena before
advancing to clinical trial. Authenticated mouse models could
serve this purpose. Genomic sequencing and profiling has vastly
increased the ability to test the authenticity of a mouse model’s
recapitulation of human malignancy. Once established as an
excellent facsimile to the human cancer, a mouse model can

be used not only to interrogate cancer mechanisms and identify
pertinent therapeutic targets but also as a platform for assess-
ment of drug efficacy. Successful candidate therapeutic strate-
gies could be then moved to human trials with greater assurance
of success.

In summary, we have shown that the oncogenic fusion protein
that characterizes CCS is sufficient to initiate CCS-like tumors in
mice that recapitulate human CCS in terms of cell morphology,
immunohistochemistry, and genome-wide expression. This
fusion gene generates two distinguishable tumor types in mice
that also reflect similar variance in morphology and tissue distri-
bution seen in humans (i.e., principally falling in two classes:
those that resemble melanomas because of the expression of
M-Mitf and its target genes and those that do not). The apparent
difference in cells of origin of these two potential subclasses
described herein with mice may provide an explanation of why
human CCS commonly, but inconsistently, displays the classical
melanocytic features.

EXPERIMENTAL PROCEDURES

Targeted Mouse Line Production

Human EWS-ATF1 cDNA was obtained by RT-PCR of total RNA from eight
histologically and immunohistochemically confirmed clear cell sarcoma
tumors. The total RNA was obtained as deidentified patient sample through
an approved University of Utah Institutional Review Board Protocol. PCR
was used to identify tumors that contained the type 1 EWS-ATF1 fusion
gene. After screening, the cDNA sample was used to amplify the entire fusion
oncogene. The cDNA clone was subcloned into the Rosa26UA plasmid using
Ascl and Fse1 Sites. This plasmid contained the Loxp-pgk-Neo-tPA-Loxp-
Ascl-Fhel-IRES-EGFP within the Rosa26 homology arms, and the final target-
ing construct contained Loxp-pgk-Neo-tPA-Loxp-EWS-ATF1-IRES-EGFP.
Genotyping protocol and further details on gene targeting used can be found
in the Supplemental Experimental Procedures.

Animals, Radiograph, Tissue Preparation, and
Immunohistochemistry

All mouse experiments were performed in accordance with humane practices,
national and international regulations, and with the approval of the University
of Utah Institutional Animal Care and Use committee. Radiographs were
obtained postasphyxiation using a Carestream 4000 Pro-Fx instrument
(Carestream Molecular Imaging, Woodbridge, CT, USA).

Mouse tumors were extracted after asphyxiation and were fixed overnight in
4% paraformaldehyde prior to embedding in paraffin. Immunostaining and
tissue preparation along with antibodies used are described in the Supple-
mental Experimental Procedures.

Transcriptome Analysis

A portion of each tumor was snap frozen for delayed total RNA extraction using
the QIAGEN RNeasy Mini kit (QIAGEN, Valencia, CA, USA). RT-PCR was
performed with random hexamer primers to generate cDNAs, followed by
PCR for specific transcripts (Supplemental Experimental Procedures).

For RNA sequencing, total RNA was prepared using an lllumina TruSeq RNA
sample prep kit (Illumina, San Diego, CA, USA) and quality checked with an
Agilent Bioanalyzer RNA 6000 chip (Agilent Technologies, Santa Clara, CA,
USA). mRNAs were captured by oligodT magnetic beads and fragmented.
Library quality was then checked by Nanodrop analysis (Thermo Scientific,
Wilmington, DE, USA), gPCR quantitation using lllumina primers, and another
bioanalyzer run. Sequencing was performed on an lllumina HiSeq 2000
machine (lllumina) using a 50-cycle single-end read. PhiX control library reads
were added to each lane for quality assurance. Reads were then aligned with
the mm9 mouse genome. Basic clusterings were performed using GeneSifter
software (Geospiza, Seattle, WA, USA). Methods used to classify tumor type
using RNA-seq data can be found in the Supplemental Experimental
Procedures.
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The RNA-seq data have been deposited in NCBI's Gene Expression Omnibus
(http://www.ncbi.nlm.nih.gov/geo/) and are accessible through the GEO series
accession number GSE41293. Human microarray data have been deposited in
NCBI's Gene Expression Omnibus and are accessible through the GEO series
accession number GSE43045.

SUPPLEMENTAL INFORMATION

Supplemental Information includes three figures, five tables, and Supple-
mental Experimental Procedures and can be found with this article online at
http://dx.doi.org/10.1016/j.ccr.2012.12.019.
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SUMMARY

Integrated genomic analyses revealed a miRNA-regulatory network that further defined a robust integrated
mesenchymal subtype associated with poor overall survival in 459 cases of serous ovarian cancer (OvCa)
from The Cancer Genome Atlas and 560 cases from independent cohorts. Eight key miRNAs, including
miR-506, miR-141, and miR-200a, were predicted to regulate 89% of the targets in this network. Follow-up
functional experiments illustrate that miR-506 augmented E-cadherin expression, inhibited cell migration
and invasion, and prevented TGFB-induced epithelial-mesenchymal transition by targeting SNAI2, a tran-
scriptional repressor of E-cadherin. In human OvCa, miR-506 expression was correlated with decreased
SNAI2 and VIM, elevated E-cadherin, and beneficial prognosis. Nanoparticle delivery of miR-506 in ortho-
topic OvCa mouse models led to E-cadherin induction and reduced tumor growth.

INTRODUCTION

Ovarian carcinoma (OvCa) is the most lethal gynecologic malig-
nancy in the United States, with 22,280 new cases and 15,460
deaths estimated for 2012 (Siegel et al., 2012). The high rate of
lethality from OvCa is primarily due to the advanced stage of
disease at diagnosis. Early stage cancers can be cured in up

to 90% of patients with current therapies (Bast et al., 2009),
but these rates drop substantially in patients with advanced
disease. Approximately 30% of patients with advanced stage
OvCa survive 5 years after initial diagnosis (Jemal et al., 2004).

Unlike cancers in other organ sites, OvCa can spread by direct
invasion to adjacent organs or by transport throughout the peri-
toneal cavity via peritoneal fluid (Naora and Montell, 2005).

Significance

tool for patients with OvCa.

Ovarian cancer (OvCa) is one of the most lethal malignancies in women. Identification of molecular subtypes and corre-
sponding molecular driver events is critical for the development of new therapies for patients with OvCa. Although accumu-
lating evidence illustrates that epithelial-mesenchymal transition (EMT) plays an important role in OvCa progression, the
driving molecular events are largely unknown. Our studies identified and validated miR-506, a key node in the microRNA
regulatory network, as an EMT inhibitor in OvCa by targeting SNA/2. Nanoparticle delivery of miR-506 can suppress EMT
and reduce tumor growth in orthotopic mouse models of OvCa, suggesting miR-506 may serve as a potential therapeutic
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Because of the diffuse nature of OvCa, surgery alone rarely leads
to complete tumor resection. Postoperative platinum and taxane
chemotherapy is required. Although 70% of patients with OvCa
initially experience a response to therapy, most eventually die of
disease recurrence (Bast et al., 2009; Jemal et al., 2004). A better
understanding of the mechanisms involved in OvCa invasion and
more effective therapeutic approaches are urgently needed.

Emerging evidence suggests that acquisition of invasiveness
in OvCa cells is accompanied by the loss of epithelial features
and the gain of a mesenchymal phenotype, a process known
as epithelial-to-mesenchymal transition (EMT) (Cao et al.,
2011; Rosano et al., 2011). Tothill and colleagues investigated
the gene expression profiles of 285 OvCa cases and reported
that a mesenchymal subtype had relatively poor overall survival
(Tothill et al., 2008). The recent publication by The Cancer
Genome Atlas (TCGA) network recapitulated the mesenchymal
subtype among close to 500 serous histological subtype of
OvCa cases on the basis of transcriptome data (Cancer Genome
Atlas Research Network, 2011). However, there was no correla-
tion between the transcriptome mesenchymal subtype and over-
all survival in the TCGA data set. The driving molecular events
behind the mesenchymal subtype in OvCa are poorly under-
stood and need to be elucidated.

MiRNAs are a class of small noncoding RNA (~22 nt) that
regulate gene expression by binding to the 3’'-untranslated
region (3-UTR) of target genes triggering message RNA
(mMRNA) degradation or protein translation inhibition (Bagga
et al., 2005). Aimost 1,000 miRNAs have been identified in the
human genome and are thought to regulate 30% of the transcrip-
tome (Esquela-Kerscher and Slack, 2006). Most recently, several
miRNAs, including miR-200 family members, have been found to
regulate EMT by targeting E-cadherin repressors ZEB1 and
ZEB?2 (Gregory et al., 2008; Park et al., 2008).

In this study, we took an integrated approach and analyzed
multidimensional data from 459 serous OvCa cases in TCGA
to uncover the underlying molecular network of mesenchymal
subtype of ovarian cancer.

RESULTS

Identification of TCGA Mesenchymal Signature Gene
Sets Associated with DNA Copy Number Alterations,
Promoter Methylation, and miRNA Expression

A consensus clustering analysis of expression data among
serous OvCa cases led to the identification of four transcrip-
tional subtypes: differentiated, immunoreactive, proliferative,
and mesenchymal (Cancer Genome Atlas Research Network,
2011). These four subtypes (based solely on mRNA expression)
were not significantly associated with survival differences
(Cancer Genome Atlas Research Network, 2011). We hypothe-
sized that integrating mRNA expression with associated alter-
ations in genomic, epigenetic, and miRNA systems would allow
us to identify molecular driver events and characterize clinically
relevant subtypes.

The mRNA, miRNA, DNA copy number, and DNA methylation
data on 459 clinical annotated OvCa cases were obtained
from TCGA Data Portal (http://tcga-data.nci.nih.gov/tcga/
findarchives.htm). We first identified 2,942 genes that were
significantly overexpressed (FDR < 1%) in the mesenchymal

Cancer Cell 23, 186-199, February 11, 2013 ©2013 Elsevier Inc.

subtype relative to other TCGA-defined subtypes. Next, a multi-
variate linear regression model (see Experimental Procedures)
was performed to search for genes whose expression was
correlated with copy number alteration (CNA), DNA methyla-
tion, or associated miRNA expression. This analysis narrowed
the list to 253 genes that were potentially regulated by these
three genetic and epigenetic mechanisms. A set of 219
genes was predicted to be targeted by 19 miRNAs (Figure 1;
see also Table S1 available online). These miRNA-associated
genes included EMT inducers SNAI2 and ZEB2. The well-char-
acterized mesenchymal regulators miR-141 and miR-200a
were among the 19 identified miRNAs. The remaining two
sets represent 26 CNA-associated and nine methylation-
associated genes (Figure 1; Table S1). Twenty-three of the
26 CNA-associated genes, including STAT3, are located in
chromosomal regions 19913 and 17g11-g21, two regions re-
ported to be frequently deleted in OvCa (Cancer Genome Atlas
Research Network, 2011). The methylation-associated genes
include IL20RA, which is frequently methylated in primary
lung adenocarcinomas and lung cancer cell lines (Tessema
et al., 2008).

MiRNA-Associated Genes Identified a Mesenchymal
Subtype Associated with Poor Overall Survival

The above analysis showed that 259 of the 2,942 TCGA mesen-
chymal subtype-associated genes were correlated with CNA,
methylation, or miRNA alterations. Most of these genes were
members of a mMiIRNA-mRNA regulatory network. We sought to
determine whether the miRNA-associated gene set could be
used to further characterize a mesenchymal subtype in OvCa.
Consensus K-means clustering of 459 OvCa cases, based on
219 miRNA-associated genes, identified two clusters (Figure 2A),
with clustering stability decreasing for larger K values (K = 2-6).
Cluster 1, including 172 OvCa cases, formed a tight cluster, with
higher expression of miRNA-associated genes. The majority of
patients with cluster 1 OvCa (98%; 169 of 172 cases) had
advanced stage (stages Il and IV) disease (p < 107, two-sided
Fisher’s exact test; Figure 2B; Table S2) and significantly shorter
overall survival durations (p = 0.02, log-rank test; Figure 2B) than
cluster 2 patients in whom miRNA-associated genes were
consistently downregulated. Cluster 1 remained a predictor of
poor patient overall survival (hazard ratio = 0.87, p = 0.058) on
Cox multivariate analysis, after adjusting for patient age and
tumor stage. When only CNA or methylation-associated gene
sets were used, the groups were not clinically distinguishable
(Figures S1B and S1F).

The clustering analysis based on the 219 miRNA-associated
genes was then performed on three independent cohorts (Tothill,
Bentink, and Bonome data sets; Table 1) with 246, 129, and 185
serous OvCa cases, respectively (Bentink et al., 2012; Bonome
et al,, 2008; Tothill et al., 2008). In all three data sets, the
miRNA-associated genes characterized two distinct subtypes
that were associated with overall survival (Figures 2C-2H; Table
S2). This suggests the miRNA-associated genes robustly mani-
fest a clinically relevant mesenchymal subtype in serous OvCa.
We designated cluster 1 as the integrated mesenchymal subtype
(iM) and cluster 2 as the integrated epithelial subtype (iE). An
evaluation of hematoxylin and eosin (H&E)-stained tumor tissue
sections from TCGA revealed that iE cases exhibited papillary
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Figure 1. Integrated View of Mesenchymal Signature Genes Regulated by Copy Number, Methylation, and MiRNA

Integrated Circos plot shows mesenchymal signature genes regulated by copy number (CN), methylation, and miRNA. An ideogram of a normal karyotype is
shown in the outer ring. The next outermost ring represents copy number as a function of genomic coordinates. (Red represents amplification and green
represents deletion. Dark red and dark green indicate median CN values across all patients, and lighter red and green indicate the 25 and 75" percentiles. The
vertical axis ranges from —1 to +1 on a log, scale.) The next ring represents the amount of DNA methylation: dark blue indicates the median methylation beta
value, and light blue indicates the 75™ percentile. The vertical axis ranges from 0 to 1, and methylation data are averaged using variable-width bins along the
genomic axis (25 CpG probes per bin). In the center of the figure, each arc indicates a predicted regulatory relationship between a miRNA (solid circle) and a gene
(arrow). The colored arcs represent predicted regulation by the eight key miRNAs, whereas the gray arcs represent regulation by the remaining 11 miRNAs.
Outside the ideogram, the miRNAs are colored the same as the corresponding arc. Outside the miRNA, labels are the miRNA-associated genes (red), CNA-

associated genes (green), and methylation-associated genes (blue). Detailed information on each group of genes is listed in Table S1.
See also Figure S1.

adenocarcinoma with frond-like projections on thin fibrovascular  lacked well-organized epithelial structures, and contained elon-
cores covered by typical cobblestone-like epithelial cells, gated tumor cells and weaker connections between tumor cells,
resembling fallopian tube epithelium. In contrast, iM cases resembling mesenchymal cells (Figure 2I).
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Figure 2. Consensus Clustering Based on 219 miRNA-Associated Genes Identified iM and iE Subtypes

(A, C, E, and G) Consensus K-means clustering (K = 2) identified two clusters based on the expression levels of 219 miRNA-associated mesenchymal genes in 459
TCGA cases (A), 246 Tothill cases (C), 129 Bentink cases (E), and 185 Bonome cases (G). The cases are stratified into iM and iE subtypes as shown by a color code
at the top of the panel (integrated subtype [I-Sub]). Detailed subtype and clinical information is listed in Table S2. For (A), each sample is further labeled in the
middle row of color bands for the TCGA transcriptional subtype (T-Sub).

(B, D, F, and H) Kaplan-Meier overall survival curves for the OvCa iM and iE subtypes in the TCGA (B), Tothill (D), Bentink (F), and Bonome cases (H) data sets. For
(B), the y-axis is log scale and the inserted bar chart shows the distribution of tumor stages in the iM and iE subtypes in the TCGA data set. Cases are categorized
by clinical stages. The number and percentage of tumors in the iM and iE clusters (red, iM; green, iE) are indicated for each stage. Numbers do not add up because

of missing values.

(I) Representative H&E-stained images of iEs and iMs in grade 2 and 3 tumors from the TCGA data set. Scale bar represents 100 pm.
See also Figure S2 and Table S2.

Compared with the four TCGA-identified transcriptional
subtypes, the iM included nearly all (103 of 105; p < 1075,
two-sided Fisher’s exact test; Figure 2A) transcriptional mesen-
chymal subtype cases, as well as 69 cases from other TCGA-
defined subtypes (12, 32, and 25 cases from the proliferative,

immunoreactive, and differentiated subtypes, respectively;
Table S2). We evaluated the expression pattern of epithelial
and mesenchymal markers (CDH1 [E-cadherin], FN1, VIM,
SNAI1, SNAI2, and ZEBT) in these 69 iM cases previously
defined as other subtypes solely on the basis of mRNA

Cancer Cell 23, 186-199, February 11, 2013 ©2013 Elsevier Inc. 189
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Table 1. Clinicopathologic Information of the OvCa Patient Cohorts

TCGA Tothill Bonome Bentink® Tianjin Bagnoli
Number 459 246 185 129 92 55
Age (SD) 60 (11) 60 (10) 62 (12) 61 (14) 55.5 (12) 56 (12)
Stage
1l 23 10 0 1 15 0
1] 359 199 144 109 63 45
vV 73 21 41 19 7 10
Tumor Grade
G2 57 88 40 NA 43 7
G3 392 145 144 NA 47 43
Surgical Outcome
Optimal 289 131 90 98 50 24
Suboptimal 114 65 95 28 42 31
Vital Status
Living 203 132 56 56 47 23
Deceased 251 110 129 73 45 32
Follow-Up
Median (range) 31 (1-179) 28 (1-214) 38 (1-164) 31 (1-91) 25 (1-79) 36 (7-91)
Subtype
iE 287 140 102 71 NAP NAP
iM 172 102 83 58 NAP NAP
Source TCGA GSE9891 GSE26712 MTAB386 TCH GSE25204

Numbers do not add up because of missing information in some cases. NA, not applicable; TCH, Tianjin Cancer Hospital.
3For Bentink Data set, both mRNA and miRNA microarray data are available.
PNo iM/iE subtype was assigned because only miRNA expression data are available.

expression data and found that they showed distinct expression
patterns compared with the iE cases in the same transcriptional
subtype (Figure S2A). For instance, in the immunoreactive
subtype, 32 and 67 cases were assigned to the iM and iE
subtypes, respectively. The expression of the mesenchymal
markers SNAI2 and FN1 was significantly upregulated by more
than 2-fold in the 32 iM cases compared with that in the 67 iE
cases in the same immunoreactive subtype (p < 10~%). Remark-
ably, we observed a significantly poorer overall survival (p = 0.04,
log-rank test; Figure S2B) in the 32 iM cases than in the 67 iE
cases. Similar trends were observed in the proliferative subtype
(Figure S2C). We also assigned the iM/iE subtype classification
for the transcriptional subtypes in the Tothill data set. The 13
iM cases and 32 iE cases in the Tothill “C2” subtype have
enough sample size for us to compare the EMT marker expres-
sion and overall survival duration (Table S2). Similar to our
comparison in TCGA data set, the iM cases showed significant
overexpression in mesenchymal makers (Figure S2E) and
shorter overall survival (p = 0.05, Figure S2F) than the iE cases
in the same C2 subtype. The results suggested that iM/IE
subtype could further classify transcriptional subtypes into clin-
ically relevant groups in multiple data sets.

Key miRNAs’ Regulatory Role in the iM OvCa Subtype

The finding that only 219 miRNA-associated genes character-
ized the poor prognostic mesenchymal subtype strongly
suggested that the OvCa mesenchymal phenotype is likely gov-
erned by a miRNA regulatory network. Of the 19 miRNAs identi-

190 Cancer Cell 23, 186-199, February 11, 2013 ©2013 Elsevier Inc.

fied in our analysis, eight (miR-25, miR-506, miR-29¢c, miR-182,
miR-128, miR-101, miR-141, and miR-200a) were predicted to
regulate 89% (195 of 219) of the miRNA-associated genes
(Figures 3A and 3B; Table S3). In addition to having binding sites
in the 3’-UTRs of their predicted targets, these eight miRNA were
also inversely correlated with the expression levels of their pre-
dicted targets (FDR < 0.01, based on linear regression model).

Our analysis showed that miR-141 and miR-200a regulated 22
and 24 genes (Table S3), respectively, including ZEB2. Both
miR-141 and miR-200a belong to the miR-200 family, and
miRNAs in this family have been demonstrated to prevent EMT
by targeting ZEB1 and ZEB2 in multiple cancer types (Gregory
et al., 2008; Park et al., 2008). Consistently, these two miRNAs
were downregulated in the iM subtype (p < 1078, Wilcoxon
rank-sum test; Figure 3C). Besides the miR-200 family, miR-
128 was predicted to target 27 genes (Table S3), and was signif-
icantly downregulated in the iM subtype (p < 102, Wilcoxon
rank-sum test; Figure 3C; Table S4). Previous studies have
also shown that miR-128 inhibits tumor cell migration and inva-
sion in neuroblastoma (Evangelisti et al., 2009).

The three miRNAs predicted to regulate the largest number of
targets are miR-25, miR-506, and miR-29c (regulating 49, 35,
and 32 targets, respectively; Table S3). In nasopharyngeal carci-
nomas, miR-29c has been shown to inhibit metastasis by
targeting SPARC, LAMC1, COL4A1, COL4A2, and other mesen-
chymal markers implicated in invasion and metastasis (Sen-
gupta et al., 2008). These molecules were also predicted to be
targets of miR-29c in our network (Figure 3A; Table S3). Among
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the three miRNAs, miR-506 exhibited the most significant down-
regulation in the iM subtype (p < 2.2 x 10~ ¢, Wilcoxon rank-sum
test; Figure S4A; Table S4). In addition, 35 mesenchymal signa-
ture genes, including the E-cadherin transcriptional repressor
SNAI2 (aka SLUG), were significantly inversely correlated with
miR-506 expression in the 459 TCGA OvCa cases (p = 1.24 X
107 for SNAI2; Figures S4B and S4C).

MiR-506 Promoted the Epithelial Phenotype In Vitro and
Directly Targeted SNAI2

To determine whether forced expression of miR-506 can
promote epithelial phenotype, we transfected SKOV3 cells with
either miR-506 mimic (miR-506) or a scrambled negative micro-
RNA control (miR-Ctrl). MiR-506 overexpression significantly
increased CDH1 mRNA levels, while the mesenchymal markers
SNAI2 and VIM were downregulated by miR-506 (Figure 4A).
Consistently, forced miR-506 expression also increased
E-cadherin and markedly decreased SNAI2 protein expression.
Another mesenchymal marker, N-cadherin, was also downregu-
lated by miR-506 (Figure 4B). These results suggest that cells
with miR-506 overexpression gained an epithelial signature
characterized by E-cadherin expression induction and mesen-
chymal marker suppression.

To further confirm these results, we performed immunofluo-
rescence staining to directly visualize the effect of miR-506 on
E-cadherin expression, localization, and cell morphology. As
shown in Figure 4C, miR-506-transfected SKOV3 cells showed
epithelial cell features, characterized by aggregated cells (Fig-
ure 4C, left panel); immunofluorescence staining revealed that
E-cadherin protein was localized on the membrane at cell-cell
junctions and formed a typical cobblestone structure, indicative
of epithelial cells (Figure 4C). In addition, F-actin distribution was
rearranged to a cortical pattern, which is another hallmark of the
epithelial phenotype (Figure 4C). In contrast, the cells trans-
fected with miR-Ctrl showed mesenchymal phenotype indicated
by an absence of E-cadherin on the cell membrane and rear-
rangement of F-actin from a cortical to a stress-fiber pattern (Fig-
ure 4C). In addition, ectopic miR-506 expression decreased cell
migration compared with miR-Ctrl transfected cells, as indicated
by a wound-healing assay (Figure 4D). An invasion assay re-
vealed similar results, in which miR-506 expression significantly
decreased invaded cell numbers by more than 5-fold compared
with in miR-Ctrl-transfected cells (Figure 4E).

E-cadherin is a critical protein that determines epithelial cell
phenotype, and lack of E-cadherin is believed to be a driving
event for EMT and cancer invasion and metastasis (Thiery
etal., 2009). E-cadherin is regulated by a number of transcription
factors, including the repressor SNAI2 (Peinado et al., 2007).
TargetScan predicted three miR-506 binding sites in the
3'-UTR of the SNAI2 gene (Figure 4F). Our computational and
functional study results provided evidence that miR-506 down-
regulated SNAI2 and upregulated E-cadherin. We performed
luciferase reporter assay to examine whether miR-506 directly
targeted SNA/I2. We cloned the 3'-UTR of SNAI2 into the
pGL3-ctrl vector and generated pGL3-SNA/2 constructs.
Cotransfection of pGL3-SNA/2 and miR-506 resulted in a
72.2% reduction in luciferase activity compared with that after
cotransfection with miR-Ctrl, suggesting that miR-506 directly
targets SNAI2 (Figure 4F). To further confirm that miR-506

specifically regulates SNAI2 through the predicted binding sites,
we generated the control construct-pGL3-SNAI2-Mu, in which
the miR-506 binding site sequences on the 3'-UTR of SNA/2
were deleted. We then cotransfected this construct with miR-
506 mimic or miR-Ctrl into cells. We observed that deletion of
the miR-506 binding sites from the 3'-UTR of SNA/2 abolished
the effect of miR-506 on luciferase activity (Figure 4F). To deter-
mine whether miR-506’s inhibition of EMT was mediated by
SNAI2, we established SKOV3 cells overexpressing SNAI2
from expression vector without the 3’-UTR (Figures S4D and
S4E). As shown in Figure S4F, SKOV3 cells overexpressing
SNAI2 had decreased expression of E-cadherin protein and ex-
hibited elongated mesenchymal cell morphology. In contrast,
knockdown of SNAI2 by three different siRNAs led to increased
E-cadherin protein levels and typical cobblestone epithelial cell
morphology (Figures S4G). Notably, overexpression of SNAI2
abolished miR-506’s induction of E-cadherin (Figure 4G). These
results confirmed that miR-506 specifically targeted the 3’-UTR
of SNAI2 and thus inhibited SNA/2 gene expression, leading to
E-cadherin upregulation.

MiR-506 Blocked Transforming Growth Factor
B-Induced EMT In Vitro

Previous studies have established that transforming growth
factor-p (TGFB) is a robust inducer of EMT in multiple cell types
(Zhu et al., 2010). Consistent with these findings, our pathway
analysis revealed that the TGFf pathway was significantly upre-
gulated in iM subtypes (p < 10~%; Figure S5; Table S5). Conse-
quently, we sought to determine whether miR-506 affected
TGFB-induced EMT in OvCa cells. We treated OVCA420 and
OVCA433 cells with TGFp after transfecting miR-506 or miR-
Ctrl. In miR-Ctrl-transfected OVCA420 cells, TGFB treatment
induced SNAI/2 by 6-fold and suppressed CDH1 expression by
2-fold at the mRNA level (p < 0.05, Figure 5A). In contrast,
miR-506 overexpression abolished TGFB-induced alterations
of EMT markers (Figure 5A).

We next performed immunofluorescence staining to evaluate
the morphologic changes in these cells. After TGFp treatment,
OVCA420 cells transfected with miR-Ctrl underwent a morpho-
logic change characterized by elongated cells, a marked spread-
ing growth pattern together with an absence of E-cadherin on the
cell membrane and strong F-actin stress fibers, suggesting
augmented mesenchymal features compared with untreated
cells (Figure 5B). In contrast, miR-506 transfection blocked the
TGFp-induced mesenchymal phenotype, promoting an epithelial
phenotype characterized by E-cadherin localization at cell-cell
junctions and cortical F-actin staining (Figure 5B). Consistently,
miR-506 treatment blocked TGFB-induced invasion (Figure 5C).
Similar results were also observed in OVCA433 cells (Figures
5D-5F).

MiR-506 Expression Was Associated with Increased
E-Cadherin, Decreased SNAI2 and VIM, and Longer
Overall Survival Duration in Serous OvCa

While the TCGA database allowed us to evaluate the association
between miR-506 and CDH1 and SNAI2 mRNA levels, protein
level data were not available in this data set. To further investi-
gate this proposed regulation in OvCa samples, we acquired
a cohort of 92 clinically annotated serous OvCa tumor samples

Cancer Cell 23, 186-199, February 11, 2013 ©2013 Elsevier Inc. 191
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Figure 3. Core miRNA-Gene Network, Including Eight Key miRNAs and Their Targets

(A) The miRNA-gene network shows the relationships between eight key miRNAs and EMT signature genes they are predicted to regulate. The size of each gene
node indicates the number of predicted key miRNAs regulators; the colors indicate the annotated function of the gene. Only genes with GO and KEGG anno-

tations are shown in

this network.
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from Tianjin Cancer Hospital (TCH). In this cohort, the median
follow-up duration was 25 months (range, 1-79 months).
Fifty-one percent of patients were alive at the last follow-up.
The median overall survival duration of the cohort was similar
to those in the TCGA and Tothill data sets. Detailed clinical infor-
mation was described in Table S6. MiR-506 was measured using
real-time RT-PCR analysis in frozen tissues and miRNA in situ
hybridization on tissue microarrays (TMAs) of formaldehyde-
fixed, paraffin-embedded tissues from the same patients. Both
methods revealed consistent results for miR-506 expression
(Figures 6A and 6B). At the same time, we performed H&E and
immunohistochemical staining for SNAI2, E-cadherin, and VIM
on the TMAs. Consistent with our observations from TCGA
samples, tumors with low miR-506 expression exhibited a
more mesenchymal phenotype, with elongated tumor cells and
weaker connections between tumor cells, whereas those with
high miR-506 expression exhibited more epithelial characters,
such as displaying a papillary structure with frond-like pro-
jections on thin fibrovascular cores covered by typical cobble-
stone-like epithelial cells (Figure 6A). Moreover, miR-506 expres-
sion was inversely correlated with SNAI2 and VIM protein
expression (p = 0.008 and 0.03, respectively) and positively cor-
related with E-cadherin protein expression (p = 0.004) (Figures
6A and 6B). Remarkably, high miR-506 expression was signifi-
cantly correlated with longer overall survival in the univariate
model (log-rank p = 0.045, Figure 6C) and multivariate model
(hazard ratio = 0.72, p = 0.05). In TCGA data, the patients with
high miR-506 and low SNA/2 expression have significantly
longer overall survival and progression free survival (Figures
S4H and S4l) compared to those with low miR-506 and high
SNAI2 expression. To further confirm miR-506’s association
with good prognosis in ovarian cancer, we obtained two miRNAs
microarray data sets from GEO and ArrayExpress (Bentink Data
set and Bagnoli Data set, Table 1) with 129 and 55 OvCa cases,
respectively. In both data sets, miR-506 expression is signifi-
cantly associated with longer progression-free survival (log-
rank p = 0.02 and 0.0006 for Bentink and Bagnoli Data sets,
respectively, Figures 6D and 6E).

Next, we sought to explore the mechanisms for the attenuated
expression of miR-506 in patients with poor clinical outcome.
Integrated analysis of copy number and miRNA expression
data in TCGA showed miR-506 expression was not associated
with copy number alterations. Interestingly, we performed a
demethylation experiment by treating ovarian cancer cells with
5-azaC and found an induction of miR-506 (Figure S6A). To
more directly evaluate the methylation status of the miR-506 pro-
moter in serous OvCa patient tumors, we identified five CpG
sites in the promoter region of miR-506 (Figure S6B). Although
the TCGA methylation microarray does not contain the five sites
that would allow us to directly evaluate the methylation status of
the miR-506 promoter in the TCGA data, we performed quantita-
tive pyrosequencing following sodium bisulfite treatment of

DNAs isolated from the ovarian cancer tissues in the Tianjin
cohort. Our results showed that among the five methylation sites
we interrogated, two displayed trends of negative correlation
between methylation and miR-506 expression (p = 0.06 and
0.15 for sites 5 and 1, respectively, Figure S6C).

Systematic Delivery of miR506 Inhibited SNAI2 and VIM
and Induced E-Cadherin expression in vivo

To further verify miR-506’s role and to determine the therapeutic
efficacy of miR-506, we established OvCa orthotopic mouse
models using two serous OvCa cell lines (SKOV3-IP1 and
HeyA8-IP1, see Experimental Procedures for details). These
two sublines were generated from ascites developed in nu/nu
mouse by administering an intraperitoneal injection of SKOV3
and HeyA8, as described previously (Xu et al., 1999). For both
models, delivery of miR-506 incorporated in DOPC nanolipo-
somes (MiR-506-DOPC) resulted in a significant reduction in
the number of tumor nodules (75% reduction in HeyA8-IP1;
p = 0.009 and 48% reduction in SKOV3-IP1; p = 0.01; Figures
7A and 7B) and tumor weight (78% reduction in HeyA8-IP1,
p = 0.004; and 53% reduction in SKOV3-IP1, p = 0.01; Figure 7C)
compared with miR-Ctrl. We further performed immunohisto-
chemical staining of SNAI2, E-cadherin, and VIM in the tumors
to determine whether systemic delivery of miR-506 affected
the expression of these EMT markers. For each model, represen-
tative sections with the staining of SNAI2, E-cadherin, and VIM
were shown (Figure 7D). Compared with miR-Ctrl, miR-506
treatment significantly suppressed SNAI2 (58% reduction
in HeyA8-IP1 and 68% reduction in SKOV3-IP1 models; p <
0.05, Figure 7E) and VIM (30% reduction in both models, p <
0.05, Figure 7E), and significantly induced E-cadherin (200%
induction in HeyA8-IP1 and 120% induction in SKOV3-IP1; p <
0.05, Figure 7E). These results showed that nanoparticle delivery
of miR-506 may serve as a potential therapeutic intervention for
OvCa.

DISCUSSION

Using integrated approaches, we uncovered a key miRNA-regu-
latory network that reproducibly defines the iM subtype robustly
associated with poor overall survival of women with serous
OvCa. Extensive functional studies characterized miR-506 as
a potent EMT inhibitor and a potential therapeutic tool, which
may have an impact on improving treatment for one of the
most aggressive cancer types among women.

Genomic and molecular profiling has revealed that even within
the same anatomical location and histological classification,
cancer is heterogeneous (Ein-Dor et al., 2005). Efforts from
systematic studies such as TCGA have allowed comprehensive
molecular classification of cancer by integrated analyses of
multidimensional data from a large cohort of clinical samples
at both genomic and epigenetic levels (Noushmehr et al., 2010;

(B) A histogram reveals the number of predicted targets for each of the 19 miRNAs.

(C) The association between key miRNA expression and clinical information, as well as miRNAs’ putative functional targets in terms of EMT inhibition. %, The
significance of differential expression between iM and iE subtypes, as estimated by the Wilcoxon signed-rank test. Detailed information is listed in Table S4; @,
the significance of mMiRNA expression’s association with clinical stage, as estimated using Spearman’s rank correlation coefficient; #, the significance of miRNA
expression’s association with overall survival (OS), as estimated using the Cox proportional hazards model; *, reported by (Carvalho et al., 2012).

See also Figure S3 and Table S3.
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Figure 4. Overexpression of miR-506 in OvCa Cells Is Sufficient to Induce Epithelial Phenotype

(A) Changes in microRNA and mRNA levels in SKOV3 cells transfected with miR-506 or control miRNA (miR-Ctrl) as measured by real-time RT-PCR (TagMan).
Two independent time course experiments were performed; the average + standard error (indicated by the error bars) of the two experiments were shown.
(B) Western blotting analysis of epithelial and mesenchymal markers in SKOV3 cells transfected with miR-506 or control miRNA (miR-Citrl) from the same
transfection as in (A). OVCA433 cell lysate was used as the positive control for the epithelial marker E-cadherin. One mesenchymal marker, N-cadherin (N-cad),
was measured on a different blot. Both blots were re-probed with actin to control for protein loading.

(C) Inverse phase microscopy (left panel) and E-cadherin and F-actin staining (right panels) of SKOV3 cells transfected with miR-506 or control miRNA (miR-Ctrl)
for 72 hr. Cell nuclei were stained with DAPI. Scale bars represent 50 um.

(D) Wound healing assay. Cells from the same transfection as in (C) were seeded into the p-dish 35mm, high culture-insert and a wound was applied at 48 hr post-
transfection.

(E) In vitro invasion assay Cells from the same transfection as in (C) were seeded into triplicate mitrigel coated invasion chambers at 48 hr post- transfection and
allowed to invade toward serum for 22 hr. The invading cell numbers on each filter were counted and data were plotted in fold change by defining the number from
miR-506-transfected cells as 1. Error bars represent + SD.

(F) The relative luciferase activities were shown from three independent experiments (upper panel). The pGL3-SNAI2 reporter gene has the full length of SNAI2
3'-UTR cloned into pGL3- control vector. The pGL3-SNAI2-Mu vector has the three miR506 binding sites deleted and confirmed by sequencing. SKOV3 cells
were transfected with pGL3-SNAI2 or pGL3-SNAI2-Mu, respectively, together with miR-506 mimics or mimic negative control. The three predicted binding sites
of miR-506 were shown in the SNAI2 3'-UTR region (lower panel). Error bars represent + SD.

(G) Overexpression of SNAI2 from expression vector without 3'-UTR abrogates miR-506’s induction of E-cadherin. Two SKOV3-SNA/2 stable clones (S7 and S11)
and empty vector stable cells (EV) were transfected with miR-506. Whole cell lysate from each sample was collected at 72 hr post-transfection and subjected for
western blot. For comparison, the levels of E-cadherin and SNAI2 in the EV cells transfected with mimic negative control (miR-ctrl) for 72 hr were shown.

See also Figure S4.
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Figure 5. Overexpression of miR-506 Alone in OvCa Cells Is Sufficient to Inhibit TGFB-Induced EMT

(A and D) Quantification by real-time RT-PCR (TagMan) of CDH7 and SNA/2 in OVCA420 (A) and OVCA433 (D) cells transfected with miR-506 or control miRNA
(miR-Ctrl). At 24 hr post-transfection, the cells were cultured in serum-free medium containing TGFB1 for 48 hr. Data were means of triplicate PCR assays and
presented relative to the mRNA levels in OVCA420 (A) and OVCA433 (D) cells, respectively. *p < 0.05.

(B and E) Inverse phase microscopy (left panel) and E-cadherin and F-actin staining (right panels) of OVCA420 (B) and OVCA433 (E) cells from the same
transfection and treated the same way as described above. Cell nuclei were stained with DAPI and scale bars represent 50 um.

(C and F) In vitro invasion assay of the OVCA420 (C) and OVCA433 (F) cells from the same transfection as described previously. At 24 hr post-transfection the cells
were cultured in serum-free medium with TGFB1 for 24 hr and then were seeded into triplicate invasion chambers in serum-free medium containing TGFB1. The
cells were allowed to invade toward serum for 22 hr. The invading cell numbers on each filter were counted and data were plotted in fold change by defining the
number from miR-Ctrl-transfected cells as 1. Error bars represent + SD. ***p < 0.001.

See also Figure S5.

Yang et al., 2011). The current study shows that our integrated
approach is a major step forward compared to the commonly
used transcriptome-based approaches, which have resulted in
inconsistent clinical associations from different data sets
(Cancer Genome Atlas Research Network, 2011; Tothill et al.,
2008). Specifically, integrated analysis of miRNAs and transcrip-
tome further grouped the transcriptional subtypes into more
clinically relevant iM and iE subtypes. The strength of this inte-
grated approach is that it also reveals regulatory mechanisms
associated with the subtypes. In particular, our integrated anal-
ysis of OvCa highlights the important role of a miRNA regulatory
network consisting of eight key miRNAs for the mesenchymal
subtype. MiR-141 and miR-200, among the eight key miRNAs,
have been reported to be EMT regulators (Gregory et al., 2008;
Park et al., 2008). Other key miRNAs, such as miR-29c, miR-
101, and miR-128 have also been shown to regulate EMT-related
processes (e.g., cell adhesion, cytoskeleton organization, and
extracellular matrix molecular function) (Evangelisti et al., 2009;
Varambally et al., 2008). We subsequently narrowed our focus
on the function of miR-506 because it was the least studied
among the miRNA network.

Cancer Cell 23, 186-199, February 11, 2013 ©2013 Elsevier Inc.

MiR-506 is located in Xg27.3, a chromosomal region associ-
ated with the “fragile X syndrome.” Female patients with fragile
X syndrome suffer from primary ovarian insufficiency (Santoro
et al., 2012). The region has also been identified as a high
susceptibility locus in linkage studies of familial testicular germ
cell tumors (Rapley et al., 2000). Downregulation of miR-506
has been observed in kidney cancer (Zhou et al., 2010) and
chemical carcinogen-transformed lung cancer (Zhao et al.,
2011), suggesting that miR-506 potentially plays a role in tumor
suppression.

SNAI2 (also known as Slug) is one of the three zinc finger tran-
scription factors of the Snail family, which in recent years has
been shown to be a major regulator of EMT (Peinado et al.,
2007). In experimental models of ovarian carcinoma, SNAI2
was shown to induce EMT by repressing E-cadherin, and to
promote tumor growth and invasion (Kurrey et al., 2005). In addi-
tion, it was reported that treatment of cultured ovarian surface
epithelium (OSE) by TGFf induces an EMT-like process, charac-
terized by the inability to form an epithelial barrier, with an
increase in SNAI2 level and decrease of E-cadherin. However,
TGFpB treatment did not increase expression in TWIST1 and
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ZEB1 (Zhu et al., 2010), suggesting that SNAI2 plays an
essential role in ovarian EMT. In this study, we demonstrate
that miR-506 is a potent inhibitor of the mesenchymal phenotype
and TGFB-induced EMT by directly targeting SNA/I2. We estab-
lished the importance of the miR-506-SNAI2 axis by rescue
experiment and the reverse correlation between miR-506
and SNAI2 expression in tumor samples from multiple patient
cohorts.

Our observation suggests miR-506 is partially regulated by
methylation. This is consistent with a recent large-scale screen-
ing of epigenetic regulated miRNAs in OvCa, which showed the
Xg27.3 miRNA cluster (including miR-506) was regulated by
epigenetic mechanisms (Zhang et al., 2008). Interestingly, recent

196 Cancer Cell 23, 186-199, February 11, 2013 ©2013 Elsevier Inc.

of miR-506 for OvCa. Introduction of

miRNAs in vitro is well known to be highly
efficient. However, delivery of miRNAs in vivo is much more chal-
lenging (Garzon et al., 2010). Although the initial proof-of-
principle studies using miRNAs as therapeutics took advantage
of adenoviral-based (Esquela-Kerscher et al., 2008) and lentivi-
ral-based (Trang et al., 2010) delivery vehicles, translation into
clinical practice requires the development of safer delivery
methods (Pecot et al., 2011; Rupaimoole et al., 2011). Packaging
mature miRNAs into lipid-based nanoparticles (neutral or
charged) that can be systemically or specifically delivered to
the tumor microenvironment has been shown to successfully
transfer miRNAs and therapeutically regulate their targets in
the lung (Wiggins et al., 2010), pancreas (Pramanik et al.,
2011), and prostate (Liu et al.,, 2011). In this study, we
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(B and C) Quantification of tumor weights (B) and
tumor nodules (C) in control and miR-506 treated
mice (n = 10 for each group) that were injected
intraperitoneally with HeyA8-ip1 (HeyA8) and
SKOV3-ip1 (SKOV3) ovarian cancer cells, re-
spectively. Error bars represent + SD.
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control and miR-506 treated mice were stained for
SNAI2, VIM and E-cad by immunohistochemistry.
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(E) Quantification of SNAI2, VIM and E-cad protein
expression. Error bars represent standard errors.
*p < 0.05. Error bars represent + SD.

one of the key miRNAs in the network,
may represent an important strategy for
the treatment of the most aggressive
ovarian cancers.

EXPERIMENTAL PROCEDURES
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illustrated that nanoparticle-delivery of miR-506 effectively sup-
pressed tumor growth in two orthotopic ovarian cancer models.
EMT of the resulting treated tumors was blocked based on the
examination of EMT markers. Although we have not examined
whether the delivery of miR-506 will sensitize ovarian cancers
to chemotherapy in our preclinical model, a recent study demon-
strated that an OvCa cell line that stably expresses miR-141 or
miR-200a shows better response to chemotherapy in a sub-
cutaneous xenograft OvCa mouse model (Mateescu et al.,
2011). Future studies are needed to validate the clinical value
of miR-506 in OvCa treatment.

In summary, our integrated analyses have identified a master
microRNA regulatory network for the mesenchymal subtype in
serous ovarian cancer. Nanoparticle delivery of the miR-506,

HeyA8

Cancer Cell 23, 186-199, February 11, 2013 ©2013 Elsevier Inc.

hybridization microarray 1x1M copy number
data, Agilent 244K gene expression data, Agilent
. human miRNA microarray 8 x 15K miRNA expres-
- miR-Ctrl sion data, lllumina Infinium methylation data, and
clinical information were obtained from the open-
access and controlled-access tiers of the TCGA
data portal, with NIH approval. Alignment of
’_A—‘ sample identifiers yielded 459 tumor cases, with
all information available at the time of data retrieval
I from the TCGA. The Tothill, Bentink, Bonome, and
Bagnoli data sets were downloaded from the Gene
Expression Omnibus and ArrayExpression data-
bases (Table 1). Frozen and paraffin-embedded
tissues from 92 OvCa cases were collected from
Tianjin Medical University Cancer Institute and
Hospital, with approval of the institutional review
board. Informed consent has been obtained from
patients. All patients had been treated with
a combination of surgery and platinum-based
chemotherapy. The detailed clinical characteristics for each patient in the
Tianjin cohort are listed in Table S6.

miR-506

SKOV3
VIM

Identification of Integrated Mesenchymal Gene Signatures

A linear regression model was used to analyze the expression level of each
mesenchymal signature gene. The associated gene copy number, promoter
methylation probes, and miRNA expression level (see Supplemental Experi-
mental Procedures) were chosen as regulatory factors for each gene and
designated as independent variables in the regression model. For each regu-
latory factor in the model, a regression coefficient was estimated, reflecting its
influence on gene expression. Sample labels were randomly permuted 1,000
times to generate a background distribution of regression coefficients, and
a threshold was used (FDR = 0.01) to define the significant regulatory factors
for each gene. A refined subset of mesenchymal signature genes was then
selected according to two criteria: (1) each gene was significantly regulated
by one or more factors on the basis of the regression model, and (2) the
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significant regulatory factor itself was also significantly altered (FDR < 1%)
between the mesenchymal subgroup and other subgroups. We termed this
integrative analysis algorithm as MIRACLE (Master mIRna Analysis for Cancer
moLecular subtypE). The miRNA target information was from TargetScan
(Lewis et al., 2003).

Statistical and Clustering Analysis

Student’s t test, analysis of variance, chi-square, Wilcoxon rank-sum test,
Fisher’s exact test, Kaplan-Meier estimate, and Mantel-Cox survival analyses
were performed using R 2.10.0. Significance was defined as p < 0.05.
Benjamini-Hochberg multiple testing correction (Benjamini and Hochberg,
1995) was used to estimate the FDR when multiple testing correction was
applied. Consensus clustering was performed as in previous studies (Noush-
mehr et al., 2010; Verhaak et al., 2010). Increasing values of K (2 through 6,
inclusive) were used to identify optimal segregation. For each K, 1,000 random
iterations were performed to characterize the clusters.

Animals, Orthotopic In Vivo Model, and Tissue Processing

Forty female athymic nude mice were purchased from the National Cancer
Institute, Frederick Cancer Research and Development Center (Frederick,
MD) and were cared for according to guidelines set forth by the American
Association for Accreditation of Laboratory Animal Care and the U.S. Public
Health Service policy on Human Care and Use of Laboratory Animals. All
mouse studies were approved and supervised by the MD Anderson Cancer
Center Institutional Animal Care and Use Committee. All animals were
8-12 weeks of age at the time of injection. HeyA8-ip1 and SKOV3-ip1 cells
were trypsinized, washed, and resuspended in Hanks’ balanced salt solution
(GIBCO, Carlsbad, CA) and injected into the peritoneal cavities of mice
(HeyA8IP1 or SKOV3IP1: 1.0 x 10° cells/animal). Seven days after tumor
cell injection, mice were randomly separated into two groups (n = 10 mice
per group) and treated with miRNA incorporated in DOPC nanoliposomes
(intraperitoneal administration) —control miRNA/DOPC or miR-506/DOPC for
each cell line (see Supplemental Experimental Procedures for detailed method
of liposomal preparation). Twice-weekly treatments continued for 4-6 weeks.
All mice in the experiment were then killed and necropsied, and their tumors
were harvested. Tumor weights, numbers, and locations were recorded.
Mean mouse body weights were similar among groups, suggesting that
feeding and drinking habits were not affected. Tumor tissue was snap frozen
or fixed in formalin. H&E and immunohistochemical staining were performed
on formalin-fixed, paraffin-embedded slides (see Supplemental Experimental
Procedures).

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures, six tables, and Supplemental
Experimental Procedures and can be found with this article online at http://
dx.doi.org/10.1016/j.ccr.2012.12.020.
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SUMMARY

Early-onset prostate cancer (EO-PCA) represents the earliest clinical manifestation of prostate cancer. To
compare the genomic alteration landscapes of EO-PCA with “classical” (elderly-onset) PCA, we performed
deep sequencing-based genomics analyses in 11 tumors diagnosed at young age, and pursued comparative
assessments with seven elderly-onset PCA genomes. Remarkable age-related differences in structural
rearrangement (SR) formation became evident, suggesting distinct disease pathomechanisms. Whereas

Significance

It is presently unknown whether genetic or mechanistic differences distinguish “classical” elderly-onset PCA from EO-PCA.
Using integrative high-throughput sequencing approaches, combined with validations in a large-scale patient cohort, we
show that EO-PCA formation involves a characteristic pathomechanism associated with the specific emergence of
androgen-driven SRs. By comparison, elderly-onset PCAs accumulate nonandrogen-associated SRs, indicating that
a different tumor formation mechanism is operating in these. This work reveals a striking age-dependent SR associated
disease mechanism in acommon human cancer, and presents a significant advancement in understanding age-dependen-
cies of PCA initiation and progression, with implications for clinical management. The genomics data from our consortium
further provide a valuable compendium of massively-parallel DNA sequencing data in EO-PCA.
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EO-PCAs harbored a prevalence of balanced SRs, with a specific abundance of androgen-regulated ETS
gene fusions including TMPRSS2:ERG, elderly-onset PCAs displayed primarily non-androgen-associated
SRs. Data from a validation cohort of > 10,000 patients showed age-dependent androgen receptor levels
and a prevalence of SRs affecting androgen-regulated genes, further substantiating the activity of a charac-

teristic “androgen-type” pathomechanism in EO-PCA.

INTRODUCTION

Prostate cancer (PCA) is the most common cancer in Western
countries and the second most lethal cancer in men (Siegel
et al., 2012). The incidence of PCA increases with age, with
a median age at diagnosis of ~70 years (Gronberg, 2003).
Due to relatively slow disease progression when compared
to life expectancy, patients with PCA do not always require
definite therapy, with active surveillance representing an estab-
lished treatment option (Heidenreich et al., 2011). A relevant
subset of PCA, however, is diagnosed early in life, referred
to as early-onset PCA (EO-PCA), with ~2% of all tumors
detected in men 50 years of age or younger (Figure 1). EO-
PCAs are of substantial clinical relevance, requiring obligatory
definite treatment (Heidenreich et al.,, 2011). This is due to
the high life expectancy of these young patients, with a higher
risk of dying of disease (Albertsen et al., 2005; Parker et al.,
2006), although there are also studies showing a more
pronounced risk of rapid death in EO-PCA (Lin et al., 2009b;
Ryan et al., 2007) compared to the “classical” cases of PCA
diagnosed in 60- to 80-year-old men (herein referred to as
“elderly-onset PCA”).

Initial genomics surveys focused on classical, elderly-onset
PCA have revealed a substantial diversity in somatic single
nucleotide variants (SNVs) (Berger et al., 2011; Kumar et al.,
2011), and identified recurrent SRs, including oncogene-acti-
vating gene fusion events (Berger et al., 2011; Bastus et al.,
2010; Lin et al., 2009a; Mani et al., 2009; Taylor et al., 2010; Tom-
lins et al., 2005) in elderly-onset PCAs. Despite the recent prog-
ress in identifying molecular drivers of PCA with massively-
parallel sequencing of cancer genomes (Berger et al., 2011)
and exomes (Kumar et al., 2011; Barbieri et al., 2012; Grasso
et al.,, 2012), so far no study has generated whole-genome
sequencing data of EO-PCAs. Hence, it has therefore remained
unclear whether EO-PCA is characterized by a distinctive
spectrum of driver mutations or a specific pathomechanism. A
better understanding of genomic alterations associated with
EO-PCA will facilitate the understanding of molecular defects
leading to early disease onset and foster the development
of new diagnostic, prognostic, therapeutic, and prevention
strategies.

On behalf of the International Cancer Genome Consortium
(ICGC) project on Early-Onset Prostate Cancer (http://www.
icgc.org), we carried out integrated genomic analyses, including
whole-genome, transcriptome, and DNA methylome sequenc-
ing (Campbell et al., 2008) in 11 patients with EO-PCA. We
used these genomics data, together with a large-scale tissue
microarray (Schlomm et al., 2008) (TMA)-based validation
platform, to pinpoint molecular features linked with early disease
occurrence.

160 Cancer Cell 23, 159-170, February 11, 2013 ©2013 Elsevier Inc.

RESULTS

Integrative High-Throughput Sequencing and Variant
Calling

Tumor and paired control tissue samples (lymphocytes) were ob-
tained from all 11 patients with EO-PCA who provided informed
consent. The patient mean age at surgery was 47 years, tumor
Gleason grades ranged from 3+4 to 5+4, and tumor stages
from pT2c to pT3b (Table 1). Our multitiered genomics approach
(see Experimental Procedures) involved ~30- to 40-fold whole-
genome sequencing (Table 2; Figure S1A available online) of
tumor and control samples, with two sequencing libraries per
sample displaying complementary paired read insert sizes (ie,
~200 bp paired-end, and ~4.5 kb mate-pair inserts) (Ley et al.,
2008). We furthermore carried out transcriptome sequencing
(RNA-seq) (Sultan et al., 2008) of each tumor in comparison to
a normal prostate tissue control, using two complementary
library generation approaches geared toward assessing mRNAs
and MicroRNAs (miRNAs). In addition, we identified altered DNA
methylation patterns by performing an enrichment of methylated
DNA fragments with an Fc-coupled MBD2 protein (Gebhard
et al., 2006) followed by massively parallel sequencing (Figures
S1B and S1C; see Experimental Procedures).

Following the mapping of DNA reads onto the human refer-
ence assembly we applied complementary computational
approaches for the detection of somatic genome alterations
(see Experimental Procedures). We identified SNVs, as well as
short deletions and insertions (short InDels) by directly evalu-
ating read alignments onto the reference genome assembly (Li
and Durbin, 2009; DePristo et al., 2011). Furthermore, we de-
tected large-scale somatic structural rearrangements (SRs) by
evaluating the relative depth-of-coverage of DNA reads along
chromosomes, by scanning DNA reads for split or clipped read
alignments, and by identifying read-pairs that abnormally map-
ped onto the reference (Xi et al., 2011).

Altogether, we identified 931-5,696 somatic SNVs per patient
(Tables 2 and S1; Figure S1A), with the C > T nucleotide transition
being the most common substitution (42.6% + 5.6%), similar to
what has been observed in elderly-onset PCAs (Berger et al.,
2011; Kumar et al., 2011). On average, 16 nonsynonymous
somatic SNVs fell into protein-coding genes (range 3-55),
affecting altogether 175 genes. We further detected six nonsy-
nonymous rare germline SNVs with a second somatic mutational
event, leading to compound heterozygosity (Table S1; Supple-
mental Experimental Procedures). A low number (four) of high-
confidence somatic InDels of <50 bp in size was identified
(Table S2). By comparison, we detected a considerably larger
number—20-90 per EO-PCA genome (average, 45)—of somatic
SRs (Tables 2 and S2; Figures 2A and S2A). These somatic
variants included copy-number alterations (average, 23), and
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also a relatively large number of balanced rearrangements
(average, 22), most of which were translocations. PCR followed
by capillary sequencing verified 85 of 95 (89%) SNVs, all four
short somatic InDels, and 50 of 53 (94%) of the SRs (Table S3).

Computational Inference and Characterization

of Candidate Driver Somatic Alterations

To assess the functional relevance of these somatic alterations,
we first analyzed gene-altering events in detail. Because a
relevant portion of the somatic alterations identified may consti-
tute passenger alterations (Stratton et al., 2009), we performed
integrative analyses to infer candidate driver alterations in our
EO-PCA samples. This involved using our somatic SNV and
SR data to identify genes recurrently altered across samples,
and applying a “two-hit hypothesis” approach for the identifica-
tion of candidate tumor suppressor genes (Knudson, 1971), by
probing for genes for which both alleles were affected by genetic

Table 1. Summary of Clinical Data for the 11 Patients with
EO-PCA

Age at Family

Surgery pT pN Gleason Preoperative History of
Patient ID (years) Stage Stage Score  PSA (ng/ml) PCA?®
EOPC-01 45 pT3a pNO 3+4 30.0 no
EOPC-02 51 pT2c pNO 3+4 23.8 NA
EOPC-03 46 pT3a pNO 5+4 12.0 no
EOPC-04 51 pT3b pN1 443 72.0 no
EOPC-05 50 pT3a NX 3+4 5.0 no
EOPC-06 38 pT3b pN1 3+4 18.2 NA
EOPC-07 49 pT2c pNO 3+4 5.4 yes
EOPC-08 44 pT2c pNO 3+4 7.8 yes
EOPC-09 48 pT2c pNO 3+4 5.1 no
EOPC-010 46 pT2c NX 3+4 6.0 no
EOPC-011 48 pT2c pNO 3+4 4.8 yes

70-74

All patients were diagnosed <50 years. All patients are of German
ancestry. PSA, prostate-specific antigen; NA, not applicable.
2At least one first-degree relative with PCA.

Figure 1. The Age Distribution in Elderly-
Onset PCA and EO-PCA

Dark and light areas depict patients younger than
50 years (EO-PCA) and patients between 50 and
60 years old, respectively (reproduced from
epidemiologic data; Gronberg, 2003).

mechanisms of inactivation (see Experi-
mental Procedures). Our search strategy
resulted in the identification of 23 genes
that were disrupted or mutated in at least
two additional PCA patient cohorts (Bar-
bieri et al.,, 2012; Berger et al., 2011;
Grasso et al., 2012). We further inferred
76 genes harboring two genomic hits,
a list comprising several previously
described tumor suppressors including
CDH1, TP53, PTEN, and NCOR2, many of which also showed
promoter hypermethylation in samples not carrying the respec-
tive genetic lesion (Table S4).

NCOR2, a transcriptional corepressor interacting with the
androgen receptor (AR), was previously reported as mutated in
PCA (Taylor et al., 2010). In addition to biallelic genetic alter-
ations affecting NCOR2 in one tumor (EOPC-06), we observed
homozygous loss of an NCOR2 regulator in another tumor
(EOPC-04) in conjunction with NCOR2 downregulation. We
further identified high levels of DNA methylation of the NCOR2
promoter in association with NCOR2 downregulation in a third
tumor (EOPC-01). The clinical relevance of NCOR2 deletions
was evaluated with our large-scale TMA resource (Schlomm
et al.,, 2008) revealing NCOR2 deletions in 3.2% (163/5100)
PCAs, and showing significant association with biochemical
disease recurrence (p = 0.039, Likelihood ratio test; Figure S2B).

A pronounced diversity of inactivating genetic mechanisms
was also observed for PTEN, in agreement with a recent study
of elderly-onset PCAs (Reid et al., 2012). Namely, PTEN was dis-
rupted by a translocation in sample EOPC-05, also harboring
a large (55 Mb) deletion removing the other PTEN allele, with
our transcriptome data showing a pronounced PTEN downregu-
lation (Figure 2B). Analysis in a large patient cohort revealed
a high frequency of homozygous PTEN losses involving such
combinations of disruptive events, which are linked with
biochemical disease recurrence (Figures S2C-S2J). The addi-
tional finding of multiple upregulated PTEN-targeting miRNAs
(Figures S2K-S20; Tables S5, S6, and S7) indicates the involve-
ment of different mechanisms of PTEN inactivation in PCA.

75-79  80-84 85+

An Abundance of Gene-Fusing Rearrangements,
Including such Leading to ETS Fusion Genes, in EO-PCA
The striking abundance of balanced SRs in our EO-PCA
samples—with approximately half of all SRs being balanced
(a higher number than that recently reported [<30%] in elderly-
onset PCAs; Berger et al., 2011)—prompted us to investigate
in further detail the formation of gene-fusing rearrangements,
because fusion gene formation is frequently associated with
balanced SR formation (Rubin et al., 2011; Tomlins et al.,
2005). Indeed, we could identify a relatively large number

Cancer Cell 23, 159-170, February 11, 2013 ©2013 Elsevier Inc. 161
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Table 2. Sequence Data and Somatic Genome Alterations in 11 EO-PCAs

Patient ID EOPC-01 EOPC-02 EOPC-03 EOPC-04 EOPC-05 EOPC-06 EOPC-07 EOPC-08 EOPC-09 EOPC-010 EOPC-011
Bp (paired) 179/165 110/135 245/99 112/230 105/102 141/135 104/100 139/102 110/134 151/148 104/102
(tumor/blood)

Sequence 42x/44x 30%x/26x 69x/30x 32x/65% 31x/30x 41x/40x 31x/30x 29x/31x 33%x/40x 46x/44x 31x/30x
coverage

PE physical 30x%/33x 21x/24x 75x/28x 30x/76x 29%x/28x 38x/36x 29%x/27x 38x/29x 27%x/33%x 40x/39x 27x/27x
coverage

MP physical 14%/17x 15%x/15% 16%x/16X% 16%/11x 17x/15x 16%/18x 13%x/17x 17%/20x 18x/18x 17x/17x 18x/18x%
coverage

mRNA-Seq reads 18/14 9/7 10/7 10/8 13/11 14/11 13/10 12/10 16/13 14/10 13/10
(million reads/Gb)

miRNA-Seq NA NA NA NA 144/19 66/ 16 71/ 26 82/ 12 74/9 74/ 11 92/ 24
in M reads

(total/mapped

to miRNAs)

Methylome 67/21 89/23 75/20 85/24 62/16 119/22 143/30 115/24 169/32 128/27 88/21
reads in M

(total/mapped)

Somatic SNVs 5,696 3,747 4,529 2,430 1,475 1,277 1,404 931 985 1,536 1,567
Mutations 2.0 1.3 1.6 0.8 0.5 0.4 0.5 0.3 0.3 0.5 0.5

per Mb

Nonsilent 55 11 40 21 6 8 9 6 & 10 6

coding SNVs

Nonsilent InDels 1 1 0 0 0 0 1 1 0 0 0
Somatic Dels 1452/235 442/101 671/124 598/84 1,043/194 2,283/347 961/153 524/91 481/93  771/144  566/125
(genes/Mb)

Somatic Dups 138/18.8 1/0.0 4/1.0 45/6.7 0/0.0 21/2.2 1/0.6 71.5 15/ 2.3 1/0.0 42/9.7
(genes/Mb)

Translocation 15/11 12/8 14/4 32/40 27/27 38/20 14/4 111 21/5 111 26/18
(coding/

noncoding breaks)

Inversions 3/1 2/8 11 11/7 2/4 10/4 2/10 2/0 21/7 3/3 10/6
(coding/noncoding

breaks)

Estimated tumor 50 40 37 655 45 47 60 61 44 50 51
purity (%)

Production centers —sample acquisition and nucleic acid isolation: Martini Clinic, Prostate Cancer Center, and Institute of Pathology, University Clinic
Hamburg-Eppendorf (UKE); paired-end (PE) whole-genome sequencing: Max Planck Institute for Molecular Genetics (MPIMG), German Cancer
Research Center (DKFZ), and European Molecular Biology Laboratory (EMBL); long-range paired-end, or mate-pair (MP), genomic sequencing:
EMBL; transcriptome sequencing: MPIMG; miRNA sequencing: DKFZ; methylome sequencing: DKFZ. NA, not available.

See also Figure S1and Table S1.

(ie, 139) of gene-fusing rearrangements (12 per sample) in the 11
EO-PCA samples, 109 of which resulted from balanced SRs
(mostly translocations). While many of these gene-fusing events
were out-of-frame and likely correspond to passenger events,
most in-frame fusion genes received additional support from
mRNA-seq reads mapping directly over the junction point of
the fusion, or by the striking overexpression of the 3’ fusion
partner (Table S2), suggesting their possible biologic relevance.

Fusion genes supported by marked expression upregulation
included the prototypical ETS gene family-associated fusion
genes TMPRSS2:ERG and SLC45A3:ERG (Tomlins et al.,
2005, 2007). Furthermore, we observed evidence for 17 rare
(nonrecurrent) previously undescribed in-frame gene fusion
events (Table S2). These included SNURF:ETV1, which evidently
was formed in conjunction with a complex rearrangement event

162 Cancer Cell 23, 159-170, February 11, 2013 ©2013 Elsevier Inc.

(closed chain; Berger et al.,, 2011) involving an androgen-
regulated 5’-end fusion gene partner (SNURF) that, based on
our mMRNA-Seq data, led to marked overexpression of an ETV1
open reading frame with previously demonstrated oncogenic
activity (Tomlins et al., 2007) (Figures 2C and S2P-S2T). We
also identified 17 fusion gene transcripts that were exclusively
discovered in our mRNA-seq data, ie, events missed by our
DNA sequencing-based SR detection pipeline (see Supple-
mental Experimental Procedures).

Early-Onset Prostate Cancers Harbor a Distinctive
Landscape of Genetic Rearrangements

The conspicuous frequency of gene-fusing SRs in EO-PCA
prompted us to perform a more detailed comparison between
the genomic landscapes of young and elderly patients, by
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A EOPC-04 .= ~ EOPC-05 w i

- Figure 2. Genomes of EO-PCA Revealed by
! High-Throughput Sequencing

(A) Circos plots, depicting genomic and epi-
genomic somatic aberrations in three EO-PCA
patients (all 11 EO-PCA genomes are displayed in
Figure S2A). Displayed features from outer to inner
ring include chromosomes (black) with cytobands
(gray) in the first ring; lines in second ring refer to
genes, with colors highlighting CancerCensus
genes (Futreal et al., 2004) (blue), biallelic in-
activated genes (red), nonsynonymous SNVs
(purple), inferred gene-disrupting deletions
(orange), gene-disrupting inversions (light blue)
and gene-disrupting translocations (light green);
squares in third ring refer to hypermethylated
(dark green) and hypomethylated DMRs (light red);
the fourth ring displays somatic inferred copy-
number gains and losses as read-depth plots; the
innermost shows translocations (green), deletions
(orange), inversions (light blue), and duplications
(gray).

(B) Biallelic inactivation of PTEN by combined
loss-of-heterozygosity and a disruptive t(1;10)
translocation in EOPC-05. RNA expression values
are depicted up- and downstream of the break-
point, along with the inferred copy-number profile
of the tumor sample relative to germline control
(log> DNA read-depth ratio), with losses indicated
in yellow and gains in green. Gene expression
values are displayed in terms of the RNA-seq
read-depth (red) and averaged RPKM (light blue)
values upstream and downstream of the insertion
event.

(C) Rearrangements leading to the identified
SNURF:ETV1 fusion in EOPC-03, comprising up to

B intron 2 of SNURF at the 5’-end, and continuing
= from intron 4 of ETV1 at the 3’-end.
g § See also Figure S2 and Tables S2, S3, S4, S5, S6,
§ E and S7).
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comparing genetic alterations identified in our samples with the
recently published whole-genomes of seven elderly-onset
(“classical”) PCAs, with a mean age at diagnosis of 65 years
(Berger et al., 2011). Relative to the total number of somatic
rearrangements, EO-PCAs indeed displayed a significantly

respectively; p = 0.038, Welch’s two-
sample t test; Figure 3B), a trend that
we also confirmed upon reanalysis of
the raw DNA sequence read data from
Berger et al. using our computational SV
detection pipeline (see Supplemental
Experimental Procedures).
By comparison, when assessing
somatic SNVs, we observed no signifi-
cant difference between EO-PCAs and elderly-onset PCAs in
terms of genome-wide (or protein-coding sequence-wide) SNV
counts (Table S1). Hence, despite marked differences evident
at the level of SRs, no such differences appeared to exist at
the level of SNVs.

Cancer Cell 23, 159-170, February 11, 2013 ©2013 Elsevier Inc. 163
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Figure 3. Whole-Genome Sequencing-Based Analyses Reveal that EO-PCAs Harbor a Markedly Different SR Landscape than Elderly-Onset

PCAs

(A) Proportion of SRs leading to gene fusions. These analyses considered all breakpoints affecting Refseq gene models.

(B) SRs identified per sample.
(C) Fraction of gene rearrangements affecting androgen-regulated genes.

(D) Fraction of SRs intersecting high-confident androgen-receptor binding sites (ARBS) using a 50-kb search window.

(E) Portion of tumors harboring ETS fusion genes.

Welch’s two-sample t test was used to compute p values in (A)—~(D). Boxplots display the 25th to 75th percentiles (boxes), medians (lines), and 1.5 times the

interquartile range (whiskers).
See also Table S2.

Early-Onset Prostate Cancers Harbor an Androgen-
Driven Somatic Genome Alteration Landscape

Because gene-fusing events in PCA can be mediated directly
upon activation of the AR (Mani et al., 2009), facilitating gene
fusion events that involve androgen-regulated genes bound by
the AR (Rubin et al., 2011), we hypothesized that the observed
differences in the somatic SR spectrum of EO-PCA versus
elderly-onset PCA may have resulted from the differential
usage of an AR-dependent SR formation mechanism driving

164 Cancer Cell 23, 159-170, February 11, 2013 ©2013 Elsevier Inc.

specific DNA rearrangements. To test this hypothesis, we first
generated a catalog of genes under androgen-regulation, by
measuring differential expression before and after dihydrotes-
tosterone-stimulation of LNCaP cells using gene expression
microarrays (see Supplemental Experimental Procedures and
Table S2). Strikingly, we observed a significantly higher fraction
of gene rearrangements affecting androgen-driven genes—in
which a break occurred in a gene differentially expressed upon
dihydrotestosterone-stimulation—in EO-PCA compared to
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Figure 4. TMA Verifies Distinct Age Spectra of Androgen-Dependent
and -Independent Progression Types

(A) Large-scale TMA analyses depict age relationships of the androgen-driven
ETS-fusion protein TMPRSS2:ERG in EO-PCA, and of nonandrogen-associ-
ated rearrangements in elderly-onset PCA. Frequency of assessed protein
(rings) and binomial logistic regressions (lines) depict ERG overexpression
(blue; n = 9,567), TMPRSS2:ERG fusion gene presence (orange; n = 6,071),
chromosome 6q deletion (purple; n = 3,493), and PTEN deletion/disruption
(green; n = 5,374) as a function of patient age (age at diagnosis ranging
between 36 and 80 years). ERG overexpression was detected by immuno-
histochemistry, and genomic rearrangements by FISH. P values are based on
binomial logistic regression.

(B) Proposed tumor progression models for androgen-type PCAs.

See also Figure S3.
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elderly-onset PCA (Figure 3C; p < 0.01; Welch’s two-sample
t test). In further support of these findings, we observed a statis-
tical enrichment of AR signaling and WNT signaling (which inter-
acts with AR signaling in PCA; Yang et al., 2006) pathways
among genes involved in gene fusion events in EO-PCAs, but
not in elderly-onset PCAs (see Experimental Procedures and
Table S2). These findings indicate a prevalence of EO-PCA to
acquire specific, androgen-driven, somatic genome alterations.

AR binding to nuclear DNA can facilitate genomic rearrange-
ments through recruitment of topoisomerase 2B (TOP2B),
leading to DNA double strand break formation within or nearby
transcriptional hubs, joining different sections of the genome
that upon breakage may reconnect to lead to intra- or inter-chro-
mosomal SRs (Haffner et al., 2010; Lin et al., 2009a). Hence, we
followed the assumption that if androgen drives the formation of
SRs characteristically arising in EO-PCA, we would observe
a relative enrichment of genomic AR binding sites near the
breakpoints of SRs in EO-PCA relative to elderly-onset PCA.
High-confidence binding sites of the AR were recently mapped
in LNCaP cells by chromatin immunoprecipitation followed by
massively parallel sequencing (ChIP-Seq), upon androgen stim-
ulation (Urbanucci et al., 2012). Indeed, when relating these
ChIP-Seq data to our SR data, we observed a marked enrich-
ment of SRs intersecting with AR binding sites (Urbanucci
et al., 2012) in EO-PCA compared to elderly-onset PCA (Fig-
ure 3D; p < 0.05, Welch’s two sample t test). These results are
consistent with the chromosomal looping by the AR bound to
its cognate binding sites specifically facilitating SRs in EO-PCA
in an androgen-driven manner.

ETS Fusion Genes Are a Hallmark of Early-Onset
Prostate Cancer

We next assessed the status of ETS family oncogene containing
fusion genes, with ETS fusions representing prototypic PCA
driver gene rearrangements mediated by androgen stimulation
and the AR (reviewed in Rubin et al., 2011). Even though the
number of sequenced PCA genomes is presently small, compar-
ison of the ETS rearrangement status in 11 EO-PCAs versus the
seven elderly-onset PCAs published by Berger and coworkers
already revealed statistically significant differences, with 10 of
11 (~90%) EO-PCAs, but only three of seven (~40%) elderly-
onset PCAs harboring such androgen-driven ETS rearrange-
ments (Figure 3E; p = 0.047; two-sided Fisher’s exact test).
Notably, the abundance of ETS fusions in EO-PCA was further
supported by our reanalysis of data published by Barbieri
et al., a study in which four of five patients <50 years harbored
TMPRSS2:ERG-fusions, compared to 54 of 107 patients > 50
years (Barbieri et al., 2012).

To verify the specific abundance of androgen-driven SRs in
EO-PCA in a larger patient cohort, we made use of our TMA
resource, covering thousands of patients (Figure 4A). We used
a surrogate for assessing androgen-driven ETS gene fusion
events, by applying a break-apart FISH probe for evaluating
the presence of the prototypical androgen-driven TMPRSS2:
ERG fusion gene (Lin et al., 2009a; see Experimental Procedures)
in patients with a disease age-of-onset of 36-80 years. Indeed,
the TMA analyses verified the continuous and significant relative
increase of the ETS gene fusion TMPRSS2:ERG (p <2 x 107'°,
logistic regression) in patients with early disease onset, hence
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further strengthening our finding based on whole-genome
sequencing of an abundance of androgen-driven alterations in
EO-PCA (Figures 4A and S3). Because ERG gene fusions may
involve androgen-regulated genes other than TMPRSS2, we
additionally measured ERG protein expression by immunohisto-
chemistry (IHC), an analysis that further substantiated the
marked overexpression of ERG (p < 4 x 10725, logistic regres-
sion) in young versus elderly patients (Figures 4A and S3).

Nonandrogen-Associated Structural Rearrangements
Frequently Accumulate in Elderly-Onset Prostate
Cancer

Because SRs affecting androgen-regulated genes are markedly
enriched in EO-PCAs, whereas elderly-onset PCAs show an
overall higher load of SRs (Figure 3), we screened several addi-
tional recurrent SRs (Sun et al., 2007) for a relationship with
patient age at diagnosis, including those that do not involve
androgen-regulated genes. To this end, we performed extensive
FISH analyses, targeting the chromosome 6q15 region (Liu et al.,
2007b), the PTEN locus (Krohn et al., 2012), the CHD1 locus
(Huang et al., 2012), and NCOR2. Our data showed a significant
increase of 6q15, PTEN, and CHD1 genomic breaks, all of which
are not considered to be androgen-regulated, in elderly patients
(Figures 4A and S3)—findings that were independent of tumor
stage or Gleason grade (see also Table S2, which presents
data from detailed assessments of PTEN and ERG). These
results show that nonandrogen-associated SRs accumulate in
elderly-onset PCA. As a consequence, elderly-onset PCAs
acquire high loads of SRs, most of which correspond to copy-
number unbalanced alterations.

By comparison, deletions of NCOR2 were significantly associ-
ated with young age (Figure S3). Because NCOR2 is an AR
corepressor (Hodgson et al., 2005; Godoy et al., 2012), deletions
of this gene are predicted to lead to increased AR levels and in
turn may contribute to androgen-driven rearrangements in
young patients.

Increased Levels of Androgen or Its Receptor May
Explain the Early Disease Onset in Androgen-Driven
PCAs
The high abundance of androgen-driven genetic alterations in
EO-PCA suggests a relevance of those alterations for the
timing and initiation of tumorigenesis in the cells of the prostate.
Specifically, the preponderance of androgen-driven SRs in
young patients may intuitively be explained by a particularly early
development of tumors occurring in young patients (tumor-
onset model; Figure 4B). Alternatively, particularly rapid growth
kinetics of androgen-driven tumors may also explain the ob-
served age relationship (tumor-kinetic model; Figure 4B).
Because the initiation of tumorigenesis in the prostate cannot
be confidently ascertained in humans—with PCAs initiating
years or decades before being diagnosed (Knudsen and Vasiou-
khin, 2010)—we sought to evaluate the possible role of tumor
kinetics in the abundance of androgen-driven genetic alterations
in EO-PCA. We therefore employed IHC to measure cancer cell
proliferation using the Ki67 labeling index (LI) as a marker
(Bubendorf et al., 1996). Importantly, while growth kinetics
differed markedly between tumor grades (Figure 5A), there
were no observable differences between the growth kinetics of
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androgen-driven (using ERG positivity as a proxy) versus nonan-
drogen-associated (ERG-negative) tumors (Figure 5A). Further-
more, there was no correlation between cancer cell proliferation
and age at diagnosis (R®~0; p = 0.44, Spearman’s rank correla-
tion). Hence, we can practically exclude a role of growth kinetics
in facilitating androgen-driven cancer occurrence in young
patients. Furthermore, the overall similar aggressive potential
of androgen-driven (ERG-positive) tumors versus nonandro-
gen-associated (ERG-negative) tumors is consistent with tumor
growth kinetics playing no marked role in generating the herein
observed age-associated SR spectra (Figure S4A). Hence, we
conclude that differences in the age-of-initiation of tumors
harboring androgen-driven SRs versus those not showing an
abundance of such SRs must have resulted in the characteristic
somatic DNA alteration landscapes of EO-PCA versus elderly-
onset PCA (Figure 4B).

Androgen Receptor Levels Are Elevated in Early-Onset
Prostate Cancer

Our findings hence point toward a crucial role of androgen and
AR activation in shaping the genomic landscape of PCAs, and
driving tumor initiation, motivating further in vivo analyses. While
it is impossible to estimate testosterone levels retrospectively in
patients during cancer initiation and evolution, patterns of AR
activity can be studied in tumor samples by measuring AR
protein expression (as a surrogate) in tumor samples at diag-
nosis (Lee and Chang, 2003). We pursued AR expression
analysis using IHC, relating AR levels to patient age and ERG
status. Importantly, our data revealed both a significantly
increased AR level in young patients (Figures 5B and 5C) and
a significant positive correlation of AR levels with ERG rearrange-
ments (p <4 x 10~8and p <2 x 10~'2, respectively; Figure 5C;
see also Figures 5B-5D, S4B, and S4C). Hence, high AR expres-
sion levels are associated with ERG rearrangements and young
age, indicating an age-dependent activity of AR in PCA. ERG,
when highly expressed, was shown to lead to an inhibition of
AR expression in PCA cell lines (Yu et al., 2010), which makes
an inverse scenario in which ERG rearrangements result in
high AR levels exceedingly unlikely. Hence, our data indicate
a key role of androgen, and the AR, in mediating age-dependent
genomic alterations characteristically observed in EO-PCA.

DISCUSSION

PCA is typically characterized by a prolonged clinical course with
an estimated disease onset one to two decades prior to clinical
diagnosis (Lilia et al., 2007). Our genomics data based on
massively parallel DNA sequencing, comprising the largest
number of PCA whole-genomes sequenced to date, show that
most EO-PCAs involve an androgen-driven pathomechanism
characterized by a marked absolute and relative abundance of
DNA structural alterations involving androgen-regulated genes
(“androgen-type prostate cancer”). Our data are consistent
with a role of tumor onset, rather than tumor growth kinetics, in
driving the early occurrence of androgen-type PCA.

It is tempting to speculate that this early development of
androgen-type PCA may be driven by a particularly strong AR
activation, eg, by high testosterone levels, associated with
young patient age. It has previously been established that
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Figure 5. EO-PCA Is Associated with High AR levels

(A) Proliferation rates, measured by KI67 IHC staining, for high- and low-grade PCAs, and specifically for ERG positive (proxy for androgen-driven; n = 2,888) and
ERG-negative tumors (proxy for nonandrogen-associated; n = 3,095). Low, Gleason grade < 4+3; High, Gleason grade > 4+3; KI67 Labeling Index, LI.

(B) Age-relationship of AR overexpression, detected as strong, moderate, or weak expression based on judgment of IHC staining intensity by an experienced
pathologist (see Supplemental Experimental Procedures).

(C) Age-related interaction between AR overexpression and ERG rearranged tumors. Logistic regression of tumors with AR overexpression (yellow line, n = 4,668;
p =3.55 x 1078, and tumors with both AR and ERG overexpression (AR x ERG; frequency of tumors displaying both ERG and AR overexpression, red line, n =
4,172; p = 1.80 x 107 '2; logistic regression).

(D) AR overexpression in ERG-positive and ERG-negative tumors (n = 4,172; p values based on Fisher’s exact test). Boxplots in (A) display the 25th to 75th
percentiles (boxes), medians (lines), and 1.5 times the interquartile range (whiskers). Notches show the 95% confidence interval of the median. n.s., not
significant.

See also Figure S4.

average serum testosterone levels in healthy men continuously
decrease with age (Liu et al., 2007a; Mohr et al., 2005; Fig-
ure S4B) in a manner that remarkably parallels our observed
age-associated decrease of ERG positivity in PCA. Furthermore,
in vitro-data have demonstrated that the formation of ERG
rearrangements can be induced by serum androgen levels in
prostate epithelial cells (Lin et al., 2009a; Mani et al., 2009)

Cancer Cell 23, 159-170, February 11, 2013 ©2013 Elsevier Inc.

through a mechanism involving inter- or intra-chromosomal
transcriptional hubs with co-recruitment of TOP2B, resulting in
SR-inducing DNA double-strand breaks (Haffner et al., 2010;
Lin et al., 2009a). Increased AR levels in young patients, which
we established by in vivo measurements at diagnosis, provide
further support to a crucial role of androgen in EO-PCA. In
addition, the strong link seen between AR expression and
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positive ERG status across all age groups, including patients
older than 70 years suggests that high AR expression, and hence
activity, may result in androgen-type PCA, with androgen-driven
SRs irrespective of patient age.

Importantly, our finding of a specific pathomechanism
driving EO-PCA may be of relevance for a tailored clinical
management. Androgen-mediated rearrangements cause a
complex androgen-associated modulation of transcriptional
patterns and cellular pathways (Brase et al., 2011), with potential
consequences for disease progression and response to
androgen-ablative treatment in EO-PCA. Furthermore, cancer
screening by detection of androgen-mediated rearrangements,
eg, from biopsies, circulating tumor cells, or free circulating
DNA, may be particularly effective in young men.

With over 200 PCA samples having already been subjected to
exome sequencing (Barbieri et al., 2012; Grasso et al., 2012;
Kumar et al., 2011), the identification of previously uncharacter-
ized recurrent somatic SNVs affecting protein-coding regions
is becoming exceedingly challenging. At the same time,
approaches for clinical validation are becoming increasingly
relevant. In this regard, our study shows the utility of evaluating
genetic findings on large-scale TMAs containing thousands of
samples. Moreover, our study emphasizes the power of whole-
genomic sequencing, revealing information on mechanisms of
SR formation by ascertaining genetic variants beyond those
detectable by exome sequencing. Our genome-based findings
on SR formation in conjunction with large-scale FISH and
IHC-based assessment of ERG and AR enabled us to find
a remarkable missing link in the relationship of the AR, somatic
genome alterations, and PCA subtypes. In summary, our find-
ings demonstrate striking age-dependent differences in the
mechanistic landscapes of structural genomic alterations in
a common cancer.

EXPERIMENTAL PROCEDURES

Patients

Informed consent and an ethical vote (institutional reviewing board) were ob-
tained according to the current ICGC guidelines (see http://www.icgc.org).
The patients did not receive any neo-adjuvant radiotherapy, androgen depri-
vation therapy, or chemotherapy prior to the surgical removal of tumor tissue.
Tumor samples and one normal prostate control were frozen at —20°C and
subsequently stored at —80°C.

DNA Library Preparation and Sequencing

DNA library preparation and whole-genome sequencing was performed on
lllumina sequencers as described recently (Rausch et al., 2012a) with the
raw length of the reads displaying a median of 101 bp for short paired-end
insert-size libraries and 36 bp for large insert-size mate-pair libraries, and
a median insert-size of the sequenced libraries of 155-206 bp (short insert-
size paired-end), and 4,265-5,350 bp (large insert-size mate-pairs).

DNA Read Mapping and Sequence Variant Calling

Reads were aligned to the hg19 assembly of the human reference genome
using the proprietary ELAND2 tool from lllumina, as well as the BWA tool
(Li and Durbin, 2009). Post-processing of the aligned reads included merging
of lane-level data and removal of duplicate read-pairs using Picard tools
(http://picard.sourceforge.net). Only uniquely aligned reads were considered
for downstream mutation analysis. Aligned reads were converted to the
SAM/BAM format using SAMtools (Li et al., 2009), before initiating a set of
complementary variant calling algorithms. We applied three distinct com-
putational pipelines for SNV discovery, and subsequently kept SNV calls if
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they were identified by at least two out of the three pipelines (Details and
parameters are in the Supplemental Experimental Procedures). InDels were
called using the Genome Analysis Toolkit (GATK) (DePristo et al., 2011) and
SAMtools (Li et al., 2009) mpileup. Consensus InDels were manually inspected
to identify potential misalignments. SRs ~200 bp to megabases in size were
detected using the DELLY tool (Rausch et al., 2012b), as previously described
(Rausch et al., 2012a), employing discordantly mapping read-pairs, split-read
analysis (using an approach comparable to the soft-clipping functionality of
CREST; Wang et al., 2011), as well as sequencing depth-of-coverage (for
further details, see Supplemental Experimental Procedures). PCR verification
and Sanger sequencing of sequence variants was performed as previously
described (Rausch et al., 2012a). The False Discovery Rate (FDR) was ob-
tained for randomly picked SNVs with a minor allele frequency (MAF) greater
than 0.15 (to enable capillary sequencing-based data interpretation). We
further validated a number of SNVs below 0.15 MAF (marked in gray in Table
S3; see also Figure S1A).

mRNA Library Sequencing and Analysis

Strand-specific MRNA sequencing libraries were prepared from 10 pg of total
RNA as recently described (Parkhomchuk et al., 2009). However, instead of
shearing the cDNA, we fragmented the RNA PolyA+ fraction. The following
modifications were implemented: the purified polyA+ RNA fraction was
fragmented at 70°C for 5 min using RNA fragmentation reagents (Ambion,
Cat. no. AM8740) and following the manufacturer instructions; the first strand
synthesis was performed with random hexamers (dN)6 primers. Sequencing
was carried out with 2 x 51 cycles on the lllumina HiSeq2000 instrument
(further details are in the Supplemental Experimental Procedures). Reads
were aligned to the hg19 genome assembly using BWA (0.5.9-r16) (Li and
Durbin, 2009). For calculation of fusion gene expression values, RNA-seq-
derived average exon RPKM values were extracted 5’ and 3’ to the breakpoint
and a relative expression ratio was calculated after normalizing to the respec-
tive exon RPKM of the normal control. The minimum exon expression value
was set to 1 RPKM. Further details are in the Supplemental Experimental
Procedures.

Small RNA Sequencing and Analysis

Small RNAs (mainly miRNAs) up to 40 nt were size-fractionated on a
polyacrylamide gel from up to 5 pg mRNA-depleted, DNase-treated
(RNase-free DNase |, QIAGEN, Hilden, Germany) RNA. Small RNA libraries
were prepared using the NEBNext Small RNA Sample Prep Set (NEB,
Frankfurt/M., Germany) as described by the manufacturer, with some modi-
fications (see Supplemental Experimental Procedures for details). Amplicons
of ~90-100 bp were sequenced on an lllumina HiSeq2000 instrument (read
length: 50 bp) and mapped to the reference using the miRDeep2 package
(Friedldnder et al., 2012).

DNA Methylome Sequencing and Analysis

MClIp for enrichment of highly methylated DNA was performed as described
previously (Gebhard et al., 2006) (see Supplemental Experimental Procedures
for details). For deep-sequencing library preparation with highly methylated
DNA, the NebNext chemistry (New England Biolabs, Ipswich, MA, USA)
and barcoded adaptors compatible with the SOLID sequencing platform
were used. Single-end 50 bp reads were generated using the SOLID 4 next-
generation sequencing platform (Applied Biosystems, Life Technologies
Corporation, Carlsbad, CA, USA). Mapped (software BFAST; Homer et al.,
2009) and quality controlled reads were used to identify DMRs between tumor
and normal (further details in the Supplemental Experimental Procedures).

Biallelic Inactivation Inference and Pathway Analysis

We scanned for genes inactivated in a biallelic fashion by extracting loci with
two overlapping events, ie, germline or somatic homozygous nonsynonymous
SNVs or an exon-disrupting deletion overlapping a second gene-disrupting
aberration such as an SNV, deletion, inversion, or translocation. Genes within
deletions were additionally required to have read-depth support. With esti-
mated raw SNV allele frequencies ranging from 0.15 to 0.4, raw SV allele
frequencies estimated to range from 0.20 to 0.45 and estimated tumor purities
of ~0.5, the vast majority of intersecting events (eg, a deletion overlapping
a mutation, or gene disruption) occurred on different alleles in the same cell
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population (rather than representing subclonal events affecting different cell
subpopulations). For carrying out the pathway enrichment analysis, fusion
genes were extracted and analyzed by Genomatix Genome Analyzer with
standard parameters. The p values were adjusted for multiple-testing by
controlling the FDR according to Benjamini and Hochberg.

PCA Tissue Microarray Resource

Details on the PCA prognosis TMA (earlier described in Schlomm et al., 2008)
used for FISH and IHC analyses are in the Supplemental Experimental
Procedures.

ERG Immunohistochemistry Analysis

ERG IHC using antibody ERG (clone EPR3864, dilution 1:450, Epitomics) was
performed as previously described (Minner et al., 2011). See Supplemental
Experimental Procedures for further details.

FISH Analysis
FISH analysis was performed as previously described before (Minner et al.,
2011). Details on probes are in the Supplemental Experimental Procedures.

TMA Statistical Analysis

Logistic regression analyses were performed using the generalized linear
model glm package in R. Statistical significance and fitness of the models
were verified with the Wald test and likelihood ratio test.

ACCESSION NUMBERS

The European Genome-phenome archive database (hosted at the EBI)
accession number for the short-read sequencing data reported in this paper
is EGAS00001000258.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures, seven tables, and Supple-
mental Experimental Procedures and can be found with this article online at
http://dx.doi.org/10.1016/j.ccr.2013.01.002.
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SUMMARY

We report a paracrine effect whereby endothelial cells (ECs) promote the cancer stem cell (CSC) phenotype of
human colorectal cancer (CRC) cells. We showed that, without direct cell-cell contact, ECs secrete factors
that promoted the CSC phenotype in CRC cells via Notch activation. In human CRC specimens, CD133
and Notch intracellular domain-positive CRC cells colocalized in perivascular regions. An EC-derived,
soluble form of Jagged-1, via ADAM17 proteolytic activity, led to Notch activation in CRC cells in a paracrine
manner; these effects were blocked by immunodepletion of Jagged-1 in EC-conditioned medium or
blockade of ADAM17 activity. Collectively, ECs play an active role in promoting Notch signaling and the

CSC phenotype by secreting soluble Jagged-1.

INTRODUCTION

Colorectal cancer (CRC) is the second-leading cause of cancer
death in the United States, with ~50,000 patients dying each
year as a result of metastatic disease that is refractory to
systemic therapy (American Cancer Society, 2010; Davies and
Goldberg, 2008, 2011). Although there are now six Food and
Drug Administration approved drugs for the treatment of meta-
static CRC, median overall survival remains less than 2 years
(Davies and Goldberg, 2011). Targeted therapies, including anti-
angiogenic therapies, have not dramatically improved clinical
outcomes of patients with metastatic CRC (Saltz et al., 2008).
A better understanding of the biology of CRC is imperative for
the development of more effective therapeutic approaches that
can benefit patients with CRC.

There is evidence for the existence of cancer stem cells (CSCs)
in CRC (Barker et al., 2009; Du et al., 2008; Huang et al., 2009;
O’Brien et al., 2007; Ricci-Vitiani et al., 2007). Because of the
intrinsic stem cell-like properties of CSCs, this subpopulation
of tumor cells is believed to not only initiate and sustain tumor
growth but also mediate chemoresistance (Al-Hajj, 2007; Wicha
et al., 2006). Notably, a number of studies suggest that CSCs
exist in a state of flux and the CSC phenotype can be enhanced
by microenvironmental influences (Butler et al., 2010a; Rosen
and Jordan, 2009). Therefore, the development of CSC- and/or
microenvironment-targeting strategies that could eliminate the
CSC population is critical for improving the clinical outcomes
of patients with CRC.

Several groups have reported that tumor progenitor cells
reside in perivascular niches in certain types of cancers (Butler
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We found that endothelial cell (EC)-derived soluble factors enhance the cancer stem cell (CSC) phenotype and chemoresist-
ance of colorectal cancer (CRC) cells. This suggests that ECs in the tumor microenvironment are more than simply conduits
for blood flow—they also actively secrete factors that promote tumor cell survival and growth. We further defined a soluble,
ADAM17-cleaved form of Jagged-1 in EC-conditioned medium that activates Notch signaling and promotes the CSC pheno-
type in CRC cells. Identification of this mechanism, by which the tumor microenvironment can promote the CSC phenotype,
should provide the foundation for more refined targeted therapies for the treatment of both early- and late-stage
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Figure 1. Endothelial Cells Promote the CSC Phenotype in CRC Cells In Vitro
(A) Freshly isolated xenografted human CRC (xhCRC) cells were cocultured with freshly isolated human liver parenchyma endothelial cells (LPECs), and the
Aldefluor-positive xhCRC cell population was determined.

(legend continued on next page)
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et al., 2010a; Calabrese et al., 2007; Krishnamurthy et al., 2010).
Whether perivascular niches of CSCs exist in other solid tumors,
including CRCs, is yet unclear. More importantly, how ECs
function to establish and maintain tumor-initiating-cell niches
remains to be further elucidated. Understanding the mecha-
nisms by which ECs promote the CSC phenotype will provide
the foundation for the development of novel and refined CSC-
targeting approaches. The purpose of this study was to under-
stand the role of ECs in mediating the CSC phenotype of CRC
cells and the mechanism by which this occurs.

RESULTS

Coculture with ECs Promotes the Cancer Stem Cell
Phenotype of CRC Cells

In order to understand tumor-EC cross-talk, and particularly
the potential role of ECs in promoting the CSC phenotype of
CRC cells, we first conducted a coculture experiment. We
used freshly isolated human CRC cells from surgical specimens
after establishing a first passage xenograft in mice (xhCRC) to
expand the number of cells. We also used freshly isolated liver
parenchyma ECs (LPECs) labeled with GFP-Luc or mCherry in
tissue culture. After coculture for three days, xhCRC cells were
isolated by fluorescence-activated cell sorting (FACS) and
were analyzed for potential enrichment of the population with
CSC characteristics. As shown in Figure 1A, coculture with
LPECs increased the fraction of xhCRC cells that were Aldefluor
positive, a population presumably enriched for CSCs (Huang
et al., 2009). Similarly, coculture of LPECs with CRC cells in-
creased the percentage of cells that were CD133 positive (Fig-
ure 1B). Coculture with LPECs also increased the percentage
of xhCRC cells with in vitro sphere-forming ability (4-fold; p <
0.05; Figure 1C). Collectively, these data suggest that ECs
could promote the CSC phenotype of cocultured CRC cells
ex vivo. Similar results were also obtained from in vitro experi-
ments with the established human CRC cell line HCT116 and
immortalized human umbilical vein endothelial cell line RF24
(Figures S1A and S1B available online).

Endothelial Cell-Conditioned Medium Promotes the
Cancer Stem Cell Phenotype of CRC Cells

To determine whether the effect observed above required direct
cell-cell contact or whether it is mediated by soluble factors
secreted by ECs, we cultured freshly isolated human CRC
(hCRC) cells in conditioned medium obtained from freshly iso-
lated LPECs, or control medium (MEM containing 1% FBS);

after exposure to the CM, hCRC cells were analyzed for the
CSC phenotype. Compared to control medium, LPEC CM en-
riched the Aldefluor-positive hCRC cell population by 16-fold
(Figure 1D) and enriched the CD133-positive hCRC cell popula-
tion by 7-fold (Figure 1E), after 72 hr treatment. In addition,
LPEC CM treatment also increased sphere-forming capability
of hCRC cells by over 6-fold (Figure 1F). Upon serial passaging,
hCRC cells treated with LPEC CM demonstrated significantly
greater capability (10-15-fold increase) to form secondary and
tertiary tumor spheres (Figure 1F). We were able to obtain similar
results from established CRC cell lines (HCT116 and HT29)
treated with CM collected from established endothelial cell lines
(RF24 and HDMECs) or LPECs (Figures S1C and S1D). As
important controls, CM obtained from freshly isolated human
CRC cells, established CRC cell lines (HCT116 and HT29), or
fibroblasts were not able to significantly enrich the CSC popu-
lation in CRC cells (data not shown). Taken together, these
data suggest that EC-derived soluble factor(s) can promote
the CSC phenotype of CRC cells in a paracrine manner.

We next sought to understand whether ECs promote the
colorectal CSC phenotype either by converting a subset of
CRC cells into CSCs or by expanding the CSC population. We
sorted xhCRC cells by the Aldefluor assay and treated Alde-
fluor-high, -middle, and -low fractions with LPEC CM in parallel;
the Aldefluor assay was repeated and sphere forming assay
was performed to determine which ALDH population could be
enriched for CSCs by EC CM. Interestingly, we found that the
CSC population enrichment only occurred in the Aldefluor-
middle population, but not in Aldefluor-high (presumably
CSCs) or -low populations (presumably terminally differentiated
cells) (Figure 1G). Similar results were obtained using another
colorectal CSC marker, CD133, as the readout (Figure 1H).
These data suggest that the EC CM-mediated promotion of
the CSC phenotype is primarily achieved in nonstem CRC cells
that retain cellular plasticity. We also assessed levels of intestinal
differentiation marker expression using quantitative reverse tran-
scription polymerase chain reaction (g-RT-PCR) and found that
LPEC CM treatment significantly reduced the expression of
Keratin 20 (KRT20) by 8-fold in hCRC cells (Figure S1E). In addi-
tion, we tested the expression levels of additional differentiation
markers, ANPEP and PRSS7, and found that their expression
levels, although easily detectable by gRT-PCR in cells treated
with control CM, were not detectable in the LPEC CM treated
group. These findings indicate that LPEC CM promotes the colo-
rectal CSC phenotype by inducing dedifferentiation in a subset
of nonstem CRC cells.

(B) Freshly isolated xhCRC cells were cocultured with freshly isolated LPECs, and the CD133-positive xhCRC cell population was determined.
(C) Freshly isolated xhCRC cells were cocultured with freshly isolated LPECs, and the xhCRC sphere-forming assay was performed.
(D) Freshly isolated human CRC (hCRC) cells were treated with LPEC-derived conditioned medium (CM), and the Aldefluor-positive cell population was

determined.

(E) Freshly isolated human CRC (hCRC) cells were treated with LPEC-derived conditioned medium (CM), and the CD133-positive cell population was determined.
(F) Sphere-forming capability in 1", 2", and 3" cultures of freshly isolated hCRC cells treated with LPEC CM.

(G) xhCRC cells were FAC-sorted by the Aldefluor assay into high, middle, and low cell populations (upper panel). The Aldefluor-high, -middle, and -low cell
populations were treated with LPEC CM in parallel; the Aldefluor assay was then repeated (middle panel) and sphere forming assay was performed (lower panel)
to determine which ALDH fraction could be enriched for CSCs by EC CM.

(H) xhCRC cells were FAC-sorted for high, middle, and low CD133 expression (upper panel). The CD133-high, -middle, and -low fractions were treated with LPEC
CMiin parallel; the flow cytometry analysis on CD133 was then repeated (middle panel) and sphere forming assay was performed (lower panel) to determine which
CD133 fraction could be enriched for CSCs by EC CM.

*p < 0.05, mean + SEM. See also Figure S1.
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Endothelial Cell-Conditioned Medium Promotes
Tumorigenicity and Metastasis of CRC Cells In Vivo
A critical experiment for determining the CSC phenotype is the
in vivo tumorigenicity assay by serial dilution (Clarke et al.,
2006). Therefore, we sought to validate our in vitro findings by
using an in vivo model. To this end, CRC cells pretreated with
either EC CM or control CM were serially diluted and injected
subcutaneously into mice, and tumorigenicity was determined.
LPEC CM-pretreated HT29 cells led to earlier tumor formation,
as well as greater tumor incidence and growth, compared with
control (HT29 CM pretreated) cells (Figure 2A). Similar results
were obtained when we compared the effect of RF24 CM on
HCT116 tumorigenicity (data not shown). We further extended
our study using serial passaging of cells in xenograft experi-
ments with freshly isolated xenografted hCRC (xhCRC) cells,
combined with limited dilution, and found that xhCRC cells pre-
treated with LPEC CM demonstrated significantly increased
tumorigenicity compared with those pretreated with control
medium, in both primary and secondary xenografts (Figure 2B).
We also investigated the effect of EC CM on the metastatic
potential of CRC cells. First we employed a tail vein injection
experiment, and found that, compared to control (HCT116 CM
treated) cells, RF24 CM-treated HCT116 CRC cells formed
significantly more metastases (Figures S2A and S2B). We then
used a splenic injection model to induce liver metastasis, the
most common site of CRC metastasis. Compared with xhCRC
cells treated with control medium, xhCRC cells treated with
LPEC CM demonstrated an increased incidence of liver metas-
tasis (nine of ten in the LPEC CM pretreatment group, compared
with three of ten in the control group; p < 0.05) (Figure 2C) and
a significantly increased tumor burden, as demonstrated by an
increase in luciferase activity (Figure 2D) and a 57% increase in
liver weight (photographs in Figure 2C) (Figure S2C; p < 0.05).
Collectively, these data demonstrated that EC-derived soluble
factor(s) promote the metastatic potential of CRC cells injected
in the spleen.

CD133-Positive CRC Cells Are Located Adjacent to ECs
in Human Surgical Specimens

Having established that ECs secrete soluble factors to enrich
CRC cells with CSC phenotype, we sought to determine whether
CRC cells that express the CSC marker CD133 are located in the
perivascular regions in human CRC surgical specimens. Immu-
nofluorescent staining for CD133 and CD31 (endothelial cell
marker) was carried out in primary colon cancer specimens
and chemotherapy-naive human CRC liver metastases. CD133
staining identified CRC cells that were located in proximity to
CD831-positive ECs (Figure 2E). Further staining confirmed that
these CD133-positive cells were not pericytes or stroma cells
because CD133 staining did not costain with desmin (a pericyte
marker) (Figure S2D), nor did they costain with smooth muscle
actin (a marker of stroma and pericytes), CD3 (a marker of

T cells and lymphocytes), CD68 (a marker of monocytes and
macrophages), or myeloperoxidase (a marker of myeloid cells)
(Figures S2E-S2H). In addition, we costained with antibodies
to CD133 and EPCAM (an epithelial marker) and demonstrated
colocalization of these markers (Figure S21). Cumulatively, these
immune-staining data show that, in clinical specimens, the
CD133-positive cells are epithelial but not stromal in origin.
These data showed that colorectal CSCs are located adjacent
to tumor vasculature, and this is consistent with our preclinical
data that ECs can mediate the colorectal CSC phenotype.

Endothelial Cell-Conditioned Medium Promotes
Chemoresistance of CRC Cells

Preclinical studies suggest that CSCs possess intrinsic proper-
ties that mediate their resistance to chemotherapy (Al-Hajj,
2007; Dallas et al., 2009; Wicha et al., 2006). We therefore
hypothesized that CRC cells pretreated with EC CM would
exhibit resistance to chemotherapeutic agents. To test this
hypothesis, HCT116 CRC cells were exposed to oxaliplatin
(2 uM) or 5-fluorouracil (5-FU, 2 pg/ml) in RF24 CM or control
medium for 96 hr; chemosensitivity was determined by MTT
assay. Compared with cells that were pretreated with control
medium, HCT116 cultured in RF24 CM demonstrated a signifi-
cantly higher survival rate after oxaliplatin or 5-FU treatment
(~3 fold) (Figure 3A). Similarly, LPEC CM treatment for 72 hr
led to chemoresistance of xhCRC cells (Figure 3C). To further
validate the chemoprotective effect of EC CM on tumor cells,
chemotherapy-induced apoptosis in HCT116 cells was as-
sessed after the cells were treated with chemotherapy while
cultured in EC CM or control HCT116 CM for 48 hr. Annexin V
staining demonstrated a significant decrease of apoptotic
events in the HCT116 cells treated with oxaliplatin or 5-FU while
cultured in LPEC CM (28% to 6% with oxaliplatin treatment, and
43% to 15% with 5-FU treatment, respectively; data not shown).
Western blot analysis showed lower levels of cleaved poly ADP-
ribose polymerase (PARP) and cleaved Caspase 3 in HCT116
cells treated with oxaliplatin or 5-FU while cultured in RF24 CM
compared to control CM (Figure 3B). Similar results were
observed in xhCRC treated with 5-FU while cultured in LPEC
CM (Figure 3D).

Endothelial Cell-Conditioned Medium Activates the
Notch Pathway in CRC Cells In Vitro

To understand the underlying mechanism by which EC CM
promotes the CSC phenotype of CRC cells, we sought to
examine the activation of canonical CSC pathways such as
Notch (Katoh and Katoh, 2007), Wnt/beta-catenin (Vermeulen
et al., 2010), and Sonic hedgehog (Saif and Chu, 2010) in CRC
cells treated with EC CM. To this end, we infected HT29 cells
with a lentivirus containing a Hes-1 promoter-driven reporter
(Jarriault et al., 1995), TCF reporter, or a Gli reporter (Limgala
et al., 2009), and treated the cells with LPEC CM or control

(B) In vivo tumorigenicity assay with limited dilution combined with serial transplantation using freshly isolated xhCRC cells pretreated with control CM or LPEC CM.
(C and D) Hepatic metastatic incidence and burden of xhCRC cells pretreated with control CM or LPEC CM in a splenic injection model (*p < 0.05, mean + SEM).
(E) Representative immunofluorescent staining of CD133 and CD31 in human primary CRC surgical specimens (left panel), and human CRC liver metastases (right
panel). The highlighted regions in the upper panels are enlarged in the lower panels.

See also Figure S2.
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Figure 3. Endothelial Cell-Conditioned Medium Promotes Chemoresistance of Colorectal Cancer Cells

(A) HCT116 cells treated with oxaliplatin or 5-FU in control CM or RF24 CM (MTT assay).

(B) Western blot analysis of the expression of proapoptotic markers in HCT116 cells treated with oxaliplatin or 5-FU in control CM or RF24 CM.
(C) xhCRC cells treated with oxaliplatin or 5-FU in control CM or LPEC CM (MTT assay).

(D) Western blot analysis of the expression of proapoptotic markers in xhCRC cells treated with 5-FU in control CM or LPEC CM.

*p < 0.05, mean + SEM.

CM. LPEC CM treatment led to significantly increased activity of
the Hes-1 reporter but not the Gli or TCF reporter (Figure 4A).
Using the identical luciferase reporter assays, we also observed
increased Hes-1 promoter activity in xhCRC cells treated with
LPEC CM (Figure 4B) and HCT116 cells treated with RF24 CM
(Figure S3A). In addition, we found that following EC CM treat-
ment, protein levels of Notch intracellular domain (NICD) and
Hes-1 in CRC cells were significantly increased (Figures 4C,
S3B, and S3C). These data suggest that EC CM activates Notch
signaling in CRC cells.

To determine whether Notch activation is indeed responsible
for the promotion of the colorectal CSC phenotype by EC CM,
gamma secretase inhibitor X (GSI), which inhibits the liberation
of NICD, was added to RF24 CM during treatment of the CRC
cells. GSI treatment blocked EC CM-induced Notch signaling
activation and CSC enrichment, as demonstrated by the sup-
pression of both NICD upregulation and Aldefluor-positive cell
population increase (Figures S3D and S3E).

CRC Cells Adjacent to ECs in Human Specimens
Demonstrate Activation of Notch Signaling

Having established that ECs secrete soluble factors to activate
Notch signaling, we sought to determine whether CRC cells
located in perivascular regions in human tumor samples dis-
played Notch activation. Immunofluorescent staining for NICD

176 Cancer Cell 23, 171-185, February 11, 2013 ©2013 Elsevier Inc.

and CD31 was carried out in human CRC surgical specimens.
We found that tumor cells expressing NICD were predominantly
located in the perivascular region (Figure 4D). These NICD-posi-
tive cells are not pericytes because NICD staining does not
overlap with desmin staining (Figure S3F). Furthermore, coim-
munofluorescent staining of CD133 and NICD highlighted the
colocalization of CD133-positive and NICD-positive CRC cells
in the perivascular niches (Figure 4E).

ECs Secrete a Soluble Form of Jagged-1 to Promote the
CSC Phenotype in CRC Cells

Because the Notch signaling pathway in CRC cells was acti-
vated by soluble factors in EC CM, we sought to identify the
molecules that activate Notch signaling. Although Notch activa-
tion is thought to occur exclusively via a juxtacrine mechanism,
some studies reported the presence of soluble Notch ligands
with variable effects on Notch signaling (Hukriede and Fleming,
1997; Nickoloff et al., 2002; Sun and Artavanis-Tsakonas,
1997). In contrast to the classic view of Notch activation, our
studies suggested the presence of a soluble Notch ligand that
was an activator of Notch signaling. Therefore, we examined
the presence of the known Notch-1 ligands DLL4 and Jagged-
1 in EC CM using western blot analysis. Our results showed
that DLL4 was not differentially secreted by CRC cells and
ECs, but a significantly greater amount of Jagged-1 was
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Figure 4. Endothelial Cells Activate Notch Signaling in Neighboring Colorectal Cancer Cells

(A) Promoter activity of Hes-1, Gli, and TCF in HT29 cells after treatment with control CM or LPEC CM.

(B) Hes-1 promoter activity in freshly isolated xnCRC cells treated with control CM or LPEC CM (*p < 0.05, mean + SEM).

(C) NICD and Hes-1 expression in freshly isolated hCRC cells treated with control CM or LPEC CM.

(D) Representative immunofluorescent staining for NICD and CD31 in human primary CRCs (left panel) and CRC liver metastases (right panel). The highlighted

regions in the upper panels are enlarged in the lower panels.

(E) Representative immunofluorescent staining of NICD and CD133 in primary CRCs (left panel) and CRC liver metastases (right panel).

See also Figure S3.

detected (using an N terminus antibody) in LPEC and RF24 CM
compared to that in HT29 and HCT116 CM (Figures 5A and
S4A). Because Notch-activating Jagged-1 is usually membrane
bound, we sought to determine whether the Jagged-1 in EC
CM was associated with microvesicles. Even after depletion of
microvesicles, Jagged-1 could still be detected in the RF24
CM supernatant (Figure S4B), suggesting that the Jagged-1
found in EC CM is not anchored on microvesicles.

To determine whether this soluble form of Jagged-1 is respon-
sible for the EC-mediated paracrine or angiocrine activation of
Notch signaling in neighboring cancer cells, we first used small

Cancer Cell 23, 171-185, February 11, 2013 ©2013 Elsevier Inc.

interfering RNA (siRNA) to knock down Jagged-1 expression
in LPEC cells and decrease secretion of soluble Jagged-1 in
LPEC CM (Figure 5B). CM collected from Jagged-1 siRNA- or
control (scrambled) siRNA-transfected LPECs were applied to
HT29 cells for 72 hr, and activation of Notch signaling pathway
and the CSC phenotypes were then assessed. Depletion of
Jagged-1 in LPEC CM by siRNA blocked the EC CM-mediated
activation of Notch signaling in HT29 cells, as demonstrated by
the decreased expression of NICD and Hes-1, compared with
that in controls (Figure 5C). Furthermore, depletion of Jagged-1
in LPEC CM also blocked its effect on promotion of the CSC
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Figure 5. Endothelial Cells Secrete a Soluble Form of Jagged-1 to Promote the CSC Phenotype in Colorectal Cancer Cells
(A) Western blot analysis of HT29 and LPEC cell lysates and conditioned medium utilizing antibodies to the N terminus and C terminus regions of Jagged-1

(JAG1). Western blotting for DLL4 was also performed.

(B) Detection of soluble Jagged-1 in the conditioned medium from HT29 cells and LPECs after siRNA-mediated Jagged-1 knockdown.

(C) NICD and Hes-1 expression in HT29 cells after treatment with control CM or LPEC CM with decreased Jagged-1 levels by siRNA knockdown.
(D) Sphere-forming assay of HT29 cells exposed to control CM or LPEC CM with decreased Jagged-1 levels by siRNA knockdown.

(E) Sphere-forming assay of freshly isolated xhCRC cells exposed to control CM or LPEC CM with decreased Jagged-1 levels by siRNA knockdown.
(F) Sphere-forming assay of freshly isolated xhCRC cells exposed to the LPEC CM that is Jagged-1 depleted by immunoprecipitation.

*p < 0.05, mean + SEM. See also Figure S4.

phenotype in HT29 cells and xhCRC cells, as demonstrated by
blockade of sphere-forming ability (Figures 5D and 5E). Similarly,
depletion of Jagged-1 in RF24 CM by siRNA (Figure S4C)
blocked the activation of Notch signaling (Figure S4D) and
blocked enrichment of the Aldefluor-positive cells and increase
of sphere-forming ability (Figures S4E and S4F).

We also used an immunoprecipitation-based approach to
deplete Jagged-1 in EC CM to determine whether Jagged-1
was responsible for promoting the CSC phenotype. Following
depletion of soluble Jagged-1 in EC CM by an antibody recog-
nizing the N terminus of Jagged-1 (Figure S4G), the EC CM

178 Cancer Cell 23, 171-185, February 11, 2013 ©2013 Elsevier Inc.

was no longer able to enrich for cells with sphere-forming capa-
bility in xhCRC cells and HCT116 cells (Figures 5F and S4H). In
a follow-up study, we added a Jagged-1 neutralizing antibody
directly to the LPEC CM, and it blocked the enrichment of the
sphere forming population in freshly isolated xhCRC cells (data
not shown).

We obtained additional confirmation that the soluble form of
Jagged-1 secreted by ECs is indeed the major factor that acti-
vates Notch signaling and promotes the CSC phenotype in
neighboring CRC cells. First, we fractionated LPEC CM using
size exclusion-fast protein liquid chromatography and
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determined the fractions with Notch activation activity using
a Hes-1 promoter driven luciferase reporter assay. As is shown
in Figure 6A, we identified a single bioactive peak covering the
fractions 32-34 that induced Notch signaling. Simultaneously,
we examined the presence of soluble Jagged-1 in the various
fractions by western blotting, and found that the soluble
Jagged-1 containing fractions corresponded directly to the
fractions (32-34) that activated the Hes-1 reporter (Figure 6A).
Second, we immunoprecipitated Jagged-1 from EC CM and
ran the IP sample in a polyacrylamide gel electrophoresis
(PAGE) gel. After staining with Coomassie blue, we observed
a single band representing Jagged-1 (data not shown). Next,
we ran both native and denatured LPEC CM protein samples
on a nondenaturing PAGE gel, and blotted for Jagged-1 by
western blotting. As shown in Figure S5A, the soluble form of
Jagged-1 secreted by ECs is not stably associated with other
proteins. These data indicate that the soluble form of Jagged-1
that we identified is the Notch activating molecule in EC CM.

The EC-Secreted Soluble Form of Jagged-1 Is

a C-Terminally Truncated Protein

In CRC and EC cell lysates, intact Jagged-1 could be detected
by both Jagged-1 N terminus-specific and C terminus-specific
antibodies. However, soluble Jagged-1 in EC CM could only
be detected by the N terminus-specific antibody (Figures 5A
and S4A). After deglycosylation, the molecular weight of
soluble Jagged-1 in CM was ~15-20 kDa smaller than that of
full-length Jagged-1 (Figure S5B). These results suggest that
this soluble Jagged-1 is a C-terminally truncated form.

In order to gain insights into whether this C-terminally trun-
cated form of soluble Jagged-1 is relevant in human CRCs,
we stained human CRC specimens using an antibody against
either N-terminal or C-terminal Jagged-1; we simultaneously
stained tissue sections with an antibody against the endothelial
cell marker CD31. As shown in Figure S5C, staining with the
C-terminal Jagged-1 antibody, which only reacts with full-length
Jagged-1, largely overlaps with CD31 staining. In contrast, the
N-terminal Jagged-1 antibody, which recognizes both full-length
and soluble Jagged-1, not only costains CD31-positive ECs, but
also strongly stains areas that are adjacent to ECs. These data
support the existence of soluble Jagged-1 in human CRCs.

We then sought to determine the nature of the soluble
Jagged-1 protein enriched in the EC CM. First, we asked
whether soluble Jagged-1 was a product of alternative splicing.
We performed semiquantitative RT-PCR to detect Jagged-1
splicing variants in CRC cells and ECs and excluded this possi-
bility because these two types of cells expressed equal levels of
the alternatively spliced Jagged-1 mRNA (Figure S5D). We then
hypothesized that a posttranslational event leads to
the generation of this soluble Jagged-1. When we transfected
full-length Jagged-1 cDNA into LPEC cells, an increase of
soluble Jagged-1 secretion in its CM was observed (data not
shown). Compared with the CM of mock-transfected LPECs,
CM collected from LPECs with Jagged-1 overexpression could
further promote the CSC phenotype of HT29 cells, as demon-
strated by a further enrichment of the Aldefluor-positive cell
population (data not shown). We then treated LPECs and RF24
cells with a protease inhibitor cocktail and found that broad-
spectrum inhibition of protease activity resulted in reduction of

Cancer Cell 23, 171-185, February 11, 2013 ©2013 Elsevier Inc.

the soluble Jagged-1 generation (Figure S5E), suggesting that
EC-secreted soluble Jagged-1 is a product derived from
protease cleavage of full-length Jagged-1. Taken together,
these results suggest that ECs are capable of posttranslational
modifications that lead to the production of this soluble form of
Jagged-1.

Proteomic Analysis of Soluble Jagged-1

In order to further define the structure of the soluble Jagged-1
protein, we employed a mass spectrometry-based strategy.
Briefly, we isolated the Jagged-1 proteins from LPEC CM via
immunoprecipitation using an N-terminal antibody and subjected
them to deglycosylation followed by proteolytic digestion. Mass
spectrometry identified multiple peptides consistent with the
Jagged-1 amino acid sequence (Figure 6B), confirming the iden-
tity of soluble Jagged-1 protein in the EC CM. In addition, we
identified a peptide “KRDGNSSLIAAVAE” bearing only one
Lys-N site, indicating that the possible C terminus of soluble
Jagged-1 was at amino acid E1054. The identical proposed
C-terminal peptide was also found in protein samples isolated
by immunoprecipitation of N-terminal Jagged-1 from CM of
a second endothelial cell line, RF24, indicating that this EC-
secreted soluble form of Jagged-1 might be truncated at amino
acid 1054 (Figure 6B).

ADAM17 Cleaves Jagged-1 on ECs to Produce the
Soluble Form Jagged-1

A recent study reported that the protease ADAM17 could
mediate Jagged-1 shedding (Parr-Sturgess et al., 2010); how-
ever, the investigators did not describe the specific cleavage
site or the function of this cleaved product. Interestingly, by
analyzing the protein sequences flanking E1054 of Jagged-1
(Figure 6B), we found that VAEV is a plausible recognition
motif for the protease ADAM17, which may cleave the protein
between E1054 and V1055 (Caescu et al., 2009). Therefore, we
hypothesized that ADAM17 is the protease that cleaves
Jagged-1 in ECs to generate the soluble form of the protein.
To test our hypothesis, we first synthesized a peptide con-
sisting of aa 1047-1061 (SLIAAVAEVRVQRRP) of Jagged-1
and subjected it to ADAM17 cleavage followed by mass
spectrometry analysis. After ADAM17 cleavage, a 906.56 Da
peptide was identified and determined to be VRVQRRP (Fig-
ure 6C, middle panel); this cleavage was inhibited by TAPI-2,
an inhibitor of ADAM17 (Figure 6C, right panel). These data
confirm that ADAM17 specifically cleaves Jagged-1 between
residues E1054 and V1055.

We next cotransfected full-length human Jagged-1 and
ADAM17 expression plasmids into a mouse fibroblast cell line,
L cells. As shown in Figure S6A, we found that the soluble form
of Jagged-1 was enriched in the conditioned medium (here we
used two different antibodies that recognize the N terminus of
Jagged-1, to rule out any possibility of a none-specific signal
with the use of a single antibody); this conditioned medium could
promote the CSC phenotype of freshly isolated hCRC cells,
as documented by CD133 FACS analysis (Figure S6B) and
sphere-forming ability (Figure S6C). These data confirm that
ADAM17 could cleave full-length Jagged-1, leading to extracel-
lular release of the soluble form of Jagged-1, which is sufficient
to promote the colorectal CSC phenotype.
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Figure 6. Proteomics Analysis Demonstrate that the EC-Secreted Soluble Form of Jagged-1 Is C-terminally Truncated by ADAM17

(A) Concentrated LPEC CM was fractionated by FPLC gel filtration. The fractions were applied to xhCRC cells containing the Hes-1 promoter-luciferase
construct, and Hes-1 promoter activity was assessed (upper panel). Western blot detection of soluble Jagged-1 in combined adjacent fractions is shown in the
lower panel.

(B) Jagged-1 from LPEC CM was immunoprecipitated using an N-terminal antibody and subjected to deglycosylation followed by digestion. Mass spectrometric
analysis of Jagged-1 proteins was performed with multiple peptides identified to be consistent with the N-terminal region of Jagged-1 with a C terminus at amino
acid E1054.

(legend continued on next page)
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Inhibition of ADAM17 Blocks the Angiocrine Effect of
ECs that Promotes the Colorectal CSC Phenotype by
Blocking Soluble Jagged-1 Production

We sought to investigate whether inhibition of ADAM17 could
suppress the EC-mediated promotion of colorectal CSC pheno-
type by blocking Jagged-1 production. We knocked down
ADAM17 expression in LPECs by siRNA and found that this
resulted in a significant decrease in the production of soluble
Jagged-1 in LPEC CM (Figure 7A). We then used the ADAM17
inhibitor TAPI-2 to determine whether inhibition of ADAM17
activity would block production of soluble Jagged-1. Treatment
of LPECs with TAPI-2 significantly reduced soluble Jagged-1
production in its CM (Figure 7B). Importantly, TAPI-2 also in-
hibited the angiocrine effect of LPECs that promotes the
CSC phenotype of CRC cells, as demonstrated by decreased
enrichment of sphere-forming populations in HT29 cells and
freshly isolated xhCRC cells (Figures 7C and 7D). These studies

Control ADAM17 siRNA

E JAGT N Terminus

xhCRC

Figure 7. Inhibition of ADAM17 in Endothe-
lial Cells Blocks the Conditioned Medium
Promotion of the CSC Phenotype in Human
CRC Cells
(A) Western blot detection of ADAM17 in the cell
lysate of LPECs treated with control or ADAM17
siRNA (left panel). The soluble form of Jagged-1 in
the CM from the cells shown in the left panel, are
shown in the right panel.
(B) Secretion of the soluble form of Jagged-1 into
the CM of HT29 cells and LPECs treated with the
ADAM17 inhibitor TAPI-2.
(C and D) Sphere-forming assays on HT29 cells (C)
and freshly isolated xhCRC cells (D) after treat-
ment with CM from LPECs, with or without the
ADAM17 inhibitor TAPI-2 (*p < 0.05, mean + SEM).
(E) In vivo tumorigenicity assay (day 10) using
* freshly isolated xhCRC cells coinjected with
LPECs with/without daily TAPI-2 treatment (*p <
0.05, LPEC/no TAPI-2 versus all other groups).
See also Figure S6.

LPEC LPEC+TAPI-2

confirm that ADAM17 is essential for
soluble Jagged-1 production by ECs.
Finally, we performed an in vivo study
using xenograft models to determine
whether inhibition of ADAM17 can block
the angiocrine promotion of tumorige-
nicity. We coinjected freshly isolated
xhCRC cells with LPECs subcutaneously
into mice and treated the animals with
daily TAPI-2 by intraperitoneal (IP) injec-
tion. We found that TAPI-2 treatment
significantly suppressed tumor initiation
(Figure 7E). These data suggest that
ADAM17 mediated shedding of Jagged-1
from ECs is an important mechanism that mediates the angio-
crine effect on tumor initiation.

Taken together, our data suggest that ADAM17 is the pro-
tease that cleaves Jagged-1 in ECs, and the resultant soluble
Jagged-1 functions in a paracrine manner to activate Notch
signaling and promote the CSC phenotype of nearby CRC cells.

DISCUSSION

The concept of targeting the tumor vasculature as an antineo-
plastic strategy was developed ~40 years ago by Folkman
(Folkman, 1971). However, therapeutic agents targeting classic
angiogenic mediators, such as vascular endothelial growth fac-
tor, have only minimally improved progression-free and overall
survival when added to chemotherapy regimens for patients
with metastatic CRC (Saltz et al., 2008). Although tumor vascu-
larity correlates with the aggressiveness of CRC, this does not

(C) Mass spectrometric analysis of the ADAM17 cleavage site of Jagged-1. A synthetic peptide corresponding to aa 1047-1061 of Jagged-1 was incubated with
buffer only (left panel), ADAM17 (middle panel), or ADAM17 with its inhibitor TAPI-2 (right panel), and the reaction products were subjected to mass spectrometry.
Peak 1 represents the intact substrate SLIAAVAEVRVQRRP, and Peak 2 represents the ADAM17 cleavage product, a 906.56 Da peptide that was determined to

be VRVQRRP.
See also Figure S5.
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necessarily imply an associated increase in blood flow (Takaha-
shi et al., 1995; Weidner et al., 1991). It is possible that ECs play
a more active role in mediating tumor growth and metastasis
than simply providing the physical structure that forms conduits
for blood flow. The development of more effective agents target-
ing the vasculature may require approaches that go beyond tar-
geting the classic angiogenic pathways by current means.

Here, we provide several lines of evidence demonstrating that
ECs secrete soluble factors that promote the colorectal CSC
phenotype via a paracrine effect: CM derived from ECs can (1)
enrich the Aldefluor-positive CRC cell population, (2) enrich
CRC cells expressing putative colorectal CSC surface marker
CD133, (3) increase CRC cell sphere-forming capability, (4)
enhance tumorigenicity, and (5) confer chemoresistance to
CRC cells. We also determined that the major EC-secreted factor
that promotes CSC phenotype is an unreported form of Jagged-1
that activates Notch signaling in neighboring CRC cells.

The identification (or existence) of CSCs remains a point of
controversy. Numerous markers have been used to identify
CSCs from CRC specimens, including the cell surface marker
CD133, functional studies such as the Aldefluor assay and
sphere-forming ability, and in vivo studies such as the serial dilu-
tion-based tumorigenicity assay. In our studies, we assessed all
of these markers, and all confirmed that ECs secrete a factor(s)
that increase the percentage of CRCs with CSC properties. We
believe the tumorigenicity and chemoresistance assays are the
most important studies that potentially have clinical implications.

Many studies suggest that CSCs originate from mutations in
stem cells that cause malignant transformation (Barker et al.,
2009; Dick, 2008; Korkaya and Wicha, 2010; Passegué et al.,
2003). However, other investigators have noted that CSCs exist
in a state of flux and that the CSC population can be enriched by
microenvironmental influences (Chaffer et al., 2011; Rosen and
Jordan, 2009; Vermeulen et al., 2010). In our studies, EC CM
increased the percentage of cells with CSC characteristics,
further supporting the idea that the microenvironment can regu-
late the CSC phenotype. Our findings that EC CM can convert
a non-CSC to a cell with CSC properties are in line with recent
studies showing that CSCs and non-CSCs do not exist in fixed
states (Chaffer et al., 2011; Gupta et al., 2011). More importantly,
we demonstrated that Notch signaling activation by a soluble
ligand is an important mechanism through which the CSC pop-
ulation is enriched in CRC by the microenvironment.

The observation that CSCs accumulate in perivascular regions
has been reported by several groups (Butler et al., 2010a; Cal-
abrese et al., 2007; Krishnamurthy et al., 2010). EC-secreted
factors have been shown to promote the self-renewal of CSCs
in squamous cell carcinomas, as demonstrated by upregulated
Bmi-1 expression and an increase in sphere formation in vitro
(Krishnamurthy et al., 2010). Others have shown that ECs could
promote glioblastoma stem-like cell expansion by secreting
factors that activate mTOR signaling (Galan-Moya et al., 2011).
These studies support the notion that tumor-associated ECs
play a direct role in maintaining a population of CSCs. We
demonstrated that ECs produce a truncated soluble form of
Jagged-1 that activates Notch signaling in CRC cells to promote
their CSC phenotype. We also showed that, in both primary and
metastatic human CRC specimens, NICD- and CD133-positive
cells are primarily located in perivascular areas. Our findings
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suggest that ECs play an important role in establishing a peri-
vascular niche for colorectal CSCs through inducing Notch
signaling in tumor cells by releasing soluble Jagged-1 in a para-
crine manner.

Rafii and colleagues reported that EC expression of Jagged-1
and Jagged-2 could stimulate the expansion of Notch-depen-
dent hematopoietic stem cells (Butler et al., 2010b). Similarly,
Fan’s group reported that human brain microvascular ECs could
activate Notch signaling in adjacent glioblastoma cells in a juxta-
crine manner (Zhu et al., 2011). Taketo and colleagues also re-
ported that tumor-associated ECs express Jagged-1 and DLL4
that activate Notch signaling on CRC cells (Sonoshita et al.,
2011). In these studies, direct cell-cell contact (juxtacrine sig-
naling) was required for ECs to maintain hematopoietic/cancer
stem cell propagation (Butler et al., 2010b; Kobayashi et al.,
2010). In our studies, however, we defined a previously unrecog-
nized mechanism through which ECs activate Notch signaling to
promote CRC cell stemness—namely, production of a soluble
paracrine/angiocrine Notch ligand.

In this study, we were able to determine the identity of the
soluble form of Jagged-1 secreted by ECs, produced through
ADAM17 cleavage. In addition, we determined that this soluble
form of Jagged-1 activates Notch signaling and, in turn, medi-
ates the CSC phenotype of CRC cells. In the classic model of
Notch signaling (Figure 8A), Notch is activated by cell surface-
bound ligands, where cell-cell contact is required. We propose
an alternative Notch activation model, as shown in Figure 8B,
whereby the full-length Jagged-1 is cleaved by ADAM17, which
results in the production of a truncated soluble form of Jagged-1
that can activate Notch signaling in nearby cells. This manner
of Notch pathway activation does not require cell-cell contact,
and therefore, we refer it as paracrine/angiocrine activation of
Notch.

Several studies have reported contrasting biologic effects of
soluble Notch ligands. Two groups generated soluble mutants
of Drosophila Notch ligands Delta and/or Serrate and found
that these forms could function as antagonists of Notch signaling
(Hukriede and Fleming, 1997; Sun and Artavanis-Tsakonas,
1997). Similarly soluble forms of human Jagged-1 and DLLA1
composed only of the extracellular domain were reported to
inhibit Notch signaling (Small et al., 2001; Trifonova et al.,
2004). An engineered soluble Notch ligand, DLL4-Fc, in which
the extracellular domain of DLL4 was fused to a human IgG1
Fc fragment, has been shown to inhibit Notch activation (Lobov
et al.,, 2007; Noguera-Troise et al., 2006). In contrast, several
groups have shown that soluble Jaggedi-derived peptides are
able to activate Notch signaling in several cell types, leading to
keratinocyte differentiation (Nickoloff et al., 2002), maturation
of dendritic cells (Weijzen et al., 2002), apoptosis in B cell
leukemia cells (Kannan et al., 2011), and inhibited differentiation
of hematopoietic precursor cells (Li et al., 1998). Importantly,
a naturally occurring soluble form of Jagged1 was found in
human skin, inducing epithelial differentiation, a phenotype
consistent with Notch activation (Aho, 2004). We found a natu-
rally occurring soluble Jagged-1 that can activate Notch sig-
naling in CRC cells. The reasons for the apparent discrepancies
among different studies are not well understood. A major deter-
minant of whether a soluble ligand activates or inhibits Notch
signaling could be the specific structure of the ligand. Thus, we
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speculate that distinct forms of soluble Notch ligands, resulting
from different species, cleavages, posttranslational modifica-
tions, and/or engineering strategies, may account for their dif-
ferent biologic behaviors.

Although Notch inhibitors are being studied in clinical trials,
toxicity has been noted, limiting clinical development. Our
discovery of truncated soluble form of Jagged-1 that activates
Notch signaling in CRC cells has potential clinical implications.
Neutralization of Notch activation triggered by soluble Jagged-1
may be a more specific and refined approach to sensitize tumors
to antineoplastic therapies.

Although we believe that soluble Jagged-1 is the major factor
that mediates the angiocrine effect that promotes the colorectal
CSC phenotype, we do not exclude the possibility that other
signaling events may also contribute to induction of the CSC
phenotype. Given the obvious complexity of tumor microenvi-
ronment, we believe that other important angiocrine factors
remain to be identified, and this will be important in the develop-
ment and refinement of new therapeutic approaches.

In summary, our study defines a mechanism for the angio-
crine function of ECs that leads to Notch activation that, in
turn, promotes the CSC phenotype. This study reports the
generation of an active, soluble form of Jagged-1 that is the
product of ADAM17 protease activity. Our findings, along with
other studies in the field of angiocrine signaling, suggest that
ECs are more than simply conduits for nutrient and oxygen
delivery—they also contribute soluble factors to promote the
CSC phenotype and chemoresistance. It is possible that target-
ing angiocrine signaling, including soluble Jagged-1 and/or
ADAM17, may improve the outcomes of therapy for patients
with metastatic CRC.

EXPERIMENTAL PROCEDURES

Isolation of Human CRC Cells and Liver Parenchyma ECs

Human CRC (hCRC) cells and LPECs were isolated from CRC and liver
parenchyma tissue from surgical specimens, respectively. Xenografted
human CRC (hxCRC) cells were isolated from mice after a direct inoculation
with freshly isolated human CRC cells derived from patients (see Supple-
mental Experimental Procedures). The M.D. Anderson Cancer Center

Angiocrine Notch Signaling

Endothelial (h
ADAM17

Jagged-1

A
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Figure 8. Proposed Model for EC-Mediated
Paracrine Activation of Notch Signaling in
Colorectal Cancer Cells

(A) The conical model for Notch pathway activa-
tion, where membrane bound ligands such as
Jagged-1 activates Notch signaling in contacting
cells.

(B) Schematic summarizing our proposed model
for paracrine activation of the Notch pathway in
CRC cells. ADAM17 cleaves membrane bound
Jagged-1 on ECs, releasing an N-terminal soluble
fragment that binds, and activates, Notch on CRC
cells.

(MDACC) Institutional Review Board approved
human specimen procurement, and informed
consents were obtained.

Tumorigenicity Studies

All mice were housed in the MDACC animal
facility, and all experiments were performed in
accordance with guidelines approved by the MDACC Institutional Animal
Care & Use Committee. LPEC CM-pretreated xhCRC cells were injected
subcutaneously into nude mice. Primary xenografts were harvested and
treated with LPEC CM for 7 days before secondary xenograft passaging
(see Supplemental Experimental Procedures). Tumor growth was monitored
by a blinded investigator.

In Vivo Metastasis Studies

Luciferase-labeled CRC cells were pretreated with EC CM for 7 days and in-
jected intravenously (Saltz et al., 2008) via tail vein or via the spleen (liver
metastasis model). Luciferase activity was used to assess the relative tumor
burden (see Supplemental Experimental Procedures).

Statistical Analysis

For all in vitro and ex vivo experiments, statistical analyses were conducted
using Student’s t test (Microsoft Excel). For in vivo studies, statistical analyses
were performed using the Kaplan Meier test (Software R) (tumorigenicity), chi-
square test (Microsoft Excel) (tumor incidence), and Mann Whitney-U test
(number of metastatic sites and tumor burden). All statistical tests were two-
sided, and p values < 0.05 were considered to be significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures and Supplemental Experimental
Procedures and may be found with this article online at http://dx.doi.org/10.
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SUMMARY

Significant endeavor has been applied to identify functional therapeutic targets in glioblastoma (GBM) to halt
the growth of this aggressive cancer. We show that the receptor tyrosine kinase EphAS3 is frequently overex-
pressed in GBM and, in particular, in the most aggressive mesenchymal subtype. Importantly, EphA3 is
highly expressed on the tumor-initiating cell population in glioma and appears critically involved in maintain-
ing tumor cells in a less differentiated state by modulating mitogen-activated protein kinase signaling. EphA3
knockdown or depletion of EphA3-positive tumor cells reduced tumorigenic potential to a degree compa-
rable to treatment with a therapeutic radiolabelled EphA3-specific monoclonal antibody. These results iden-

tify EphA3 as a functional, targetable receptor in GBM.

INTRODUCTION

Glioblastoma (GBM) is the most common primary brain cancer.
Standard treatment involves surgical resection, followed by radi-
ation and temozolomide chemotherapy (Behin et al., 2003).
Therapy is rarely curative due to the infiltrative nature of these
tumors and their resistance to radiation and chemotherapy.
Median survival is <15 months and median progression-free
survival is <7 months (Stupp et al., 2005). This dismal situation
motivates a search for new therapies, in particular those that
target tumor-propagating cells. Gene expression profiling,
together with DNA mutation data, has identified four GBM
subtypes (proneural, neural, classical, and mesenchymal) (Carro

et al., 2010; Verhaak et al., 2010). There is also accumulating
evidence that at least some GBMs arise from developmentally
arrested neural progenitor or stem cells (Pardal et al., 2003;
Reya et al., 2001; Singh et al., 2004), although this may not be
universally true (Visvader, 2011). Despite this controversy, cells
with dedifferentiated properties are thought to be responsible
for tumor recurrence following treatment (Dick, 2008), and their
intrinsic resistance to both chemotherapy and radiation requires
new strategies to eradicate them (Bao et al., 2006).

Eph receptors are the largest family of receptor tyrosine
kinases and have vital functions, including cell adhesion, migra-
tion, and axon guidance, during development and homeostasis
(Flanagan and Vanderhaeghen, 1998; Holder and Klein, 1999;

Significance

target in GBM.

Although debate still surrounds the cancer stem cell hypothesis in solid tumors, such as GBM, there is agreement that
cells in a less differentiated, tumorigenic state exist within these highly heterogeneous tumors. These cells are thought to
be responsible for tumor recurrence following treatment. Here, we demonstrate that in EphA3-expressing GBM, EphA3
has a functional role in maintaining less differentiated, tumor-initiating cells by modulation of mitogen-activated protein
kinase signaling. EphAS is lowly expressed in adult tissues and therefore represents a relatively tumor-specific therapeutic
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Figure 1. EphA3 Is Expressed Highly in Glioma and Is Overrepre-
sented on Mesenchymal Tumors

(A) EPHAS3 overexpression was tested by gPCR in glioma clinical specimens
(n = 80) compared to normal brain tissue (n = 12; p = 0.001; unpaired t test with
Welsh’s correction). EPHA3 mRNA levels were negligible in normal brain while
40% of clinical specimens (32/80) expressed detectable levels of EPHA3
mRNA (more than two copies per 1,000 B-actin; further defined in Figure S1).
Table S1 lists the specimens tested.

(B) Flow cytometric analysis of EphA3 protein expression in dissociated GBM
clinical specimens.

(C) Linear regression analysis of EPHA3 mRNA (QPCR) and EphA3 protein
(mean channel fluorescence) levels in serum-free cultures (n = 11) shows
a positive correlation (> = 0.675, p = 0.0019). See also Figure S1.

(D) EPHAS3 microarray expression data were compared to GBM subtype
classification (mesenchymal, classical, proneural, neural) in GBM specimens
from the TCGA database (n = 173). Samples expressing EPHA3 >1.4-fold (n =
47) showed an overrepresentation of mesenchymal tumors (60%) and an
underrepresentation of neural tumors (9%). The difference between each
group was significant (p = 0.001) as assessed by multivariate analysis. See
also Figures STA-S1F.

Mann et al., 2002; Wilkinson, 2000). Eph receptors and ephrin
ligands tend to be most highly expressed during development,
and evidence suggests a role in regulation of stem cell differen-
tiation and cell fate determination (Aoki et al., 2004; Conover
et al., 2000; Holmberg et al., 2006; Lickliter et al., 1996; Wang
et al., 2004). Ephrins and Eph receptors have been found to be
aberrantly expressed in many cancers, including GBM (Pas-
quale, 2010). Family members implicated in gene deregulation
and function in GBM include EphA2, EphA7, EphB2, and eph-
rin-A5 (Li et al., 2009; Nakada et al., 2004; Wang et al., 2008;
Wykosky et al., 2005).

EphA3 is expressed in embryonic tissues including the brain,
spinal cord, axial muscles, lungs, kidneys, and heart (Kilpatrick

et al., 1996) and appears to play a critical role in epithelial-to-
mesenchymal transition (EMT) (Stephen et al., 2007). EphA3
mutations have been identified that suggest a tumor-suppressor
role in some cancers (Davies et al., 2005). Conversely, overex-
pression of EphA3 has been observed in some cancers,
including leukemia, lymphoma, lung cancers, melanomas, and
gastric carcinoma (Boyd et al., 1992; Chiari et al., 2000; Dottori
et al., 1999; Lawrenson et al., 2002; Wicks et al., 1992; Xi
et al., 2012). EphA3 somatic mutations, which map to highly
conserved regions of the gene, have been identified in GBM
(Balakrishnan et al., 2007; Lisabeth et al., 2012).

Given the expression of EphA3 in many human cancers and its
role in EMT, we explored the expression and function of EphA3 in
GBM and, in particular, the mesenchymal subtype, which has a
more aggressive and less differentiated phenotype with a poorer
prognosis (Phillips et al., 2006).

RESULTS

EphA3 Is Highly Expressed in Glioma and Is
Overrepresented on Mesenchymal GBM

To investigate EphA3 expression in brain cancer, we assessed
messenger RNA (mMRNA) and protein levels in a series of clinical
glioma specimens and specimen-derived early passage cell
lines. A bank of 80 human glioma clinical specimens was
collected of which 74% were GBM (WHO grade V) (Table S1
available online). Quantitative PCR (QPCR) was performed on
these tumors and 12 normal human brain specimens (Figure 1A).
EPHA3 mRNA levels were low in normal brain whereas 40% of
clinical specimens (32/80) expressed significantly (p < 0.01)
higher levels of EPHA3 mRNA. EphA3 protein expression was
assessed using flow cytometry of dissociated GBM tumor
samples; representative expression profiles are shown in Fig-
ure 1B. In some cases essentially all cells were positive, whereas
in others only a subset showed significant expression.

To further explore EphA3 expression, we analyzed a panel of
early passage (less than five passages) cell lines from primary
GBM specimens. Lines were grown in serum-free medium on
a laminin substratum, because these conditions are reported to
maintain the phenotype and genotype of the original tumor and
enrich for tumor-initiating cells (Pollard et al., 2009). gPCR and
flow cytometry were used to analyze EphA3 expression in these
cultures (Figures S1A and S1B). Results showed that a greater
proportion of cultures expressed EPHA3 (60%, n = 15) compared
to clinical specimens (40%, n = 80). Flow cytometry also revealed
a greater than expected level of EphA3 expression when
compared to the original tissue specimens (data not shown).

To determine the correlation between mRNA and protein
expression, we analyzed primary serum-free cultures (n = 11)
to compare mRNA (gPCR) and protein (mean channel fluores-
cence) levels (Figure 1C). Linear regression analysis showed
a strong correlation (> = 0.675 p = 0.0019) between mRNA
and protein expression. EphA3 protein was detectable by flow
cytometry when GBM lines expressed mRNA levels of two or
more copies per 1,000 B-actin (Figure S1C). Additional analysis
of ephrin expression by gPCR was performed in six primary
serum-free cultures (Figure S1D). All samples had relatively low
expression and, in particular, of the high-affinity EPHAS3 ligand
EPHRIN A5.

Cancer Cell 23, 238-248, February 11, 2013 ©2013 Elsevier Inc. 239
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To investigate if EPHAS3 expression correlated with glioma
subtypes, we analyzed a data set of GBM specimens from The
Cancer Genome Atlas Project (TCGA) (n = 173), which had
been assigned GBM subtypes defined by a previous study
(Verhaak et al., 2010). Samples expressing elevated EPHA3
(>1.4-fold; n = 47) showed an overrepresentation of mesen-
chymal tumors (60%) and an underrepresentation of neural
tumors (9%), which was significant by multivariate analysis
(p = 0.0001) (Figure 1D). Furthermore, analysis of EPHAS alter-
ations, the majority being RNA upregulation, using the TCGA
database revealed that altered EPHAS led to decreased survival
in patients with mesenchymal subtype GBM (n = 56, p = 0.017;
Figure S1E). Alternatively, using the Rembrandt database,
EPHAS3 expression in all gliomas (n = 454) showed a significant
correlation with survival (Figure S1F). Analysis revealed a 2-fold
decrease in EPHAS3 expression (n = 160) correlated with
increased survival (p = 0.002), whereas a 2-fold increase in
EPHAS3 expression (n = 34) correlated with decreased survival
(p = 0.02).

GBM clinical specimen

Loss of EphA3 Prevents Tumorsphere Formation and
Induces Neuronal and Glial Cell Differentiation

Growth under neurosphere culture conditions selects against
survival of terminally differentiated cells, whereas less differenti-
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b b sections of a GBM clinical specimen and a BAH1
GBM xenografted tumor shows highly discrete
B e staining between EphA3 and the glial marker
EphA3 'GFAP " 2 . GFAP.
Primary GBM xenograft Scale bar represents 20 uM. See also Figures
S2A-S2F.

ated cells respond to growth factors to form “neurospheres”
(Reynolds and Weiss, 1992). Under these conditions, a subset
of GBM cells grow as “tumorspheres” and exhibit self-renewal
and retain the capacity to differentiate (Galli et al., 2004). Conse-
quently, to further explore EphA3 function in GBM, we generated
three primary GBM cultures (BAH1, WK1, and SJH1), which were
all shown to form orthotopic tumors in immune-compromised
animals; we also used the established GBM cell line U251 grown
as tumorspheres. The subtype of these primary lines was deter-
mined using the microarray method outlined by Verhaak et al.
(2010). BAH1 and SJH1 were derived from GBMs of the neural
subtype while WK1 was established from a mesenchymal
GBM. Immunofluorescence staining for EphA3 showed strong
membranous expression in all of the lines (Figure 2A).

We first investigated the effect of EphA3 knockdown (KD) on
tumorsphere growth using two different EPHA3 small hairpin
RNA (shRNA) sequences, both of which resulted in >90% KD
of EphA3 expression (Figures 2B, 2C, S2A, and S2B). In all four
cell lines, following several passages the sphere-forming capa-
bility of the KD cells was reduced and was accompanied by
increased cell spreading, adherence, and morphological
changes (Figures 2D and S2C). Adherent cells in all three
EphA3 KD primary lines grew slowly under tumorsphere culture
conditions and died following subsequent cell passage. This
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phenomenon was not observed in U251 cells, which grew slowly
but remained viable (Figure S2D). In contrast, when EphA3 KD
primary cells were grown under serum-free conditions on lami-
nin, all three primary cultures were viable but proliferated slowly
(Figure 2E). To determine whether the morphological changes
following KD were the result of differentiation, cultures were
stained with lineage-specific markers (Figures 2F and S2E).
Positive staining for astrocytic (glial fibrillary acidic protein
[GFAP]) and neuronal (Blll-tubulin) markers, but minimal staining
with the oligodendrocytic (myelin basic protein) lineage marker,
was observed. Control tumorspheres showed minimal staining
for differentiation markers (Figure S2F). We also established
a tetracycline-inducible EphA3 KD system in U251 cells (Figures
S2B-S2E). Whereas EphA3-positive U251 cells formed tumor-
spheres in the absence of tetracycline, tumorsphere formation
and proliferation was greatly reduced following tetracycline-
induced EphA3 KD and was accompanied by expression of
differentiation markers. Following removal of tetracycline,
EphA3 was re-expressed and tumorsphere formation was
restored. As a specificity control for EphA3 KD, we performed
a rescue experiment by re-expressing EphA3 with a mutated
shRNA binding site in U251 constitutive EphA3 KD cells (Figures
S2C and S2D). Following re-expression of shRNA-resistant
EphAS3, both proliferation and tumorsphere-forming capacity
were restored.

We further compared EphA3 expression in the primary lines
following growth factor withdrawal and addition of 2% fetal
bovine serum (FBS), conditions that allow differentiation to occur
(Figure 2G). In each case EphAS3 levels decreased in serum-
containing medium, providing further evidence that EphA3 is
downregulated during GBM cell differentiation. When recultured
in serum-free medium, EphA3 levels increased to preserum
culture levels with a parallel decrease in differentiated cells
(data not shown). To demonstrate that EphA3 was expressed
on less differentiated cells, we assessed the expression of
EphA3 compared to the expression of GFAP, a marker of astro-
cytes, in both patient specimens and GBM tumor xenografts.
Immunohistochemistry (IHC) results are shown for sequential
tissue sections from a GBM patient specimen and GBM xeno-
graft using BAH1 cells (Figures 2H and S2G). These show
a specific and discrete pattern of staining for EphA3 and
GFAP, implying that EphA3 expression is high on less differenti-
ated tumor cells and reduced on the differentiated population.

EphA3 Is Coexpressed with Markers of Undifferentiated
Cells in GBM

Of the markers of less differentiated, highly proliferative cells in
GBM that have been reported in the literature, among the most
convincing have been CD133, integrin o6, and CD15 (Lathia
et al., 2010; Singh et al., 2004; Son et al., 2009). To investigate
if EphAS is coexpressed with these markers, we examined nine
acutely dissociated GBM specimens using multiparameter flow
cytometry, using the epidermal growth factor (EGF) receptor as
a positive control (Figure 3A). Specimens did not show distinct
subpopulations, but EphA3 appeared to be commonly coex-
pressed with integrin a6 but not CD133 (complete analysis and
controls shown in Figure S3A). Association with these markers
was further confirmed in the primary lines using both Amnis
expression analysis (Figure 3B) and flow cytometry (Figure 3C)

showing that EphA3 is most often coexpressed with integrin o6
and CD133 but not with CD15 (for complete flow cytometry anal-
ysis and controls see Figure S3B). Given that primary serum-free
cultures grown on laminin are reported to enrich for the dediffer-
entiated, highly proliferative cells known to express such
markers as CD133, integrin a6, and CD15, we assessed the
expression of EphA3 using three primary GBM tissue specimens
and the paired primary serum-free culture. Results show that
EphA3 expression was increased under these culture conditions
(Figure 3D). Despite two tissue specimens expressing low levels
of EphAS3, all samples showed a significant increase in EphA3
expression following culture for 3 weeks. We also assessed
the expression by gPCR of neural and other progenitor cell
markers in WK1 cells transfected with control shRNA versus
EPHA3 shRNA (Figure 3E). Results show a reduced expression
of all these markers following EphA3 KD. Next, we sorted each
primary culture into high and low EphAS3 fractions and assessed
the expression of progenitor cell markers, proliferation, and
sphere-forming potential (Figures 3E and S3C). In each case,
expression of at least one marker was elevated in the EphA3-
high population; in the case of the mesenchymal line WK1, all
markers were elevated in the EphA3-high fraction (Figure 3E).
Moreover, in all lines tested, the EphA3-positive population
showed a significantly (p < 0.05) higher capacity to form
tumorspheres and to proliferate at a higher rate. Furthermore,
IHC and immunofluorescence staining for CD31 and EphAS in
the same GBM xenograft section revealed that EphA3 was
predominantly localized around the tumor vasculature (Figures
3F and S2G), a reported niche for GBM stem/progenitor cells
(Calabrese et al., 2007). Thus, we have presented several lines
of evidence that EphA3 is coexpressed with known markers of
undifferentiated cells in both clinical specimens and primary
cultures. This is in keeping with the finding that EphAS3 is most
commonly elevated in mesenchymal GBM, which are character-
ized by the presence of progenitor cell markers and lack of neural
differentiation markers. Furthermore, EphA3 appears to be most
commonly coexpressed with integrin o6, a GBM progenitor cell
marker known to be expressed in the vascular bed of GBM
tumors (Lathia et al., 2010).

EphA3 Limits MAPK Pathway Activation

Previous studies have shown that EphA receptor activation can
lead to increased differentiation of neural precursor cells through
positive regulation of the extracellular signal-regulated kinase
(ERK) mitogen-activated protein kinase (MAPK) pathway (Aoki
et al., 2004). We examined ERK1/2 phosphorylation in both
WK1 and U251 cells and found that the ERK/MAPK pathway
was more highly activated in EphA3 KD cells compared to
control (Figures 4A and S4A). In contrast, the phosphatidylinosi-
tide 3-kinases/protein kinase B and Janus-activated kinase/
signal transducer and activator of transcription pathways
showed no change following EphA3 KD (data not shown). More-
over, when cells had been cultured without EGF, activation of the
MAPK pathway using either receptor tyrosine kinase (RTK)-
dependent (EGF) or RTK-independent (PMA [phorbol-12-myris-
tate-13-acetate]) stimulation resulted in prolonged and elevated
MAPK pathway activation when EphA3 was downregulated
(Figures 4B and S4B). This suggested that the differentiation
observed when EphA3 was neutralized could be due to
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Figure 3. EphA3 Is Coexpressed with
Markers of Undifferentiated Cells in GBM
(A) EphA3 coexpression with the markers integrin
26 and CD133 was assessed in GBM clinical
specimens (n = 9); EGFR was used as a positive
control. EphA3 was coexpressed with integrin o6,
while distinct subpopulations of EphA3- and
CD133-positive cells were observed in some of
the samples. See Figure S3 for complete analysis
and controls of nine specimens.

(B) Amnis expression analysis was performed on
three primary GBM cultures for EphA3 and the
markers integrina6, CD133, and CD15; represen-
tative individual and merged fluorescent images
are shown. Percentage of cells coexpressing
EphA3 and the marker of interest is quantitated for
each primary line (+SD, n = 3).

(C) EphA3 coexpression with the markers CD15,
CD133 and integrin 06 was assessed by flow
cytometry in three primary serum-free lines. Data
are shown for WK1. See Figure S3 for analysis of
BAH1 and SJH1.

(D) Flow cytometric analysis of paired GBM tumor
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Figure S3 for all primary lines tested. Sphere-
forming potential and proliferation were also found
to be significantly reduced in the EphA3-low
compared to EphA3-high cells for each of the
three primary lines (*p < 0.05, +SD; n = 3).

(F) Immunohistochemical and immunofluorescent
staining of BAH1 GBM xenografted tumor shows
coexpression of EphA3 and the endothelial cell
marker CD31. EphAS3 (red) bright cells are primarily
found in close proximity to the tumor vasculature
(CD31+, green). Number of bright EphA3* versus

Total cell number

Dim
EphA3

Bright

dim EphA3* cells was quantitated in a localization-dependent fashion; cells in close proximity to the CD317* cells (within two layers of cells; white dashed lines
indicated boundaries) were compared to cells outside this region. Scale bar represents 20 uM. See also Figures S3A-S3D.

constitutively elevated ERK/MAPK activation. Furthermore, re-
expression of EphA3 in U251 KD cells returned tumorsphere
formation in parallel with a loss of constitutively activated
ERK1/2 (Figure S4A). This suggested that EphA3 may be limiting
MAPK signaling and thereby restricting differentiation. To further
assess if ERK phosphorylation was indeed driving differentiation,
we overexpressed wild-type and constitutively active mitogen-
activated protein kinase kinases 1 and 2 (MEK1/2) in U251
wild-type tumorsphere cells and also downregulated ERK1/2
using small interfering RNA (siRNA) in EphA3 KD U251 tumor-
spheres (Figures S4C and S4D). MEK1/2 overexpression led to
constitutively active ERK1/2, resulted in a loss of tumorsphere
formation, and induced morphological changes indicative of
differentiation and reduced cell growth. This phenomenon was
reversed in EphA3 KD cells when ERK1/2 levels were reduced
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by siRNA-mediated KD, restoring tumorsphere formation.
Another Eph receptor, EphA2, has been shown to be frequently
overexpressed in GBM (Wykosky et al., 2005). We found that
EphA2 was coexpressed with EphA3 on many GBM patient
samples (Table S1). Immunofluorescence staining of EphA2
and EphA3 in primary lines showed significant overlapping
expression patterns (Figure S4F). Some degree of association
of these proteins was demonstrated by immunoprecipitation of
both EphA2 and EphA3 in U251 tumorspheres and primary
serum-free cultures. Given the coexpression of the two recep-
tors, we examined the effect of EPHA2 shRNA-mediated KD in
U251 tumorspheres. Results confirmed that, similar to EphA3
attenuation, EphA2 KD prevented tumorsphere formation,
reduced proliferation (33%, p < 0.05), and resulted in sustained
ERK activation following EGF stimulation (Figure S4G).
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Figure 4. EphA3 Limits MAPK Pathway Activation and Exhibits Low
Basal Receptor Activation In Vitro and In Vivo

(A) EphA3 KD in WK1 tumorspheres induces constitutive ERK1/2 activation.
(B) EphA3 KD in WK1 tumorspheres induces elevated ERK1/2 activation
following treatment with EGF (30 ng/ml).

(C) Immunoprecipitation of EphA3 following treatment of BAH1, WK1, and
SJH1 with soluble clustered ephrin-A5-Fc (1 pg/ml) for 10 min revealed rapid
receptor activation. No activation was detected in the unstimulated primary
cultures.

(D) Immunofluorescent staining of EphA3 in BAH1, WK1, and SJH1 cells
showed rapid internalization of EphA3/ephrin-A5 receptor and ligand
complexes following activation with ephrin-A5-Fc (10 ug/ml) for 20 min at
37°C. EphA3 remained on the cell surface if activation was delayed by main-
taining the cells at 4°C. Following ephrin-A5-Fc treatment, pronounced cell
spreading and adhesion were observed.

(E) Flow cytometric analysis revealed a mild reduction of EphA3 on the cell
surface following treatment with ephrin-A5-Fc (10 ug/ml) for 6 and 24 hrin BAH1
WK1 and SJH1 cells; expression is compared to control CD48-Fc (24 hr).

(F) Immunoprecipitation of EphA3 in two GBM tissue specimens reveals total
EphA3 was present while no receptor activation was detected.

(G) gPCR expression analysis of EPHA3 and EPHRIN A5 in BAH1, WK1, and
SJH1 shows elevated receptor expression compared to low ligand. Scale bar
represents 20 pM. See also Figures S4A-S4G.

Aoki et al. (2004) showed that EphA3 activation could drive
neural cell differentiation through increased MAPK pathway
activation, whereas our data showed that EphA3 maintains
an undifferentiated, self-renewing tumor population through a
mechanism that limits MAPK signaling. We investigated the
activation status of EphA3 in GBM cells with or without stimula-
tion with the high-affinity ligand ephrin A5. The three primary
lines tested showed low levels of kinase activity in unstimulated
cultures, but the kinase was readily activated in response to

stimulation with clustered ephrin A5-Fc in all lines (Figure 4C).
Furthermore, EphA3 activation also led to an increase in cell
spreading and rapid internalization of receptor complexes (Fig-
ure 4D), and consequently a reduction in cell-surface EphA3
expression (Figure 4E). To determine if the low kinase activity
in vitro reflected the activation status in vivo, we tested its activa-
tion state in GBM patient specimens. Although EphA3 was ex-
pressed in patient samples, we could not detect kinase activity
(Figure 4F). gPCR expression analysis revealed that EPHRIN
A5 expression is low in all lines (Figure 4G), which is in keeping
with the expression analysis in a larger group of primary lines
tested (Figure S1). Receptor activation in U251 resulted in
a reduction in proliferation when high concentrations of ephrin
were used (Figure S4). Because the ephrin is cleaved during
internalization, we assume the high concentration is needed to
maintain continued internalization of Eph receptor. Ephrin A5-
Fc may also activate EphA2. Therefore, to exclude an EphA2-
mediated effect, we treated U251 cells with ephrin A5-Fc
following EphA2 downregulation using shRNA (Figure S4H).
The EphA2 KD cells showed an ephrin A5-Fc-stimulated reduc-
tion in proliferation similar to control cells. We also specifically
activated EphA3 using the EphA3 monoclonal antibody (mAb)
IIA4, which, like ephrin, results in rapid internalization (Fig-
ure 4SH) (Vearing et al., 2005). An EphA3-specific reduction in
proliferation was observed in U251 cells when stimulated with
IlIA4, while an EphA3-negative primary GBM line (L1-NS) was
unaffected. These data suggest that although EphAS is present
and functional in GBM, it is most likely functioning in a kinase-
independent fashion to decrease MAPK signaling.

EphA3 Neutralization Attenuates Tumor Formation

Because EphA3 KD induced differentiation and reduced prolifer-
ation, we asked if tumorigenesis was affected. The U251 EPHA3
shRNA sequence 1 versus control shRNA cells were injected
subcutaneously into nonobese diabetic severe combined immu-
nodeficiency (NOD/SCID) animals (Figure S5A). There was
a dramatic reduction in tumor formation in the EphA3 KD group
when compared with controls. Control tumors reached the 1 cm
diameter endpoint at an average of 68 days. In contrast, all
EphA3 KD animals survived beyond 100 days without tumor
formation. The experiment was terminated at day 140, and at
autopsy only one animal was found to have a small lesion.
gPCR and IHC of EphA3 showed high expression in control
tumors whereas low or negligible expression was detected in
the single KD tumor. This small tumor also showed high expres-
sion of GFAP and BllI-tubulin mMRNA and GFAP and caspase-3
protein compared to the controls (Figures S5B and S5C).

Given the unique microenvironment in the brain, we also
examined the antitumor potential of both EphA3 neutralization
and depletion of EphA3 on the formation of intracranial xeno-
grafts. Initially, U251 EphA3 KD versus control shRNA cells
were injected into the right hemisphere of NOD/SCID animals.
As in the subcutaneous xenograft model, a failure of tumor
formation was observed in mice injected with the KD cells (Fig-
ure 5SD), whereas control animals formed large, well-vascular-
ized, invasive tumors at an average of 78 days after implantation.
All EphA3 KD animals were free of tumor at autopsy on day 145
postimplantation. To exclude off-target shRNA effects, mutant
EphA3 rescue cells were also analyzed. Control shRNA and
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(F) Orthotopic xenograft experiment in NOD/SCID
animals using tumor cells from a GBM patient
specimen, which had been dissociated and
acutely sorted for high versus low EphA3 pop-
ulations. Atotal of 5 x 10% tumor cells were injected
per animal with six animals per group. The Kaplan-
Meier survival curve shows EphA3-positive cells

formed tumors with a median survival of 113 days, while no tumor formation was observed in EphA3-low cell-injected animals following 180 days (p = 0.003).
(G) A representative coronal H&E section of a tumor formed after injection of EphA3-positive patient tumor cells. Tumors were highly infiltrative and invasive
(complete H&E sections for each animal are shown in Figure S5). Scale bar represents 20 uM. See also Figures S5A-S5H.

rescue U251 cells were injected subcutaneously and tumor
formation was monitored (Figure S5E). The control tumors
(n = 3) reached 1 cm in diameter in an average of 30 days, while
the rescue tumors (n = 4) reached 1 cm in diameter in an average
of 46 days. The somewhat slower growth of the rescue tumors
may reflect the slightly lower EphA3 expression in the rescue
cells but confirmed that EphA3 re-expression restored tumori-
genic potential.

To confirm that EphA3 is present on tumor cells and not the
stromal elements within the tumor, we orthotopically trans-
planted 5 x 10* tumor cells dissociated directly from a GBM
patient specimen into an immune-compromised NOD/SCID
animal. Five months following injection, a large invasive tumor
was detected. We subsequently analyzed the expression of
EphA3 in combination with the human-specific marker major
histocompatibility complex class I, human leukocyte antigens
(HLA) A, B, and C. Results show a clear separation between
nonhuman (mouse) stromal elements that were negative for
both EphA3 and HLA-A, B, and C within the tumor and EphA3-
positive HLA-A, B, and C tumor cells (Figure 5SF).

To explore whether the observation that EphA3 expression
was higher on less differentiated cells and therefore whether
low-EphA3 cells might translate into reduced tumorigenicity,
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we conducted an intracranial EphA3 depletion xenograft exper-
iment using the WK1 primary line infected with a luciferase-
encoding lentivirus. Because the EphA3 monoclonal antibody
may have activating properties, we initially avoided positive fluo-
rescence-activated cell sorting (FACS) selection and instead
compared mock-depleted versus the EphA3 mAb (IlIA4) anti-
body-depleted cells. As expected, depletion reduced EphA3
levels and also reduced the proliferative and sphere-forming
potential of the cells (Figures 5A and S5G). Cohorts of animals
were injected intracranially with 1 x 10%, 1 x 104 and 1 x 10°
cells and tumor formation monitored using in vivo luminescence
imaging (Figure 5B; for complete analysis see Figure S5G).
Tumor luminescence was quantitated and showed a significant
(p < 0.05) reduction in signal between mock and control for
each injection group (Figure 5C). The protumorigenic effect of
EphAS expression was further confirmed by the survival curves,
which showed a significant difference in survival. The median
survival for the 1 x 10% group was mock 134 days versus
depleted 158 days and for the 1 x 10° group was mock
105 days versus depleted 120 days (Figure 5D). When animals
were culled, the tumor was resected and gPCR expression anal-
ysis performed for EPHA3 and markers of less differentiated,
highly proliferative cells (Figure 5E). Results showed a minimal
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i (A and B) U251 (A) and BAH1 (B) cell cultures were
treated with unlabeled DOTA-IIIA4 mAb or esca-
lating doses of "77Lu-IlIA4 mAb. At 48 and 96 hr,
apoptosis and cell death were analyzed by An-
nexin V and 7-AAD staining. Representative
density plots are shown for the 96 hr time point
(inset) after treatment with 4 Gy of '””Lu-IlIA4 mAb.
Early apoptotic cells were significantly (p < 0.01)
higher for all doses and time points compared to
cells treated with DOTA-IIIA4 mAb (0 Gy).

(C and D) U251 (C) or BAH1 (D) tumors were grown
subcutaneously in BALB/c nude mice (five animals
per group). Tumors (50 mm®) were treated with
DOTA-IIIA4 mAb (50 pg per mouse) or escalating
doses of '"’Lu-IlIA4 mAb (50 ug per mouse). Data
are shown as percentage change in tumor volume
compared to day O (before treatments). Tumor
growth curves are shown for individual mice in
each treatment group. Insets show Kaplan-Meier
survival plots based on tumor volume. One animal
bearing a U251 tumor in the 150 MBg/kg showed
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tumor regrowth and was humanely killed. The survival of 450 MBa/kg "7 Lu-IllA4 mAb-treated mice within the 120-day observation period was 80% and 100% for
U251 and BAH-1 xenograft-bearing mice, respectively, whereas the survival after DOTA-IIIA4 mAb (0 MBg/kg) was 0%.

reduction in EphA3 and other markers tested compared to
mock-depleted tumors, implying that depleted cells had re-
expressed EphA3 by the time the tumors had fully formed.

As a more stringent test of the involvement of EphA3 on the
tumor-initiating cell population, a GBM patient tumor was disso-
ciated and acutely sorted for high versus low EphA3 expression.
Atotal of 5 x 102 cells from positive and negative fractions were
injected orthotopically into NOD/SCID mice (n = 6). The median
survival for the positive population was 113 days while no tumors
had been detected in the negative fraction at 180 days (Fig-
ure 5F). Coronal hematoxylin and eosin (H&E) sections were
prepared when animals showed signs of tumor formation. In
each case, animals injected with high-EphA3-expressing cells
uniformly developed highly infiltrative tumors (Figure 5G; for
complete analysis, see Figure S5H). Two animals injected with
low-EphA3-expressing tumor cells were culled due to signs of
illness, but no tumor formation was detected (Figure S5H).

Radiolabelled Anti-EphA3 mAb Treatment Prevents
Tumor Formation

The higher expression of EphA3 on dedifferentiated tumor cells
suggested that an EphA3-targeted therapy might extinguish
the tumor by eliminating the less differentiated, tumorigenic
compartment. To test this idea, we used the EphA3 mAb (IlIA4)
radiolabelled with lutetium-177 (*7’Lu) in mice bearing either
U251 or early passage BAH1 cell xenografts. In vitro studies
had shown that '7"Lu-IllA4 mAb treatment induced dose- and
time-dependent apoptotic cell death in both U251 (Figure 6A)
and BAH1 cells (Figure 6B) and reduced clonogenic survival
(50% loss of clonogenic survival at 3.5 Gy over 48 hr, data not
shown). In mice, following a single injection, the doubling time
of U251 tumors was 9.9 + 0.1 days in DOTA-IIIA4 mAb-treated
mice compared to 26.6 + 0.2 days in mice treated with
150 MBa/kg ""7Lu-IlIA4 mAb (Figure 6C). Similarly, in BAH1,
150 MBa/kg '"7Lu-llIA4 mAb lengthened the tumor-doubling

time from 12.7 + 0.1 days in control DOTA-IIIA4 mAb-treated
mice to 30.1 + 1 days (Figure 6D). Higher doses of """Lu-IllA4
mAb induced complete regression of both U251 (Figure 6C)
and BAH1 (Figure 6D) tumors for up to 9 weeks following treat-
ment. Between 9 and 17 weeks after treatments, regrowth was
observed in one out five mice bearing U251 xenografts treated
with 450 MBa/kg """Lu-lllA4 mAb (Figure 6C) and no regrowth
was observed in mice bearing the patient-derived BAH1 xeno-
grafts (Figure 6D). Importantly, we observed no weight loss or
any clinical signs of toxicity at any of the doses. Kaplan-Meier
survival plots (Figures 6C and 6D) based on the defined tumor
volume endpoint showed a significant increase in survival upon
treatment with *””Lu-1IA4 mAb (p < 0.0001). Given the prolonged
follow up after treatment, these results suggest that all tumori-
genic cells were effectively targeted by the therapy and at higher
doses had extinguished the tumor.

DISCUSSION

The current investigation identifies the EphA3 receptor as being
highly expressed on a significant proportion of gliomas and, in
particular, on the mesenchymal subtype of GBM. Several lines
of evidence show that EphA3 is often more highly expressed
on the undifferentiated, tumor-initiating cells. In the first instance,
EphA3 was shown to be more highly expressed in serum-free
culture systems lacking differentiated cells and was downregu-
lated when cells were differentiated. In tissue sections, the
expression of EphA3 was high in areas with few differentiated
(GFAP-positive) cells and lower in areas of positive GFAP
expression. We observed an association of EphA3 with integrin
a6 in patient specimens, a known marker of stem-like cells,
but not so clearly with CD133, consistent with heterogeneity
within the undifferentiated fraction in GBM (Lathia et al., 2010).

Importantly, we show that EphA3 has a critical role in maintain-
ing GBM cells in an undifferentiated state by limiting MAPK
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signaling (model shown in Figure S4E). EphA3 attenuation
resulted in partial differentiation and decreased proliferation.
Interestingly, if EphA3 was activated sufficiently to induce inter-
nalization, then the loss of EphA3 from the cell surface also re-
sulted in reduced cell growth, implying that a relatively small
loss of Eph receptor expression results in a shift in the balance
between undifferentiated, highly proliferative cells and more
differentiated, slowly dividing nontumorigenic cells. Indeed, we
show that in lines that coexpress EphA2 or EphAS, loss of either
is sufficient to alter this balance toward differentiation. Critically,
the presence of EphA3 was shown to be needed for the function
of tumor-initiating cells because loss of EphA3 was shown to
markedly reduce tumorigenic potential.

Sustained MAPK signaling is able to drive differentiation of
neural progenitors (Aoki et al., 2004). Moreover, EphA receptors
have been shown to direct differentiation of neural stem cells via
the MAPK pathway during CNS development. EphA3 is strongly
coexpressed with nestin, a marker of undifferentiated neural
cells, in the ventricular zone during murine development and in
neurosphere cultures (Aoki et al., 2004). We show that in GBM,
loss of EphA3 resulted in elevated MAPK signaling in parallel
with partial loss of neurosphere formation, reduced proliferation,
and the acquisition of differentiation markers. We show that
regulation of ERK/MAPK signaling by EphA3 in GBM is kinase
independent and also independent of the upstream activators
of MAPK signaling.

The preferential expression of EphA3 in mesenchymal GBM is
noteworthy. Mesenchymal tumors behave more aggressively
and have a poorer prognosis (Carro et al., 2010; Phillips et al.,
2006; Thiery, 2002). Notably, recurrent GBM is associated with
a shift to a more mesenchymal state (Phillips et al., 2006).
Studies of EphA3 knockout mice show that during heart devel-
opment, EphA3 expression, induced by EMT, has a critical role
in formation of atrioventricular valves and septa (Stephen et al.,
2007). These findings suggest that EphA3 expression may
increase as part of the switch to a more mesenchymal (sarcoma-
tous) phenotype.

We noted that approximately 40% of GBM clinical specimens
expressed significantly increased levels of EphA3 compared to
normal brain. A further 20% of specimens expressed lower levels
of EphA3 that were still elevated above normal brain tissues.
Interestingly, most tumors, when cultured on laminin under
conditions preventing differentiation, expressed EphA3 irre-
spective of subtype. Multiplex flow cytometric analysis of patient
specimens revealed a positive association of EphA3 and integrin
a6 but not other markers such as CD133. Based on these
studies, EphAS3 is not restricted to but it is more highly expressed
on the less differentiated tumorigenic cells and more widely ex-
pressed in less differentiated tumors such as the mesenchymal
subtype (Phillips et al., 2006). In some cases, EphA3 appeared
to be prominently expressed around the tumor vasculature of
GBM xenografts, a known stem cell niche in GBM (Calabrese
et al., 2007). A recent study has shown that the laminin receptor
integrin a6, a key protein in extracellular matrix modulation, is
also localized in the perivascular niche and can regulate tumor-
initiating cells (Lathia et al., 2010).

To explore the potential of EphAS3 as a therapeutic target, we
radiolabelled the EphA3 mAb (IllA4) using lutetium-177. A single
dose of the labeled antibody showed pronounced efficacy in
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preclinical models with very low toxicity. The failure of
tumors to regrow for 16 weeks following '"7Lu-1llA4 mAb treat-
ment strongly suggests that the treatment has targeted the
tumor-initiating cell compartment. This supports the develop-
ment of EphA3-based targeted therapies for the treatment of
GBM.

Significantly, we demonstrate that EphA3 plays an active role
in maintaining tumor cells in a dedifferentiated, tumorigenic
state. Moreover, EphA3 is most highly expressed in the more
aggressive and undifferentiated mesenchymal GBM subtype.
What then might be the benefits of therapeutic targeting of this
cell-surface receptor? EphA3 is expressed at low levels in adult
tissues, making it relatively tumor specific. More importantly, our
results suggest that such therapy can eliminate the tumor-
initiating cells, thereby stopping the tumor at its source.

EXPERIMENTAL PROCEDURES

Patient Tumors

This study was approved by the human ethics committee of the Queensland
Institute of Medical Research (QIMR) and Royal Brisbane and Women’s
Hospital (RBWH). All patients signed an approved consent form prior to
surgery. Specimens were examined by a neuropathologist to verify tumor
type and grade (Table S1).

GBM Cell Culture

Primary cell lines were derived from GBM specimens and maintained either
as primary serum-free cultures grown on laminin (Pollard et al., 2009) or as
tumorsphere cultures using StemPro NSC SFM (Invitrogen). The ATCC GBM
cell line U251 was cultured in RPMI 1640 media containing 10% FBS or
cultured as tumorspheres. All cultures were grown at 37°C under 5% CO,/
95% humidified air.

PCR Analysis
RNA was extracted using TRIzol (Invitrogen). First strand cDNA was synthe-
sized using random hexamers and Superscript Il (Invitrogen). Real-time

PCR was carried out using SYBR Green (Applied Biosystems). Cycling condi-
tions and primers are listed in Supplemental Experimental Procedures.

shRNA Knock Down

EPHA3 shRNA seq 1 was cloned into pSuperior.neo+gfp (Oligoengine). The
inducible KD system was generated using the tetracycline repressor construct
pcDNA 6/TR (Invitrogen). EPHA3 shRNA seq 2 and control construct was the
mission lentivirus SCHLNV, Clone ID TRCN0000196830 (Sigma). shRNA
sequences are listed in Supplemental Experimental Procedures.

Multiplex Analysis

Two eight-color multiplex analysis was conducted on nine GBM specimens.
Cells were selected using a viability dye, hematopoietic lineage cells were
excluded using CD45, and CD56 was used to select cells of neural and glial
lineage. Cells were analyzed on a LSR 2 (BD); data analysis was carried out
using Treestar FlowJo software (version 7.6.4). Antibodies are listed in Supple-
mental Experimental Procedures.

Amnis Image Stream

Samples were run on an ImageStream™ as previously described (Haney et al.,
2011) with minor modification. Briefly, 5,000 events were collected for each
sample and single color controls used to create a compensation matrix to
correct for spectral overlap. All data were then analyzed using IDEA software
(Amnis Corporation, Seattle, WA, USA).

Amnis, IHC, Immunofluorescence, FACS, and Western Blotting
Antibodies

For IHC, GFAP (Biocare medical CM065B, 1:1,000), EphA3 in-house mAb
(INA4, 1:100), and CD31 (Santa Cruz sc1506, 1:100) were used.
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For FACS/immunofluorescence, EphA2 in-house mAb (1F7, 5 ug/ml) and
EphA3 in-house mAb (I1I1A4, 5 ug/ml), CD133 (Miltenyi AC133, 1:10), BllI-tubulin
(Promega G712A, 1:100), GFAP (DAKO 20334, 1:100), Integrin a6 (Millipore
CBL458, 1:100), myelin basic protein (Sigma M3821, 1:100), and control
IgG1 (BD 349040, 1:400) were used.

For western blotting, we used EphA3 in-house rabbit polyclonal (1:2,000),
Upstate antibodies ERK1/2 (06-182, 1:1,000), p-ERK1/2 (05-797, 1:1,000),
Akt1 (AB3137, 1:1,000), and p-Akt1 (1:1,000), and Stat3 (Santa Cruz 81523,
1:1,000). B-actin was used as a loading control (Sigma, 1:2,000).

Subcutaneous and Orthotopic Xenografts

This study was approved by the QIMR animal ethics committee. Experiments
were conducted using 5-week-old NOD/SCID mice. A total of 2 x 10° cells
were injected subcutaneously and animals were sacrificed when tumors ex-
ceeded 1 cm in diameter. A total of 1 x 10° (for U251 experiments), 1 x 105,
1 x 104 1 x 10° (for WK1 depletion experiments), and 5 x 10° (for acutely
sorted clinical specimen) cells were injected intracranially using a stereotactic
device at a depth of 3 mm into the right cerebral hemisphere. Animals were
sacrificed when they showed signs of tumor formation (hunching, weight
loss, rough coat).

In Vitro and In Vivo Treatment Using '7’Lu- IlIA4 mAb
For in vitro studies, ""Lu-IllA4 mAb (preparation described in Supplemental
Experimental Procedures) was diluted to achieve a cumulative dose based
on the dose rate constant of '"”Lu being 0.283 g.rad/uCi.hr (Kocher, 1981).
U251 and BAH1 GBM cultures were subjected to treatments with escalating
doses (0-4 Gy) of '""Lu-IlIA4 mAb for 48 or 72 hr and assayed for apoptosis
using Annexin V and 7-ADD.

For in vivo studies, BALB/c nude mice were injected subcutaneously with
2 x 10° U251 or BAHT cells. Treatments with unlabeled DOTA-IIA4 mAb or
escalating doses of '’ Lu-labeled DOTA-IIIA4 mAb were initiated when tumors
reached 50 mm®. Unlabeled or labeled IlIA4 mAb was administered intrave-
nously as a single dose. Animals were monitored for clinical signs of toxicity
and tumor formation was monitored twice weekly by calliper measurement
(detailed in Supplemental Experimental Procedures).

Immunoprecipitation

Serum-starved cultures were lysed in cold lysis buffer and precleared using
CnBr inactivated beads. Total protein (2-5mg) was preincubated with either
EphA2 (1F7), EphA3 (llIA4), or EGFR (528) antibodies (1 ug per 1 mg protein)
for a minimum of 2 hr at 4°C. Prewashed protein G beads were added with
further incubation for 1 hr at 4°C.

Statistical Analysis

A two-tailed Student’s t test determined the probability of difference and a
p value < 0.05 was considered significant. A %2 test was used to evaluate
significance of GBM subtypes. Correlation coefficient was determined using
parametric linear regression analysis.

SUPPLEMENTAL INFORMATION

Supplemental Information includes one table, five figures, and Supplemental
Experimental Procedures and can be found with this article online at http://
dx.doi.org/10.1016/j.ccr.2013.01.007.
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SUMMARY

There is widespread interest in macrophages as a therapeutic target in cancer. Here, we demonstrate that
trabectedin, a recently approved chemotherapeutic agent, induces rapid apoptosis exclusively in mono-
nuclear phagocytes. In four mouse tumor models, trabectedin caused selective depletion of monocytes/
macrophages in blood, spleens, and tumors, with an associated reduction of angiogenesis. By using trabec-
tedin-resistant tumor cells and myeloid cell transfer or depletion experiments, we demonstrate that cytotox-
icity on mononuclear phagocytes is a key component of its antitumor activity. Monocyte depletion, including
tumor-associated macrophages, was observed in treated tumor patients. Trabectedin activates caspase-8-
dependent apoptosis; selectivity for monocytes versus neutrophils and lymphocytes is due to differential
expression of signaling and decoy TRAIL receptors. This unexpected property may be exploited in different
therapeutic strategies.

INTRODUCTION recognized as a hallmark of tumors (Colotta et al., 2009; Hana-

han and Weinberg, 2011). Tumor-associated macrophages
The last decade witnessed an ever-growing awareness of the (TAM) are present in large numbers in tumor tissues and are
promoting role of chronic inflammation in cancer initiation and  key promoters of cancer-related inflammation (Allavena and
progression (Balkwill and Mantovani, 2001; Ben-Neriah and Mantovani, 2012; DeNardo et al., 2009; Joyce and Pollard,
Karin, 2011; Coussens and Werb, 2002; Mantovani et al., 2008; 2009; Mantovani et al., 2002; Martinez et al., 2009; Pollard,
Murray and Wynn, 2011). Cancer-related inflammation is now  2004; Qian and Pollard, 2010).

Significance

Tumor-associated macrophages (TAM) elicit cancer-promoting inflammation and have been implicated in cancer progres-
sion and resistance to therapies, thus representing attractive therapeutic targets. Trabectedin is a recently approved
chemotherapeutic agent of marine origin that is clinically active in different tumors. Here, we report that trabectedin selec-
tively depletes in vivo mononuclear phagocytes, including TAM. Evidence is provided that macrophage targeting is a key
component of the antitumor activity of trabectedin. Selective mononuclear phagocyte depletion occurs in tumor patients
who receive trabectedin-based therapy. These findings shed unexpected light on the mode of action of a clinically useful
anticancer agent, provide strong proof-of-concept evidence for macrophage targeting in humans, and open interesting
perspectives for the rational exploitation of this peculiar property in therapeutic settings.

—
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Several mouse and human studies have shown that high TAM
density is mostly associated with poor patient prognosis and
resistance to therapies (DeNardo et al., 2011; Mazzieri et al.,
2011; Steidl et al., 2010). Based on these findings and general
paradigms, TAM are considered attractive targets for antitumor
interventions (Balkwill and Mantovani, 2010; Hanahan and Cous-
sens, 2012). Strategies to exploit TAM as therapeutic target
include re-education (Beatty et al., 2011; Duluc et al., 2009;
Guiducci et al., 2005; Rolny et al., 2011), deletion by killing or
blocking of recruitment (DeNardo et al., 2011; Qian et al., 2011;
van Rooijen and van Kesteren-Hendrikx, 2003; Zhang et al.,
2010), and modulation by chemotherapeutic agents (Apetoh
et al., 2007). Monocyte/macrophage depletion in experimental
settings has been successful in limiting tumor growth and meta-
static spread and in achieving better responses to conventional
chemotherapy and antiangiogenic therapy (Mazzieri et al., 2011;
Qian et al., 2011).

Trabectedin (ET-743) is a new DNA binder of marine origin that
is approved in Europe and other countries as a single agent for
the treatment of soft tissue sarcoma after failure of doxorubicin
or ifosfamide and in relapsed platinum-sensitive ovarian cancer
patients in combination with pegylated liposomal doxorubicin
(Le Cesne et al., 2012; Grosso et al., 2007; Monk et al., 2010).
From a mechanistic point of view, trabectedin shows features
different from those of other conventional chemotherapeutic
agents: it binds the minor groove of DNA and, in addition to
blocking the cell cycle, it affects gene transcription and DNA-
repair pathways (D’Incalci and Galmarini, 2010; Erba et al.,
2001; Minuzzo et al., 2000). Furthermore, differentiation of
human liposarcoma cells after therapy was described (Charyto-
nowicz et al., 2012; Forni et al., 2009). We previously reported
that trabectedin is selectively cytotoxic in vitro to human mono-
cytes and inhibits the production of some cytokines (e.g., CC
chemokine ligand 2 [CCL2], interleukin-6) functionally relevant
in the tumor milieu (Allavena et al., 2005; Germano et al.,
2010). These studies as well as clinical evidence (D’Incalci and
Galmarini, 2010; Grosso et al., 2007) suggested that trabectedin
may not only hit neoplastic cells but also affect the tumor
microenvironment.

The present investigation was designed to elucidate the role of
macrophage targeting in the antitumor activity of this drug in vivo
by using four different mouse tumor models. We further studied
the effect on mononuclear phagocytes in soft tissue sarcoma
patients receiving trabectedin.

RESULTS

Trabectedin Selectively Decreases the Number of
Mononuclear Phagocytes in Blood and Spleens of
Tumor-Bearing Mice

We tested whether trabectedin affects mononuclear phagocytes
upon treatment in vivo of tumor-bearing mice. Three transplant-
able tumor models were used (MN/MCA1 fibrosarcoma, |D8
ovarian carcinoma, and Lewis lung carcinoma [LLC]), as well
as primary fibrosarcoma induced by injection of methylcholan-
threne (MCA-fibrosarcoma). After each treatment (once per
week for three cycles), blood was collected and leukocytes
analyzed by flow cytometry. Figures 1A and 1B show represen-
tative experiments with MN/MCAA1, ID8, and MCA-fibrosarcoma
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tumors. Data for LLC tumors are shown in Figure S1A (available
online). Treatment with trabectedin caused a rapid decrease
(24-48 hr) in the number of blood monocytes (CD45" CD11b*
CD115"* [macrophage colony-stimulating factor receptor]), while
neutrophils (CD45* CD11b* CD115"°9 SSC"9"), CD3 T cells, and
CD19 B lymphocytes were unaffected (Figure 1A; Figure S1A).
Mean inhibition in the percentage of monocytes/CD45" progres-
sively increased after each treatment: 42%, 52%, and 86% after
cycles 1, 2, and 3, respectively (Figure 1C; p < 0.001, Student’s
t test). Polymorphonuclear neutrophils (PMN)/CD45* were not
reduced after the first two cycles but were slightly inhibited
(24%) after the third treatment. Next, we analyzed which mono-
cyte subset was mostly affected. In untreated tumor-bearing
mice, 71%-89% of CD115* monocytes were Ly6CM9", while
Ly6C'™*" and LyBC"" cells were 7%-13% and 1.7%-22%,
respectively. After treatment, only the Ly6CM9" subset (also
defined as “inflammatory”) was strongly inhibited and the re-
maining monocytes had mostly a Ly6C"*®"/Ly6C'°" phenotype
(Figure 1B).

The fibrosarcoma MN/MCA1 triggered a marked myelopoiesis
that usually started at day +16 postinoculum and was signifi-
cantly reduced by treatment, especially in terms of monocytes
(Figure S1B). To rule out that the effect on monocytes was not
merely due to a global inhibition of myelopoiesis, trabectedin
was administered at day +25, when myelopoiesis was already
full blown (total CD45" cells increased up to 4-fold). A single
injection caused, 48 hr later, a drastic decrease in the absolute
number of monocytes but not in the number of PMN or CD45*
cells (Figure 1D). These results demonstrate that trabectedin
directly affects circulating monocytes and that this rapid effect
is not mediated via inhibition on bone marrow (BM) progenitors.
Notably, trabectedin did not modulate the expression of relevant
hematopoietic growth factors (macrophage colony-stimulating
factor [M-CSF], granulocyte colony-stimulating factor, granu-
locyte-monocyte colony-stimulating factor, interleukin-3, and
interleukin-6) in fibrosarcoma of treated mice (Figure S1C).

At the BM level, mature monocytes (CD11b* CD115%), but
not PMN or total CD45 cells, were significantly reduced (Fig-
ure S1D). We next checked whether this preferential effect on
the monocytic lineage was also reflected on myeloid progenitors
in comparison to other leukocyte lineages. After two cycles of
treatment, all immature progenitors were reduced (Figure S1E).
This effect is likely due to the cell-cycle-blocking activity of the
drug on highly proliferating cells and was observed only after
the second and third cycle of treatment.

We next checked the effect of trabectedin on tissue macro-
phages. The percentage of splenic F4/80" macrophages was
significantly decreased after treatment (Figure 2A). Furthermore,
among CD11b* GR1* cells, the Ly6C"9" component (mono-
cytes) was reduced while Ly6C'" Ly6G* cells (granulocytes)
were not, underlining the peculiar selectivity of trabectedin for
the monocytic lineage. To further validate this result, splenocytes
from control tumor-bearing mice were treated in vitro with
trabectedin. Annexin V* apoptotic cells were present only in
the LyBC"9" monocytic component, while Ly6G*cells were not
affected (Figure 2B). Because CD11b* GR1* Ly6CM9" cells
have been associated with the operationally defined myeloid
derived suppressor cells (MDSC) (Movahedi et al., 2008; Sica
and Bronte, 2007; Youn et al., 2012), we investigated whether
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Figure 1. Trabectedin Decreases Blood Ly6C""¢" Monocytes in Tumor-Bearing Mice

The transplantable tumors fibrosarcoma MN/MCAT1 and the ovarian carcinoma ID8 were intramuscularly inoculated. Primary MCA-fibrosarcomas were induced
by intramuscular injection of methylcholanthrene. Trabectedin treatment (0.15 mg/kg) was given intravenously once per week for 3 weeks.

(A) Left: Flow cytometry analysis of blood leukocytes after two cycles of trabectedin (day +16). Monocytes (CD11b* CD115", gate R2) are reduced after treatment
in all the three tumor models. Right: Percentage of monocytes, PMN (CD11b* CD115"9 SSC"9"), T cells (CD3*), and B cells (CD19") relative to total CD45" in
control and treated mice (mean +SD of three experiments with six mice per group for MN/MCA1; mean +SD of six mice per group for ID8 and MCA-fibrosarcoma).
Only monocytes are significantly reduced after treatment.

(B) Left: Representative histograms of blood Ly6CM9", Ly6C™, and Ly6C'®* monocytes (gated as CD11b* CD115* cells) in control and treated tumor-bearing
mice. Right: Absolute number per microliter of blood of monocyte Ly6C subsets (mean +SE of four to six mice per group).

(C) Percentage of monocytes and PMN/CD45™ cells 24 hr after each treatment cycle (mean +SD of two experiments with six mice per group). Inhibition (%) after
treatment is marked on top of the bars.

(D) Trabectedin is directly cytotoxic to blood monocytes. A single injection of trabectedin (day +25), when myelopoiesis is full blown, strongly reduces the number

of monocytes. Absolute numbers per microliter of blood (mean +SD, six mice per group). Total CD45" cells and PMN are not affected.
Statistical analysis: *p < 0.05, **p < 0.01, **p < 0.001 (Student’s t test). See also Figure S1.

trabectedin modulated their immune-suppressive activity. Puri-
fied CD11b* GR1* Ly6CM9"Ly6G"*° splenocytes from tumor-
bearing mice were cocultured with lymphocytes from OT-1
mice in the presence of the model antigen ovalbumin. A similar
dose-dependent inhibition of lymphocyte proliferation was ob-
served in both control and in vivo-treated mice (Figure 2C). There-
fore, trabectedin does not have an impact on the functional
activity of MDSC but does significantly reduce the number of Ly6-

CMsh cells, the most suppressive subset. Of note, Ly6C'*" Ly6G*
cells did not have significant suppressive activity (not shown).

Antitumor Activity of Trabectedin and Selective
Depletion of TAM

The antitumor activity of trabectedin on MN/MCA1 fibrosar-
coma, lung LLC, and MCA-induced fibrosarcoma is shown
in Figures S2A-S2D. Treatment significantly delayed tumor

Cancer Cell 23, 249-262, February 11, 2013 ©2013 Elsevier Inc. 251
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Figure 2. Effect of Trabectedin on Splenic Myeloid Cells from
Tumor-Bearing Mice

(A) Spleen macrophages (CD11b* F4/80*) and CD11b*Ly6G"®9Ly6CM"
myeloid cells are significantly decreased in treated mice bearing the MN/
MCAT1 fibrosarcoma (24 hr after two cycles of treatment, mean +SD of three
experiments with six mice per group). CD11b* Ly6G* Ly6C'®" cells are not
reduced.

(B) Splenocytes of tumor-bearing mice treated in vitro with trabectedin (12 hr).
Only CD11b* Ly6G™9 Ly6C"" myeloid cells undergo significant apoptosis,
evaluated as percentage of Annexin V* cells. Statistical analysis: *p < 0.05,
**p < 0.01, **p < 0.001 (Student’s t test).

(C) Effect of trabectedin on the suppressive activity of spleen MDSC from
tumor-bearing mice. Purified CD11b* Ly6G™9 Ly6C"9" MDSC significantly
inhibit the proliferation of splenocytes from OT-1 mice stimulated with oval-
bumin. MDSC from mice treated with trabectedin have similar suppressive
activity compared with MDSC from untreated mice.

growth; lung metastasis from MN/MCA1 was also significantly
reduced (Figure S2B). To assess the leukocyte infiltrate, tumors
were excised at the end of treatment and analyzed by flow
cytometry. The percentage of TAM (CD11b™ F4/80" /CD45%) in
treated mice was significantly lower in all four tumor models
(mean inhibition: MN/MCA1, 38%; LLC, 46%; ID8, 43%; MCA-
fibrosarcoma, 30%; Figure 3A). The percentage of T cells and
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neutrophils was never reduced; T cells actually showed a
tendency to increase.

Because tumors of treated mice were significantly smaller in
size, we postponed tumor cell inoculum in control mice in order
to have treated and untreated tumors of comparable size at the
end of the experiment. As shown in Figure 3B, TAM (CD11b*
F4/80*) were strongly reduced after treatment, from 60% to
13%; of note, tumors excised 8 days after the last treatment
still had lower TAM, indicating that the effect of trabectedin
was long-lasting. The phenotype of TAM comprises mature
(F4/80*Ly6C"") and immature (F4/80* Ly6C™"9" macro-
phages (Movahedi et al., 2010; Swirski et al., 2007). In untreated
mice, most TAM had a mature phenotype (80% Ly6C'"; Fig-
ure 3C); in mice receiving trabectedin, up to 75% of TAM had
an immature Ly6C™" profile. This finding suggests that trabec-
tedin inhibits the local differentiation of tumor-recruited mono-
cytes to fully mature macrophages. TAM are M2-like polarized
macrophages (Mantovani et al., 2008; Solinas et al., 2010) with
low expression of MHC Il molecules (MHC'®"), although a propor-
tion of M1-like MHCM®" macrophages are present as well (Mova-
hedi et al., 2010). Treatment of MN/MCA1-bearing mice resulted
in a similar inhibitory effect on CD11b* Ly6C™ MHC™" (TAM/
M1-like) and Ly6C™ MHC'®" (TAM/M2-like) (Figure 3D).

Size-comparable tumors were used for immunohistochem-
istry studies. CD68* and Dectin* TAM in treated tumors were
reduced by more than 50% (Figure 4A). The production of
CCL2, a major determinant of monocyte recruitment in tumors,
was also decreased in treated mice (Figure 4B). The predomi-
nant CCL2-expressing cells appeared as dispersed macro-
phages; sorted TAM from in vivo-treated tumors indeed showed
significantly lower CCL2 messenger RNA levels (Figure S3A).
The angiogenic network of treated tumors was also significantly
decreased in terms of microvessel density and maturation, as
assessed by the number of CD31 and CD105 (endoglin)-positive
cells as well as staining for vascular endothelial growth factor
(VEGF) (Figure 4C).

Given the capacity of TAM to promote tumor cell proliferation
and metastasis (Joyce and Pollard, 2009; Sica and Mantovani,
2012), we investigated the impact of trabectedin on the func-
tional TAM-tumor cell interaction. In vitro studies with flores-
cence-activated cell-sorted TAM from untreated mice cocul-
tured with MN/MCA1 cells showed that TAM significantly
enhanced tumor cell proliferation and their migration through
Matrigel-coated transwells (Figures S3B and S3C). When TAM
were pretreated with trabectedin (under noncytotoxic condi-
tions: 5 nM, 2 hr), these protumor properties were partially
abrogated; of note, the expression of matrix metalloprotei-
nases 9 and 12 by tumor cells was significantly downregulated
(Figure S3D).

Role of TAM Targeting in the Antitumor Activity of
Trabectedin

The results discussed above raised the question whether target-
ing of mononuclear phagocytes plays a major role in the anti-
tumor activity of trabectedin. This was addressed by taking
advantage of tumor cell lines that were rendered resistant to its
cytotoxic activity upon continuous exposure to increasing drug
concentrations. The trabectedin-resistant subline of the MN/
MCA1 fibrosarcoma (MN/MCA1-RES) showed stable in vitro
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Figure 3. Trabectedin Decreases Tumor-Associated Macrophages after In Vivo Treatment

Transplantable tumors (MN/MCAT1, LLC, ID8) and MCA-induced fibrosarcoma were excised 48 hr after the third cycle of trabectedin and analyzed in flow
cytometry.

(A) Percentage of TAM (CD45* CD11b* F4/80*), PMN (CD45* CD11b* Ly6G*), and T cells (CD45" CD3*) relative to total CD45 cells; (mean +SD with six to eight
mice per group; for MN/MCA1, mean +SD of three experiments).

(B) Dot plots of TAM (CD45" CD11b* F4/80*) in treated and untreated size-comparable tumors. Tumor cell inoculum in untreated mice was postponed to have
tumors of comparable size at the end of treatment (volume-untreated tumors: 2,900 + 537 mm?; volume-treated tumors: 3,220 + 407 mm°). Bars depict the
percentage of CD11b* F4/80* on CD45" live cells (mean + SD, six mice/group).

(C) Representative flow cytometry of Ly6C expression on F4/80* TAM. In trabectedin-treated tumors, TAM contain more Ly6C"9" macrophages. Data are
expressed as percentage of F4/80* cells (mean +SD of two experiments with six mice per group).

(D) Susceptibility of TAM subsets to trabectedin. TAM (CD45* CD11b* Ly6C'™) from untreated or treated tumors were analyzed for MHC Il expression. TAM MHC
119" (M1) and MHC 1I-°" (M2) were equally susceptible to trabectedin.

Statistical analysis: *p < 0.05, **p < 0.01, **p < 0.001 (Student’s t test). See also Figure S2.
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Figure 4. Trabectedin Decreases TAM, the Chemokine CCL2, and
Angiogenesis in Treated Tumors

Immunohistochemistry was performed on size-comparable MN/MCA1 tumors
(see legend to Figure 3) after three cycles of treatment. Results are shown as
representative pictures (20 x) and as mean values +SD number of positive cells
per five microscope fields for each sample, with six mice per group.

(A) Staining of intratumor macrophages with anti-CD68 monoclonal antibody
(mADb) and anti-Dectin-1 mAb.

(B) Staining of tumor sections with anti-CCL2 mAb.

(C) Staining of intratumor vessels with CD31, CD105 (endoglin) and VEGF.
Statistical analysis: **p < 0.01, **p < 0.001 (Student’s t test). See also
Figure S3.

and ex vivo resistance (>8-fold) after growth in mice (Figure 5A;
Figure S4A). Of note, trabectedin displayed strong in vivo anti-
tumor activity on MN/MCA1-RES tumors (Figure 5A) similar to
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that on wild-type MN/MCAT1 cells (shown in Figure S2A). TAM
density was also significantly decreased in MN/MCA1-RES
tumors after treatment (Figure 5A). Comparable results were
found in a xenograft model of ovarian cancer (IGROV) where
an IGROV-RES subline, 5-fold resistant to trabectedin (Fig-
ure S4B), was at least as responsive to treatment in vivo as the
wild-type one (Figure S4C). These results suggested that the
antitumor efficacy of trabectedin in drug-resistant tumors could
be mediated via its effects on the tumor microenvironment and
associated myelomonocytic cells.

To further test this hypothesis, we adoptively transferred
myeloid cells after each drug treatment; transfer of BM-derived
in vitro-differentiated macrophages from tumor-bearing un-
treated mice significantly reinstated tumor growth in treated
mice (Figure 5B). A similar finding was obtained when BM-
derived monocytes were injected, although less marked than
with already differentiated macrophages (Figure 5C). In contrast,
the transfer of splenic MDSC had no significant effect (Figure 5D).
In an effort to further explore the role of macrophage depletion in
the antitumor activity of trabectedin, we compared its effects
with the macrophage-depleting agent clodronate. Mice bearing
MN/MCA1-RES tumors were treated with clodronate liposomes,
alone or in combination with the drug. Clodronate single treat-
ment delayed tumor growth initially (Figure 5E); however, when
therapy was suspended (day +21), these tumors grew faster
than those treated with trabectedin. Combined treatment with
clodronate and trabectedin did not result in additive or syner-
gistic antitumor activity. Clodronate liposomes reduced TAM
density to a similar extent as trabectedin, but the latter caused
a more persistent macrophage depletion (data not shown),
possibly as a consequence of inhibition of CCL2 production.
Overall, these results are consistent with the view that targeting
of TAM s, at least in part, responsible for the antitumor activity of
trabectedin under these conditions.

Selective Depletion of Monocytes and TAM in Tumor
Patients Treated with Trabectedin
To assess the actual clinical relevance of the above observa-
tions, we investigated the impact of trabectedin on blood mono-
cytes of soft tissue sarcoma patients receiving trabectedin as
a single treatment.

Figure 6A shows a representative flow cytometry analysis from
a leiomyosarcoma patient whose monocytes decreased after
therapy from 9.4% to 3.2%, as well as the absolute number of
monocytes but not that of granulocytes and lymphocytes (Fig-
ure 6B). Human CD14* CD16'°" monocytes are considered the
counterpart of mouse CCR2* Ly6CM9" cells (Geissmann et al.,
2010); this population was monitored throughout subsequent
cycles of therapy and significant reduction after each cycle
was seen in two different patients (p = 0.0109 for pre- versus
post-therapy levels; Figure 6C). We also investigated by immu-
nohistochemistry whether trabectedin caused a decrease of
human TAM density. In selected soft tissue sarcoma patients
receiving the drug as neoadjuvant treatment, we had access to
tumor biopsy specimens before therapy and to post-therapy
surgical samples. A strong decrease in the density of TAM and
blood vessels was evident after treatment (Figure 6D), confirm-
ing that trabectedin-mediated depletion of mononuclear phago-
cytes also occurs in tumor patients.
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Figure 5. Role of Macrophage Targeting in the Antitumor Activity of Trabectedin

(A) Left: In vitro and ex vivo resistance to trabectedin of MN/MCA1-RES cells explanted from tumor-bearing mice and treated in vitro with trabectedin (5 nM).
Results are percentage of propidium iodide-positive cells. Middle: Trabectedin has antitumor activity on the drug-resistant variant MN/MCA1-RES grown in mice.
Right: Percentage of F4/80* TAM is reduced in MN/MCA1-RES-bearing mice treated with trabectedin (mean +SD of six mice per group).

B) Adoptive transfer of BM-derived in vitro M-CSF-differentiated macrophages into mice bearing MN/MCA1-RES tumors reinstates tumor growth. Macrophages
2 x 10%/mouse) were intravenously injected 72 hr after each of the three cycles of trabectedin (tumor volume, mean +SD of six mice per group).

C) Adoptive transfer of BM-purified monocytes into mice bearing MN/MCA1-RES tumors reinstates tumor growth. Monocytes were intravenously injected

D) Adoptive transfer of purified spleen MDSC into mice bearing MN/MCA1-RES tumors does not reinstate tumor growth. MDSC were intravenously injected
2 x 10%/mouse) 72 hr after each treatment (tumor volume, mean +SD of 6 mice per group).

(
(
(
(2 x 10%/mouse) 72 hr after each treatment (tumor volume, mean +SD of six mice per group).
(
(
(

E) Comparison of trabectedin treatment with clodronate liposomes. Mice bearing MN/MCA1-RES tumors were treated with trabectedin, clodronate liposomes,
or their combination. The effect of trabectedin is similar to clodronate but lasts longer (tumor volume, mean +SD of six to eight mice per group).

Statistical analysis: *p < 0.05, ***p < 0.001 (Student’s t test). See also Figure S4.

Mechanism of Macrophage Depletion by Trabectedin

In an effort to elucidate the peculiar selectivity of trabectedin for
the myelomonocytic lineage, we investigated in depth the path-
ways of apoptotic death induced by the drug in different human
leukocyte subsets. Mitochondrial depolarization and release of
cytochrome C in the cytosol were observed only in treated
monocytes, while PMN and T cells were unaffected (Figure 7A).
Furthermore, trabectedin caused the cleavage of caspase-8 and
caspase-9 selectively in monocytes (Figure 7B). In a kinetic anal-
ysis, activation of caspase-8 occurred earlier than caspase-9 or

mitochondria depolarization (Figures S5A and S5B) and Z-IETD-
FMK (a caspase-8 inhibitor) strongly reduced Annexin V* cells
(Figure S5C). Thus, the first temporal event induced by trabecte-
din in monocytes is the activation of caspase-8. This caspase is
the key effector molecule of the extrinsic apoptotic pathway
mediated by membrane death receptors (Fas and tumor
necrosis factor-related apoptosis inducing ligand [TRAIL] recep-
tors [TRAIL-Rs]) (Bodmer et al., 2000). Expression of TRAIL and
Fas receptors by purified human monocytes, neutrophils, and T
lymphocytes is shown in Figure 7C (mean + SE, n = 6

Cancer Cell 23, 249-262, February 11, 2013 ©2013 Elsevier Inc. 255
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Figure 6. Trabectedin Decreases Blood
Monocytes in Soft Tissue Sarcoma Patients

(A) Representative dot plots of peripheral blood

A Pre-Therapy Post-Therapy B Pre-Therapy Post-Therapy
) Day 0 1 Day+7 : Day+14
4+ o0% | 3.4% | 8.8% ©
a3 : o
(6]

samples stained for CD45 and CD14 from a leio-
myosarcoma patient after trabectedin therapy.
Blood was collected the day before therapy and
7 and 14 days postinfusion.

(B) Representative dot blots of peripheral blood

SSC samples before and after therapy; CD45 versus
- side scatter (SSC) dot plots showing decrease in
a " the number of CD14 monocytes (circular gate).
< 1576 1607 (C) Reduction inthe numberzf blo(od monc?cyte)s in
—— 676 340 two soft tissue sarcoma patients treated with tra-
SsC R1) bectedin over different therapy cycles, indicated
2053 2347 by the arrows. Results expressed as percentage
CD14* CD167/CD45*.
(D) Immunohistochemistry of tumor sections from
c three different soft tissue sarcoma (STS) patients
Pt. 1 Pt. 2 receiving trabectedin therapy prior to surgery.
15 . 20 ’f Sections marked (PRE) are bioptic samples before
. \ A . / treatment. Sections marked (POST) are surgical
3 10 \ip / W i‘x‘ & L \ "‘J samples after treatment. Tumor macrophages
§ “". ,"" N \ S .‘!. N P \ 4 (CD163) and vessels (CD31) are reduced after
s d LN k] - \,-’ \/ treatment.
25 » = .
5
3 20 40 60 80 "3 20 40 50
T 1*‘"5 ? T teye ? with blocking anti-R1 and anti-R2 (alone
or in combination) strongly inhibited
caspase-8 activation (Figure 7D). As
D Pre Post Pre Post reasonably expected, anti-R3 (decoy R)
L antibodies had no inhibitory effect.
PtL1 : When used on neutrophils, pretreatment
N mp_m : oo || & ’Tmm et with anti-R3 did not result in higher
s susceptibility (not shown), in line with their
s & lack of signaling R1 and R2 receptors.
; Anti-Fas antibodies had no significant
oopm 100um 100pm effect. In parallel experiments, we verified
S that recombinant TRAIL ligand induced
Pt.3 caspase-8 activation in monocytes and
: m o ot s that anti-TRAIL-Rs antibodies properly

CD163 macrophages

experiments). Fas receptor was very high and equally expressed
in all three subsets. TRAIL receptor 1 (TNFRSF10A or R1) and
especially TRAIL receptor 2 (TNFRSF10B or R2) were expressed
in monocytes and low or absent in T cells and neutrophils. In
contrast, the decoy nonsignaling TRAIL receptor 3 (TNFRSF10C
or R3) was highly expressed by neutrophils and T cells but very
low in monocytes. A second decoy receptor (TNFRSF10D or
R4) was not expressed by any subset (not shown). Therefore,
the expression pattern of TRAIL-Rs strikingly parallels the
susceptibility of leukocytes to the cytotoxic action of trabecte-
din, with monocytes being susceptible and neutrophils and
lymphocytes being resistant.

Next, the contribution of death receptors to trabectedin-
induced apoptosis was investigated. We first set up a flow cy-
tometry technique to specifically detect cleaved caspase-8 in
leukocytes. Figure S5D shows a typical experiment where tra-
bectedin dose- and time-dependently activates caspase-8 in
monocytes but not in neutrophils and T cells. Cell pretreatment

256 Cancer Cell 23, 249-262, February 11, 2013 ©2013 Elsevier Inc.

CD31 vessels

blocked this activation (Figure S5E).
These results indicated that caspase-8
activation via TRAIL-Rs was responsible
for monocyte apoptosis induced by trabectedin. To further
confirm our interpretation, we overexpressed the decoy R3 re-
ceptor, fused with green florescent protein, in the myeloid cell
line HLB0 and in 293T cells. In R3-expressing cells (Figure S5F),
activation of caspase-8 was strongly reduced compared to
mock-transfected cells, either with trabectedin and TRAIL ligand
(Figure 7E; Figure S5G), confirming the involvement of TRAIL
receptors in trabectedin-induced apoptosis.

We next investigated TRAIL-R expression in mouse leuko-
cytes. In mice, only one signaling receptor is present (TRAIL-
R2 or DR5). Blood monocytes with the phenotype Ly6C™"
(which are more susceptible to the cytotoxic effect of trabecte-
din, see Figure 1B) expressed higher TRAIL-R2 compared to
Ly6C'°" monocytes and, in line with the human data, neutrophils
and T cells had very low or no expression of TRAIL-R2 (Fig-
ure 8A). Activation of caspase-8 by trabectedin was confirmed
in mouse macrophages differentiated in vitro from BM cells (Fig-
ure 8B). Upon in vivo treatment with trabectedin, TRAIL-R2*
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Figure 7. Mechanism of Apoptosis and
Selective Effect of Trabectedin on Mono-
cytes

(A) Mitochondrial membrane depolarization in
human purified monocytes, PMN, and T cells
treated with trabectedin (5 nM) for 12 hr.

(B) Western blot analysis of cleaved caspase-8,
caspase-9, and cytochrome C in human mono-
cytes, PMN, and T cells treated with trabectedin
for 24 hr.

(C) Expression of TRAIL receptors in leukocyte
subsets by flow cytometry. Monocytes express
the functional TRAIL receptor (R2) and lack the
nonsignaling decoy receptor R3. Neutrophils and
T cells express high levels of R3 and low or no R1
and R2. Mean =+ SD of six different experiments.
(D) Caspase-8 activation induced by trabectedin in
purified monocytes is inhibited by anti-TRAIL-R1/2
antibodies. Anti-R3 or anti-Fas antibodies had
no inhibitory effect. Results are percentage of
cells with cleaved caspase-8 evaluated by flow
cytometry.

(E) Overexpression of TRAIL-R3 strongly reduces
the activation of caspase-8 in cells treated with
trabectedin (10 nM, gray bars) and in cells treated
with recombinant TRAIL ligand (500 ng/ml, black
bars). Results are expressed as percentage of
mock-transfected cells.

Statistical analysis: **p < 0.01, **p < 0.001
(Student’s t test). See also Figure S5.
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blood monocytes and TRAIL-R2* TAM in tumors were dramati-
cally reduced (Figure 8C). This result was confirmed also by
immunohistochemistry: the density of TRAIL-R2* tumor-infil-
trating cells was significantly lower in treated mice (Figures 8D
and 8E).

We conclude that trabectedin activates the extrinsic apoptotic
pathway downstream of TRAIL receptors and that selectivity for
mononuclear phagocytes versus neutrophils and lymphocytes is
due to differential expression of signaling and decoy receptors.

DISCUSSION

Trabectedin is a recently approved drug of marine origin that is
particularly active in soft tissue sarcoma and ovarian cancer
(Carter and Keam, 2010; Grosso et al., 2007; Monk et al.,
2010). Substantial clinical and experimental evidence suggests
that this antitumor agent may importantly modulate the tumor
microenvironment (D’Incalci and Galmarini, 2010; Germano

bectedin rapidly activates caspase-8,
the key effector molecule of the extrin-
sic apoptotic pathway, in mononuclear
phagocytes. This effect is remarkably
selective for myelomonocytic cells, as
neutrophils and lymphocytes are not
affected. In four different mouse tumor
models, including two lines representa-
tive of its clinical spectrum of action,
and in a chemically induced fibrosarcoma
model, trabectedin caused significant and selective reduction of
blood monocytes, in particular of the Ly6C"9" phenotype and of
spleen and tumor macrophages. We also demonstrate that TAM
targeting is a key determinant of its efficacy, as trabectedin re-
tained antitumor activity in vivo against sarcoma and ovarian
carcinoma cells rendered resistant to its cytotoxic action. This
was demonstrated by cell transfer of monocytes and macro-
phages, after drug infusion, that re-established tumor growth in
the fibrosarcoma model, supporting the concept that at least
part of its antitumor activity is mediated via targeting of protu-
moral macrophages. Furthermore, the immune suppressive
monocytic subset (CD11b* Ly6CM9") of MDSC was significantly
reduced by trabectedin.

The remarkable susceptibility of the myelomonocytic line-
age was ascribed to a differential expression of signaling and
decoy TRAIL receptors among leukocytes: monocytes express
functional receptors and lack the decoy R3, whereas neutrophils
and T cells predominantly express R3. Involvement of TRAIL-Rs

3 mock Trab/Trail
=1 R3 Trab.
I R3 Trail

2937
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Figure 8. Mouse Blood Monocytes and TAM
Expressing TRAIL-R2 Decrease in Trabec-
tedin-Treated Mice

(A) Blood LyBCM" monocytes express higher
levels of TRAIL-R2; neutrophils and T cells have
low or no expression, as evaluated by flow
cytometry.

(B) Kinetic of caspase-8 activation induced by
trabectedin (10 nM) in mouse macrophages
differentiated in vitro from BM cells). Results are %
of cells with cleaved caspase-8 evaluated by flow
cytometry.

(C) In vivo treatment with trabectedin strongly
reduces the number of blood Ly6C* TRAIL-R2*
monocytes and F4/80* TRAIL-R2* TAM (mean +SD
of four mice per group).

(D) Immunohistochemistry of MN/MCA1-RES
tumors from untreated and treated mice stained
with anti-TRAIL-R2 and anti-F4/80.

(E) The statistical analysis was performed on four
different tumors for each group (mean of a total of
15 microscope fields).

Statistical analysis: **p < 0.01, **p < 0.001
(Student’s t test).
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in trabectedin-induced apoptosis was demonstrated by reduced
caspase-8 activation in the presence of anti-TRAIL-Rs anti-
bodies and because overexpression of the decoy R3 resulted
in marked inhibition of cleaved caspase-8 in trabectedin-treated
cells. Furthermore, we demonstrate that mouse Ly6C"" mono-
cytes and TAM express TRAIL-R2 and in vivo treatment with
trabectedin strongly decreases the number of TRAIL-R2* myelo-
monocytic cells both in blood and tumors.

Although it was previously claimed that normal cells are
resistant to TRAIL, under pathological conditions, such as viral
or bacterial infections, leukocytes can be killed, as shown for
HIV-infected T cells and alveolar macrophages (Benedict and
Ware, 2012; Herbeuval et al., 2005; Steinwede et al., 2012).
The intriguing question is why mononuclear phagocytes express
functional death receptors in homeostatic conditions and, unlike
other leukocytes, are not protected by the presence of the decoy
receptor. Activated macrophages can be very reactive cells and
have a long life span in tissues, whereas neutrophils survive for
just few days. It may be possible, therefore, that the presence
of TRAIL-R on mononuclear cells is a checkpoint for controlling
their overreactivity. Indeed, TRAIL-R™~ mice have exaggerated
innate immune responses with increased levels of interleukin-12,

258 Cancer Cell 23, 249-262, February 11, 2013 ©2013 Elsevier Inc.

expressed TRAIL-Rs (not shown).

The precise mechanism by which tra-
bectedin initiates caspase-8 cleavage
remains to be elucidated. It is unlikely
that this compound directly engages
TRAIL-Rs on cell membrane (based on
modeling experiments, not shown). Caspase-8 activation gener-
ally starts with the oligomerization of death receptors in response
to ligand binding; however, there is evidence that receptor acti-
vation may occur independent of the cognate ligand. This ligand-
independent activation has been described for several members
of the tumor necrosis factor receptor family, including TRAIL-Rs
(Cazanave et al., 2011; Chan et al., 2000; Clancy et al., 2005; Lim
et al., 2011), and was mechanistically explained by the overex-
pression of death receptors and/or by their recruitment into lipid
rafts on cell membrane. Receptor modulation has been widely
studied using pharmacological or chemical/physical agents
(Shirley et al., 2011; Siegelin, 2012). Interestingly, some active
compounds that are able to upregulate TRAIL-Rs are derived
from natural products: animal venoms and bacterial toxins
(Park et al., 2012). In origin, trabectedin is also a natural product
derived from a marine organism. In an effort to investigate its
mode of action, a transcriptional profiling was conducted in
mononuclear phagocytes, and key relevant data confirmed at
the transcript and protein level. A short treatment (6 hr) upregu-
lated TRAIL-R2 and FADD (Fas-associated protein with death
domain), an important proapoptotic gene, while TRAIL ligand
was not modulated (Figure S5H). Enhanced levels of TRAIL-R2

Treated
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and FADD, induced by trabectedin, may indeed facilitate the
recruitment of caspase-8 and the activation of the apoptotic
cascade.

Effects other than macrophage depletion may account for the
antitumor efficacy of trabectedin. We show that in treated murine
tumors the vessel network and the chemokine CCL2 were signif-
icantly downmodulated. TAM depend on the recruitment of
monocytes from the blood compartment, mediated by signals
including chemokines; although in situ proliferation has been
recently identified as a determinant of macrophage accumula-
tion at sites of M2-polarized inflammation (Jenkins et al., 2011)
and can be sustained in tumors by paracrine circuits based on
M-CSF and its receptor (Bottazzi et al., 1990), the role of CCL2
in tumors is of major importance (Bottazzi et al., 1983; Qian
et al,, 2011). In the fibrosarcoma model, CCL2 is produced
mainly by TAM and its expression was dramatically reduced after
treatment. Therefore, in addition to inducing direct cytotoxic
activity on mononuclear phagocytes, trabectedin could down-
modulate the recruitment of circulating monocytes into tumors.

It is well established that TAM drive angiogenesis and this
represents a pathway of escape and resistance to anti-VEGF
therapy (Ferrara, 2010; Mazzieri et al., 2011; Murdoch et al.,
2008; Noonan et al., 2008). The reduced angiogenic network in
treated tumors could be the result of an indirect effect due to
the decrease in TAM numbers; however, in tumors treated with
clodronate liposomes, where TAM were significantly reduced,
the number of CD31" vessels was not decreased (data not
shown). VEGF was also downmodulated in trabectedin-treated
tumors; therefore, both direct and indirect effects are likely to
account for the reduced angiogenesis. As for the susceptibility
of endothelial cells to the drug, we have evidence that they are
relatively resistant in vitro (not shown). Interestingly, it was
recently reported that tumor endothelial cells may be susceptible
to TRAIL killing in a mouse model (Wilson et al., 2012).

In soft tissue sarcoma patients treated with trabectedin-based
chemotherapy, a decrease of blood monocytes was observed.
We retrospectively collected data from 34 patients from whom
laboratory test results and clinical outcome were available, and
found that 19 patients (56%) experienced monocyte reduction
(range, 30%-77%). These results raised the question whether
monocyte depletion correlates with drug responsiveness in
treated patients. In a retrospective analysis, and in heavily
pretreated patients, this was particularly difficult to address;
a trend toward a correlation between decreased monocytes
and response to therapy was indeed observed, but the associa-
tion did not reach statistical significance (p = 0.078). Further
analysis is needed to elucidate this issue. In addition to blood
monocytes, in selected cases we had access to tumor biopsy
specimens from patients receiving trabectedin as neoadjuvant
therapy. When tumor biopsy specimens (before treatment)
were compared to surgically explanted tumors (after treatment),
a dramatic reduction of vessels and macrophages was ob-
served. Although the drug may directly affect neoplastic cells
in these patients, these results suggest that trabectedin may
impact the tumor microenvironment, as observed in mouse
tumor models.

In conclusion, we have reported that a clinically useful anti-
tumor agent selectively depletes mononuclear phagocytes in
blood and tumor tissues and that macrophage targeting is

a key component of its antitumor activity. These findings provide
proof-of-concept evidence for the value of macrophage target-
ing in anticancer therapies in humans and shed unexpected light
on the mode of action of an available anticancer agent. More-
over, these observations unveil a different perspective for the
exploitation of trabectedin in cancer, for instance, in combination
with antiangiogenic therapies or as a tool to limit myelomono-
cytic cell-mediated immune suppression.

EXPERIMENTAL PROCEDURES

Drug
Trabectedin (PharmaMar, Colmenar Viejo, Madrid, Spain) was dissolved in
dimethylsulfoxide to 1 mM and kept at —20°C.

Mice, Tumors, and Primary Cells

Mice were used in compliance with national (4D.L.N.116, G.U., suppl. 40,
18-2-1992) and international law and policies (EEC Council Directive 86/609,
OJ L 358, 1, 12-12-1987; NIH Guide for the Care and Use of Laboratory
Animals, US National Research Council, 1996). This investigation was
approved by the Animal Care and Use Committee of the Humanitas Clinical
and Research Center.

C57/BL/6J mice were from Charles River (Calco, Como ltaly). The trans-
plantable MN/MCA1 mouse fibrosarcoma, the trabectedin-resistant variant
MN/MCA1-RES, and the LLC were inoculated intramuscularly (10° cells).
The mouse ovarian carcinoma ID8 (kindly provided by Prof. Balkwill, London,
UK) was inoculated intraperitoneally (107 cells). The human ovarian carcinoma
IGROV-1 and the trabectedin-resistant variant IGROV-1-RES were inoculated
intramuscularly (10° cells) in nude mice. Primary fibrosarcomas were induced
in C57/BL/6J mice by subcutaneous inoculation of 50 ng methylcholanthrene
in 0.2 ml peanut oil (Sigma-Aldrich). Tumors growing progressively over
3 weeks were used. Treatment with trabectedin (0.15 mg/kg/body weight)
was administered intravenously once per week for 3 weeks and started
when tumors were palpable. For further details, please refer to Supplemental
Experimental Procedures.

Phenotype Analysis

Blood cells were collected from the eye vein of anesthetized mice and
splenocytes from disaggregated spleen and filtered through Falcon strainers.
Mouse tumors were cut into small pieces, disaggregated with collagenase
(0.5 mg/ml), and filtered through strainers. Cells (106) were stained with
specific antibodies and with live and dead dye (Invitrogen, Life Technology)
(see Supplemental Experimental Procedures for an antibody list). Flow cytom-
etry was performed by FACS Canto instrument and FACS Diva software
version 6.1.1 (BD Biosciences).

Adoptive Transfer and Depletion of Myeloid Cells

Mouse macrophages were in vitro differentiated from BM cells cultured with
50 ng/ml murine M-CSF for 5 days as described elsewhere (Saccani et al.,
2006). Monocytes were isolated from BM using CD115 MicroBead Kit (Miltenyi
Biotec, Ausburn, CA). GR1" cells were isolated from spleen of MN/MCA1-
bearing mice with a MDSC isolation kit (Miltenyi Biotech). Cells (2 x 10°)
were transferred intravenously 72 hr after each drug treatment for 3 weeks.
Macrophage depletion was performed by clodronate liposome (200 pl)
intraperitoneally three times per week for 3 weeks. Control mice received lipo-
some alone (van Rooijen and van Kesteren-Hendrikx, 2003). GR1* cells were
depleted using anti-Gr1 antibody (RB6-8C5, eBioscience, San Diego, CA) and
control mice received the isotype-matched LTF-2 antibody (BioXcell, West
Lebanon, NH). Antibodies (200 ng/mouse) were injected intraperitoneally three
times a week for 3 weeks.

Apoptosis and Caspase Activation

Human monocytes, neutrophils, and T lymphocytes from blood of healthy
donors were purified through density gradients as described previously (Alla-
vena et al., 2005). Cells were treated with trabectedin (2.5-10 nM) or recombi-
nant TRAIL (500 ng/ml; Enzo Lifesciences) for different time points and
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apoptosis evaluated as caspase activation and mitochondrial depolariza-
tion. Cleavage of caspases was detected by western blotting with anti-cleaved
caspase-8 and 9 (Germano et al.,, 2010). In flow cytometry, cleavage of
caspase-8 was detected on permeabilized cells. Pretreatment with blocking
antibodies used anti-human TRAIL-R1, TRAIL-R2 (Enzo Lifesciences, Farm-
ingdale, NY), TRAIL R3 (R&D Systems, Minneapolis, MN), anti-human Fas
(Millipore, Billerica, MA) at 1 ng/ml. Mouse monocytes were treated with
10 nM trabectedin and stained with anti-mouse cleaved caspase 8 (Cell
Signaling). Measurement of mitochondrial potential was performed with the
Mito Probe JC-1 assay kit (Invitrogen, Life Technology, Carlsbad, CA) for
30 min at 37°C.

Human Patients

Soft tissue sarcoma patients received trabectedin therapy as single treat-
ment at Fondazione IRCCS Istituto Nazionale Tumori, Milan. The study was
approved by the Institutional Ethical Board and blood samples were obtained
upon written informed consent. Patients received multiple cycles of therapy at
the dose of 1.3 mg/m? every 3 weeks as 24 hr infusion (Casali et al., 2010).
Leukocytes were collected immediately before and at different days after
drug administration. Cells were stained with anti-CD45-FITC, anti-CD14-
PerCp, and CD16-PE (BD Biosciences) and analyzed on a FACSCalibur
(BD Biosciences) cytofluorimeter. Analysis (1-2 x 106 events) was done by
WinMDI 2.9 software.

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.ccr.2013.01.008.
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Use of the biguanide metformin, an AMPK activator, is associated with a reduced incidence of cancer in
diabetics, but it has been unclear whether this requires AMPK. In this issue of Cancer Cell, Shackelford
and colleagues show, paradoxically, that biguanides are more effective in the treatment of mouse tumors
that lack a functional LKB1-AMPK pathway.

Ten years ago, LKB1 was found to be the
crucial upstream kinase required for acti-
vation of AMP-activated protein kinase
(AMPK) (reviewed in Hardie, 2004). This
finding placed a protein kinase known to
be a tumor suppressor (LKB1) upstream
of a kinase involved in regulation of
metabolism in response to energy stress
(AMPK). AMPK was already known to be
activated by the anti-diabetic drug met-
formin. Putting these findings together,
Morris and Alessi analyzed retrospective
data from a cohort of patients with type
2 diabetes (T2D) and found that use of
metformin rather than other medications
was associated with a 30% lower cancer
incidence (Evans et al, 2005). This
association has since been observed in
other diabetic cohorts, but the mecha-
nism by which metformin might protect
against cancer has been the subject of
much debate. In a study reported in this
issue of Cancer Cell, Shackelford et al.
(2013) use a mouse model to show that
the related drug phenformin appears,
paradoxically, to be more effective in the
treatment of non-small cell lung cancer
(NSCLC) if the tumors lack a functional
LKB1-AMPK pathway, suggesting that
the latter can sometimes be a “foe” rather
than a “friend” in cancer.

Metformin and phenformin, first used
over 50 years ago for the treatment of
T2D, are related biguanide drugs. Phen-
formin was withdrawn in most countries
because of the serious but rare side effect
of lactic acidosis, whereas metformin has
become the drug of first choice in T2D.
Both are cations that accumulate in mito-
chondria due to the charge gradient
across the inner membrane, where they
inhibit complex | of the respiratory chain
(Owen et al., 2000). This causes depletion
of cellular ATP and increases ADP and
AMP, which is why they activate AMPK

=

@ CrossMark

(Hawley et al., 2010). However, given the
ubiquitous role of these nucleotides in
cell function, it is not surprising that
many AMPK-independent effects are
now being documented.

At least three mechanisms can be
proposed to explain the effects of metfor-
min on cancer (Figure 1). Mechanism 1 is
based on its known insulin-sensitizing
and anti-hyperglycemic effects. Humans
with T2D have an increased cancer inci-
dence, and their high plasma insulin
and/or glucose levels, which provide a
cellular environment conducive to tumor
growth, might be the culprits. By revers-
ing hyperglycemia, and hence hyperse-
cretion of insulin, metformin lowers
plasma insulin as well as glucose. This
could account in part for the protective
effects of metformin in diabetics, but it
cannot explain the effects in rodent
models where the animals were not
insulin-resistant. Two alternative hypoth-
eses, both involving direct effects of met-
formin on tumor cells themselves, can be
proposed in such cases. In mechanism 2,
metformin activates AMPK in the tumor or
pre-tumor cells, restraining their growth
and proliferation. In addition, AMPK has
been shown to oppose the Warburg
effect, the switch from oxidative metabo-
lism to glycolysis commonly observed
in tumor cells (Faubert et al., 2013).
Mechanism 3 is based on findings that
LKB1-deficient cells are more prone to
apoptosis in response to metabolic stress
(Shaw et al., 2004) and that metformin
causes a greater depletion of ATP in
cells that are AMPK-deficient and there-
fore have defective energy homeostasis
(Foretz et al.,, 2010). Up to 30% of
NSCLCs (Ji et al., 2007) and smaller
proportions of other cancers display
loss-of-function mutations in LKB1. In
such tumors, the ATP-depleting proper-

ties of metformin might promote cell
death.

Although it focues on phenformin rather
than metformin, the new study by Shack-
elford et al. (2013) helps to distinguish
between mechanisms 2 and 3. Starting
with a K-Ras mutant and LKB1 null
NSCLC cell line, they found that phenfor-
min had a larger effect than metformin
on ATP levels, while only phenformin
triggered apoptosis. Similar results were
obtained in other NSCLC lines, where
apoptosis triggered by phenformin corre-
lated strictly with LKB1 loss but not with
other mutations. They went on to use a
mouse model of NSCLC in which expres-
sion of mutant K-Ras, either alone or
combined with loss of either LKB1 or
p53, was selectively triggered in lung
epithelial cells by intratracheal adminis-
tration of viral vectors encoding Cre re-
combinase (Ji et al., 2007). As observed
previously, the tumor burden was greatly
increased when mutant K-Ras was
combined with the loss of LKB1 or p53.
In the tumors that still expressed LKB1,
phenformin caused more AMPK phos-
phorylation than metformin, so further
experiments focused on phenformin
(although these results did confirm that
both drugs were reaching the tumor cells
and causing energy stress). They next
tested two protocols, one giving phenfor-
min in drinking water 6 weeks after tumor
initiation and the other by daily oral
gavage after 3 weeks. In the former, phen-
formin seemed to cause modest reduc-
tions in tumor burden and increased
markers of tumor apoptosis in all three
genotypes, although these effects were
only statistically significant in the LKB1
null tumors. In the latter, phenformin
enhanced overall survival of the mice by
several weeks, while tumor volume and
fluorodeoxyglucose uptake (a marker of
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Figure 1. Three Alternate Mechanisms to Explain Protective Effects of Biguanides in Cancer
In mechanism 1, which would only operate in insulin-resistant individuals, the drugs lower plasma glucose,
and thus increase the secretion of insulin from the pancreas. The consequent drop in plasma insulin and
glucose reverses the favorable environment for tumor cell growth. In mechanism 2, they activate AMPK in
the pretumor cell, exerting a cytostatic effect and preventing the metabolic switch to the Warburg effect. In
mechanism 3, they selectively reduce ATP levels in tumor cells with a nonfunctional LKB1-AMPK pathway
due to their inability to respond to energy stress, thus triggering cell death. All three mechanisms might
operate in different cases of cancer, while mechanisms 1 and 2 or 1 and 3, could conceivably coexist

in a single case.

the Warburg effect) were lower after
4 weeks of treatment, but, crucially, all
of these effects were only seen in the
tumors that had lost LKB1.

Because the mice used in these studies
were not diabetic or insulin-resistant,
phenformin did not reduce plasma
glucose or insulin, ruling out mechanism
1. In addition, because the beneficial
effects were only observed in the LKB1
null cancers, they had to be direct, cell-
autonomous effects on the tumor cells
themselves. Overall, the results clearly
support mechanism 3 (i.e., that cells that
have lost a functional LKB1-AMPK path-
way are more sensitive to cell death
induced by phenformin) and not mecha-
nism 2 (i.e., that it works by activating
AMPK in the tumors). In this mechanism,
phenformin is effectively acting as a cyto-
toxic agent, but an attractive feature is
that normal cells would be resistant
because they have a functioning LKB1-
AMPK pathway. This raises the exciting
prospect that biguanides might be partic-
ularly useful for the treatment of those

tumors where the LKB1-AMPK pathway
is downregulated. There are mechanisms
by which this happens, other than by
simple genetic loss of LKB1; for example,
although mutations in the LKB1 gene
appear to be rare in breast cancer, immu-
nohistochemical analyses suggest that
AMPK activation is frequently downregu-
lated (Hadad et al., 2009).

These results do not rule out the occur-
rence of mechanisms 1 and 2 in other situ-
ations, particularly where biguanides may
be used to prevent rather than treat
cancer. Another caveat is that the benefi-
cial effects on tumor burden and fluoro-
deoxyglucose uptake observed after
4 weeks of phenformin treatment were
no longer significant after 6 weeks, sug-
gesting that phenformin resistance devel-
oped. This might arise as the cells start to
make more of their ATP by glycolysis and
become less dependent on mitochondrial
function. All of the mice did also eventu-
ally succumb to cancer despite treatment,
so phenformin is unlikely to be effective as
a single therapy.
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One of the most interesting features of
this study was the focus on the use of
phenformin rather than metformin. The
effects of metformin on tumor burden or
survival were not tested, although its
smaller effects on AMPK in the tumors ex-
pressing LKB1, and its lack of effect on
apoptosis in the cell culture models
suggest that it would have been less
effective than phenformin. A possible
explanation of the greater effectiveness
of phenformin is that it is more cell-perme-
able than metformin, and its uptake into
cells is less dependent on expression of
organic cation transporters (Hawley
et al.,, 2010). Although phenformin was
withdrawn for use in T2D because of
cases of lactic acidosis, these were rare
(<1 case per 1,000 patient years), and
this frequency of side effect may be
more acceptable for the treatment of
cancer rather than diabetes.
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SUMMARY

Most patients with acute lymphoblastic leukemia (ALL) fail current treatments highlighting the need for better
therapies. Because oncogenic signaling activates a p53-dependent DNA damage response and apoptosis,
leukemic cells must devise appropriate countermeasures. We show here that growth factor independence 1
(Gfi1) can serve such a function because Gfi1 ablation exacerbates p53 responses and lowers the threshold
for p53-induced cell death. Specifically, Gfi1 restricts p53 activity and expression of proapoptotic p53 targets
such as Bax, Noxa (Pmaip1), and Puma (Bbc3). Subsequently, Gfi1 ablation cures mice from leukemia and
limits the expansion of primary human T-ALL xenografts in mice. This suggests that targeting Gfi1 could
improve the prognosis of patients with T-ALL or other lymphoid leukemias.

INTRODUCTION

Many patients with acute lymphoblastic leukemia (ALL) and
lymphoma die of tumor relapse (Gokbuget and Hoelzer, 2009).
Experiments with mouse models have shown that T-ALL-like
diseases can be accelerated by the overexpression of the tran-
scriptional repressor growth factor independence 1 (Gfi1), which

is a well-established nuclear zinc finger protein and regulator of
lymphoid development (Gilks et al., 1993; Zornig et al., 1996;
Li et al.,, 2010; Pargmann et al., 2007; Spooner et al., 2009;
Ylcel et al., 2003). Germline Gfi1 deletion in mice modestly
reduces thymic cellularity, with an accumulation of cells between
double-negative 1 (DN1) and DN2 stages as well as a skew from
CD4* to CD8" (Yicel et al., 2003). In contrast, the thymus is

Significance

Chemotherapy is nonspecific and highly toxic, damaging both host and tumor tissues. Even when effective, patients suffer
dramatic side effects from standard treatments. Molecular-based targeted therapies have shown great promise but lack
broad applicability due to the heterogeneity of oncogenic pathways mutated during transformation. Here, we demonstrate
that ablation of Gfi1 broadly leads to lymphoid tumor regression and host survival independent of the transforming pathway.
We demonstrate that Gfi1 limits the proapoptotic functions of the endogenous gatekeeper p53. Gfi1 inhibition amplifies
p53-dependent proapoptotic responses driven by oncogenic stress; consequently, transformed lymphoid tissues are
uniquely susceptible to Gfil inhibition. Thus, in combination with current therapies, Gfi1 inhibition may allow the use of lower
cytotoxic doses, which would benefit patients directly.
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relatively normal when Gfi7 is deleted after the DN stage (Zhu
et al., 2006), which suggests that Gfi1 mainly acts during early
steps of T lymphopoiesis. Gfi1’s ability to accelerate leukemo-
genesis in mice and its function in lymphoid development
prompted us to explore the role of Gfi1 ablation in the initiation
or maintenance of lymphoid malignancies.

RESULTS

GFI1 Is Associated with a Subgroup of Human T-ALL

and Accelerates NOTCH1-Induced T-ALL in Mice
Although the oncogenic impact of high-level Gfi1 expression in
murine T cell leukemogenesis is well established, an association
of GFI1 with human T-ALL has not been clearly shown. Because
over 50% of human T-ALL displays mutated NOTCH1 (Weng
et al., 2004) or Notch1 regulatory proteins (O’Neil et al., 2007;
Thompson et al., 2007) resulting in overexpression of Notch1
target genes (Palomero et al., 2006; Sharma et al., 2006; Weng
et al., 2006), we performed hierarchical clustering of microarray
data from independent cohorts of patients with T-ALL using
NOTCH1 mutation status (Ferrando et al., 2002), Notch1 target
gene activation (Palomero et al., 2006; Van Vlierberghe et al.,
2008), or early T cell precursor (ETP)-ALL diagnosis (Coustan-
Smith et al., 2009) and examined GFI71 expression (Figures 1A
and 1B; Figures S1A-S1F available online).

We observed that patients with ETP-ALL had low levels of
GFI1 expression compared to those with a positive NOTCH1
signature (Figures 1B, S1D, and S1E), suggesting a functional
role for Gfi1 in NOTCH1-dependent human T-ALL. However,
GFI1 is unlikely a Notch1 target because intracellular Notch1
(ICN) does not occupy the GFI1 locus nor was GFI1 expression
altered by y-secretase inhibitors (GSIs) based on our own results
as well as published data (Figure S1F) (Margolin et al., 2009;
Medyouf et al., 2011). Also, we can show that mice transplanted
with bone marrow (BM) cells overexpressing ICN and Gfi1
developed leukemia faster than mice transplanted with cells
only overexpressing ICN (Figures S1G-S1l), corroborating
previous reports on the function of Gfi1 in T cell leukemogenesis
(Schmidt et al., 1998; Zo6rnig et al., 1996) and extending it to
human ICN-mediated T-ALL.

Gfi1 Deletion Delays the Development of T-ALL

To test whether ablation of Gfi1 could inhibit the onset of T-ALL,
we used five different mouse models, in which we could tempo-
rally delete Gfi1. First, we transplanted ICN-expressing BM cells
from mice carrying a tamoxifen (OHT)-inducible Rosa26 Cre-
recombinase transgene (Cret"2) (Hameyer et al., 2007) enabling
inducible deletion of floxed Gfi1 alleles (Gfi1™) (Horman et al.,
2009; Velu et al., 2009) (Figure 1C). Although vehicle-treated
animals died within 66 days, OHT-treated recipients developed
leukemia within 87 days with similar T-ALL characteristics
(Figures 1C-1F). However, all tumors emerging after OHT
treatment had intact Gfi1 alleles (Figure 1D), suggesting that
ICN-induced T-ALL selects for Gfil.

To confirm this, we used a T cell-specific Cre transgene
(LckCre*) and Gfi1"4 transgenic mice, in which Rosa26 locus-
mediated expression of ICN and EGFP is blocked by a floxed
STOP cassette (Rosa ICN-SL) (Murtaugh et al., 2003). We
injected these mice with N-ethyl-N-nitrosourea (ENU), which

induces T cell leukemia and shortens the latency of leukemo-
genesis (Kundu et al., 2005; Yuan et al., 2001). Approximately
50% of all tumors arising in LckCre*;Rosa ICN-SL;Gfi1** mice
were EGFP™ (i.e., expressing ICN and Gfi1, Figures S1J and
S1K). However, ENU-induced tumors that arose in LckCre*;
Rosa ICN“St;Gfi1” mice were always EGFP™ (i.e., ICN™ and
Gfi1 wild-type, Figure S1K,), also suggesting that ICN-mediated
tumorigenesis selects for Gfil. In yet another Notch-driven
leukemogenesis model, in which constitutive absence of Gfi1
was coupled with a CD4 promoter-driven mutant Notch1 trans-
gene (Notch14CT; Priceputu et al., 2006), T-ALL development
was substantially decreased and delayed (Figures 1G-1I).

To explore the impact of Gfi7 loss in mouse models of T-ALL
that are not initiated by Notch, we either infected Gfi7** and
Gfi1™'~ newborn mice with Murine Moloney Leukemia (MMLV)
(Scheijen et al., 1997) or injected adolescent mice with ENU.
All MMLV-infected Gfi1** mice developed lymphoid malignan-
cies, whereas only 40% of MMLV-infected Gfi1 ™'~ mice did.
The remaining mice were censored due to neurological problems
consistent with reports on older Gfi1 ™'~ mice (unpublished data).
Notably, Gfi1 ™'~ lymphoid malignancies were significantly less
robust than Gfi1** tumors (Figures 1J-1L). Similarly, >85% of
the ENU-injected Gfi1*’* mice, but only 20% of Gfi1~~ mice,
developed T cell leukemia (Figure S1L); the remaining mice
succumbed to ENU-induced toxicity. As in other models, ENU-
initiated Gfi1~/~ tumors developed slower and were significantly
less robust than Gfi1** tumors (Figures S1L-S1N). Neither
Gfi1*"* nor Gfi1~’~ ENU-induced tumors were found to harbor
Notch1 mutations in the HD or PEST domain (Table S1). Thus,
results from these five independent T-ALL models, initiated by
various oncogenic pathways, led us to conclude that ablation
of Gfi1 delays, impedes, or is counterselected during T-ALL
formation.

T-ALL Disease Maintenance Is Gfi1 Dependent
Mx1-Cre*;Gfi1"" or Gfi1”" mice were treated with ENU to elicit
T cell leukemia. After 50 days, both groups were injected with
plpC (Horman et al., 2009). All Gfi1”" mice developed T-ALL,
but Mx7-Cre*;GfiT”" mice separated into two different
subgroups following plpC injection. One subgroup remained
healthy until the study was terminated (Figure 2A, Mx1-Cre™;
Gfi1™, full excision) or died of ENU toxicity. The second
subgroup displayed partial Gfi1 deletion and succumbed to
T cell leukemia similar to ENU/plpC-treated Gfi1”" mice (Fig-
ure 2A, Mx1-Cre*;Gfi1”" partial excision).

To investigate whether loss of Gfi1 was causing tumor regres-
sion or preventing tumor formation, we used ultrasound imaging.
Upon detection of a tumor (Figure 2B), Gfi1 deletion was induced
with pIpC. All ENU-induced tumors in Gfi?” mice clearly showed
increases in tumor size, whereas tumors that developed in Mx1-
Cre*;Gfi1"" animals showed variable changes in size (Figures 2C
and S2A). Following plpC injection, disease-free survival, tumor
growth, and blast cell detection all directly correlated with the
degree of Gfi1 deletion in the tumor (Figures 2B, 2C, and S2B)
because we found that Gfi1 deletion was incomplete in tumors
that progressed but was complete in tumors that regressed
(Figure S2A).

We verified this observation in a second T-ALL model, in
which disease was induced by Notch1 activation and
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Figure 1. Gfi1 Associates with NOTCH1 in Human T-ALL, and Deletion Delays the Development of Disease

(A) Heatmap of expression of published Notch1 target genes used to classify gene expression array data from 55 patients with T-ALL (GSE8879) into two groups:
“Negative Notch Signature” (left), and “Positive Notch Signature” (right). ETP-ALL diagnosis is designated by an “X.”

(B) Quantification of relative expression of NOTCH1, GFI1, and Notch1 target genes HES1, MYC, NOTCH3, CR2, IGF1R, and E2F5 in 55 patients with T-ALL with
either a “Negative Notch Signature” (gray) or a “Positive Notch Signature” (black).

(C) Top view shows RosaCre:72:Gfi1”f BM cells that were transduced with vectors expressing ICN and then transplanted. Mice were given vehicle or tamoxifen
to induce Cre activity. Bottom view is a Kaplan-Meier curve.

(D) PCR genotype analysis of the Gfi1 locus in control tissues (Gfi1%/*, Gfi1*/2, Gfi1**) and in representative tumors from mice either treated with vehicle or OHT.
FLOX, Gfi1" allele; +, the wild-type allele; A, deleted allele.

(E and F) Spleen weights (E; n = 6 each group) and flow cytometric analysis of thymic tumors (F, top panels) and spleen sections with H&E (F, bottom panels)
collected during postmortems from indicated transplant groups.

(legend continued on next page)
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accelerated by ENU injection. Mice were monitored by ultra-
sound and upon tumor detection, treated with plpC (Figure 2D).
Although all plpC-injected Notch14CT;Gfi1”" mice died, all
plpC-injected  Notch14°";Mx1-Cre*;Gfi1”"  tumors  with
complete deletion of Gfi71 regressed, and the mice survived
(Figures 2D-2F). This regression also correlated with lower
numbers of blast cells in the blood of plpC-treated
Notch14C7:Mx1-Cre*;Gfi1”" mice compared to Notch14CT;G-
fi1” controls (Figure $2C).

Next, Gfi1™ or Mx1-Cre*;Gfi1”4 tumor cells were transplanted
into syngeneic recipients. In recipients that did not receive plpC,
only tumors with an intact floxed Gfi7 allele emerged (data not
shown). However, when recipient mice were treated with plpC,
all mice that received Gfi1”" tumors died, whereas mice
receiving Mx1-Cre*;Gfi1”4 tumors survived tumor free (Fig-
ure 2G). To demonstrate that loss of Gfi1 specifically leads to
tumor regression in a cell-autonomous manner, we inhibited
Gfi1 function in three Tal1-transformed murine T-ALL cell lines
(Cullion et al., 2009) by overexpressing a dsRed-marked Gfi1
dominant-negative mutant (Gfi1N*%2%) (Horman et al., 2009;
Person et al., 2003; Zarebski et al., 2008). Two days after the
initial measurement of transduction, and in contrast to empty
vector-transduced cells, only 15%-20% of cells transduced
with dsRed* Gfi1N®82S_expressing vectors were still dsRed*
(Figure 2H).

To determine the clinical potential of targeting Gfi1, we in-
jected Gfi1”" and Mx1-Cre*;Gfi1”" mice (CD45.2*) with ENU,
waited 50 days to allow tumor initiation, and then treated with
plpC to delete Gfi1. Four weeks after the first plpC injection,
both groups of mice were sublethally irradiated and trans-
planted with syngenic CD45.1* BM cells (BMT) to prevent BM
failure associated with ENU (Figures 2l and 2J). The combina-
tion therapy was not sufficient to cure the mice of T-ALL
because 80% of ENU-treated Gfi1”" mice still succumbed to
disease (one died of nontumor-related reasons). However,
when therapy was combined with Gfi1 deletion, complete
tumor remission was observed in every transplant recipient
(Figures 2I and 2J). Taken together, our data strongly implicate
Gfi1 in the maintenance of established T cell malignancies, their
ability to kill secondary hosts, and potentially in improving
therapy.

Maintenance of B Cell Lymphoma Is Dependent on Gfi1

To test whether other lymphoid malignancies were also depen-
dent on Gfi1, we used Eu-Myc transgenic mice, which develop
clonal B cell ymphomas (Adams et al., 1985). Loss of Gfi1 did
not affect the latency, incidence, or pathology of tumor initia-
tion (Figures 3A and 3B) but completely blocked the ability of

lymphoma to kill secondary recipients (Figure S3A). Thus,
similar to the T cell models, Gfi1 is required for robust tumori-
genesis. To determine whether Gfi1 is required for B cell
lymphoma maintenance, we used an inducible model (Zhu
et al., 2006) to delete Gfi1”" after a lymphoma had formed.
Although plpC injection had no effect on progression of
disease in Gfi1”;Eu-Myc mice, it led to tumor regression and
a significant reduction of leukemic blasts in the peripheral
blood of Mx1-Cre;Gfit";Eu-Myc mice (Figures 3C-3E and
S3B), suggesting that Gfi1 is indeed necessary to maintain
a B cell lymphoma. Similar to the results with our T-ALL
models, loss of Gfi1 significantly improved the outcome of
Gfi1~~;Eu-Myc mice treated with sublethal irradiation and
BMT after detection of a tumor, whereas Gfi1**;Eu-Myc
animals died of tumor relapse (Figure 3F). These data suggest
that targeting Gfi1 could also be beneficial for treating B cell
lymphoma.

Gfi1 Integrates the Cellular Transcriptional Response to
DNA Damage/p53 Induction

To investigate how loss of Gfi1 induces tumor regression, we
compared gene expression profiles of T cell leukemia from two
different models (Figures 2A and 2D) upon inducible deletion
of Gfi1 (Figure 4A). Gene Set Enrichment Analysis (GSEA) (Sub-
ramanian et al., 2005) demonstrated significant deregulation
of multiple key leukemic pathways, including cell-cycle progres-
sion, NFkB signaling, and basal transcription among others
(Table S2; data not shown). Normal thymocytes do not disappear
upon loss of Gfi1 as the tumors do. Therefore, to identify mech-
anisms that might explain tumor regression, we focused on
those pathways that were similarly deregulated in both ENU
and Notch14¢"-induced tumors from Gfi1~/~ and Gfi1*"* mice
but were not enriched in normal nonmalignant Gfi1~'~ versus
Gfi1*"* thymocytes. We noticed a striking number of shared
GSEA signatures that included deregulated p53 signaling, DNA
damage/repair pathways, and a proapoptotic response (Figures
4B and 4C; Table S2), suggesting that an accelerated cell death
program might be initiated in tumor cells that lack Gfi1.

An emerging concept proposes that oncogenic signaling
induces uncoordinated cell division, generating collapsed
replication forks and DNA double-strand breaks, which in turn
initiate a DNA damage response, activating p53 and inducing
apoptosis. Therefore, tumor cells must counteract cell death in
order to survive (Bartek et al., 2007; Bartkova et al., 2007; Di
Micco et al., 2006; Halazonetis et al., 2008). In agreement with
this theory, leukemic cells from our tumor models displayed
increased levels of phosphorylated H2AX (yH2AX), indicating
DNA double-strand breaks, and higher levels of spontaneous

(G) Top view shows Notch14C7:Gfi1*"* and Notch14CT;Gfi1~/~ mice that were monitored for tumor development and survival. Bottom view is a Kaplan-Meier

curve.

(H and I) Spleen weights (H) and flow cytometric analysis (I, top panels) and histological sections (I, bottom panels) of Notch14“T;Gfi1*"* (n = 7) and

Notch14€T:Gfi1~'~ (n = 3) tumors.

(J) Top view shows Gfi1** and Gfi1~'~ newborn mice that were injected with MMLV. Bottom view is a Kaplan-Meier curve.

(K) Thymic tumor cell numbers of Notch14“"-induced tumors.

(L) Flow cytometric analysis (top panels) and histological section (bottom panels) of MMLV-induced Gfi1** versus Gfi1~/~ tumors.
Scale bars, 50 pm. Vertical line (| ) in all Kaplan-Meier curves indicates censored mice. Mean and mean + SEM are shown unless stated otherwise. *p < 0.05,

**p < 0.01, **p < 0.001.
See also Figure S1 and Table S1.

Cancer Cell 23, 200-214, February 11, 2013 ©2013 Elsevier Inc. 203


http://www.tracker-software.com/buy-now
http://www.tracker-software.com/buy-now

Cancer<
Gfi1 and Lymphoid Leuke.§

RV NPT i 2 W e WiT s R, TR G N

Before plpC After plpC

(] f/f . GF1T
P— O e W mxi-creGiit

_ 804 FL Mx1-Cre';Gfi1", n=6 507 .
g (partial flox allele excision) g1 -
260 — = Mx1-Cre’;Gfit", n=16 E 401
(7] Control ENU_ [ (full excision) = i
I Flox i g
8 404 A H 5
g 3 201
o 20 4 MH-CreO + - -+ 4+ Mx1-Cre; g
Tumor Fo- b+ - Gfit" IE
D T T i T 1
0 50 100 150 200 plpC - 4
Days Postinjection
D E F
acT
Notch1°™  ENU e Before plpC_  After plpC O cfit” Wl mxr-creafir”
1 (111 —
—_— _——— 40 ~
e *k
100- B Py et T
T go- : Flox — Notch1°°7;Gfi1", n=9 E30 1
s s ] 4| e Notch1°°T:Mx 1-Cre*; Gfi1", n=4 8
@ 60+ i N?:ﬁﬁ;r o (partial flox allele excision) "320 2
€ 404 = = Notch1*“":Mx1-Cre';Gfi1", n=5 0
2 (full excision) 2 10
T 20- ] Mx1-Cre’; =
o H Gfi1t"
' i
0 T T 1 p
0 50 100 150 plpC - +
Days PostplpC Injection
G H
CD452 /7 0\~ CD45.1  pinc CD45.1
@ @ 11111 @ —— Empty Vector -+ Gfit N382S
—_—
100- 5010 5046 5151
1 g1 315
= 804 — Gfit" n=11 & @ o
2 -== Mx1-Cre";Gfi1™, n=4 8 B0 / B10] ————
é’] 60 E -uE ‘\\ *% -UE \\\ *k
By B \ o \
E i [T S [+'] 0‘5 \-. m0‘5 \\
g 40 g g S g \‘__‘
S 204 Z o0 Z 04 Z od
a8 0 48 72 9 120 0 48 72 96 120 0 48 72 96 120
0 Hours posttransduction Hours posttransduction Hours posttransduction
0 50 100 150

Days Postinjection

| J
ENU plpC BM CD45.1
1l L1
@ 50 days 28 day s@ g @ : 26’37 o
CD45.2 CD45.2 CD45.2 CD45.2 Mx1-Cre',Gfi1
e . 0.03
T 804 — Gfit" n=5
E -=- Mx1-Cre";Gfi1" n=5
2 60 9 20
€ 40 ;
g S )
& 20 g § :
8 L ; —h
0 T r ' 1 CD45.1
0 50 100 150 200

Days Postinjection

Figure 2. Gfi1 Is Required for T Cell Leukemia Maintenance
(A) Top view shows Gfi1"" or Mx1-Cre*;Gfi1" mice that were treated with ENU and subsequently with plpC. Bottom view is a Kaplan-Meier curve. Inset presents
PCR analysis of the Gfi1 locus in control tissues and in representative tumors (T) for Gfi1 flox and excised (A) alleles.
(B) Top view shows Gfi1”" or Mx1-Cre*;Gfi1™ mice that were treated with ENU and followed for tumors by ultrasound (US). Next, mice were treated with plpC, and
tumor development was determined by ultrasound. Bottom view is representative ultrasound images. Scale bars, 20 mm.

(legend continued on next page)
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apoptosis than untransformed thymocytes (Figures 4D-4F). We
also noted that the number of apoptotic cells was further
increased in those tumors where Gfi7 was inducibly deleted (Fig-
ure 4F). Additionally, when we irradiated Gfi1~’~ leukemic cells,
we observed decreased survival compared to Gfi1** tumors
(Figures 4G). Finally, when we overexpressed Bcl2 in Tal1-trans-
formed T cell lines, counterselection of the dominant-negative
mutant Gfi1N%82S was either absent or delayed (compare Fig-
ure 4H to Figure 2H). These data demonstrate that Gfil is
required in lymphoid tumors to counter DNA damage-induced
death and suggest that DNA damage/p53-induced signals are
dominant effectors of Gfi1 loss-of-function apoptotic pheno-
types in T-ALL.

In contrast to Gfi1-deleted tumors, Gfi1~'~ thymocytes display
only mildly increased levels of apoptosis of c-Kit* subsets
(compared to Gfi1*"*) (Yicel et al., 2003). In agreement with
this observation, we noted that whereas GSEA of gene expres-
sion data of Gfi1™/~ versus Gfi1*"*thymocytes is enriched for
apoptotic signatures, the DNA damage and p53 signatures,
which drive the execution of apoptosis, were not enriched
(Figures 5A and 5B). Thus, we hypothesized that the introduc-
tion of a DNA damage signal (inherent to tumors) to Gfi1 ™/~
thymocytes may elicit the same increased apoptotic phenotype
in thymocytes that was found in tumors. Indeed, gene expres-
sion analysis revealed that a comparison between y-irradiated
(to induce DNA damage) Gfil~/~ versus Gfi1**thymocytes
recapitulated the exaggerated Gfi1 '~ GSEA DNA damage and
p53 signatures found in leukemia cells (compare Figures 4B
and 5B). Moreover, DNA damage induced by daunorubicin,
etoposide, or by various doses of vy irradiation resulted in signif-
icantly decreased Gfi1~/~ thymocyte survival and mitochondrial
potential (Figures S4A-S4E). Although Gfi1~/~ thymocytes
showed similar levels of yH2AX, p53 induction, and p53
phosphorylation compared to Gfi1** controls (Figures S4F
and S4G), Gfil~/~ thymocytes displayed increased cleaved
caspase-3 and PARP (Figures S4H and S4l). These data indicate
that Gfi1 antagonizes DNA damage-induced apoptotic path-
ways downstream of DNA damage detection but upstream of
caspase and PARP1 cleavage.

To analyze this in more detail, the expression of cell death-
associated p53 targets such as Bax, Pmaip1 (Noxa), and Bbc3
(Puma) was tested and found to be further induced in irradiated
Gfi1~'~ thymocytes compared to Gfi1*’* controls (Figure 5C).

—/—

These genes appear to be direct Gfi1 targets because interroga-
tion of Gfi1 ChlP-seq data showed enriched Gfi1 binding in the
regulatory regions of Bax, Pmaip1, and Bbc3 compared to IgG
controls (Figure 5D). These data suggest that Gfi1 co-occupies
p53-responsive genes and regulates their expression. Interest-
ingly, significant p53 binding to these same Gfi1-bound regions
within the promoters (underscored in Figure 5D) of Bax, Pmaip1,
and Bbc3 was observed in thymocytes after induction of p53 by
irradiation (Figure 5E). To assess whether Gfi1 and p53 globally
regulate the expression of proapoptotic p53 effector genes, we
examined the leading edge of the GSEA Gfi1~/ -irradiated
thymocyte signature and found that >70% of the apoptotic
genes were in fact proapoptotic effectors (Figure S4J). More-
over, combining the gene expression and ChIP-seq analyses
revealed that Gfi1 occupies 55 of 77 p53-effector genes
(>70%) deregulated in irradiated Gfi7 '~ thymocytes (Figure 5F).
We next validated the ChIP-seq data with ChIP-gPCR using
primer sets for 14 of the 55 genes. These genes were (1) occu-
pied by Gfi1 according to ChIP-seq data with reads over 100
compared to Ig controls, (2) at least 1.5-fold differentially ex-
pressed between Gfi1 '~ and Gfi1** thymocytes after irradia-
tion, and (3) known p53 effector genes according to empirically
tested data in the Molecular Signature Database (MSigDB).
ChIP-gPCR confirmed binding of Gfi1 in irradiated thymocytes
with an enrichment of >1.5-fold in 10 of the 14 genes tested, sug-
gested Gfi1 binding in 3 genes with an enrichment of 1.3-1.5,
and demonstrated little to no binding in only 1 of the 14 primer
sets tested (Figure S4K). Co-occupation of the same loci by
Gfi1 and p53 was found in the majority of genes tested (9 of
14, Figure S4L). A time-dependent analysis on 4 of the 14 loci
(Bax, Pmaip1, Bbc3, and Cdkn1a) revealed that a co-occupation
by Gfi1 and p53 is maintained over time but that p53 occupation
clearly dominates at 120 min after the initial DNA damage signal
over Gfi1 (Figure S4M). This suggests that during the immediate
response after DNA damage, Gfi1 and p53 coregulate target
genes, but if the DNA damage signal persists, a p53-dominated
regulation prevails.

We investigated the involvement of the p53-activated
apoptosis pathway in Gfil = thymocyte survival after DNA
damage. To do so, we deleted Trp53 or overexpressed Bcl2
and found that either condition completely rescued the exag-
gerated Gfi1~/~ thymocyte apoptosis upon DNA damage
signaling (Figure 5G). Further investigation into the underlying

(C) Change of thymic surface area before and after treatment with plpC for mice (see B).
(D) Top view shows Notch14ST;Gfi1" or Notch14°T;Mx1-Cre*;Gfi1”" mice that were treated with ENU and subsequently monitored by ultrasound for tumor (T)
development. Upon appearance of a mass, mice were injected with plpC and followed for tumor progression or regression by ultrasound. Bottom view is

a Kaplan-Meier curve. Inset presents a PCR analysis of allele excision (A).

(E) Representative ultrasound images of tumors before and after plpC injection. Scale bars, 20 mm.

(F) Change of thymic surface area before and after treatment with plpC (see E).
(G) Top view shows Gfi7” tumors or tumors that had one Gfi1 allele deleted (Mx7-Cre*;Gfi

treated with plpC. Bottom view is a Kaplan-Meier curve.

17%) were transplanted into CD45.1 recipient mice, which were then

(H) T-ALL cell lines 5151, 5046, and 5010 were transduced with retrovirus vectors expressing Gfi1 N382S and dsRed or dsRed alone. dsRed was measured over
time by FACS and normalized to the level at 48 hr. One of three representative experiments is shown.

(1) Top view shows Gfi1”" or Mx1-Cre*;Gfi1” mice that were injected with ENU. Fifty days later, they were treated with plpC. Twenty-eight days later, they were
irradiated, and transplanted with wild-type CD45.1 BM cells, then followed for survival. Bottom view is a Kaplan-Meier curve. One Gfi1”f mouse was sacrificed for

morbidity unrelated to leukemia.

(J) BM of mice in (l) at the end of observation was examined for contribution of the CD45.2 (host BM) and CD45.1 (donor BM).
Vertical line (| ) in all Kaplan-Meier curves indicates censored mice. Mean and mean + SEM are shown unless stated otherwise. *p < 0.05, **p < 0.01.

See also Figure S2.
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Figure 3. Gfi1 Is Required for Maintenance of B Cell Lymphoma

(A) Top view shows Gﬁ1+/*;Eu-Myc and Gﬁ1”’;E;L-Myc mice that were monitored for tumor development and survival. Bottom view is a Kaplan-Meier
curve.

(B) Flow cytometric analysis (top) and histological sections (bottom) of Eu-Myc-induced Gfi1** and Gfi1~/~ tumors. Scale bars, 50 ym.

(C) Top view shows Mx1-Cre*;Gfi1"Eu-Myc and Gfi1”";Eu-Myc mice that were observed by ultrasound for appearance of B cell lymphoma. Upon appearance of
a mass, mice were injected with plpC and monitored for tumor progression and survival. Bottom view is a Kaplan-Meier curve.

(D) Representative ultrasound images of tumors before and after plpC injection. Scale bars, 20 mm.

(E) Change of tumor surface area (left) before and after treatment with plpC for mice with the indicated genotypes as well as cellularity of mediastinal tumor after
treatment (right).

(F) Top view shows Gfi1*/*;E;4—Myc and Gfi1 ’/’;Eu—Myc animals that were observed until enlarged lymph nodes evidenced tumor development, then they were
irradiated and transplanted with CD45.1 BM cells and monitored for survival. Bottom view is a Kaplan-Meier curve.

Vertical line (| ) in all Kaplan-Meier curves indicates censored mice. Mean and mean + SEM are shown unless stated otherwise. *p < 0.05.

See also Figure S3.
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Figure 4. Gfi1 Mediates DNA Damage and p53 Signaling to Control Apoptosis
(A) Unsupervised hierarchical clustering of the averaged normalized Log, gene expression values from ENU (n = 3) or ENU/Notch14C" (n = 2)-induced T-ALL
arising in Gfi1™" (wild-type, WT) or Mx1-Cre*;Gfi1" (knockout, KO) plpC-treated mice (ENU WT, n = 3; ENU KO, n = 3; ENU/Notch14°T WT, n = 2; ENU/Notch14¢T
KO, n = 2).
(B) GSEA butterfly plots for pathways related to DNA damage, p53 signaling, or apoptosis found in both ENU- and Notch14C -initiated tumor signatures from (A).
(legend continued on next page)
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mechanism demonstrated that Gfil and p53 can physically
interact in transfected cells and in irradiated thymocytes
(Figures 5H and 5l) and that Gfil was able to repress p53-
mediated transcriptional activation of a model reporter gene
(Figure 5J). Notably, methylation of p53 at K372 leads to
increased stability of chromatin-bound p53 and to the activa-
tion of p53 target genes, whereas demethylation of K372 has
an inhibitory effect on p53 (West and Gozani, 2011). Immuno-
precipitation and immunoblot experiments with Gfi1*"* and
Gfi1™'~ thymocytes showed that absence of Gfil leads to
a substantial increase of p53-K372me, regardless of irradiation
(Figure 5K). Moreover, thymocytes from knockin mice express-
ing only a Gfi1?* mutant (Fiolka et al., 2006) that lacks the
ability to bind LSD1 (Saleque et al., 2007) also displayed
a substantial increase of p53-K372me (Figure 5L). These data
suggest that Gfi1 restricts p53 activity through Gfil SNAG-
dependent cofactor recruitment and p53 demethylation
(Figure 5M).

Targeting GFI1 in Human ALL Leads to Tumor Death

To test whether Gfi1 could be a suitable target for therapy of
human leukemia, we used human T-ALL cell lines and reduced
Gfi1 expression either by transduction of previously described
shRNA-expressing lentiviral vectors (Velu et al., 2009) or Vivo-
Morpholinos (Morcos et al., 2008) specifically designed against
GFI1. In both cases, reduction of Gfi1 impeded the growth of
T-ALL cell lines, which correlated with a higher level of apoptosis
(Figures 6A-6C and S5A-S5C), suggesting that T-ALL is sensi-
tive to the induction of apoptosis. When we used the pan-Bcl2
inhibitors Obatoclax and ABT-263 on three independent T-ALL
lines, we observed ICsq values approximately 10-fold lower
than those observed in acute myeloid leukemia (AML), where
the use of these drugs is currently in clinical trials (Figure 6D).
Inhibition of Gfi1 further increased the efficiency of both Obato-
clax treatment (Figure 6E) and radiation therapy (Figure S5D). To
demonstrate the contribution of p53 to Gfi1 loss-of-function
apoptosis, we used Vivo-Morpholinos to first antagonize p53
expression then Gfi1 expression. We observed a significant
decrease in the ability of the Gfi1 Vivo-Morpholinos to induce
apoptosis after p53 Vivo-Morpholino pretreatment (Figure S5E).
Similar results were obtained using p53-targeting shRNA
lentiviruses followed by Gfi1 Vivo-Morpholino treatment (data
not shown).

Next, we examined Gfi1 inhibition in primary patient
samples. Due to the significant limitations of in vitro systems
to support primary T-ALL cell survival, we transplanted primary
patient specimens into immune-deficient Nod/Scid/IL2Ry '~

(NSG) mice then tested whether targeting Gfi1 using morpholi-
nos is a viable approach to treat leukemia. The cells were al-
lowed to engraft and expand for 4 days before the mice
were injected with Vivo-Morpholinos over a 3 week period
and monitored for survival. Gfi1 Vivo-Morpholino-treated
animals showed a trend toward increased survival after only
three injections (Figures S5F-S5I). We repeated the assay
with samples from a patient who failed to respond to cur-
rent therapies but increased the treatment frequency. When
control morpholino (NT)-treated mice became moribund, we
analyzed the tissues of all of the transplanted mice for the
presence of human T-ALL cells. Targeting Gfi1 significantly
impeded the expansion of the human leukemia in the BM,
peripheral blood, and the spleen of the transplanted NSG
mice (Figures 6F-6H), whereas treatment of healthy mice
with the same dosing regimen did not lead to adverse effects
(Figure S5J).

DISCUSSION

Important roles for Gfi1 in normal lymphoid development and
acceleration of murine T cell leukemia have previously been es-
tablished (Blyth et al., 2001; Chakraborty et al., 2008; Dabrow-
ska et al.,, 2009; Gilks et al., 1993; Scheijen et al., 1997;
Schmidt et al., 1996; Uren et al., 2008; Ydcel et al., 2003).
Yet, questions remained whether Gfil was required for the
development or maintenance of human lymphoid leukemia. In
the current study, we found that ablation of Gfi1 leads to
regression of already established murine lymphoid neoplasms
occurring through the induction of p53-dependent apoptotic
pathways. Our results indicate that leukemic cells in general
require Gfi1 because the ablation of Gfi1 led to lymphoid tumor
regression and host survival independently of the transforming
pathway or tumor etiology. It is thus conceivable that Gfi1 is an
“oncorequisite” factor, a normal cellular protein upon which
malignant cells uniquely depend for their survival. This offers
a different paradigm for cancer therapeutics and suggests
that normal cellular proteins, independent of their mutation
status in human tumors, can be excellent targets for clinical
intervention.

Our findings are surprising given the recently identified
function of Gfi1 in myeloproliferative disease (MPD) and AML,
where Gfi1 loss of function derepresses HoxA9, Meis1, and
Pbx1, and can cooperate with other oncogenic lesions to trans-
form myeloid progenitors (Horman et al., 2009). Furthermore,
a SNP in the human GFI1 deregulates HOXA9 expression and
increases the risk for human AML by 60% (Khandanpour et al.,

(C) Classification of genes in the leading edge of the GSEA apoptosis signature in (B) as Proapoptotic, Antiapoptotic, or Context Dependent.
(D and E) Determination of yH2AX levels in normal tissue as well as in B and T cell leukemia by FACS (D) and immunofluorescence (E). One experiment was

performed. Scale bars, 50 um.

(F) Level of spontaneous apoptosis in the indicated tissues and tumors before and after Gfi? deletion. T-ALL: Gfi1*/*, n = 4; Gfi1”, n = 17; Gfi1%/4, n = 5. B-ALL:

Gfi1**, n = 4; Gfi1”, n = 13; Gfi1¥4, n = 4.

(G) Gfi1** (n=7), Gfi1~/~ and Gfi1”* (one constitutive Gfi1 KO tumor and two tumors, in which Gfi1 has been deleted with more than 50% excision, n = 3), thymic
tumor cells and Gﬁ1*/*;E;4-Myc* (n=7),and Gﬁ1’/’;E,u-Myc* (n = 3) lymphomas were explanted and irradiated (6 Gy), and examined for Annexin V staining by

FACS.

(H) T-ALL cell lines 5151, 5046, and 5010 were transduced with retrovirus vectors MSCV-Bcl-2, expanded, and then transduced with vectors encoding Gfi1N382S
and dsRed or dsRed alone. dsRed was measured over time by FACS and normalized to the level at 48 hr. One of three representative experiments is shown.
Mean and mean + SEM are shown unless stated otherwise. *p < 0.05, **p < 0.01.

See also Table S2.
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Figure 5. Gfi1 Restricts p53-Dependent Induction of Apoptosis

-

DNA damage/apoptotic genes

(A) Unsupervised hierarchical clustering of the averaged normalized Log, gene expression values from Gfi1*"* (WT) and Gfi1 '~ (KO) thymocytes with or without
irradiation (Gfi1** control, n = 2; Gfi1~/~ control, n = 2; Gfi1*'* irradiated, n = 3; Gfi1 /~ irradiated, n = 3).
(B) GSEA butterfly plots for pathways related to DNA damage, p53 signaling, or apoptosis enriched in Gfi1-deficient tumors (Figure 4B) that emerge in Gfi1~/~

T cells only after irradiation.

(legend continued on next page)
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2012); however, further experimentation is still necessary to
incisively define a role for Gfi1 in human AML. HoxA9 signaling
is present in mixed-lineage leukemia but is active in less than
10% of patients with T-ALL (Ferrando et al., 2002). Thus, patients
with rare HoxA9-active T-ALL may not benefit from receiving
Gfi1-targeting therapies. Therefore, careful molecular pathology
will likely be important to stratify patients for Gfi1-targeted
therapeutics.

Recent work suggested that oncogenic signaling in general
causes uncoordinated cell division resulting in collapsed replica-
tion forks and the initiation of p53-dependent DNA damage
responses causing cell death (Halazonetis et al., 2008; Bartek
et al., 2007; Bartkova et al., 2007; Di Micco et al., 2006). Tumor
cells have to counteract this “oncogenic stress” signal to avoid
cell death, for instance by mutating TP53. However, TP53 muta-
tions are rare in T-ALL; hence, leukemic cells have to devise
other measures to circumvent apoptosis. Our data offer an
explanation as to how lymphoid malignancies can overcome
p53 activation and why they are dependent on Gfi1. We propose
that DNA damage, initiated by oncogenic stress during malig-
nant transformation, induces p53 activity. High Gfi1-expressing
subclones can thus be selected during transformation to enable
global restriction of p53-mediated apoptosis. Gfi1 exerts this
function by (1) co-occupying p53 target genes such as Bax,
Pmaip1, and Bbc3; (2) binding to p53-bound transcriptional
complexes; and (3) limiting the methylation of p53 at K372
thereby restricting the activity of p53 and the activation of p53
target genes.

The function of Gfi1 to limit p53-K372 methylation (p53-K369
in murine cells) (Kurash et al., 2008) appears to be dependent
on its ability to bind SNAG-dependent cofactors such as
LSD1. It is known that demethylation of p53 at K370 is medi-
ated by LSD1 and prevents p53 association with coactivators
such as p53BP1 (Huang et al., 2007). We propose that
leukemic cells use a Gfi1-LSD1 or a Gfi1-SNAG-dependent
cofactor complex to demethylate p53 at K372, which prevents

a full activation of p53 and its proapoptotic target genes.
However, we cannot exclude the possibility that loss of
Gfi1-SNAG-dependent transcriptional repression leads to the
activation of factors, which may directly affect p53 activation/
methylation status. In either case, ablation of Gfi1 leads to an
accumulation of more active methylated p53, to a more effi-
cient transactivation of proapoptotic p53 target genes, and as
a consequence, to accelerated cell death. Several independent
lines of evidence support this notion including reporter gene
assays, ChlP-seq data, biochemical analyses, and expression
data and offer a mechanistic explanation why Gfi1 ablation
leads to regression of murine lymphomas and causes an
inhibition of primary human T-ALL cell expansion in immune-
deficient mice.

Our findings have direct implications for current ALL treat-
ments, which consist of chemotherapy and irradiation. Both
are nonspecific and highly toxic, damaging host and tumor
tissues. These therapies function mainly through the induction
of DNA damage and the initiation of p53-dependent DNA
damage response pathways that cause cell death. Even when
effective, patients can suffer dramatic side effects from standard
ALL treatments. Therefore, reducing chemotherapeutic or
irradiation dose and thus their side effects while maintaining
their efficacy would directly benefit patients. The main result
from our study suggests that this goal can be achieved by
inhibiting the function of Gfi1 in patients with T-ALL because
ablation of Gfi1 accelerates p53-induced cell death in leukemic
cells. According to our data, leukemic cells lacking Gfi1 will
be more sensitive to DNA damage-inducing chemo- or irradia-
tion therapy and undergo accelerated apoptosis. It is thus con-
ceivable that targeting Gfi1 will not only significantly improve
response rates but may in particular allow lower effective
doses of chemotherapeutic agents or irradiation. In summary,
our findings suggest that Gfi1 represents an Achilles’ heel of
lymphoid leukemias, and our approach to target Gfi1 may
soon move to clinical trials.

(C) Expression of Bax, Pmaip1 (Noxa), and Bbc3 (Puma) in Gfi1** and Gfi1~/~ thymocytes before and after irradiation. One representative experiment out of
at least two experiments is shown. The numbers above the bars represent the mean values of the measurements.
(D) Peaks across the Bax, Pmaip1, and Bbc3 loci from Gfi1 ChlP-seq of murine hematopoietic progenitor cells immortalized by retroviral transduction of an

MLL-ENL expression vector (GSE31657).

(E) ChIP of p53 using primers from Gfi1-bound regions (underscored with arrow in D) of Bax, Pmaip1, and Bbc3 before and after irradiation. Represented are the
mean and SD of the fold difference compared to IgG control from one experiment with three technical repeats.

(F) Log, values of the fold change of the irradiated versus unirradiated gene expression values of all genes (left) or 1.5-fold differentially regulated (right) between
Gfi1** and Gfi1 ™/~ thymocytes. Gfi1-bound (identified in D) p53 target genes are shown in red.

(G) Percentage of live Gfi1*/*;Trp53**, Gfi1~/~;Trp53**, Gfi1**;Trp53~'~, and Gfi1~~; Trp53~/~ thymocytes after ex vivo y irradiation (left, n = 3). Percentage of
live Gfi1*"*, Gfi1~'~, Gfi1**;Vav-Bcl2, and Gfi1~/~;Vav-Bcl2 thymocytes after ex vivo v irradiation (right, n = 3).

(H) Immunoblot of total-cell lysate (left) and immunoprecipitation (right) were performed using p53, phospho- p53, or Gfi1 antibodies on lysates from untreated or
irradiated 293T cells transfected as indicated with FLAG-tagged Gfi1 constructs. One representative experiment from at least two experiments is shown.

(I) Immunoblot of total-cell lysate (left) and immunoprecipitation using either Gfi1 or an isotype control (actin) antibody (right) were performed using phospho-p53
(Ser15) antibody on lysates from irradiated thymocytes cells. One representative experiment from at least two experiments is shown.

(J) Reporter expression assay using the Bax promoter and various amounts (ug) of transfected vectors encoding p53 or Gfil.

(K) Thymocytes from the indicated mice were irradiated or left untreated. After 30 min, total-cell lysates were immunoprecipitated with an anti-mono-methyl K372
p53 antibody, then immunoblotted with an anti-p53 antibody. p53 and tubulin in total-cell lysates are also shown. One experiment out of at least two experiments
is shown.

(L) Thymocyte nuclear extracts from the indicated mouse strains were immunoprecipitated with an anti-mono-methyl K372 p53 antibody, then immunoblotted
with an anti-p53 antibody. Input control shows the level of Gfi1 in thymocytes from Gfi1**, Gfi1~/~, and Gfi1"?A’"?A mice and the loading control LaminB. One
experiment out of at least two experiments is shown.

(M) Schematic representation showing methylated p53 binds to DNA and robustly activates the expression of target genes (a), and Gfi1 co-occupancy of a subset
of p53 targets tethers a Gfi1 SNAG-dependent cofactor, which demethylates p53 to dampen the expression of p53 target gene (b).

Mean and + mean SEM are shown unless stated otherwise. *p < 0.05, **p < 0.01.

See also Figure S4.
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Figure 6. Gfi1 as a Target to Treat Human Leukemia
(A) HBP-ALL cells were transduced with Venus-marked shRNA-expressing lentiviral vectors targeting Gfi1 (shGfi1, dotted line) or nontargeting control
(shNT, solid line). Expression of Venus was measured by FACS 72 hr posttransduction, which was set as 1, and subsequent measurements were taken by FACS
over a 5 week period and normalized to the first reading, p = 0.058.
(B) Growth of HBP-ALL cells treated with Gfi1 or NT Vivo-Morpholinos (VM) as measured by WST assay for 48 hr. Inset shows immunoblot for Gfi1 in HBP-ALL
cells treated with NT or Gfi1-VM (4 uM) for 16 hr.
(C) Annexin V and PI staining of HBP-ALL cells after 16 hr of Gfi1 or NT VM treatment (4 pM).
(D) Growth of T-ALL cell lines treated with indicated doses of the Obatoclax as measured by WST assay for 48 hr.
(E) Gfi1 knockdown was combined with Obatoclax treatment (200 nM), and growth was measured by WST assay for 48 hr. One representative experiment is
shown; experiments were repeated two to three times (A-E).
(F) Top view shows primary patient T-ALL samples that were transplanted in NSG mice and then mice were injected with Gfi1 or NT VM three times per week for
3 weeks. Bottom view is a FACS analysis of human CD45 and human CD3 of NT (n = 2) or Gfi1-treated (n = 3) mice.
(legend continued on next page)
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EXPERIMENTAL PROCEDURES

All other experimental procedures can be found in the Supplemental
Information.

Mice

LckCre*, Mx1-Cre*, C57BL/6, CD45.1, Trp53/~, and NSG mice were ob-
tained from The Jackson Laboratory (Bar Harbor, ME, USA). Regarding other
mouse strains, please refer to the Supplemental Experimental Procedures.
Mice were housed in either single ventilated cages with top filters or microiso-
lator cages. The Institutional Animal Care, Use and Ethical Committees
responsible for Cincinnati Children’s Hospital Medical Center (CCHMC), the
Institut de Recherches Cliniques de Montréal (IRCM), and University Clinic
Essen (UKE) reviewed and approved all animal experimentation.

Xenograft Transplants and Morpholino Treatment

Diagnostic patient samples were obtained after informed consent according
to Helsinki declaration and with approval from the institutional review boards
at the IRCM, CCHMC, and UKE for the described experiments. One million
T-ALL cells were transplanted (i.v.) into NSG mice that were injected 4 days
later (i.v.) with Vivo-Morpholinos (Gene Tools) as described in Figures 6 and
S5 with 25 nM of control (“NT-VM,” 5'-CCTCTTACCTCAGTTACAATT TATA-
3') or Gfi1-specific (“Gfi1-VM,” 5-ATGGTGGTCCGGCACTTTCCCCACT-3')
Vivo-Morpholinos per injection.

In Vivo Deletion of Gfi1 and Ultrasound Observation

Gfi1”" or RosaCret"™? Gfi1"" mice were injected (i.p.) with 1 mg OHT
(Sigma-Aldrich) dissolved in 100 ul of corn oil the first 5 days following
transplantation. Gfi1”* or Mx1-Cre*;Gfi1"" mice were either injected (i.p.)
4 weeks after the last ENU injection or 3 days after the transplantation
of the tumor cells with 500 mg plpC (Sigma-Aldrich) seven times every
other day. PCR validation of in vivo deletion was performed as pre-
viously described (Horman et al., 2009). Ultrasound observation was per-
formed on anesthetized mice, and thymic tumors were measured using the
Visualsonic ultrasound machine and the Vev0770 imaging software (Toronto).
A tumor was called present if the thymic surface area measured in the
horizontal and sagittal plane was larger than 8 mm? because average thymic
surface of age-matched, untreated Gfi1”" control mice is 4 mm?, and if
the tumor exhibited growth of more than 50% during the last 2 weeks of
observation.

Statistics

GraphPad Prism software (GraphPad Software, La Jolla, CA, USA) was used
for most statistical analysis. Kaplan-Meier curves were analyzed using log
rank tests. A p value <0.05 was considered significant for all analyses.
Differences in incidences of leukemia or lymphoma among the different groups
were determined using Fisher’s exact test. Two-tailed unpaired Student’s
t tests were used to calculate the differences in the gene expression of patient
data, WBC, and spleen weights of transplanted mice, as well as the differences
in cell number or tumors in ENU and MMLV-treated mice. The Mann-Whitney
U test was used to determine significance in counterselection assays.
Two-way ANOVAs were used to calculate significance of Vivo-Morpholino
dose-responsive curves. Differences in Annexin V staining of Bcl2-transgenic
Gfi1T™’~ mice and Trp53p53~/~Gfi1~/~ were calculated using one-way
ANOVAs. GSEA FDR Q values <0.25 were used as a cutoff for enriched
signatures.

ACCESSION NUMBERS

Array data are accessible under GEO accession number GSE32910.

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures, two tables, and Supplemental
Experimental Procedures and can be found with this article online at http://dx.
doi.org/10.1016/j.ccr.2013.01.011.
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Of note, the two studies identify different
Eph receptors as key in CSC mainte-
nance, although some level of crosstalk
likely exists between the Eph receptors
as well as other RTKs central to mainte-
nance of the hierarchy. It would seem
this difference could not be due to differ-
ential representation within the recently
identified GBM subclasses as both
have highest expression in the mesen-
chymal and classical groups (Verhaak
et al., 2010). However, Eph receptors
may be informative within these
subgroups, although that hypothesis
would require further exploration. Impor-
tantly, both groups validate the efficacy
of targeting Eph receptors in preclinical
models.

In conclusion, these two reports are not
simply additions of new CSC markers but

rather help reinforce expanding opportu-
nities for integrating features of normal
tissue hierarchies and instructive micro-
environmental cues in tumor develop-
ment and maintenance that can inform
advances in diagnosis and therapy.
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Chromosome rearrangements in B lymphocytes can be initiated by AlD-associated double strand breaks
(DSBs), with others arising by unclear mechanisms. A recent study by Barlow and colleagues in Cell reports
on genomic regions, termed early replicating fragile sites, that may explain many AID-independent DSBs and
creates a compelling link between replication stress, transcription, and chromosome rearrangements.

Recurrent chromosomal translocations
are common features of many cancers,
especially lymphomas and leukemias.
Most appear to be formed by the joining
of two double strand breaks (DSBs). In
developing B cells, DSBs are introduced
into immunoglobulin loci during V(D)J
recombination and class-switch recombi-
nation (CSR). Both CSR and immunoglob-
ulin somatic hypermutation are initiated
by AID, a single-strand-specific DNA cyti-
dine deaminase targeted to DNA by tran-
scription (Nussenzweig and Nussenz-
weig, 2010). AlD-associated DSBs often
generate one of the two breakpoints in
the translocations observed in lymphoid
tumors. This programmed DNA damage
also puts the lymphocyte genome at risk

.
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for rearrangements with bystander loci,
such as the C-MYC locus. Nonetheless,
while many translocations are driven by
off-target AID-induced DSBs, others
result from poorly defined factors that
might include replication errors, oxidative
stress, genotoxic agents, and involve-
ment of chromosome fragile sites.
Common fragile sites (CFSs) have been
recognized for decades as hotspots for
breaks occurring on metaphase chromo-
somes following replication stress (Durkin
and Glover, 2007). Following low doses of
the DNA polymerase inhibitor aphidicolin
(APH), chromosome breaks can be seen
at discrete genomic regions that span
hundreds of kilobases, often in large
genes. CFS instability is dependent on

Cancer Cell 23, February 11, 2013 ©2013 Elsevier Inc.

ATR signaling and associated with other
DNA damage response factors (Durkin
and Glover, 2007). Le Beau et al. (1998)
and studies that followed showed that
CFSs replicate late in S-phase and some-
times escape to metaphase with incom-
plete replication. For decades, two nonex-
clusive models have existed for CFS
instability. One is that CFSs contain diffi-
cult-to-replicate sequences, leading to
stalled replication forks. The second is
that CFSs contain a paucity of replication
origins, leading to late or incomplete repli-
cation. Support for the former came from
the fact that CFSs are AT-rich and contain
a high number of “flexibility peaks” (Zlo-
torynski et al., 2003) capable of forming
secondary structures, especially when
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replication is perturbed, that can act
as barriers to replication. Recent
experiments (Letessier et al., 2011)
further provided evidence for a
paucity of active origins at some
CFSs, reflecting a failure to activate
dormant origins in these regions fol-
lowing replication fork arrest. Impor-
tantly, replication and fragility pat-
terns both differed among cell types.

Since their discovery, attempts
have been made to link CFSs to
translocations and other rearrange-
ments in cancers. Whereas positive
correlations were found at the chro-
mosomal level, most did not stand
up to higher resolution inspection.
Nonetheless, CFS instability has
been associated with gene amplifi-
cations and a small number of trans-
locations in cancers (Arlt et al,
2006). Recently, replication stress
induced by APH or hydroxyurea
(HU) has been shown to be a potent
inducer of submicroscopic deletions
and duplications, i.e., copy number
variants (CNVs), with some CNV hot-
spots at CFSs (Arlt et al., 2011). These
CNVs can span hundreds of kilobases and
model many CNVs that arise frequently
in cancer cells and in the human germline.

Recently in Cell, Barlow et al. (2013)
opened a new chapter in the fragile site
and cancer saga that has important
implications for cancer risk. The authors
identified genome-wide early-firing repli-
cation origins, sites of RPA binding indica-
tive of ssDNA accumulation and sites
of active transcription in mouse splenic B
cells after release from G1/S arrest in-
duced with high doses of HU. Comparison
of the data sets revealed a highly signifi-
cant overlap. Thus, HU-induced RPA
recruitment in early S phase preferentially
occurred at early origins of actively tran-
scribed genes. The sites were marked by
vYH2AX binding and were associated with
BRCA1 and SMCS5, indicative of replica-
tion fork collapse and DNA damage
response activation. The authors termed
these sites “early replicating fragile sites”
(ERFSs) because their analysis focused
on the beginning of S phase, in contrast
to the late replication associated with
CFSs. Consistent with this difference,
ERFSs arose at different genomic loci
than previously mapped CFSs.

To investigate if ERFSs are prone
to chromosome breaks like CFSs, they

fragile site
(ERFS) D

Replication Stress

Early Late
replicating replicating
regions regions

Early g o
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' '

Translocations CNVs and other
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Figure 1. Comparison of Replication Stress-Induced
Chromosome Breaks at ERFSs and CFSs
The difference in replication timing and the association with
specific transcribed genomic regions are illustrated. ERFSs
were found at regions that replicate early in S phase and are
associated with early firing replication origins, whereas CFS
regions replicate late and can be associated with intragenic,
inactive origins and/or poor firing of dormant origins.

treated cells with high-dose HU and
examined metaphases with FISH probes
to ERFS hotspots. All six ERFS hotspots
displayed CFS-like chromosomal breaks
with 8%-15% of total damage at these
six loci. Like CFSs, ATR inhibition and on-
cogene stress promoted ERFS breakage,
consistent with the arrested replication
and ssDNA observed at these sites. By
studying breakage at an ERFS near
SWAP?70 in cell types with different levels
of transcription, the authors found a
positive correlation between fragility and
transcriptional activity despite similar
replication timing, supporting a mecha-
nistic link. Comparison of wild-type and
AID knockout B cells demonstrated that
ERFS fragility is AID independent.

How do ERFSs relate to chromosome
rearrangements in cancer? To address
this, the authors examined three ERFSs,
including one in the lymphoma-associ-
ated BACH2 locus, in metaphases from
AlD-overexpressing, 53BP1-deficient B
cells, which have G1 IgH breaks that
persist into S phase where they might be
joined to ERFSs. They found chromo-
some breaks at both the IgH and BACH2
loci. Furthermore, BACHZ2 translocations
to unidentified chromosomes were found
in 1.2% of metaphases and to IgH in one
cell. They then compared ERFSs with
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copy number alterations (i.e.,
CNVs) detected in biopsies of
diffuse large B cell lymphoma, the
most common non-Hodgkin’s lym-
phoma. Strikingly, 51.6% of the
190 common amplifications and
deletions in the patient samples
overlapped with ERFS regions.
These studies have a number of
implications. First, they identify a
new class of fragile sites that are
similar to CFSs in terms of chromo-
some breaks, sensitivity to replica-
tion stress, and dependence on
ATR signaling. A notable difference
is that ERFSs are associated with
early replication origins, often in pro-
moters, whereas CFSs replicate late,
and at least some are associated
with poor firing of late and dormant
origins within large genes. A model
thus emerges in which impaired re-
plication is a universal contributor to
breakage and associated rearrange-
ments with the timing of replication
stress leading to different, cell type-
specific outcomes (Figure 1).
Second, the association of ERFSs
with gene transcription is of great
interest. A similar association has been
made for some CFSs and transcription
of large genes (Helmrich et al., 2011).
These correlations are consistent with
recent findings (Dellino et al., 2013) that
suggest two classes of replication
origins: those associated with moderate
to high transcription levels and firing
in early S and those associated with
low transcription levels and firing
throughout S. These and other studies
raise important questions about the
mechanistic connections between repli-
cation, origin firing, and transcription
and the need to identify the genetic
factors and epigenetic modifications in-
volved. They also highlight the need
for a thorough evaluation of genomic
lesions in different cancer types based
on differential transcription of the regions
involved.

Finally, the association among ERFSs,
translocations, and CNVs in B cell
cancers is compelling. The data suggest
that ERFSs can provide AID-independent
DSBs that can partner with AlD-induced
or other DSBs to promote translocations,
highlighting the importance of under-
standing the synergy between multiple
simultaneous intrinsic and exogenous
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genotoxic factors. In addition, the strong
correlation of ERFSs with CNVs in B cell
lymphomas strengthens the argument
that common mechanisms likely underlie
what might initially appear as distinct
phenomena and suggest that replication
arrest at ERFSs can trigger CNV forma-
tion. This is indeed likely, because similar
CNVs that mimic constitutional and
cancer-related CNVs are induced in
human and mouse cells following replica-
tion stress, including at some CFSs (Arlt
et al.,, 2011). It would be interesting to
similarly examine de novo CNVs in B-
lymphocytes treated to express ERFSs.
The identity of the replication and repair
factors that create the rearrangements
and the endogenous conditions or envi-
ronmental agents that lead to replica-
tion stress are unclear. These are
important questions that are being ad-

dressed with regard to human germline
CNVs and translocations, and they are
equally important to understanding rear-
rangements in the cancer genome and
the risk factors involved.
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ABT-199 is a new selective small molecule inhibitor of BCL-2 that appears to spare platelets while
achieving potent antitumor activity. Assays that can predict the efficacy of ABT-199 in individual tumors
will be critical in determining how best to incorporate this promising agent into the armamentarium of cancer

therapies.

The B cell lymphoma/leukemia 2 (BCL-2)
family regulates critical life or death deci-
sions of cells via the mitochondrial
pathway of apoptosis (Davids and Letai,
2012). BCL-2 inhibits death by binding
the BH3 domains of pro-death BCL-2
family proteins, thus preventing mito-
chondrial outer membrane permeabiliza-
tion, which can be considered the point
of commitment to apoptosis. BCL-2 has
several anti-apoptotic cousins, including
BCL-XL, BCL-w, and MCL-1, each of
which possesses a distinct, hydrophobic
BH3-binding pocket. Lymphoid malig-
nancies are frequently addicted to BCL-
2 for their survival. Because most of these
cancers, including chronic lymphocytic
leukemia (CLL), remain incurable with

.
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conventional therapies, agents that
specifically target BCL-2 are under urgent
investigation.

Early efforts to target the BCL-2 family
were met with disappointment in the
clinic. Agents such as the antisense
oligonucleotide oblimersen sodium and
the small molecule obatoclax showed
promise as BCL-2 antagonists in pre-
clinical testing but had little clinical
activity. A potential mechanistic short-
coming of these agents is that they were
never conclusively shown to specifically
engage their purported BCL-2 family
targets in patients.

Abbott Laboratories (now AbbVie) has
developed a series of BH3-mimetic small
molecules that bind to the BH3 bind-

Cancer Cell 23, February 11, 2013 ©2013 Elsevier Inc.

ing sites of anti-apoptotic proteins like
BCL-2. ABT-737, which binds BCL-2,
BCL-XL, and BCL-w, was the first
molecule studied extensively preclinically
(Oltersdorf et al., 2005). Many subsequent
experiments support its killing in an on-
target fashion in cell lines, primary
human cancer cells, and animal models.
ABT-263 (navitoclax) was the first of
this series to enter the clinic. Like
ABT-737, it binds BCL-2, BCL-XL, and
BCL-w, but it has the perceived
advantage of being orally bioavailable.
Clinical activity was observed, particularly
in lymphoid cancers (Roberts et al.,
2012); however, because navitoclax
binds not only to BCL-2 but also to
BCL-XL, the drug causes predictable,
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tion. This is indeed likely, because similar
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cancer-related CNVs are induced in
human and mouse cells following replica-
tion stress, including at some CFSs (Arlt
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similarly examine de novo CNVs in B-
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dose-dependent thrombocy-
topenia (Figure 1A). This is
an on-target effect due to the
reliance of platelets on BCL-
XL for survival, and it provides
pharmacodynamic evidence
of the mechanism of action of
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dose due to this dose-limiting
thrombocytopenia.

Souers et al. (2013) recently
reported the re-engineering of
navitoclax to create ABT-199,
a highly potent and selective
inhibitor of BCL-2. Through
an elegant structure-based
reverse engineering process,
ABT-199 maintains a sub-
nanomolar affinity for BCL-2
but binds over three orders of magnitude
less avidly to BCL-XL, suggesting the
drug may not cause clinically significant
thrombocytopenia (Figure 1B). In an
in vitro cell culture model, the authors
provide convincing evidence that ABT-
199 selectively kills BCL-2 dependent,
but not BCL-XL dependent, cells and kills
through the mitochondrial pathway of
apoptosis. ABT-199 also potently Kkills
a diverse array of non-Hodgkin’s lym-
phoma (NHL) and acute myelogenous
leukemia cell lines, suggesting that the
drug has the potential to be efficacious
in a wide variety of hematologic malignan-
cies. In vivo, ABT-199 suppresses tumor
growth in several human hematologic
tumor xenograft models and shows at
least additive efficacy in combination
with chemotherapy. Importantly, the
authors also show compelling data from
both in vitro and in vivo experiments
that, as predicted, ABT-199 causes
markedly less thrombocytopenia than
navitoclax.

The true measure of a drug’s efficacy
must come from clinical trials, and the
authors provide some very preliminary
but promising data in three CLL patients.
The rapid reduction of absolute lympho-
cyte count in just 8 hr along with a
concomitant reduction in palpable lym-
phadenopathy in all three patients sug-

Oakley.

gests that the drug is more potent
in CLL patients than navitoclax. The
lack of thrombocytopenia in this limited
data set is also a promising sign that
the preclinical studies predicting less
thrombocytopenia will be validated in
the clinic. A similar lack of thrombocyto-
penia accompanied by significant anti-
tumor activity was reported in an early
interim analysis of a phase | study of
ABT-199 in NHL patients at the 2012
American Society of Hematology Annual
Meeting. Also notable in the Souers
et al. (2013) article is that markedly
elevated LDH and phosphate levels
were seen during the same early time
frame when the anti-tumor response
was observed, reflecting significant
tumor lysis, a clinical syndrome with
potentially serious consequences if not
managed aggressively. Whether modi-
fications to the study design for future
patients are adequate to reduce the risk
of tumor lysis will be critical to the clinical
development of ABT-199.

The use of rational biomarkers has
become essential to optimizing the devel-
opment of targeted cancer therapies, and
ABT-199 is no exception. A challenge in
developing a predictive biomarker for
ABT-199 is understanding the molecular
biology underlying BCL-2 addiction. The
levels of over a dozen BCL-2 family pro-
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each with its own selectivity
of interaction with anti-
apoptotic members. Results
can be used to determine
the relative dependence of a
cell on a particular anti-
apoptotic protein such as
BCL-2, BCL-XL, or MCL-1.
In many examples of primary
cancer cells and cancer cell
lines, BH3 profiling has cor-
rectly predicted sensitivity to ABT-737
(Del Gaizo Moore et al., 2007; Deng
et al., 2007; Vo et al., 2012).

Central to the fate of a cancer cell
exposed to chemotherapy is its proximity
to the threshold of apoptosis, a cellular
state also detected through BH3 profiling
that is known as “mitochondrial
priming”. Mitochondrial priming helps
explain why CLL cells are generally quite
sensitive to chemotherapy despite
having high levels of BCL-2 protein.
Most BCL-2 in primed cells is bound by
pro-death BCL-2 family members such
as BIM, thereby perching these cells
precariously near the precipice of
apoptosis. Mitochondrial priming also
provides insight into the reason why
chemotherapy may be effective against
primed malignant cells while sparing rela-
tively less primed hematopoietic stem
cells. Moreover, pretreatment priming
levels in patient samples correlate with
clinical response to cytotoxic chemo-
therapy (Davids et al., 2012; Ni Chong-
haile et al., 2011; Vo et al., 2012). Agents
like ABT-199 afford the exciting possi-
bility of selectively increasing the mito-
chondrial priming of certain cancer cells,
identified by the proper predictive
biomarker, which might then be more
effectively treated with conventional
chemotherapy.

Figure 1. ABT-199 Selectively Kills BCL-2-Dependent Tumor Cells
While Sparing Platelets
(A) Navitoclax (ABT-263) binds with high affinity to both BCL-2 and BCL-XL.
Because many tumors, particularly lymphoid malignancies, are addicted to
BCL-2 for survival, this potently induces tumor cell apoptosis. Platelets
depend primarily on BCL-XL for survival and, therefore, are also destroyed
by navitoclax.
(B) ABT-199 is specific for BCL-2 and induces selective death of BCL-2
dependent tumor cells while sparing platelets. Figure created by Richard
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Clinical response to navitoclax was
strongly associated with high BIM-
MCL-1 or BIM-BCL-2 ratios, providing
evidence of the selectivity of the drug
for targeting the BCL-2 family in patients
(Roberts et al., 2012). Additional correla-
tive studies built into the ongoing clinical
trials of ABT-199 include analysis of
BCL2 gains, BCL2 amplification, as
well as BH3 profiling. These assays
have the potential to help predict the
toxicities and efficacy of ABT-199,
perhaps even one day to guide person-
alized therapy of cancer patients.
Whether ABT-199 will be most effective
as a single agent or in combination
with other agents will be important to

determine. Moreover, the biological
insights gained through correlative
studies will help inform the rational

design of combination trials to determine

the optimal role for ABT-199 in the treat-
ment of cancer.
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Molecular Archeology: Unearthing
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In this issue of Cancer Cell, Weischenfeldt and colleagues report on the whole genome sequencing of
11 early-onset prostate cancers. Compared to elderly onset prostate cancer, these tumors demonstrate
enrichment for androgen-driven structural rearrangements involving ETS family genes. This study confirms
observations that prostate cancer manifests discrete genomic subclasses.

Prostate cancer remains the most
common type of cancer and a frequent
cause of cancer-related mortality in men
worldwide. Although prostate cancer
predominantly affects older men, a subset
of prostate cancer arises in men below the
age of 50. Early-onset cancers often
display hereditary links to germline muta-
tions; well-known examples include
BRCA2 mutations in breast and ovarian
cancers and p53 mutations in Li-Fraumeni
syndrome. Among common solid tumors,
prostate cancer has been shown to
have the largest estimated effect of herita-
bility (Lichtenstein et al., 2000). Despite
suggestions that hereditary prostate
cancer genes exist, most studies have
failed to vyield reproducible germline
variants that account for early onset
prostate cancer. Rare germline variants
have been discovered, such as in
HOXB13, but may only account for a
small percentage of early-onset prostate
cancer cases. No single germline variant
accounts for a substantial proportion of
prostate cancer.

In the search for a genetic basis for
early-onset prostate cancer, Weischen-
feldt et al. (2013) describe, in this issue
of Cancer Cell, whole genome se-
quencing of 11 early-onset prostate
cancer (median age 47 years) selected

=
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from a German cohort. They compared
their results to seven previously published
whole genomes meeting their definition
for elderly-onset prostate cancer (median
age of 65 years) (Berger et al.,, 2011).
A side-to-side evaluation revealed a
statistically significant increase in somatic
structural rearrangements (SRs) in
general and balanced rearrangements in
particular in the 11 early onset-prostate
cancer tumors as compared to the
elderly-onset prostate cancer tumors.
Interestingly, 91% (10/11) early-onset
prostate cancer harbored an ETS gene re-
arrangement involving either ERG (n = 9)
or ETV1 (n = 1), which is significantly
higher than the estimated 50% for all
prostate cancers (Rubin et al., 2011; Tom-
lins et al., 2005).

Androgen stimulation and genotoxic
stress (e.g., radiation) have previously
been shown to induce the TMPRSS2-
ERG gene fusion, the most common pros-
tate cancer ETS rearrangement (Mani
et al., 2009). By exploiting a map of
publicly available androgen receptor
(AR) binding sites, Weischenfeldt et al.
(2013) observed that the early-onset pros-
tate cancer tumors exhibited SR break
points situated nearer to AR binding sites
than those in the seven elderly-onset
prostate cancer tumors from Berger

Cancer Cell 23, February 11, 2013 ©2013 Elsevier Inc.

et al. (2011). This finding raises the possi-
bility that androgen stimulation preferen-
tially induces certain types of SRs in
early-onset prostate cancer, leading to
a cascade of oncogenic molecular events
such as recurrent ETS rearrangements.
The authors conclude that early-onset
prostate cancer may be more likely to
harbor androgen-driven SRs, whereas
elderly onset prostate cancers display
a distinct rearrangement landscape.

The notion that androgen-triggered
DNA damage might explain the majority
of early-onset prostate cancer is certainly
intriguing. However, comprehensive as-
sessment of causal components should
also account for how prostate cancer is
often diagnosed. Today, most prostate
cancer is detected through prostate-
specific antigen (PSA) screening. Wide-
spread screening has increased the
detection of low risk cancers. In fact,
recent U.S. and European screening
studies have questioned if the benefits
of PSA screening outweigh the attendant
morbidities and costs. Relevant to the
Weischenfeldt et al. (2013) study, prostate
cancer detected by PSA screening may
be diagnosed up to 15 years earlier than
may have been the case without PSA
screening. Thus, a 50-year-old man diag-
nosed with prostate cancer by PSA
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Figure 1. Comparison of PSA Levels and ETS Rearrangement Frequencies of the 11 Cases
from the Weischenfeldt and Colleagues Study and Data from the Tyrol PSA Screening

Population

(A) Significantly higher PSA levels were found in the Weischenfeldt et al. (2013) cases than observed in the
Tyrol PSA screening population of men with prostate cancer. The width of the boxes reflects differences in
sample sizes: the dotted horizontal gray line corresponds to 4 ng/ml, and age indicates years.

(B) The percentage of ETS rearrangement positive prostate cancer in the 11 whole genomes from the
Weischenfeldt et al. (2013) study is shown compared to men from the Tyrol screening cohort stratified
by age. The numbers at the top of each bar indicates the percent of cases that are ETS positive.

screening might not have presented
clinically until he was 65 years old. In
such a case, the “early onset” versus
“elderly onset” comparison might repre-
sent a distinction without a difference.
PSA vagaries aside, results of the
Weischenfeldt et al. (2013) study also
suggest that the constellation of genomic
alterations (i.e., increased somatic
androgen-related SRs and ETS rear-
rangements) influence earlier clinical
detection. We recently completed a popu-
lation-based study determining ERG
overexpression, used as a surrogate for
ERG rearrangements, in 1,039 radical
prostatectomy tumor samples from the
Tyrol PSA screening cohort (Schaefer
et al,, 2013). This study showed that early
ERG rearranged tumors manifest clini-
cally at lower PSA levels, and their preva-
lence is age-dependent. Figure 1 shows
the comparison of PSA levels and the
ETS/ERG rearrangement frequencies of
the 11 cases from the Weischenfeldt
et al. (2013) study with the Tyrol PSA
screening  population,  distinguishing
between men of 50 years of age at diag-
nosis or younger versus patients above
50 years of age and using the cutoff

defined by Weischenfeldt et al. (2013).
Their ten ETS rearrangement positive
cases demonstrate significantly higher
PSA levels than those observed in pros-
tate cancer cases in the Tyrol PSA
screening population. The higher PSA
level, high tumor grade, and stage might
therefore reflect a particularly virulent
subset of prostate cancer identified from
a larger population of men with early-
onset disease diagnosed by PSA
screening. The question of whether or
not a similar virulent, high-PSA subset
may also exist among elderly prostate
cancer patients—and at what preva-
lence—will be an important follow-up
question.

A corollary of the Weischenfeldt et al.
(2013) study findings posits that SRs
arising from androgen-driven DNA
damage also give rise to the TMPRSS2-
ERG (and other ETS) rearrangements.
This important study extends previous
work that ETS-rearranged prostate
cancer comprises a distinct molecular
subclass. The TMPRSS2-ERG rearrange-
ment can be observed in the prostate
cancer precursor lesion (Perner et al.,
2006) and is associated with distinct

134 Cancer Cell 23, February 11, 2013 ©2013 Elsevier Inc.

somatic copy number aberrations (Demi-
chelis et al., 2009). TMPRSS2 is highly
androgen regulated and drives ERG
expression in the fusion gene. Berger
et al. (2011) noted that ERG-rearrange-
ment positive cases contained somatic
SR breakpoints located near AR binding
sites, whereas ETS-negative prostate
cancer harbored SR breakpoints signifi-
cantly distant from AR binding sites.
They also observed that these SRs in
ERG rearranged tumors could exist as
interwoven chains that involved cancer
related genes, suggesting a possible
selective growth advantage (Berger
et al., 2011). More recent work suggests
that ERG overexpression may mediate
three-dimensional DNA conformational
changes through active transcription,
putatively facilitating SRs under geno-
toxic conditions (Rickman et al., 2012).
The Weischenfeldt et al. (2013) study
now suggests an alternative scenario
where androgenic events drive SRs,
which leads to ETS rearrangements. This
would imply the early-onset “gene” might
really represent a susceptibility to andro-
genic DNA damage.

Disentangling the effect of cancer
screening from age may prove chal-
lenging for the foreseeable future, given
widespread PSA testing. Regardless,
Weischenfeldt et al. (2013) confirm obser-
vations that prostate cancer manifests
discrete genomic subclasses. The telltale
molecular fingerprints are emerging
through advances in whole genome se-
quencing that encompass important non-
coding regulatory regions not captured by
exome sequencing and innovations in
large data analysis. Future studies should
help elucidate the genomic events predis-
posing to androgen-driven SR break-
points, genomic events that may trigger
a cascade of prostate cancer alterations
including the recurrent TMPRSS2-ERG
rearrangements, and the development of
balanced chained loop rearrangements.
One can imagine that germline polymor-
phisms (i.e., SNPs or copy number vari-
ants) could deleteriously hinder DNA
repair mechanisms, thus phenocopying
BRCAZ2 deficiency. Epigenetic or environ-
mental effects may play some modify-
ing role in this process. Knowledge of
somatic SRs may also have important
implications with regards to diagnosis
and response to targeted treatment
after disease progression. Overall, the
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Weischenfeldt et al. (2013) study extends
a growing paradigm regarding the links
between complex rearrangements and
prostate carcinogenesis, while also con-
sidering the age dimension as a possible
player in the spectrum of clinical features
that contribute to disease biology.
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Normal and neoplastic tissues display cellular hierarchies that integrate extracellular cues to maintain tissue
function through bidirectional signals mediated via cell surface proteins. Two papers in Cancer Cell, one in
this issue (Day and colleagues) and one in a recent issue (Binda and colleagues), describe how Eph receptor
tyrosine kinases critically define and regulate the growth of cancer stem cells.

Tumors display cellular heterogeneity
through the integration of multiple sup-
portive cell types—vasculature, stroma,
and immune components—as well as
diversity within the neoplastic compart-
ment derived from genetic and epigenetic
variability. Cancers co-opt transcriptional
programs normally active in development
and wound responses, processes in
which stem and progenitor cells con-
tribute, so it is not surprising that cancers
display characteristics of stem and
progenitor cells.

Recent data from human and murine
models support the presence of cellular

.

@ CrossMark

hierarchies in some advanced cancers
with cancer stem cells (CSC) at the apex
(Chen et al., 2012; Singh et al., 2004).
The CSC field currently lacks a coherent
set of criteria to define these cells. Many
reports mistakenly hold that CSCs simply
represent cells that form spheres in
culture and tumors upon transplantation
(i.e., tumor initiating cells). Rather, CSCs
also mimic normal stem cells to create
a dysfunctional cellular hierarchy with
non-tumorigenic cells derived from the
self-renewing CSC. To fulfill this feature,
the CSC hypothesis needs to employ
strategies to prospectively segregate

Cancer Cell 23, February 11, 2013 ©2013 Elsevier Inc.

tumorigenic and non-tumorigenic cells
or perform functional lineage tracing
studies. A critical aspect of these studies
is the requirement to identify and separate
discrete populations and perform func-
tional analyses. In response, researchers
have defined a number of surface mole-
cules that are preferentially expressed
by CSCs and can be interrogated in live
cells. At first blush, the increasing number
of these markers may engender skepti-
cism as to the validity of the CSC hypoth-
esis, but this viewpoint is derived from our
desire to impose simplicity on an inher-
ently complex and dynamic system. First,
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