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Growing evidence indicates targeting PKCu may be effective in treating Hedgehog-dependent cancers.
In this issue of Cancer Cell, Justilien and colleagues present the surprising finding that PKC. promotes
Hedgehog ligand production and lung squamous cell carcinoma growth through SOX2, rather than the

canonical transcription factor GLI.

Hedgehog (HH) signaling controls the
morphogenesis of a panoply of organs
by regulating the proliferation and differ-
entiation of stem cells (Briscoe and Thér-
ond, 2013). Because HH regulates key
pluripotency and growth genes such as
MYC, Cyclin D1, Nanog, and BMI1, it
comes as no surprise that alteration of
the HH pathway drives tumor growth.
Although current HH pathway antagonists
are quite effective in certain tumor con-
texts, recent advances in cancer-associ-
ated signaling pathways show a complex
and incomplete picture as to the potential
for “typical” pathway inhibitors (Atwood
etal., 2012).

Tumorigenic HH signaling operates
through cell-intrinsic mutations that cause
inappropriate pathway activation or by
autocrine/paracrine events where the
tumor produces HH ligand to feed itself
or adjacent growth factor-producing
stroma (Figure 1). Before HH is competent
to act, the ligand undergoes autoproteo-
lytic cleavage and dual lipid modifications
to convert to its active form (Briscoe and
Thérond, 2013). HH acyl transferase
(HHAT) partly controls production of
active HH by adding a palmitoyl moiety
to the amino-terminus of the ligand after
cleavage, whereas a separate enzyme
adds a cholesterol moiety to the C termi-
nus. The dual lipid modified HH is trans-
ported to the cell surface where Dis-
patched1 (DISP1) regulates its release.
After activation and secretion, HH binds
to its target cell and inhibits the trans-
membrane receptor Patchedi, catalyz-
ing the activation of signal transducer
Smoothened (SMO) and translocation of
GLI transcription factors to the nucleus
to amplify oncogenic gene expression.

Therapeutic inhibition of SMO effec-
tively suppresses tumors driven by cell-
intrinsic mutations, such as basal cell
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carcinoma (BCC) and medulloblastoma
(Atwood et al.,, 2012). Vismodegib,
a recently approved SMO antagonist,
commands a high response rate in pa-
tients with basal cell nevus syndrome
that predisposes them to develop hun-
dreds of BCCs, whereas patients with
locally advanced or metastatic BCCs
show a lower response rate. Patients
with more invasive paracrine-driven HH
tumors, such as small cell lung or pan-
creatic cancer, show little to no respon-
siveness despite evidence of pathway
inhibition. Why targeting the HH pathway
would lead to such disparate outcomes
remains unclear; however, identifying
new targets that can act in both cell-
intrinsic and autocrine/paracrine tumor
proliferation may provide novel thera-
peutic strategies to treat both tumor
types.

Atypical Protein Kinase C lambda/iota
(PKCy) plays a central role in determining
cell polarity, a fundamental property
of cells and tissues that results from
the differential distribution of cellular
components (proteins, lipids, RNA, and
organelles) by promoting asymmetric
functions including oriented cell division,
cell recognition, and cellular adhesion
(Roignot et al., 2013). Apico-basolateral
polarity stems from PKCi-dependent
regulation of vesicle movements through
asymmetric control of the actin cyto-
skeleton, resulting in vectorial transport
of nutrients and signals that play critical
roles in the morphogenesis of most
multicellular organisms. Loss of PKCu,
or the polarity pathways it interacts
with, can lead to abnormalities in cell
polarity, epithelial-to-mesenchymal tran-
sition, and cancer invasiveness.

Apart from polarity signaling, a distinct
role for PKC. as an oncogenic kinase
in HH signaling has emerged. PKC. has
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been implicated in tumors with cell-
intrinsic HH signaling, such as BCCs,
where it phosphorylates the zinc finger
domain of GLI1 to activate DNA binding
and transcriptional activity (Figure 1A)
(Atwood et al., 2013). Because PRKCI/
(the gene that encodes PKCy) is a GLI
target gene, higher GLI1 activity produces
more PKC., which feeds back into the
system to amplify HH pathway activation
independently of SMO to feed tumor
growth. BCCs that have become addicted
to PKC. are vulnerable to pharmacolog-
ical inhibition of kinase activity, which
results in pathway suppression and the
blockade of tumor growth. PKCu. has
also been implicated as an oncogene in
non-small cell lung cancer (NSCLC),
although the link between PKC. and HH
signaling in this predominantly ligand-
driven tumor remained unexplored until
now (Regala et al., 2005).

In this issue of Cancer Cell, Justilien
et al. (2014) show how PKC. maintains
cancer stem cell-like properties of lung
squamous cell carcinoma (LSCC), an
NSCLC subtype (Justilien et al., 2014).
LSCC oncospheres displayed increased
PKC. activation, which correlated with
activation of the HH pathway, as as-
sessed by RNA sequencing from PKCi-
deficient oncospheres and pharma-
cological agents that target either PKCt
or SMO suppressed oncosphere growth.
Interestingly, the expression of the
HH component HHAT was also depen-
dent on PKC., suggesting a novel regu-
latory mechanism to control HH ligand
production. Both HHAT and DISP1 have
been shown to be required for the growth
of NCSLC tumor cells and xenografts
(Rodriguez-Blanco et al., 2013). Similarly,
RNA knockdown of PKCt, GLI1, or HHAT
in orthotopic tumors originating from
LSCC oncospheres significantly reduced
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Figure 1. PKCi-Dependent Activation of the HH Pathway
(A) PKC1 phosphorylates and activates GLI1 to amplify target gene expression in basal cell carcinoma
(BCC), a cell-intrinsic tumor with HH pathway mutations in PTCH1 or SMO. Blue denotes inactive protein,

whereas red is active.

(B) PKCt promotes HHAT-mediated HH ligand production by phosphorylating and activating SOX2,
which binds to the HHAT promoter in HH-driven autocrine/paracrine lung squamous cell carcinoma

(LSCC) tumors.

tumor take rate and decreased tumor
size.

In addition, the authors found that
PRKCI is frequently co-amplified and
overexpressed in LSCC tumors on the
3926 amplicon with SOX2, a master
regulator of stem cell maintenance.
Chromatin immunoprecipitation of SOX2
showed occupancy of the HHAT pro-
moter and loss of SOX2 significantly
decreased HHAT mRNA and protein
levels suggesting a novel link between a
stem cell gene and HH pathway acti-
vation that drives LSCC tumor growth.
Surprisingly, SOX2 serves as a substrate
for PKCy, with phosphorylation occurring
adjacent to the HMG DNA-binding re-
gion. SOX2 phosphorylation enhanced
binding to the HHAT promoter, increased
expression of HH target genes, and
augmented growth of oncospheres (Fig-
ure 1B). Whether PKCi-dependent phos-
phorylation of SOX2 controls stem cell

maintenance or growth of cell-intrinsic
HH pathway tumors such as BCCs re-
mains to be determined.

This new work reinforces two new
aspects of PRKCI biology. First, PKCtu
has now been implicated in two different
HH-driven tumors, because NSCLC
growth shows both cell-intrinsic and auto-
crine/paracrine type signaling (Bermudez
et al., 2013; Yuan et al., 2007). This has
clinical importance in that targeting
SMO appears only to be an effective
therapy for cell-intrinsic, but not para-
crine, HH-dependent tumors. By con-
trast, pharmacological inhibition of PKC
may prove useful to treat a variety of
HH cancers, because targeting PKCu
appears effective in paracrine-driven
ovarian cancer (Wang et al., 2013). Sec-
ond, although PKC. clearly regulates
cortical trafficking in polarizing cells,
PKC. also operates to regulate nuclear
functions by controlling the affinity of
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specific transcription factors to chro-
matin. This report adds SOX2 to a
growing list of transcription factors regu-
lated by PKCi, which includes GLI1.
Whether PKCi-dependent regulation of
transcription factors plays similar roles in
normal and tumor biology remains to be
investigated. In any case, the emerging
data implicating “atypical” PKCu in
HH cancer biology suggests that PKCt
involvement may be the rule rather than
the exception.
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Therapeutic decisions for muscle-invasive bladder cancer (MIBC) are largely based on histopathologic
characteristics. In this issue of Cancer Cell, Choi and colleagues report three molecular subtypes of MIBC
with the potential to guide prognosis, patient stratification, and treatment.

Despite increased molecular understand-
ing, there has not been a significant
advance in the treatment of muscle-
invasive bladder cancer (MIBC) in recent
years. These tumors frequently become
metastatic, which is associated with very
poor outcome (median survival: approxi-
mately 1 year). The standard of care for
patients with localized MIBC is radical
cystectomy preceded by cisplatin-based
chemotherapy (neoadjuvant chemo-
therapy; NAC), which aims to abolish
undetected metastases (Sternberg et al.,
2013). However, responses to NAC are
recorded in only 40%-60% of cases,
and metastatic disease is frequently de-
tected at the time of surgery. Cisplatin-
containing combination chemotherapy is
also the mainstay of treatment in the
metastatic setting, where both de novo
and acquired resistance present major
problems.

What is needed to improve this dismal
situation? Two issues currently under
investigation may have an impact. First,
predicting the response to chemotherapy
may allow selection for NAC responders,
avoiding unnecessary toxicity in patients
unlikely to respond. Expression signa-
tures associated with sensitivity have
been derived from tumors (Takata et al.,
2005) and tumor cell lines with known
response (Lee et al., 2007), and validation
in relevant clinical trials is eagerly awaited.
Second, identification of therapeutic tar-
gets and development of personalized
treatment strategies is urgently needed.
Although several druggable targets are
present in MIBC, e.g., HER2, EGFR,
FGFR1, and FGFR3, adequate biological
understanding has been lacking, and
few trials with targeted agents have
been initiated.
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The significant heterogeneity in MIBC
clinical behavior suggests more than one
disease entity. This is already supported
by genome-wide expression and DNA-
based analyses, which report distinct
molecular subtypes. Encouragingly, the
signatures of some of these subtypes
show prognostic value (Sjodahl et al.,
2012). However, this information has yet
to have an impact on clinical manage-
ment, and predictive information has not
been derived from such data.

In this issue of Cancer Cell, Choi et al.
(2014) used whole-genome gene expres-
sion profiling to identify molecular sub-
types of MIBC and provided evidence
for their biological basis and clinical signif-
icance. Their findings have exciting impli-
cations for the clinical management of
MIBC, because they include not only
prognostic information, but also sug-
gestions for subtype-directed targeted
therapy and potential to predict response
to cisplatin-based chemotherapy.

Choi et al. (2014) initially profiled 73
fresh-frozen MIBCs and, using un-
supervised hierarchical cluster analysis,
revealed three major clusters, which they
term basal, luminal and “p53-like”. Basal
and luminal designations reflect enrich-
ment for markers previously reported in
basal and luminal-type breast cancers,
respectively (Serlie, 2004). Basal MIBCs
characteristically ~ expressed  CD44,
KRT5, KRT6, KRT14, and CDH3 and
lacked KRT20 expression. Such differen-
tial expression of cytokeratins 5 and 20
is related to urothelial differentiation
states, the least differentiated of which
characterizes cells in the basal layer of
the normal urothelium (KRT14*KRT5*
KRT207) (Volkmer et al., 2012) and
bladder cancer cells with stem cell-like
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features (Chan et al., 2009). The basal
subtype also expressed “mesenchymal”
markers (TWIST1/2, SNAI2, ZEB2, and
VIM), low miR-200, which is implicated
in mesenchymal marker regulation,
and elevated levels of EGFR and its
ligands. This subtype was enriched for
tumors with sarcomatoid and squamous
features, exhibited more aggressive
disease at presentation, and had shorter
disease-specific and overall survival.
The luminal subtype expressed luminal
breast cancer biomarkers (CD24,
FOXA1, GATAS3, ERBB2, ERBB3, XBP1,
and KRT20), “epithelial” biomarkers,
E-cadherin and the miR-200 family and
showed both expression and mutation of
FGFR3. The “p53-like” subtype also
expressed luminal biomarkers but was
distinguished by an activated wild-type
p53 gene signature.

Choi et al. (2014) then developed a
classifier based on genes differentially
expressed between subtypes. Using
this, they were able to identify the same
three subtypes in a local validation cohort
consisting of 57 formalin-fixed paraffin-
embedded (FFPE) MIBC samples and in
a publically available gene expression
data set. As in the initial analysis, these
validation cohorts revealed an associa-
tion between basal subtype and poor sur-
vival. A molecular taxonomy for bladder
cancer described by Sjodahl et al. (2012)
included a subset of squamous cell carci-
noma-like (SCCL) MIBCs that expressed
basal keratins and showed poor prog-
nosis. Recently, these authors have sug-
gested that the term “basal” is more
appropriate for this group (Sjodahl et al.,
2018). Choi et al. (2014) applied their
classifier to this data set and confirmed
that the SCCL group corresponded to

135


mailto:m.a.knowles@leeds.ac.uk
http://dx.doi.org/10.1016/j.ccr.2014.01.026
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ccr.2014.01.026&domain=pdf

their basal subtype. This analysis also
revealed that the luminal and “p53-like”
subtypes shared features with the “uro-
basal A” and “infiltrated” subtypes of Sjo-
dahl et al. (2012), respectively. To investi-
gate the association of squamous
features with the basal subtype, Choi
et al. (2014) interrogated data from a pre-
vious study that reported a “squamous
cluster” with KRT5 and KRT14 expression
and found a subset of tumors enriched
with squamous features that expressed
the basal signature. They also examined
expression of cytokeratins that were
characteristic of basal (CK5/6) or luminal
(CK20) tumors in a tissue microarray
derived from 332 MIBCs and found an
inverse correlation of these markers and
association of high CK5/6 with squamous
features.

To investigate the biology of the sub-
types, a bioinformatics approach was
used to seek upstream regulators of
basal and Iluminal gene expression.
This implicated transcription factors
reportedly active in the basal/stem cell
compartment of the normal urothelium
(Stat-3, NFkB, Hif1, and p63) (Ho et al.,
2012) as potential regulators in basal
MIBCs. Activation of PPARy and estro-
gen receptor pathways was identified in
luminal MIBCs. p63 and PPARy were
then examined in tumor-derived cell
lines. p63 knockdown yielded decreased
basal marker expression and increased
PPAR pathway activation, whereas treat-
ment with a PPARy-selective agonist
activated PPAR and other luminal path-
ways and decreased basal transcription
factor expression, clearly demonstrating
the role of these opposing pathways in
control of these two major phenotypes.
Delineation of these regulators holds
promise for improved therapeutic options
through the use of pathway-specific
targeted agents.

Finally, Choi et al. (2014) noted that all
of the NAC-treated “p53-like” MIBCs in
their discovery set (n = 7) showed resis-
tance. Strikingly, this pattern was
confirmed in an expanded local NAC
cohort and 23 archival tumors from a
phase Ill chemotherapy trial. The “p53-
like” signature was also identified in cell
lines, where it was associated with resis-
tance to cisplatin-induced apoptosis. It
should be noted, however, that, although
the “p53-like” gene expression signature
is characteristic of an activated wild-type
p53 gene signature, it was not related to
TP53 mutation status, an observation
that is reflected in the long-debated
prognostic and predictive value of
mutant p53 in bladder cancer. To con-
firm the link between “p53-like” and
chemoresistance, the authors compared
gene expression profiles from a cohort of
matched pre- and posttreatment sam-
ples from a prospective phase Il clinical
trial of NAC. The lowest response rate
was observed in tumors initially classi-
fied as “p53-like”. A particularly pleas-
ing feature of this study is that FFPE
samples were successfully used for vali-
dation studies, providing promise for
routine clinical application. Intriguingly,
enrichment of a p53-like signature in
posttreatment tissues from patients
whose pretreatment tissue did not ex-
press this signature was observed.
Whether this reflects global expression
changes or selection of resistant sub-
clones remains to be demonstrated.
Because not all nonresponding tumors
could be identified by this profile,
including those exhibiting basal and
luminal signatures, it is clear that other
biomarkers of resistance remain to be
elucidated, as does the possible con-
tribution of intratumor heterogeneity.
Nevertheless, these findings represent
an important step toward the goal of
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more rational selection of patients for
chemotherapy.

ACKNOWLEDGEMENTS

The authors acknowledge past and current funding
from Yorkshire Cancer Research (L346, L362,
L367, and L376PA) and Cancer Research UK
(C6228/A5433, C6228/A12512, and C37059/
A11941).

REFERENCES

Chan, K.S., Espinosa, I., Chao, M., Wong, D.,
Aillles, L., Diehn, M., Gill, H., Presti, J., Jr., Chang,
H.Y., van de Rijn, M., et al. (2009). Proc. Natl.
Acad. Sci. USA 106, 14016-14021.

Choi, W., Porten, S., Kim, S., Willis, D., Plimack,
E.R., Hoffman-Censits, J., Roth, B., Cheng, T.,
Tran, M., Lee, I.-L., et al. (2014). Cancer Cell 25,
this issue, 152-165.

Ho, P.L., Lay, E.J., Jian, W., Parra, D., and Chan,
K.S. (2012). Cancer Res. 72, 3135-3142.

Lee, J.K., Havaleshko, D.M., Cho, H., Weinstein,
J.N., Kaldjian, E.P., Karpovich, J., Grimshaw, A.,
and Theodorescu, D. (2007). Proc. Natl. Acad.
Sci. USA 104, 13086-13091.

Sjodahl, G., Lauss, M., Lévgren, K., Chebil, G.,
Gudjonsson, S., Veerla, S., Patschan, O., Aine,
M., Fernd, M., Ringnér, M., et al. (2012). Clin.
Cancer Res. 18, 3377-3386.

Sjodahl, G., Lévgren, K., Lauss, M., Patschan, O.,
Gudjonsson, S., Chebil, G., Aine, M., Eriksson, P.,
Ménsson, W., Lindgren, D., et al. (2013). Am. J.
Pathol. 783, 681-691.

Sorlie, T. (2004). Eur. J. Cancer 40, 2667-2675.

Sternberg, C.N., Bellmunt, J., Sonpavde, G.,
Siefker-Radtke, A.O., Stadler, W.M., Bajorin,
D.F., Dreicer, R., George, D.J., Milowsky, M.I.,
Theodorescu, D., et al.; International Consultation
on Urologic Disease-European Association of
Urology Consultation on Bladder Cancer 2012
(2013). Eur. Urol. 63, 58-66.

Takata, R., Katagiri, T., Kanehira, M., Tsunoda, T.,
Shuin, T., Miki, T., Namiki, M., Kohri, K., Mat-
sushita, Y., Fujioka, T., and Nakamura, Y. (2005).
Clin. Cancer Res. 11, 2625-2636.

Volkmer, J.P., Sahoo, D., Chin, R.K., Ho, P.L.,
Tang, C., Kurtova, A.V., Willingham, S.B., Pazha-
nisamy, S.K., Contreras-Trujillo, H., Storm, T.A.,
et al. (2012). Proc. Natl. Acad. Sci. USA 109,
2078-2083.



Cancer Cell

Wild-Type RAS: Keeping Mutant RAS in CHK

Theonie Anastassiadis’ and Eric J. Brown'-*
1Abramson Family Cancer Research Institute, Department of Cancer Biology, Perelman School of Medicine, University of Pennsylvania,
421 Curie Boulevard, Philadelphia, PA 19104, USA

*Correspondence: brownej@upenn.edu
http://dx.doi.org/10.1016/j.ccr.2014.01.029

Mutant RAS-driven tumorigenesis was thought for decades to arise independently of wild-type RAS
isoforms, but recent evidence indicates wild-type isoforms are involved. In this issue of Cancer Cell, Gra-
bocka and colleagues report how the loss of wild-type RAS alters oncogenic signaling and dampens the
DNA-damage response, thereby affecting tumor progression and chemosensitivity.

It has been more than 30 years since
constitutively active mutant forms of
KRAS, HRAS, and NRAS were shown to
transform cells in culture, thus suggesting
their ability to drive tumorigenesis autono-
mously. Indeed, it is now known that
mutations in these genes contribute to
loss of growth control in approximately
30% of all human cancers (Pylayeva-
Gupta et al.,, 2011). However, detailed
analyses of the growth factor signaling
pathways impacted by RAS later demon-
strated that wild-type (WT) RAS isoforms
play a significant role in the transformative
abilities of oncogenic RAS mutants
(Huang et al.,, 1993; Lim et al., 2008;
Young et al., 2013), but the molecular
mechanism remained unknown. In this
issue of Cancer Cell, Grabocka et al.
(2014) provide a major advance in under-
standing the relationship between onco-
genic RAS and WT RAS isoforms in
tumorigenesis by elucidating how ex-
pression of WT RAS isoforms affect both
tumor progression and chemotherapeutic
sensitivity by modulating the DNA dam-
age response.

To examine the contribution of WT RAS
isoforms in promoting tumorigenesis in
KRAS-driven tumors, Grabocka et al.
(2014) first use WT KRAS and mutant
KRAS (G12D) pancreatic and colon
carcinoma cells engineered for inducible
suppression of WT HRAS and NRAS
expression. They show that silencing of
HRAS or NRAS in mutant-KRAS cells
increases MAPK-RSK and PI3K-AKT
signaling and delays progression through
G2/M phase, but has no effect on cells
expressing WT KRAS. Furthermore, no
substantial change in this delay was
observed when both HRAS and NRAS
were concurrently depleted, suggesting
that HRAS and NRAS function within a
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single module to regulate oncogenic
KRAS signaling. Together with previous
studies, these results demonstrate that
HRAS and NRAS work to limit oncogenic
signaling, which, in turn, leads to cell cycle
delays.

The delayed cell cycle progression and
mitotic defects observed upon WT RAS
isoform suppression are consistent with
the well-established effect of oncogenic
signaling on genomic instability and cell
cycle checkpoint activation. Oncogenic
RAS expression, like most oncogenes,
causes replication stress, which is
defined as the DNA damage response
(DDR) associated with perturbed S phase
progression, and leads to the activation of
the ATR and ATM kinases (Halazonetis
et al., 2008). Engagement of the DDR
initially acts as a barrier to tumorigenesis
by inducing cell cycle arrest, senescence,
or apoptosis. However, as tumors evolve,
attenuation or loss of specific compo-
nents of the DDR, such as p53, sup-
presses these outcomes, thus affording
tumor progression. CHK1, a checkpoint
kinase operating directly downstream of
ATR, has been shown in some cases to
be inhibited by growth factor signaling
pathways through phosphorylation on
S280, which prevents CHK1 activation
via phosphorylation of S317 and S345
by ATR (King et al., 2004). Therefore,
S280 phosphorylation of CHK1 is one
mechanism among many by which the
oncogenic stress-induced checkpoint
response can be compromised. However,
checkpoint abrogation can be a double-
edged sword, allowing cell cycle progres-
sion but further promoting genomic
instability.

Grabocka et al. (2014) demonstrate that
depletion of HRAS or NRAS leads to an
increase in inhibitory phosphorylation of

Cancer Cell 25, February 10, 2014 ©2014 Elsevier Inc.

CHK1 at S280 and a decrease of
phospho-CHK1 at S317 and S345 without
affecting the ATM-CHK2 signaling
pathway. Consistent with checkpoint
mitigation after suppression of WT RAS
isoforms, KRAS mutant cells failed to
block mitotic entry soon after exogenous
DNA damage. Because the long-term
effects of checkpoint abrogation can be
genome destabilizing, these results are
in agreement with the observed mitotic
defects and increased phosphorylation
of the histone variant H2AX (yH2AX)
when WT RAS isoforms were suppressed
in mutant RAS-transformed cells. These
findings indicate that oncogene-enforced
limitation of DNA damage checkpoint
control may promote additional genomic
instability in affected tumors (Figure 1).
Although the analysis described above
goes far to explain the mechanism of cell
cycle perturbations through CHK1 inhibi-
tion, it raises important questions about
the mechanism by which WT RAS iso-
forms promote CHK1 S280 phosphoryla-
tion. Previous reports have shown that
both the MAPK-RSK and PI3K-AKT path-
ways can cause CHK1 S280 phosphory-
lation (King et al., 2004; Ray-David et al.,
2013). Grabocka et al. (2014) demonstrate
that both of these pathways, MAPK-RSK
and PI3K-AKT, are activated and involved
in S280 phosphorylation upon suppres-
sion of WT RAS isoforms in KRAS®'2P-
expressing cells, and that each pathway
contributes to CHK1 S280 phosphoryla-
tion. Similar to cultured cells, depletion
of WT HRAS in mutant KRAS tumor xeno-
grafts also resulted in hyperactivation of
the MAPK-RSK and PI3K-AKT pathways
as well as repression of CHK1 activity
following exposure to DNA-damaging
chemotherapeutic agents. Thus, the
silencing of WT HRAS and NRAS in
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Figure 1. Regulation of the DNA Damage Response by Wild-Type RAS in Mutant KRAS Cells
WT RAS antagonizes mutant KRAS signaling, thereby limiting the inhibitory phosphorylation of CHK1 at
S$280 from MAPK-RSK and PI3K-AKT signaling. Uninhibited pools of CHK1 afford an active DNA damage
checkpoint response and some degree of genome maintenance. Suppressing WT RAS hyperactivates
mutant KRAS signaling, which increases inhibitory phosphorylation of CHK1 at S280. CHK1 inhibition
dampens the checkpoint and increases genomic instability.

mutant KRAS cells leads to CHK1 S280
phosphorylation through hyperactivation
of both the MAPK-RSK and PI3K-AKT
pathways (Figure 1).

Mutation or deletion of p53 is well
known to confer a survival advantage to
cancer cells by hampering induction of
apoptosis from DNA-damaging chemo-
therapy; however, the opposite effect is
observed in response to DNA-damaging
agents when most other checkpoint genes
are compromised. Indeed, genomic insta-
bility is exacerbated by checkpoint failure
when cells with damaged DNA enter
mitosis. With this feature of checkpoint
failure in mind, the authors then queried
whether cells with dampened checkpoint
activity due to CHK1 S280 phosphoryla-
tion would be particularly sensitive to
DNA damaging chemotherapies. They
found that combining knockdown of WT
HRAS with irinotecan caused an increase
in cell death and tumor regression
compared to either treatment alone.
Because suppression of WT RAS isoforms
sensitized tumors to a standard DNA-
damaging treatment, these results may
have significant value in the design of
novel combinatorial treatments for mutant

KRAS-associated cancers. In summary,
Grabocka et al. (2014) have now demon-
strated that silencing of WT HRAS or
NRAS in mutant KRAS cells significantly
influences cancer biology in a way that
will facilitate the design of individualized
treatments.

Although the authors’ findings increase
our mechanistic understanding of how
WT and mutant RAS isoforms interact to
promote tumor progression and modulate
responses to DNA-damaging chemother-
apies, interesting questions remain.
For example, the effect of the WT KRAS
allele on mutant KRAS-driven tumorigen-
esis and DDR signaling has not yet been
determined. This research area is
relevant given that the WT KRAS allele is
often downregulated or completely lost
in mutant KRAS-driven cancer cells.
Because recent findings suggest both
tumor-suppressive and promoting roles
for expression of the WT KRAS allele
(Zhang et al.,, 2001; Matallanas et al.,
2011), it is not immediately apparent
how expression of the WT KRAS allele
will affect oncogenic KRAS-transformed
cells. Furthermore, it is important to note
that oncogenic RAS has been associated
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with increased, not decreased, CHK1
activity (Halazonetis et al., 2008; Gilad
etal., 2010). In these cases, CHK1 activity
may be slightly stimulated by oncogenic
stress, but only to suboptimal levels that
are insufficient to counter the frequency
of replication abnormalities produced
by oncogene expression, leading to
increased replication fork collapse and
genomic instability (Gilad et al., 2010).
Therefore, these studies predict great
potential for ATR and CHK1 inhibitors as
treatments for KRAS-driven cancers
through their ability to further reduce
ATR-CHK1 signaling to levels that are
toxic (Gilad et al., 2010). Clearly, Gra-
bocka et al. (2014) have provided novel
insight into the role of WT RAS isoforms
in regulating the DDR, providing a fresh
look at a long-standing research question
that will undoubtedly stimulate new dis-
coveries for decades to come.
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SUMMARY

We report that two oncogenes coamplified on chromosome 3926, PRKCI/ and SOX2, cooperate to drive a
stem-like phenotype in lung squamous cell carcinoma (LSCC). Protein kinase Cit (PKCt) phosphorylates
SOX2, a master transcriptional regulator of stemness, and recruits it to the promoter of Hedgehog (Hh)
acyltransferase (HHAT) that catalyzes the rate-limiting step in Hh ligand production. PKCi-mediated SOX2
phosphorylation is required for HHAT promoter occupancy, HHAT expression, and maintenance of a
stem-like phenotype. Primary LSCC tumors coordinately overexpress PKCi, SOX2, and HHAT and require
PKC1-SOX2-HHAT signaling to maintain a stem-like phenotype. Thus, PKCi. and SOX2 are genetically,
biochemically, and functionally linked in LSCC, and together they drive tumorigenesis by establishing a

cell-autonomous Hh signaling axis.

INTRODUCTION

Lung cancer is the major cause of cancer death, with a 5-year-
survival rate of 16% (Siegel et al., 2012). Non-small cell lung
cancer (NSCLC) accounts for ~80% of lung cancer cases and
is subdivided into adenocarcinoma (LAC), squamous cell
carcinoma (LSCC), and large cell carcinoma (LCLC). Distinct
histologies, genetic and epigenetic changes, and sites of origin
characterize NSCLC subtypes, suggesting they may have
unique responses to therapy. Recent therapies targeting
pathways active in NSCLC subtypes have resulted in encour-
aging new treatments for LAC driven by EGFR or EML4-ALK
mutations. However, few advances have resulted in better
treatment options for LSCC, a carcinoma that accounts for
30% of all lung cancer cases. Thus, there is a need to better un-
derstand molecular mechanisms that drive LSCC and to trans-
late this knowledge into better intervention strategies.

NSCLC tumors contain stem-like cells responsible for lung
tumor initiation, maintenance, relapse, and metastasis (Chen
et al., 2008; Eramo et al., 2008; Justilien et al., 2012). These cells
exhibit resistance to commonly used therapeutic agents (Chen
et al., 2008), making them a likely cause of therapeutic failure.

Similar cell populations exist in several cancer types (Chen
et al., 2012; Driessens et al., 2012; Schepers et al., 2012). Line-
age tracing reveals these cells clonally expand to give rise to
malignant and nonmalignant, differentiated cell types. These
highly tumorigenic cells exhibit self-renewal by activating devel-
opmental pathways including Wnt, Hedgehog (Hh), and Notch
and by aberrant expression of stem-related genes such as
BMI1 (Siddique and Saleem, 2012), OCT3/4 (Chiou et al.,
2010), SOX2 (Yuan et al., 2010), and NANOG (Chiou et al.,
2010) that participate in their maintenance. As tumorigenic
drivers, these stem-like cells must be effectively targeted to elicit
long-lasting therapeutic responses.

We previously identified PRKC/ as an oncogene in LSCC
(Regala et al., 2005b). PRKCI is overexpressed in LSCC cells
and primary tumors due to tumor-specific amplification of a
chromosome 3926 amplicon (Regala et al., 2005b). Tumor pro-
tein kinase Ci (PKCu) expression is predictive of poor clinical
outcome, and PKC. drives LSCC cell invasion and transformed
growth in vitro and in vivo (Frederick et al., 2008; Justilien and
Fields, 2009; Regala et al., 2005a, 2008). Genetic disruption of
Prkci in the LSL-Kras®'?° mouse LAC model blocks tumor initi-
ation by inhibiting expansion of putative lung cancer stem cells
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Lung cancer is the leading cause of cancer deaths worldwide. LSCC represents 30% of lung cancer diagnoses and is char-
acterized by poor therapeutic response, a high relapse rate, and poor prognosis. Here, we identify a genetic, biochemical,
and functional link between two oncogenes on chromosome 3926, PRKC/ and SOX2, that are coamplified and overex-
pressed in a majority of LSCC tumors. Our data indicate that chromosome 3926 copy number gains serve to genetically acti-
vate PRKCI and SOX2 that together establish a PKCi-SOX2-HHAT signaling axis that drives a stem-like phenotype. Our
results provide a compelling rationale for use of PKCu inhibitors currently in clinical development to target LSCC.
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Figure 1. Lung Cancer Oncospheres Exhibit Stem-like Characteristics
(A) Phase contrast photomicrographs of H1703, ChagoK1, and H1299 parental adherent cells (top), oncospheres in low-adherence culture (middle), and
redifferentiated oncosphere cells after return to adherent culture (bottom).

(B) gPCR for putative stem cell markers expressed as fold of parental cells + SEM, n = 3; *p < 0.05 versus NT adherent cells. Results are representative of five
independent experiments.

(C) Photomicrographs showing clonal expansion of individual cells into oncospheres over a 15 day period.

(D) Anchorage-independent growth expressed as mean fold-change from parental cells + SEM, n = 5, *p < 0.05 versus NT adherent cells. Results are repre-
sentative of five independent experiments.

(E) Formation of lung orthotopic tumors in immunocompromised mice. Ten thousand parental H1299 adherent or oncosphere cells were implanted into the lungs
of immune-deficient mice. Lateral and dorsal views of bioluminescent images of a tumor-bearing mouse (a) and corresponding bioluminescence image upon lung
dissection (b). Hematoxylin and eosin staining of typical parental and oncosphere tumors (c). Oncospheres develop primary tumors at the site of injection (arrows)
and multiple lesions to the ipsilateral and contralateral lobes of the lung (arrowheads); parental cells develop either a single, small tumor at the site of injection

(legend continued on next page)
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(Regala et al., 2009). Here, we demonstrate that PRKC/ main-
tains a highly tumorigenic phenotype in lung cancer cells
harboring PRKCI amplification, and in LSCC tumors. Our results
reveal a genetic, biochemical, and functional interaction be-
tween PRKCI and SOX2 that coordinately drives growth and
maintenance of LSCC stem-like cells.

RESULTS

Lung Oncosphere Cells Exhibit Stem-like Properties
Highly malignant tumor cells can be enriched in defined medium
at low adherence (Eramo et al., 2008; Justilien et al., 2012).
These conditions favor growth of highly tumorigenic stem-like
cells, while negatively selecting for less tumorigenic differenti-
ated tumor cells. We isolated stem-like cells from five human
lung cancer cell lines harboring 3926 copy number gains by
using established protocols (Eramo et al., 2008; Justilien et al.,
2012): H1299, H1703, ChagoK1, H520, and H1869. H1299,
H1703, and ChagoK1 grew as cell spheres (oncospheres) that
exhibit many stem-like properties (Figure 1A). First, when
returned to adherent culture, oncosphere cells redifferentiated
and acquired morphology comparable to parental cells (Fig-
ure 1A). Second, oncosphere cultures expressed elevated
mRNA for genes associated with a stem-like phenotype
including SOX2, OCT3/4, NANOG, ALDHA1, PROM1/CD133,
and MMP10 that was lost upon redifferentiation (Figure 1B).
Third, single oncosphere cells clonally expand with high effi-
ciency (H1703 cells, 91/98 cells [93%]; ChagoK1 cells, 41/44
cells [93%]; and H1299 cells, 125/138 cells [91%]) (Figure 1C).
Fourth, oncosphere cultures exhibited enhanced soft agar
growth, a property lost upon redifferentiation (Figure 1D). Similar
results were obtained in H520 and H1869 LSCC cells (Figures
S1A-S1D available online). Finally, oncospheres displayed
enhanced tumorigenic potential in vivo. Limiting dilution showed
that implantation of as few as 10,000 H1299 oncosphere cells
into the lungs of immune-deficient mice resulted in efficient
tumor take (5/5), but only occasional tumor take in parental cells
(1/5) (Figure 1Ee). A similar increase in tumor take was observed
in H520 oncospheres compared with parental H520 cells (Fig-
ure S1E). Oncosphere cells developed larger tumors than
parental cells and routinely produced lesions in the contralateral
lung, whereas parental cells did not. Oncosphere-derived
tumors exhibit morphology similar to parental cell tumors
(Figure 1Ed), and these tumors express SOX2, OCT3/4, NANOG,
ALDHA1, CD133, and MMP10 levels similar to that of parental
cells, indicating the ability of oncosphere cells to differentiate
in vivo (Figure S1). Finally, H1299 oncosphere cells efficiently
generate tumors of similar morphology through three serial
passages in mice (data not shown).

PKC. Maintains Oncospheres by Activating a Cell-
Autonomous Hh Signaling Axis

PKCu is necessary for transformation and expansion of bronchio-
alveolar stem cells (BASCs), putative tumor-initiating cells in

Kras-mediated lung tumorigenesis (Regala et al., 2009). Interest-
ingly, MMP10, a transcriptional target of PKC. in lung cancer
cells (Frederick et al., 2008) and transformed BASCs (Regala
et al., 2009), is induced in oncospheres (Figure 1B; Figure S1),
suggesting that PKC. is activated in these cells. Indeed, onco-
spheres exhibit an increase in T410 PKC. phosphorylation (Fig-
ure S2), an event associated with PKC. activity (Baldwin et al.,
2008; Desai et al., 2011; Le Good et al., 1998; Standaert et al.,
1999). PKCt RNA interference (RNAI) severely impaired soft
agar growth and clonal expansion of H1703, ChagoK1, and
H1299 oncospheres (Figures 2A and 2B), indicating that PKCu
is required for a stem-like phenotype. Similar results were
obtained in H520 and H1869 cells (Figure S2).

To identify PKCi-regulated pathways, we conducted total
RNA sequencing on nontarget (NT) and PKC. RNAI parental
and oncospheres from H1703, ChagoK1, and H1299 cells to
identify genes up- or downregulated in all three oncosphere lines
in a PKCi-dependent manner (Tables S1 and S2). We then used
MetaCore pathway analysis to determine whether PKC. regu-
lates three main pathways associated with stem maintenance:
Wnt, Hh, and Notch. Results revealed that PKC. significantly
regulates Hh (p = 0.025) but not Wnt (p = 0.091) or Notch (p =
0.354), suggesting a role for PKCi-dependent Hh signaling in
oncospheres. Hh components Hedgehog acyltransferase
(HHAT), ADRBK1, CDK19, and GLI1 were identified as PKCt
regulated (raw gene counts are given in Table S3; Hh signaling
components are listed in Table S4; and the RNA-seq data are
available in the Gene Expression Omnibus [GEO] database
[http://www.ncbi.nim.nih.gov/gds] under the accession number
GSE48599), and these genes were validated by quantitative (q)
PCR in H1703 and H1299 oncospheres (Figure 2C).

Our data suggest that PKC. regulates Hh pathway activity to
stimulate oncosphere growth. Consistent with this notion, aura-
nofin, an antiarthritic gold salt that selectively inhibits PKCut
signaling (Erdogan et al., 2006; Stallings-Mann et al., 2006;
Wang et al., 2013), led to dose-dependent inhibition of onco-
sphere proliferation, with half maximal inhibitory concentration
values (ICsps) of ~0.5-2.0 uM, and a significant decrease in
HHAT and Gli1 expression (Figure S2). Similarly, the Smooth-
ened (SMO) inhibitor LDE225 induced dose-dependent inhibi-
tion of oncosphere proliferation, with 1Cs¢s in the 10-40 nM
range, consistent with the submicromolar IC5sq for SMO inhibition
(Buonamici et al., 2010) (Figure 2D). Interestingly, parental cells
were much less sensitive to LDE225 (ICsgs > 5 uM; well above
the 1C5q for SMO inhibition) (Figure 2D), consistent with reports
that lung progenitor/stem cells exhibit Hh-dependent prolifera-
tion, whereas differentiated NSCLC cells do not (Watkins et al.,
2003). Interestingly, oncospheres from LAC cell lines (A549,
H358, and H1437) are not sensitive to LDE225 (IC50s > 10 uM),
suggesting that Hh signaling is not required for LAC onco-
spheres (Figure S2). Furthermore, neither HHAT nor GLI1 is
induced in LAC oncospheres, and PKC. knockdown (KD) does
not affect expression of these genes (Figure S2), suggesting
that the PKCi-Hh signaling axis is not operative in LAC.

(shown) or no identifiable tumor. The 40x magnification reveals the similar morphology of oncosphere- and parental cell-derived tumors (d). Incidence of tumor
formation in limiting dilutions of H1299 oncosphere and parental cells (e). Quantification of tumor growth by in vivo imaging system (IVIS). Data represent mean +

SEM, n = 5; *p < 0.05 versus parental cells (f).
See also Figure S1.
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Figure 2. PKC. Is Required for Maintenance of a Stem-like Phenotype
(A) Effect of RNAi-mediated PKCi KD (immunoblot) on anchorage-independent
relative to NT RNAi control cells + SEM, n = 5; *p < 0.001. Results are represent

in Oncosphere Cells
growth of H1703, H1299, and ChagoK1 oncospheres. Results are expressed
ative of three independent experiments.

(B) Oncosphere size expressed as mean diameter in micrometers + SEM, n = 98 (H1703), 138 (H1299), and 44 (ChagoK1). *p <2 x 1075,

(C) gPCR for HHAT, GLI1, ADRBK1, and CDK19. Results are expressed as fold N
representative of three independent experiments.
(D) Effect of SMO inhibitor LDE225 on H1703, H1299, and ChagoK1 oncosphere (

T parental cells + SEM, n = 3; *p < 0.05 compared with NT parental. Results are

Onco.) and parental cell (Par.) proliferation. Results expressed as percentage of

DMSO control + SEM, n = 6. Results are representative of three independent experiments.

See also Figure S2 and Tables S1, S2, and S3.

HHAT catalyzes a critical step in Hh ligand processing and
can initiate Hh signaling, and GLI1 is a major transcriptional
effector of Hh signaling. Therefore, we assessed the effect of
genetic inhibition of HHAT and GLI1 on stem-like behavior.
HHAT or GLI1 RNAI (Figures 3A and 3B) significantly inhibited
clonal expansion and soft agar growth of H1299 oncospheres
(Figures 3C and 3D). Similar results were observed in H1703,
ChagoK1, H520, and H1869 oncospheres (Figures S3A-S3D).
Results were validated by reconstitution using the small-mole-
cule Hh agonist Hh-Ag1.5. PKCt, HHAT, and GLI1 RNAi signifi-
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cantly inhibited (Figure 3E) and Hh-Ag1.5 rescued oncosphere
growth in HHAT KD cells, but not PKCt or GLI1 KD cells
(Figure 3E). These results are expected because HHAT acts up-
stream of ligand, PKC. modulates Hh components both up-
stream (i.e., HHAT) and downstream (i.e., GLI1, ADRBK1, and
CDK19) of ligand, and GLI1 activates Hh-mediated transcription
downstream of ligand. Because PKC. regulates HHAT, an
enzyme required for sonic Hedgehog (SHH) palmitoylation, we
assessed the effect of PKCi. and HHAT KD on palmitolyated
SHH production using the palmitic acid analog w-alkynyl
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Figure 3. Oncosphere Growth Requires a PKCi-Dependent Hh Signaling Axis
(A and B) RNAi-mediated KD of HHAT (A) and GLI1 (B) in H1299 oncospheres expressed as fold of NT RNAi control + SEM, n = 3; *p < 0.0005 compared with NT

control.

C) Effect of HHAT or GLI1 RNAi on clonal expansion expressed as oncosphere diameter in micrometers + SEM, n > 15 per RNAi sample; *p < 1.0 x 10~°. Data
( p P p! p ple; p

are representative of three independent experiments.

(D) Soft agar growth expressed relative to NT RNAi control cells + SEM, n = 5; *

p < 0.008. Data are representative of three independent experiments.

(E) NT, PKCy, HHAT, and GLI1 oncospheres were treated with the indicated amounts of Hh-Ag1.5, a selective Hh agonist, and cell proliferation was assessed by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) at 5 days. Results are expressed as percentage of NT DMSO control + SEM, n = 6.

(F) Detection of palmitoylated SHH in oncospheres. Parental (P) and oncosphere (O) NT, PKC., and HHAT RNAi cultures expressing FLAG-SHH were meta-
bolically labeled with w-alkynyl-palmitate (C16), and palmitoylated SHH (palm SHH) and total SHH were detected as described in Experimental Procedures.
(G) Oncosphere growth as lung orthotopic tumors. NT parental and NT, PKCi, HHAT, and GLI1 RNAi oncosphere tumor growth was monitored by biolumi-
nescence detected by IVIS imaging. Data are presented as total flux in photons per second + SEM, n = 10 per group except for PKCi, where n = 9; *p < 0.05

significantly different from NT RNAi oncosphere tumors.
See also Figure S3.

palmitate as described previously (Yap et al., 2010). Meta-
bolically labeled FLAG-SHH was immunoprecipitated with anti-
FLAG antibody, derivatized with azido-biotin using CLICK
chemistry, and palmitoylated SHH was detected by immunoblot
analysis using horseradish-NeutrAvidin (Figure 3F). NT H1299
oncospheres produce more palmitoylated SHH than NT parental
cells, and both PKCi and HHAT KD oncospheres exhibit a strik-
ing decrease in palmitoylated SHH. Similar results were obtained
in H17083 cells (Figure S3E). Thus, oncospheres use a PKCi-
dependent cell-autonomous Hh signaling pathway to maintain
their stem-like phenotype.

To assess the importance of PKCi-Hh signaling in oncosphere
behavior in vivo, we determined the ability of NT, PKCt, HHAT,
and GLI1 RNAi oncospheres, and NT parental cells, to initiate
lung orthotopic tumors in immune-deficient mice. As expected,
H1299 NT RNAi oncospheres exhibited an increased tumor
take rate (10/10 versus 2/10 mice for NT parental cells) and

Cancer Cell 25, 139-151, February 10, 2014 ©2014 Elsevier Inc.

developed significantly larger tumors than NT RNAi parental
cells (Figure 3G). PKCi, HHAT, and GLI1 RNAi oncospheres
showed a decreased take rate (1/9, 0/10, and 1/10, respectively)
and failed to produce large tumors (Figure 3G). These data indi-
cate that cell-autonomous, PKCi-dependent Hh signaling is crit-
ical for the tumorigenic growth of oncospheres in vivo.

PKC. can phosphorylate Gli1 and activate its transcriptional
activity, and Gli1 can regulate PKCu expression, in basal cell
carcinoma cells (Atwood et al., 2013). Thus, we assessed Gli1
phosphorylation status in NT and PKC. KD oncospheres (Fig-
ure S3F). We observed a decrease in phospho-(p)Ser/Thr Gli1
commensurate with the decrease in total Gli1 in PKCu KD cells.
When normalized to total Gli1, no appreciable change in Gli1
phosphorylation was observed, indicating that the PKCi-Hh
signaling axis described here is distinct from that reported in
basal cell carcinoma (Figure S3F). Furthermore, neither HHAT
nor Gli1 RNAI affected PKCt mRNA abundance in oncospheres,
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indicating that PKC. is not a target of Hh-Gli1 signaling in lung
cancer stem-like cells (Figure S3G).

PKC. Regulates SOX2-Mediated HHAT Expression in
Oncospheres

PRKCI is amplified as part of a 3g26 amplicon that drives PKC.
expression in LSCC tumors, leading us to explore other possible
genetic regulators residing on the 3926 amplicon. SOX2, an
SRY-related high mobility group domain (HMG)-box (Sox) tran-
scription factor and master regulator of stem cell maintenance
(Sarkar and Hochedlinger, 2013), is consistently induced in our
oncosphere cultures (Figure 1B; Figure S1). SOX2 is an onco-
gene in LSCC (Bass et al., 2009), and it can maintain cancer
stem cells (Basu-Roy et al., 2012; lkushima et al., 2011; Tian
et al., 2012). SOX2 RNAI (Figure 4A) significantly inhibited clonal
expansion and anchorage-independent growth of H1299 onco-
spheres (Figures 4B and 4C), indicating a key role for SOX2 in
these cells. Similar results were obtained in H1703, H520, and
H1869 oncospheres (Figure S4).

Chromatin immunoprecipitation (ChlP) sequencing analysis
of SOX2 revealed that SOX2 can occupy the HHAT promoter
and regulate HHAT expression in glioblastoma cells (Fang
et al., 2011). The proximal human HHAT promoter contains
seven potential SOX2 binding motifs (Figure 4D, inset). Interest-
ingly, SOX2 ChIP assays in NT and PKC. RNAi oncospheres
revealed SOX2 occupancy on the HHAT promoter in NT RNAI
cells and a significant decrease in occupancy in PKCt RNAi
cells without a change in SOX2 protein abundance (Figure 4D).
Furthermore, SOX2 KD (Figure 4E) led to a decrease in HHAT
mRNA and protein (Figure 4F). Similar results were obtained
in H1703 oncospheres (Figure S4). Thus, SOX2 regulates
HHAT promoter activity and expression by a PKCi-dependent
mechanism. Not surprisingly, growth of SOX2 RNAi onco-
spheres cannot be reconstituted by Hh agonist (Figure S4E),
indicating that SOX2 regulates genes in addition to HHAT
that are also required for maintenance of the stem-like
phenotype.

Given the functional link between PRKCI/ and SOX2, we
assessed whether these genes are coordinately amplified and
overexpressed in LSCC tumors. Interrogation of a LSCC data
set (178 cases) from The Cancer Genome Atlas (TCGA) revealed
that PRKCI and SOX2 are frequently coamplified and coordi-
nately overexpressed in primary LSCC tumors (Figure 4G). Anal-
ysis also revealed a strong positive correlation between PKCit
and SOX2 expression with HHAT and GLI1, two key Hh pathway
components regulated by PKC. in oncospheres harboring
PRKCI copy number gains (Figure 4H). SOX2 and HHAT expres-
sion also correlated in LSCC tumors, suggesting that SOX2
regulates HHAT expression in vivo (Table S5) and providing
evidence for the PKCi-SOX2-HHAT signaling axis in vivo. We
next assessed whether coordinate PRKCI/ and SOX2 amplifica-
tion may drive a “stem-like” genotype in primary LSCC tumors.
Airway basal cells exhibit stem-like properties (Hajj et al., 2007;
Hong et al., 2004; Rock et al., 2009) and are putative stem or
progenitor cells for LSCC (Ooi et al., 2010; Wistuba and Gazdar,
2006). Therefore, we tested for an association between PRKCI/
and SOX2, and expression of a previously described 13-gene
airway basal stem cell signature (Shaykhiev et al., 2013). Analysis
revealed a strong positive correlation between PRKCI, SOX2,
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and expression of 6 of 13 of the airway basal stem cell signature
genes (Table S6). Interestingly, this correlation was not observed
in primary LAC tumors, consistent with the proposed role of
basal cells as putative cells of origin for LSCC, but not LAC
(Wistuba and Gazdar, 2006).

Primary LSCC Cells Require PKC., SOX2, and HHAT for
Oncosphere Formation and Proliferation

To assess whether PKC1-SOX2-Hh signaling regulates behavior
of primary LSCC tumors, we established oncosphere cultures
from primary LSCCs obtained from individuals undergoing tumor
resection. Similarly to established cell lines, primary LSCC tumor
cells readily grow as oncospheres in nonadherent stem cell
culture (Figure 5A). PKCt, SOX2, or HHAT RNAI led to efficient
KD of their respective target (Figure 5B). PKCi and SOX2 RNAI
cells also exhibited reduced HHAT and GLI1 expression,
whereas HHAT KD had no demonstrable effect on PKCu or
SOX2 expression (Figure 5B). PKCi, SOX2, and HHAT RNAi
similarly impaired oncosphere proliferation (Figure 5C). Further-
more, PKCi, SOX2, and HHAT RNAi cells produced small, disor-
ganized oncospheres (Figure 5D) exhibiting membrane blebbing
and intracellular vacuoles indicative of reduced cell viability
(Figure 5E, arrows). Thus, PKCi-SOX2-Hh signaling is important
for maintenance and survival of primary human LSCC stem-like
cells.

SOX2 Is a PKC: Substrate

Analysis of the SOX2 amino acid sequence indicated that SOX2
may serve as a substrate for atypical PKC. When purified re-
combinant human PKC. and recombinant human SOX2 were
incubated in a kinase reaction, robust incorporation of 32p from
ATP into SOX2 was observed that is not observed in the absence
of PKCu (Figure 6A). To identify the site(s) phosphorylated by
PKC., phosphorylated SOX2 was subjected to proteolytic diges-
tion and mass spectrometry (MS) analysis as described under
Experimental Procedures. MS analysis recovered peptides
encompassing all known phosphorylation sites on SOX2 and
revealed a single, previously uncharacterized phosphorylation
site, T118, that conforms to an atypical PKC consensus recogni-
tion motif (Figure 6B).

To assess the importance of T118 phosphorylation we first
introduced a silent mutation into a FLAG-tagged SOX2 cDNA
to render it resistant to SOX2 RNAi #2 and then mutagenized
T118 to either alanine (T118A) or aspartic acid (T118D) to elim-
inate or mimic T118 phosphorylation. Immunoblot analysis of
H1299 oncospheres stably transfected with wild-type (WT)-
SOX2, T118A-SOX2, T118D-SOX2, or empty control vector,
followed by SOX2 RNAI, revealed efficient loss of endogenous
SOX2 and expression of similar levels of WT- and T118-SOX2
mutants (Figure 6C). SOX2 RNAi oncospheres expressing
control vector showed reduced HHAT and GLI1 expression
as expected (Figure 6D). In contrast, expression of exogenous
WT- or T118D-SOX2 significantly restored HHAT and GLI1
expression in SOX2 RNAI cells, whereas T118A-SOX2 did not
(Figure 6D). As expected, SOX2 RNAI cells expressing empty
control vector showed impaired clonal expansion and soft
agar growth (Figures 6E and 6F). Expression of WT- or
T118D-SOX2 significantly reconstituted clonal expansion and
soft agar growth in SOX2 RNAi oncospheres, whereas
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Figure 4. PKC. Regulates HHAT Expression through Control of SOX2 Occupancy of the HHAT Promoter

(A) RNAi-mediated KD of SOX2 in H1299 oncospheres. Results are expressed as percentage of NT control + SEM, n = 3; *p < 0.05.

(B) Clonal expansion expressed as oncosphere diameter in micrometers + SEM, n > 22 per RNAi sample; p < 3.0 x 10~ "4, Data are representative of three
independent experiments.

(C) Anchorage-independent growth relative to NT RNAi control cells + SEM, n=5; *p < 5.0 x 10~°. Results are representative of three independent experiments.
(D) ChIP analysis to assess SOX2 occupancy of the HHAT promoter. Schematic depicts the HHAT promoter region; the positions of ChIP probes used are
indicated as A and B. Consensus SOX2 binding sites are indicated by vertical slashes. Data are presented as percentage of input + SEM, n = 3; *p < 0.00002, **p <
0.000083. Data are representative of two independent experiments. IgG, immunoglobulin G.

(E and F) Effect of SOX2 RNAi (E) on HHAT expression in oncosphere cells (F). Data are expressed relative to NT RNAi control cells + SEM (*p < 0.0007) and are
representative of three independent experiments.

(G) PRKCI and SOX2 amplification (top) and overexpression (bottom) in primary LSCC tumors. Red bars, tumors with amplification (top) or overexpression
(bottom); blue bars, tumors with decreased expression; gray bars, tumors with no change in gene copy number (top) or expression (bottom).

(H) Analysis of PRKCI, SOX2, HHAT, and GLI1 expression in primary LSCC tumors. Primary LSCC tumors were force ranked on PRKCI expression and grouped
into top and bottom tertiles corresponding to high and low PRKCI expression, respectively. Box plots denote the expression of PRKCI, SOX2, HHAT, and GLI1 in
tumors expressing low PRKCI (low) and high PRKCI (high). Bars represent the median, and boxes denote the 25% and 75% intervals; whiskers represent the 90%
confidence intervals.

See also Figure S4 and Tables S4 and S5.
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Figure 5. Primary LSCC Cells Require PRKCI, SOX2, and HHAT for Oncosphere Formation and Proliferation

(A) Phase contrast photomicrographs of oncospheres from three surgically resected primary LSCC tumors.

(B) gPCR analysis of PRKCI, SOX2, HHAT, and GLI1 expressed as percentage of NT RNAi control + SEM, n = 3; *p < 0.02.

(C) Proliferation of oncospheres by MTT assay expressed as percentage of NT RNAi control + SEM, n = 3; *p < 4.0 x 107".

(D) Clonal expansion of oncospheres. Results expressed as percentage of NT RNAi control + SEM, n = 3; *p < 0.0002.

(E) Photomicrographs of NT, PRKCI, SOX2, and HHAT KD oncospheres. Arrows show membrane blebbing indicative of cell death. Results are representative of

three independent experiments.

T118A-SOX2 did not (Figures 6E and 6F). SOX2 ChIP assays
revealed reduced SOX2 occupancy of the HHAT promoter in
SOX2 RNAi oncospheres expressing empty control vector
that is significantly restored by expression of either WT- or
T118D-SOX2, but not T118A-SOX2 (Figure 6G). T118 resides
between the HMG domain and a consensus nuclear locali-
zation sequence (NLS) in SOX2, suggesting that T118 phos-
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phorylation could affect SOX2 DNA binding, nuclear
localization, or both. Immunoblot analysis revealed that WT-,
T118A-, and T118D-SOX2 are predominantly nuclear (Fig-
ure 6G, immunoblots). Next, SOX2 RNAi oncospheres express-
ing WT-, T118A-, or T118D-SOX2 or control empty pCMV
vector were transfected with an HHAT promoter luciferase re-
porter (pGL4-HHAT-luc) and assessed for HHAT promoter
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Figure 6. PKC. Directly Phosphorylates SOX2 at a Unique Site, T118, that Is Required for SOX2 Function

(A) Recombinant human SOX2 was incubated in kinase reaction buffer containing [*?PJATP in the absence or presence of recombinant PKCt. Phosphorylated
SOX2 was detected by autoradiography, and total SOX2 was detected by immunoblot analysis.

(B) Schematic of SOX2 protein structure. TAD, transactivation domain. MS analysis revealed a single PKCi-mediated phosphorylation site on SOX2 at T118 that
conforms to a consensus atypical PKC phosphorylation site motif (insert).

(C) Immunobilot analysis of H1299 oncospheres stably transduced with NT or SOX2 RNAi and then stably transfected with either empty vector (V) or vector
encoding WT-SOX2 (WT), T118A-SOX2 (T118A), or T118D-SOX2 (T118D) mutants.

(D) gPCR analysis for HHAT and GLI1 expressed relative to NT RNAi control cells + SEM, n = 3; *p < 0.08.

(E) Clonal expansion expressed relative to NT RNAi control cells + SEM, n > 20 per cell type; *p < 1.0 x 1078,

(F) Soft agar growth expressed relative to NT RNAi control cells + SEM, n= 5, *p < 4.0 x 1075

(G) Cellular localization and promoter occupancy of T118-SOX2 phosphorylation mutants. Immunoblot analysis of cytoplasmic and nuclear fractions for FLAG,
Lamins A/C, and MEK1 (immunoblots). Lamins A/C served as a marker of nuclei and MEK1 as a marker of cytoplasm. HHAT promoter occupancy (bar graph)
expressed as fold of IgG control + SEM, n = 3; *p < 0.001. Results in (D)-(G) are representative of three independent experiments.

See also Figure S5.

activity (Figure S5). In all four cell lines tested, WT- and T118D-  lates SOX2 occupancy and HHAT promoter activity to stimulate
SOX2 stimulated HHAT promoter activity, whereas T118A did HHAT expression, thereby driving a PKCi-Hh signaling axis in
not. Thus, PKCi-mediated T118-SOX2 phosphorylation regu- LSCC oncospheres.
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DISCUSSION

Accumulating evidence supports the existence of tumor-initi-
ating or cancer stem cells in human lung tumors that possess
the capacity to self-renew, and differentiate into bulk tumor cells.
These cells drive tumor initiation, progression, and metastasis,
and they may contribute to relapse after chemotherapy. The
majority of cancer deaths are caused by tumor metastasis and
relapse, making these cells an attractive therapeutic target to
achieve lasting therapeutic responses. However, the molecular
mechanisms that drive the enhanced tumorigenic potential and
stem-like behavior of tumor-initiating cells are poorly under-
stood. We previously demonstrated that PKC. maintains a
transformed phenotype in NSCLC cells and is critical for tumor
initiation in murine lung cancer models (Regala et al., 2009). Prkci
is required for tumor initiation and expansion of Kras-trans-
formed BASCs, putative lung cancer stem cells in murine LAC
models (Regala et al., 2009). Here, we show that PKCu plays a
vital and previously unrecognized role in maintenance of stem-
like cells isolated from human lung cancer cells harboring PRKC/
copy number gains, and primary LSCC tumors. We also define a
PKC.1-SOX2-Hh signaling axis that drives the stem-like pheno-
type of these cells.

Aberrant Hh signaling has been implicated in the initiation and
progression of various cancer subtypes, including lung. In basal
cell carcinomas and medulloblastomas, Hh signaling is activated
by tumor-specific mutations in the Hh pathway components
Patched, SMO, or Suppressor of Fused (Epstein, 2008; Kool
et al., 2008). Tumors without activating Hh mutations often use
paracrine Hh signaling involving Hh ligand produced by tumor-
associated stromal cells (Dierks et al., 2007; Tian et al., 2009;
Yauch et al., 2008). Finally, some cancer cells exhibit autocrine
Hh signaling, in which Hh ligand is produced and used by the
same or neighboring tumor cells (Bar et al., 2007; Berman
et al., 2003; Karhadkar et al., 2004; Stecca et al., 2007; Varnat
et al., 2009). Autocrine Hh signaling has been described in
SCLC and NSCLC (Park et al., 2011; Rodriguez-Blanco et al.,
2013; Watkins et al., 2003); however, the factors that regulate
and maintain autocrine Hh signaling are largely unknown. We
find that PKCu regulates autocrine Hh signaling in oncospheres
harboring PRKCI copy number gains, and we define a signaling
cascade in which PKC. regulates HHAT that catalyzes the rate-
limiting step in Hh ligand processing. Our finding that HHAT KD
inhibits clonal expansion that can be reconstituted with Hh
agonist provides compelling evidence for the importance of
this autocrine Hh signaling mechanism in LSCC stem cell main-
tenance. Finally, our finding that HHAT KD oncospheres fail to
generate tumors in vivo indicates that autocrine Hh signaling is
vital for tumor initiation.

SOX2 is an oncogene in human LSCC (Bass et al., 2009;
Hussenet et al., 2010; Yuan et al., 2010). Sox2 overexpression
in mouse lung leads to increased lung epithelial cell proliferation
and hyperplasia (Tompkins et al., 2011), whereas Sox2 deletion
in mouse bronchiolar Clara cells, a potential lung regional stem
cell, results in reduced cell proliferation and loss of airway differ-
entiation markers (Tompkins et al., 2009). SOX2 is required for
LSCC cell growth in vitro, and SOX2 overexpression in lung
epithelial cells induces migration, transformed growth, and tu-
mor formation in vivo (Hussenet et al., 2010). Consistent with
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these findings, we demonstrate that SOX2 maintains the tumor-
igenic potential of human LSCC oncospheres. We also uncover
an unexpected link between SOX2 and Hh signaling that is medi-
ated by PKCi. Our findings are consistent with SOX2-mediated
regulation of SHH expression in neural stem cells (NSCs) (Favaro
et al., 2009) and provide a potential molecular mechanism for
SOX2-mediated Hh signaling in NSCs.

Phosphorylation can regulate Sox2 function in mouse embry-
onic stem cells (Jeong et al., 2010), and phosphoproteome
analysis has identified Ser249, Ser250, and Ser251 as potential
SOX2 phosphorylation sites (Van Hoof et al., 2009). However,
the potential role of SOX2 phosphorylation in human cancer cells
has not been investigated. We find that PKC. phosphorylates
SOX2 at on a previously uncharacterized site, T118. T118 phos-
phorylation regulates SOX2 binding to, and activity of, the HHAT
promoter. Our MS analysis, which interrogated all known SOX2
phosphorylation sites, detected pThr118 but no other sites in
LSCC oncospheres (data not shown). These data indicate that
T118 is a major SOX2 phosphorylation site, although we cannot
exclude the presence of other low-level phosphorylation sites.
Regardless, our functional data demonstrate the importance of
T118 phosphorylation in SOX2 function and stem-like behavior.

Chromosome 3g26 amplification is one of the most frequent
chromosomal alterations in human cancer and is found in a
majority of LSCC (Balsara et al., 1997; Brass et al., 1996), serous
ovarian (Sonoda et al., 1997; Sugita et al., 2000), cervical (Sugita
etal., 2000), head and neck (Snaddon et al., 2001), oral (Lin et al.,
2005), and esophageal tumors (Imoto et al., 2001). Interestingly,
a major susceptibility locus for chemically induced mouse LSCC
is syntenic with human 3926 and includes Prkci and Sox2, sug-
gesting a role for coordinate genetic alteration of Prkci and Sox2
in mouse LSCC (Wang et al., 2004). In this regard, SOX2 over-
expression is only weakly transforming (Hussenet et al., 2010),
and PKC. overexpression is not sufficient alone to cause cellular
transformation (Fields laboratory, unpublished data), suggesting
that these oncogenic factors may act in concert to exhibit full
tumorigenic potential. Consistent with this idea, PRKCI/ and
SOX2 are frequently coamplified and coordinately over-
expressed in LSCC tumors, and these tumors appear to exhibit
active PKCi1-SOX2-Hh signaling. Based on our data, we pro-
pose that in LSCC tumors, and possibly other lung cancer
subtypes harboring 3g26 amplification, PRKC/ and SOX2 are
co-oncogenic drivers activated through a single genetic alter-
ation that cooperatively drives tumorigenesis by maintaining a
stem-like phenotype through activation of a PKCi-SOX2-Hh
signaling axis. Interestingly, whereas each of the cell lines
analyzed here harbor PRKCI gene copy number gain and exhibit
PKCi-dependent Hh signaling, not all of these cell lines are
classified as LSCC. Three cell lines are classified histologically
as LSCC (H1703, H520, and H1869), whereas ChagoK1 and
H1299 cells are classified as bronchiogenic carcinoma
and LCLC, respectively, suggesting that PKCi-SOX2-HHAT
signaling may be operative in lung tumor types other than
LSCC that harbor PRKCI gene copy number gain. Given the
prevalence of chromosome 3g26 amplification in human tumors,
further studies are warranted to determine whether the PKCu-
SOX2-Hh signaling axis elucidated here maintains a stem-like
phenotype in other major tumor types harboring these genetic
alterations.
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Finally, our results have broad implications for development
of new therapeutic strategies to target LSCC stem-like cells.
SMO inhibitors are in clinical development, but their utility is
limited in tumors that acquire Hh mutations that confer resis-
tance. PKC., which regulates the Hh pathway both upstream
and downstream of SMO, may serve as an alternative therapeu-
tic strategy for modulating Hh signaling in tumors harboring
such mutations. Our data also provide a rationale for combined
use of PKC. and Hh inhibitors for treatment of LSCC tumors.
Finally, selective HHAT inhibitors have recently been developed
(Petrova et al., 2013). Such inhibitors may exhibit particular
potency in tumors harboring chromosome 3g26 amplification
and commensurate activation of the autocrine PKCi-SOX2-
HHAT signaling axis described here.

EXPERIMENTAL PROCEDURES

Cell Lines, Reagents, and Antibodies

We used the following antibodies: PKC. (BD Biosciences); B-actin, SOX2,
GLI1, Lamins A/C, mitogen-activated kinase kinase 1 (MEK1), phospho-
atypical PKC Thr-403/410 (Cell Signaling Technology); HHAT (Abgent), pSer/
Thr (Abcam), SHH (Santa Cruz Biotechnology), and FLAG (Sigma). Auranofin
(Prometheus Pharmaceuticals) and LDE225 and Hh-Ag1.5 (Cellagen) were
diluted in dimethyl sulfate (Me,SO). Cells were treated at concentrations
indicated in the figures, and control cells received an equal volume of
Me,SO at 0.1% (v/v). H1703, H1299, H520, H1869, and ChagoK1 lung
carcinoma cell lines were obtained from American Type Culture Collection
and maintained in low passage culture as recommended. H1299 firefly lucif-
erase cells were established by transducing cells with retroviral firefly
luciferase.

Enrichment, Clonal Expansion, and Redifferentiation of Lung

Cancer Cell Exhibiting a Stem-like Phenotype

Oncospheres were enriched from H1703, H1299, H520, H1869, and ChagoK1
cells and from primary human LSCC tumors essentially as described previ-
ously (Eramo et al., 2008; Justilien et al., 2012). Human tumor tissues were
obtained under informed consent, and their collection was approved by the
Mayo Clinic Institutional Review Board. Experimental details are provided in
Supplemental Experimental Procedures.

Lentiviral RNAi Constructs, Cell Transduction, Plasmids,
Transfections, and Immunoblot Analysis

Lentiviral vectors containing small hairpin RNAi against human PKCi, HHAT,
GLI1, and SOX2 were obtained from Sigma and packaged into recombinant
lentiviruses as described previously (Frederick et al., 2008). The human
SOX2 cDNA was cloned into a FLAG mammalian expression vector (QIAGEN
catalog no. DAM-105) and rendered RNAI resistant by silent mutation to
disrupt the SOX2 RNAI #2 target site as described previously (Frederick
et al., 2008). GLI1 was immunoprecipitated from cell lysates using mouse
anti-GLI1 and Protein A/G agarose beads (Santa Cruz) according to manufac-
turer’s procedure. Phospho(S/T)-GLI1 was detected in GLI1 immunoprecipi-
tates by immunoblot analysis using pSer/Thr antibody. Detailed protocols
are provided in Supplemental Experimental Procedures.

Anchorage-Independent Growth and Orthotopic Implantation
Studies

Anchorage-independent growth was assessed as described previously (Justi-
lienetal., 2012). Allanimal procedures were approved by the Mayo Clinic Insti-
tutional Animal Care and Use Committee. Experimental details are provided in
Supplemental Experimental Procedures.

Metabolic Labeling and Detection of Palmitoylated SHH

Metabolic labeling and detection of palmitoylated SHH was performed essen-
tially as described previously (Yap et al., 2010). Experimental details are
provided in Supplemental Experimental Procedures.
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Deep Sequence Analysis of Lung Cancer Cell Transcriptomes

Deep sequencing analysis was performed essentially as described previously
(Kalari et al., 2012). Experimental details are provided in Supplemental Exper-
imental Procedures.

Analysis of TCGA Gene Expression Data

Data from TCGA were analyzed using cBIO software (http://www.cbioportal.
org/public-portal/) software to correlate gene amplifications and gene expres-
sion in 178 human LSCC and 129 LAC tumors. Gene count (reads per kilobase
per million) values for these tumors were rank ordered according to PRKC/
expression and the top and bottom third were compared for differential
expression of HHAT, SOX2, GLI1, and the 13 gene airway basal stem cell
gene signature (Shaykhiev et al., 2013).

In Vitro PKC. Kinase Assays
PKCu in vitro kinase assays were performed as described previously (Justilien
et al., 2011). Details are provided in Supplemental Experimental Procedures.

ChIP and Analysis
ChlIPs were performed to assess SOX2 occupancy on the HHAT promoter as
described in Supplemental Experimental Procedures.

HHAT Promoter Cloning and Luciferase Assays

An ~1 kB fragment of the proximal 5’ promoter region of human HHAT was
cloned by PCR from genomic DNA from H1703 cells. The promoter was
purified, sequenced to validate a match with the Pub-Med database
(NM_001170564), and TA cloned into pGL4-luciferase reporter plasmid using
standard techniques. Luciferase assays were conducted as described in Sup-
plemental Experimental Procedures.

MS Analysis of SOX2 Phosphorylation

PKC. phosphorylated SOX2 or SOX2 immunoprecipitated from H1703 cells
was isolated and submitted to the Mayo Clinic Cancer Center Protein
Chemistry and Proteomics Shared Resource for proteolytic cleavage and
phosphorylation site analysis by MS. Details are provided in Supplemental
Experimental Procedures.

ACCESSION NUMBERS

The GEO accession number for the RNA-seq data reported in this paper is
GSE48599.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
five figures, and six tables and can be found with this article online at http://
dx.doi.org/10.1016/j.ccr.2014.01.008.
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SUMMARY

Muscle-invasive bladder cancers (MIBCs) are biologically heterogeneous and have widely variable clinical
outcomes and responses to conventional chemotherapy. We discovered three molecular subtypes of
MIBC that resembled established molecular subtypes of breast cancer. Basal MIBCs shared biomarkers
with basal breast cancers and were characterized by p63 activation, squamous differentiation, and more
aggressive disease at presentation. Luminal MIBCs contained features of active PPARY and estrogen recep-
tor transcription and were enriched with activating FGFR3 mutations and potential FGFR inhibitor sensitivity.
p53-like MIBCs were consistently resistant to neoadjuvant methotrexate, vinblastine, doxorubicin and
cisplatin chemotherapy, and all chemoresistant tumors adopted a p53-like phenotype after therapy. Our ob-
servations have important implications for prognostication, the future clinical development of targeted
agents, and disease management with conventional chemotherapy.

INTRODUCTION

Bladder cancer progresses along two distinct pathways that
pose distinct challenges for clinical management (Dinney et al.,
2004). Low-grade non-muscle invasive (“superficial”’) cancers,
which account for 70% of tumor incidence, are not immediately
life-threatening, but they have a propensity for recurrence that
necessitates costly lifelong surveillance (Botteman et al., 2003).
In contrast, high-grade muscle-invasive bladder cancers
(MIBCs) progress rapidly to become metastatic and generate

the bulk of patient mortality (Shah et al., 2011). Radical cystec-
tomy with perioperative cisplatin-based combination chemo-
therapy is the current standard of care for high-risk MIBC.
Treatment selection depends heavily on clinico-pathologic
features, but current staging systems are woefully inaccurate
and result in an unacceptably high rate of clinical understaging
and consequently inadequate treatment (Svatek et al., 2011).
Furthermore, cisplatin-based chemotherapy is only effective in
30%-40% of cases, and it is not yet possible to prospectively
identify the patients who are likely to obtain benefit (Shah

Significance

Using whole genome mRNA expression profiling, we identified three molecular subtypes of muscle-invasive bladder cancer
(MIBC) that shared molecular features with basal and luminal breast cancers. Tumors in one of them expressed an active
p53 gene signature, and these “p53-like” MIBCs were consistently resistant to frontline neoadjuvant cisplatin-based com-
bination chemotherapy. Furthermore, comparison of matched gene expression profiles before and after chemotherapy
revealed that all resistant tumors expressed wild-type p53 gene expression signatures. Together, the data indicate that
“p53-ness” plays a central role in chemoresistance in bladder cancer and suggest that it should be possible to prospectively
identify the patients who most likely will not benefit from neoadjuvant chemotherapy.
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Figure 1. Basal and Luminal Subtypes of Bladder Cancer

(A) Left: whole genome mRNA expression profiling and hierarchical cluster analysis of a cohort of 73 MIBCs. RNA from fresh frozen tumors was analyzed using lllumina
arrays. RAS, TP53, RB1, and FGFR3 mutations were detected by sequencing and are indicated in the color bars below the dendrogram. Black, mutation; white, wild-
type; gray, mutation data were unavailable. Right: Kaplan-Meier plots of overall survival (p = 0.098) and disease-specific survival (p = 0.028) in the three tumor subtypes.
(B) Expression of basal and luminal markers in the three subtypes. The heat maps depict relative expression of basal (left) and luminal (right) biomarkers. GSEA
analyses (below, left) were used to determine whether basal and luminal markers were enriched in the subtypes.

(C) Quantitative RT-PCR was used to evaluate the accuracy of the gene expression profiling results. Relative levels of the indicated basal (red shades) and luminal
(blue shades) biomarkers measured by RT-PCR were compared to the levels of the same markers measured by gene expression profiling on RNA isolated from
macrodissected FFPE sections of the same tumors. Results are presented as relative quantitation (RQ) and the error bars indicate the range of RQ values as
defined by 95% confidence level. RT-PCR results are shown on top, DASL gene expression profiling results are shown below.

(D) Analysis of basal and luminal marker expression by immunohistochemistry. Results from two representative basal (left) and luminal (right) tumors as defined by
gene expression profiling are displayed. The scale bars correspond to 100 um.

See also Figure S1.
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Table 1. Clinicopathologic Characteristics of the MDACC Discovery Cohort

Characteristic Total Basal p53-like Luminal p Value
Cohort size 73 23 (32%) 26 (36%) 24 (33%)

Mean age (years) + SD 68.8 + 10.2 70.1+9.4 69.8 + 8.9 66.4 + 12.1 0.371
Gender

Female 19 (26%) 10 (44%) 6 (23%) 3 (13%) 0.133
Male 54 (74%) 13 (57%) 20 (77%) 21 (88%)

Race

Caucasian 54 (74%) 14 (61%) 21 (81%) 19 (79%) 0.352
African American 12 (16%) 6 (26%) 2 (7%) 4 (17%)

Hispanic 7 (10%) 3 (13%) 3 (12%) 1(4%)

Clinical stage at TUR (N0,MO0)

<cT1 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0.990
cT2 37 (51%) 9 (39%) 16 (62%) 12 (50%)

cT3 16 (22%) 4 (17%) 7 (27%) 5 (21%)

cT4 6 (8%) 2 (9%) 2 (8%) 2 (8%)

Positive clinical lymph nodes, cN+ 11 (15%) 5 (22%) 1 (4%) 5 (21%) 0.137
Positive clinical metastasis, cM+ 7 (10%) 5 (22%) 0 (0%) 2 (8%) 0.035
Primary treatment

Cystectomy 57 (78%) 15 (65%) 25 (96%) 17 (71%) 0.019
Other® 16 (22%) 8 (35%) 1(4%) 7 (29%)

Neoadjuvant Chemotherapy, NAC 18 (25%) 5 (22%) 7 (27%) 6 (25%) 0.910
Response to NAC®

Yes 6 (33%) 2 (40%) 0 (0%) 4 (67%) 0.018
No 12 (67%) 3 (60%) 7 (100%) 2 (33%)

Pathologic T stage (n = 57)

pTO 4 (7%) 2 (13%) 0 (0%) 2 (12%) 0.001
pTa, pT1, pTis 6 (11%) 2 (13%) 1 (4%) 3 (18%)

pT2 10 (18%) 1(7%) 4 (16%) 5 (29%)

pT3 25 (44%) 4 (27%) 18 (72%) 3 (18%)

pT4 12 (21%) 6 (40%) 2 (8%) 4 (22%)

Positive pathologic lymph nodes 23 (40%) 3 (13%) 14 (54%) 6 (25%) 0.010
Variant histology in specimen

Squamous differentiation 18 (32%) 13 (57%) 4 (15%) 1(4%) <0.001
Sarcomatoid differentiation 3 (5%) 3 (13%) 0 (0%) 0 (0%)

Other (micropapillary, glandular, adenocarcinoma) 3 (5%) 0 (0%) 3 (12%) 0 (0%)

Median overall survival (months) 37.2 14.9 34.6 65.6 0.098
Median disease-specific survival (months) 46.3 14.9 not reached 65.6 0.028

The Kruskal-Wallis test was used to compare differences in mean age between groups. Log-rank test was used to compare differences in survival
(overall and disease-specific) between groups. For the remainder of categorical variables, Fisher’s exact test was used to determine differences

between subtypes. p values < 0.05 were considered significant.

2Chemotherapy was recommended for all 16 patients, based on available medical records; nine patients had documentation of completion.
PDecrease in stage to pTO or pT1 (for patients with high-risk features at TUR: lymphovascular invasion, variant histology, hydronephrosis, or abnormal

exam under anesthesia) at cystectomy.

et al., 2011). To add to the quandary, no effective alternative to
cisplatin-based chemotherapy has been identified for resistant
tumors. Therefore, there is an urgent need to develop a more
precise, biology-based approach to the classification of bladder
cancer to inform clinical management.

Gene expression profiling has been used to identify molecular
heterogeneity in other human cancers. For example, Perou and
coworkers (Perou et al., 2000) used gene expression profiling
to identify molecular subtypes of breast cancer (basal/triple

154 Cancer Cell 25, 152-165, February 10, 2014 ©2014 Elsevier Inc.

negative, HER2™", luminal A, and luminal B) that behave clinically
as though they are distinct disease entities—Iluminal breast can-
cers respond to estrogen receptor (ER)-targeted therapy, HER2*
tumors to Herceptin and other ErbB2-blocking agents, and basal
tumors to chemotherapy only (Rouzier et al., 2005). Previous
studies in bladder cancer identified signatures associated with
stage and outcomes (Blaveri et al., 2005; Dyrskjot et al., 2003;
Sanchez-Carbayo et al., 2006; Sjodahl et al., 2012) and progres-
sion (Kim et al., 2010; Lee et al., 2010), but the biological and



Cancer Cell

p53-ness and Chemoresistance in Bladder Cancer

A MDA discovery MDA validation

Basal ﬁ53-like Luminal  Basal ﬁ53-like Luminal

100
- Basal
3 801 == p53-like
= =~ Luminal
g 60 umina
s
3
D 401
© E—
2 204
© p=0.011
0 T T T L}
0 50 100 150 200
Survival time (Months)
SR
OSSN
Basal markers Luminal markers Basal markers
o £<0.05 0<0.05 Basal p53-like Luminal
'\\‘ ~
~ | =
- \\\\ ~—

Wy 1|

| Basal

Enehment protie —Hits

(o3 .
MDA discovery Chungbuk
Basal ﬁ53-like Luminal  Basal ﬁ53-like Luminal
10 - Basal
X 80+ - p53-like
é’ - == Luminal
i
-
2 404
]
o
3 p=0.102
0 T T ,
0 50 100 150

SO
P
o TOON

Basal markers Luminal markers

p<0.05

».»\

~

e 540G

IR

#z%m S oW

Luminal and p53-like

Cancer Cell 25, 152-165, February 10, 2014 ©2014 Elsevier Inc.

Survival time (Months)

Basal markers

Basal p53-like Luminal
HE 4

=3
S

—-Basal
80 4 ~-p53-like
=~Luminal

Disease specific survival (%)

p=0.004

0 50 100 150 200
Survival time (Months)

Luminal markers
Basal p53-like Luminal

o
S

— Basal
- p53-like
=+ Luminal

p=0.058

Disease specific survival (%)

0 50 10 150
Survival time (Months)

Luminal markers

Basal ﬁ53-like Luminal
GPX2

(legend on next page)

155




clinical significance of these signatures remain unclear. Here we
also used gene expression profiling and unsupervised analyses
to identify molecular subtypes of MIBC with the goal of defining
the biological basis for the molecular heterogeneity that is
observed in them.

RESULTS

Muscle-Invasive Bladder Cancers Can Be Grouped into
Basal and Luminal Subtypes

We performed whole genome mRNA expression profiling and
unsupervised hierarchical cluster analyses on a cohort of 73
primary fresh-frozen MIBCs obtained by transurethral resection
at our institution. We identified three distinct molecular subtypes
(Figure 1A; Table 1). The upregulated genes (fold changes) that
determined subtype assignments contained signature bio-
markers for basal (CD44, KRT5, KRT6, KRT14, and CDH3) and
luminal (CD24, FOXA1, GATA3, ERBB2, ERBB3, XBP1, and
KRT20) breast cancers, respectively (Figure 1B, heat maps; Fig-
ure S1A available online; Perou et al., 2000), and formal gene set
enrichment analyses (GSEA) confirmed that the subtypes were
enriched with basal and luminal markers (Figure 1B, below). In
control experiments, we confirmed that the array-based mea-
surements of basal and luminal marker expression correlated
well with the results obtained with quantitative RT-PCR (Fig-
ure 1C) or immunohistochemistry (Figure 1D) in some of the
same tumors. We therefore propose the names “basal” and
“luminal” for two of the MIBC subtypes. Although the tumors
in the third subtype also expressed Iuminal biomarkers
(Figure 1B; Figure S1A), we have termed this MIBC subtype
“p53-like” because its distinguishing feature was an activated
wild-type p53 gene expression signature that we will discuss
further below.

Table 1 depicts the clinical and pathologic characteristics of
the discovery cohort by molecular subtype. Basal tumors were
enriched with sarcomatoid features and metastatic disease at
presentation (Table 1) and were associated with shorter overall
survival (14.9 months, p = 0.098), and disease-specific survival
(median 14.9 months, p = 0.028; Figure 1A, right). Although
they expressed epithelial cytokeratins, basal tumors also con-
tained “mesenchymal” biomarkers (i.e., TWIST1/2, SNAI2,
ZEB2, and VIM; McConkey et al., 2010; Peinado et al., 2007; Fig-
ure S1B), as do basal breast cancers (Chaffer et al., 2013). In
addition, basal tumors expressed high levels of the epidermal
growth factor receptor (EGFR) and several of its ligands (Fig-
ure S1B), similar to basal breast and head and neck squamous
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cell carcinomas (Perou et al., 2000; Romano et al., 2009; Serlie
et al., 2001). On the other hand, luminal tumors were enriched
with “epithelial” biomarkers (E-cadherin/CDH1 and members
of the miR-200 family; Gregory et al., 2008; Figure S1B), high
levels of fibroblast growth factor receptor-3 (FGFR3), and acti-
vating FGFR3 mutations (Figures 1A and 1B; Figure S1C).
TP53 mutation frequencies were similar in all of the subtypes
(Figure S1C). To examine cluster stability, we calculated silhou-
ette scores for each subtype. All of the basal and luminal tumors
were stable, whereas 9/26 of the p53-like tumors were not (Fig-
ure S1D); five of these unstable tumors were most similar to the
luminal subtype (data not shown).

We developed a classifier using the differentially expressed
genes associated with subtype membership in the discovery
cohort and applied it to whole genome mRNA expression
data from an independent cohort of formalin-fixed paraffin-
embedded MIBCs (n = 57, MD Anderson validation cohort; Fig-
ure 2A; Table S1). Like the discovery cohort, basal tumors in the
validation cohort were associated with shorter overall survival
(median 25.0 months, p = 0.011) and disease-specific survival
(median 25.3 months, p = 0.004; Figure 2A, right side) and
were enriched with basal biomarkers compared to tumors in
the other subtypes (Figure 2B). We then used the classifier to
make additional predictions in the MIBCs (n = 55) from a third,
publicly available gene expression profiling data set (“Chungbuk
cohort”; Kim et al., 2010; Figure 2C; Table S2). The Chungbuk
basal tumors were also associated with shorter median dis-
ease-specific survival (11.2 months, p = 0.102) and overall
survival (10.4 months, p = 0.058; Figure 2C, right side) and
were enriched with basal biomarkers (Figure 2D). In addition,
GSEA confirmed that luminal biomarkers were enriched in
luminal subtypes in both of the validation cohorts (Figures 2B
and 2D).

Basal Tumors Are Characterized by Squamous
Differentiation

Bladder cancers with squamous histological features are gener-
ally considered distinct from conventional urothelial cancers.
However, the basal MIBCs in the discovery and validation co-
horts were significantly enriched with squamous features (Fig-
ure 3A; Table 1; Table S1), and the basal tumors with squamous
features also expressed higher basal biomarker mRNA levels
than did basal tumors without squamous features (data not
shown). The high molecular weight keratins (KRT5, KRT6, and
KRT14) that characterized basal MIBCs were also enriched in
a lethal “squamous cell carcinoma” MIBC subtype that was

Figure 2. Characterization of Basal and Luminal Subtypes in other MIBC Cohorts
(A) Subtype classification of the MD Anderson validation cohort (n = 57). RNA was isolated from macrodissected FFPE tumor sections and whole genome mRNA
expression was measured using lllumina’s DASL platform. Kaplan-Meier plots of overall survival (p = 0.011) and disease-specific survival (p = 0.004) associated

with the three subtypes are presented on the right.

(B) Expression of basal and luminal markers in the molecular subtypes in the MD Anderson validation cohort. The results of GSEA of basal and luminal
marker expression in the subtypes are displayed on the left, and heat maps depicting relative basal and luminal marker levels in the subtypes are displayed on

the right.

(C) Subtype classification of the Chungbuk cohort (n = 55). Whole genome mRNA expression profiling (lllumina platform) and clinical data were downloaded from
GEO (GSE13507), and the oneNN classifier was used to assign tumors to subtypes. Tumors were assigned to subtypes using the oneNN prediction model (left).
Kaplan-Meier plots of overall survival (p = 0.102) and disease-specific survival (p = 0.058) as a function of tumor subtype (right).

(D) Expression of basal and luminal markers in the molecular subtypes in the Chungbuk cohort. The results of GSEA of basal and luminal marker expression in the
subtypes are displayed on the left, and heat maps depicting basal and luminal marker expression are displayed on the right.

See also Tables S1 and S2.
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presence of squamous features (in black) is indicated in the color bars below.
(B) Relationship between the MD Anderson subtypes and the molecular taxonomy developed by Sjodahl and colleagues (Sjodahl et al., 2012). Whole genome
mRNA expression (lllumina platform) and clinical data were downloaded from GEO (GSE32894), and the oneNN classifier was used to assign the Lund tumors to
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(C) Presence of squamous features in the UCSF data set. Gene expression profiling (in-house platform) and clinical data were downloaded from GEO (GSE1827),
and the oneNN classifier was used to assign the UCSF tumors to the subtypes. Subtype memberships for each tumor are indicated in the top color bars, and the
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(legend continued on next page)
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identified recently by another group (Sjodahl et al., 2012). We
applied our subtype classifier to the other group’s data set
(“Lund cohort”; Sjodahl et al., 2012) and confirmed that the
Lund squamous cell carcinoma subtype (Sjodahl et al., 2012)
corresponded to the basal subtype identified here (“Lund”
tumors, Figure 3B; Table S3). Furthermore, like the MD Anderson
discovery and validation cohorts, the Lund basal/SCC-like
tumors were enriched with squamous differentiation (Sjodahl
et al., 2012). Other Lund features also correlated with the sub-
types described here—the MD Anderson p53-like subtype and
the Lund “infiltrated” (MS2b.1) tumors were enriched with extra-
cellular matrix biomarkers (Figure 3B; also see Figure S2; Sjodahl
et al.,, 2012), and all of the Lund “urobasal A” tumors were
confined to the MD Anderson luminal subtype (Figure 3B). In
addition, as was the case in the MD Anderson discovery cohort,
the Lund luminal tumors were enriched with activating FGFR3
mutations (p < 0.05; Figure 3B; Figure S1C). High molecular
weight keratins (KRT5 and KRT14) also characterized a bladder
cancer “squamous cluster” (cluster D) identified by a group at
the University of California-San Francisco (“UCSF cohort”; Bla-
veri et al., 2005). We applied our classifier to the UCSF data set
and confirmed that the UCSF basal tumors were also enriched
with squamous features (Figure 3C; “UCSF,” Table S4). Finally,
we stained a tissue microarray containing 332 pT3 MIBCs (Table
S5) with clinical-grade antibodies specific for basal (CK5/6) or
luminal (CK20) cytokeratins, quantified antigen expression
across the tissue microarray by image analysis, and correlated
cytokeratin levels with the presence of squamous features (Fig-
ure 3D). Mean CK5/6 levels were significantly higher in tumors
with squamous differentiation, whereas CK20 was expressed
at higher levels in conventional MIBCs, and expression of CK5/
6 correlated inversely with CK20 across the cohort (Figure 3D).
Expression of CK5/6 did not correlate with adverse outcomes
(data not shown) because careful stage matching had been per-
formed in the tumor cohort. Together, the results demonstrate
that squamous differentiation is a common feature of basal
MIBCs and that the subtypes described here are similar to those
identified independently by other groups.

p63 and PPARY Control Basal and Luminal Biomarker
Expression

To more clearly define the transcription factors that controlled
basal and luminal gene expression, we used the “upstream
regulators” function in Ingenuity Pathway Analysis (IPA, Ingenu-
ity Systems; http://www.ingenuity.com) and the gene expres-
sion profiling data from the MD Anderson discovery cohort to
identify the transcription factors that were responsible for the
gene expression signatures observed in the MIBC subtypes (Fig-
ure 4; Table S6). Because the silhouette analyses revealed that
nine of the p53-like tumors were unstable, we compared the
IPA results obtained with (n = 73) and without (n = 64) the unsta-
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ble tumors (Table S7). Transcription factors that have been impli-
cated in the biology of the basal/stem cell compartment of the
normal urothelium (Stat-3, NFkB, Hif-1, and p63; Ho et al.,
2012) were predicted to be significantly “activated” in basal
MIBCs (Figure 4; Table S6; Figure S3A). TP63 has been identified
as a biomarker for lethal MIBCs (Choi et al., 2012; Karni-Schmidt
et al., 2011), and we used quantitative RT-PCR to confirm that
TP63 levels were elevated in the basal MIBCs in the MD Ander-
son discovery cohort (Figure S3B). Six of the top ten upregulated
basal MIBC biomarkers (KRT5, KRT6A, KRT6C, PI3, KRT14, and
S100A7) based on fold changes are known direct ANp63a
transcriptional targets in other tissues (Boldrup et al., 2007; Celis
et al., 1996; Romano et al., 2009; Figure 4, also Figure 1B). Basal
tumors were also enriched for MYC expression, which is
controlled by p63 in human bladder cancer cells (Marquis
et al., 2012).

Luminal MIBCs exhibited strong peroxisome proliferator
activator receptor (PPAR) pathway activation as well as high-
level expression of PPARG and its direct transcriptional target
and coactivator, FABP4 (Figures 1B and 4; Table S6; Ayers
et al., 2007). In addition, the estrogen receptor (ER) and its
coactivator Trim-24 (Hatakeyama, 2011; Tsai et al., 2010) were
among the top “activated” upstream regulators in the luminal
MIBCs, whereas the basal Stat-3 and NFkB transcriptional
networks were downregulated in them (Table S6; Figures S3C
and S3D). Conversely, breast luminal transcriptional pathways
(ER, Gata-3, and Trim-24) were all downregulated in the
basal MIBCs (Table S6). The p53-like luminal MIBCs could
be distinguished from the luminal tumors by their expression
of an active p53-associated gene expression signature that
was not associated with the presence of wild-type TP53 (Fig-
ure 4; also Figures 1 and 3B; Tables S6 and S7). The p53-like
tumors also contained an active p16 (CDKN2A) gene signature
(Figure S3E).

To more directly define p63’s role in controlling basal gene
expression, we stably transduced human UM-UC14 bladder
cancer cells with nontargeting or TP63-specific shRNAs and
used whole genome mRNA expression profiling to create a
bladder cancer p63 pathway gene expression signature. IPA
analyses indicated that TP63 knockdown decreased basal
(P63 and Myc) pathway gene expression, and interestingly, it
also increased PPAR pathway gene expression (Figure 5A; Fig-
ure S4A). GSEA analyses in the discovery cohort confirmed
that the p63 gene signature was significantly enriched in primary
basal MIBCs (Figure 5B).

To determine PPARY’s role in controlling luminal gene expres-
sion, we generated PPARy gene expression signatures using
whole genome mRNA expression profiling data collected from
two human bladder cancer cell lines (UM-UC7 and UM-UC9)
that had been exposed to the PPARYy-selective agonist rosiglita-
zone. IPA analyses confirmed that rosiglitazone activated PPAR

(D) Tissue microarray analysis of CK5/6 (basal) and CK20 (luminal) cytokeratin expression. Cytokeratin protein expression was measured by immunohisto-
chemistry and optical image analysis in the MD Anderson Pathology Core on a tissue microarray containing 332 high-grade pT3 tumors. The percentages of
positive tumor cells as determined by image analysis are shown. Left panels: mean levels of CK5/6 (top) and CK20 (bottom) in tumors without (TCC) or with (TCC
with SD) squamous features. Bars indicate mean values with 95% confidence intervals. Middle panels: representative images of stained cores from tumors that
expressed high or low levels of CK5/6 or CK20. The scale bars correspond to 100 um. Right panel: relationship between CK5/6 and CK20 expression across the

cohort.
See also Tables S3-S5 and Figure S2.
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and other luminal transcriptional pathways in both cell lines
(Figure 5A; Figures S4B and S4C). GSEA revealed that the
UM-UC7 and UM-UC9 PPARY gene signatures were signifi-
cantly enriched in primary luminal MIBCs in the discovery cohort
(Figure 5B). Interestingly, rosiglitazone also decreased basal
transcription factor activation (Figure 5A; Figure S4C). Therefore,
PPARYy activation plays an important role in regulating the
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ture, not all of which retained wild-type

TP53 (Figure 6B). The p53-like cell lines

were also resistant to cisplatin-induced apoptosis in vitro (Fig-

ure 6C). In addition, four of five of the TP53 wild-type cell lines

that did not contain the “p53-like” signature at baseline were
cisplatin-resistant (Figures 6B and 6C).

To further examine whether chemoresistance was a consis-

tent feature of the p53-like subtype, we used gene expression

profiing and our classifier to perform molecular subtype
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assignments on matched pre- and post-treatment MIBCs
collected within the context of a prospective Phase Il clinical trial
of neoadjuvant dose-dense MVAC (DDMVAC), conducted at Fox
Chase Cancer Center and Thomas Jefferson University Hospital
(Table S10). All of the pretreatment tumors with squamous
features in this “Philadelphia” cohort were confined to the basal
cluster (Table S10; p = 0.012). In addition, and consistent with
what we had observed in the MD Anderson cohorts, many of
the Philadelphia basal (7/14) and luminal (12/20) tumors re-
sponded to NAC, whereas the response rate in the p53-like
tumors was significantly lower at 11% (1/9; Figure 7A). Further-
more, chemoresistant tumors were enriched with the p53-like
subtype after NAC (Figure 7B).

To further characterize the molecular mechanisms underlying
chemoresistance, we compared the matched pre- and post-
treatment gene expression profiles of the chemoresistant Phila-
delphia tumors using the “upstream regulators” function of IPA
(data not shown). The results indicated that chemotherapy
caused all of the tumors to express an active p53 pathway
gene signature after NAC (Figure 7C; Table S11). Importantly,
this chemotherapy-induced p53 signature was not very similar
to the one that dictated tumor membership within the p53-like
subtype (13 overlapping probes, Table S11).

Finally, we searched for pretreatment gene signatures within
the Philadelphia basal and luminal MIBC subtypes that might
predict chemosensitivity. We were unable to detect such a
signature in the luminal tumors (data not shown), but the chemo-
sensitive Philadelphia basal tumors were enriched for bio-
markers reflective of immune infiltration (Figure 7D). Similarly,
all of the chemosensitive basal tumors from the MD Anderson
MVAC cohort were also enriched with these immune biomarkers
(Figure S5).

DISCUSSION

We conclude that MIBCs can be grouped into basal and luminal
subtypes reminiscent of those observed in human breast can-
cers (Perou et al., 2000). Basal MIBCs were associated with
shorter disease-specific and overall survival, presumably
because patients with these cancers tended to have more
invasive and metastatic disease at presentation. The invasive/
metastatic phenotype was associated with expression of
“mesenchymal” and bladder cancer stem cell (Chan et al.,
2009) biomarkers, and the tumors were enriched with sarcoma-
toid and squamous features (Blaveri et al., 2005; Sjodahl et al.,
2012). The link between squamous features and aggressive
behavior is consistent with other recent observations (Kim
et al., 2012; Mitra et al., 2013), and the presence of EMT and

bladder cancer stem cell biomarkers in basal tumors provides
a biological explanation for their aggressive behaviors. Tran-
scription factor p63 plays a central role in controlling the basal
gene signature, and our preliminary data suggest that the
EGFR, Stat-3, NFkB, and Hif-1a are also involved. Importantly,
immune-infiltrated basal MIBCs responded to NAC, as do
some basal breast cancers (Esserman et al., 2012a, 2012b).
Because NAC pathological complete response is associated
with excellent long-term survival (Grossman et al., 2003),
aggressive early management of basal MIBCs with NAC offers
the best chance for improved survival for patients with this
potentially deadly form of this disease. It also seems likely that
T cell modulators (i.e., anti-CTLA4) and EGFR-, NF«B, Hif-1a/
VEGF, and/or Stat-3-targeted agents will also be active within
this subtype.

Like luminal breast cancers (Perou et al., 2000; Serlie et al.,
2001), luminal MIBCs displayed active ER/TRIM24 pathway
gene expression and were enriched with FOXA1, GATAS,
ERBB2, and ERBBS3. Agents that target the ER (George et al.,
2013; Hoffman et al., 2013; Shen et al., 2006) and/or ErbB2
and -3 may therefore be clinically active in luminal MIBCs. In
addition, luminal MIBCs contained active PPAR gene expression
and activating FGFR3 mutations, so PPARy- and FGFR-3-
targeted agents may be active in this subtype. Because many
luminal MIBCs responded to NAC, targeted therapies should
probably be combined with conventional chemotherapy for
maximum efficacy.

The idea that wild-type p53 is required for DNA damage-
induced apoptosis is a central tenet in cancer biology (Lowe
et al., 1993, 1994). Therefore, it was surprising to us that de
novo and induced chemoresistance in MIBCs was associated
with wild-type p53 gene expression signatures. Nevertheless,
this link between “p53-ness” and chemoresistance is another
shared property of MIBCs and luminal breast cancers. The
recently completed I-SPY 1 TRIAL (“Investigation of Serial
Studies to Predict Your Therapeutic Response With Imaging
and Molecular Analysis,” CALGB150007/150012) examined
the correlation between pathological complete response (pCR)
rates and recurrence-free and overall survival in women treated
with NAC. One of its main conclusions was that pCR rates varied
markedly within the different breast cancer subtypes such that
tumors with luminal A and/or wild-type p53-like gene expression
signatures responded very poorly to NAC (Esserman et al,
2012a, 2012b). Wild-type p53-induced reversible senescence
has also recently been implicated in chemoresistance in a mouse
model of breast cancer (Jackson et al., 2012), and more gener-
ally, quiescence is considered an important mechanism of
chemoresistance. Importantly, TP53 mutation frequencies

Figure 5. Transcriptional Control of the Basal and Luminal Gene Expression

Whole genome mRNA expression profiling was used to analyze the effects of stable p63 knockdown or rosiglitazone-induced PPARY activation in human bladder
cancer cell lines, and the data were used to generate gene expression signatures characteristic of p63 and PPARY activation. GSEA was then used to determine
whether these signatures were present in the MD Anderson discovery cohort tumor subtypes.

(A) Effects of p63 or PPARy modulation on basal and luminal transcriptional signatures. Top panels: significantly activated/inhibited transcriptional pathways after
p63 knockdown in UM-UC14 cells (top left), PPARy activation in UM-UC7 (top middle), or PPARy activation in UM-UC9 (top right) based on IPA analyses. The
heat maps below each graph indicate significant changes in basal and luminal marker expression.

(B) p63 and PPARY gene expression signatures in the subtypes of primary MIBCs. Separate results and p values are shown for the signatures derived from the

up- and downregulated genes in each condition. ROSI, rosiglitazone.
See also Figure S4.
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Figure 6. Relationship between Subtype Membership and Chemotherapy Sensitivity

(A) Responses to neoadjuvant chemotherapy in the MD Anderson NAC (n = 34) and MVAC (n = 23) cohorts. Subtype membership was determined using whole genome
mRNA expression profiling data obtained from untreated (TURBT) tumors and the oneNN classifier. Pathological response was defined as downstaging to <pT1.
(B) The IPA-defined p53 gene expression signature from the p53-like primary MIBCs was used to perform unsupervised hierarchical cluster analysis on whole
genome expression data from a panel of human bladder cancer cell lines (n = 28). The green boxes on the heat maps indicate expression of the signature in the
MD Anderson discovery cohort (left) or the cell lines (right). TP53 mutational status was determined by sequencing and is indicated by the color bar below the heat
map (black, mutant; white, wild-type; gray, data were not available).

(C) Cells were incubated with or without 10 M cisplatin for 48 hr and apoptosis-associated DNA fragmentation was quantified by propidium iodide staining and
FACS analysis in three independent experiments. The left panel displays a scatter gram comparing the levels within the two subsets of cell lines (mean + SEM).
The right panel displays the mean value of induced apoptosis in each cell line across the entire cohort.

See also Tables S8 and S9.

were similar in all three MIBC subtypes, indicating that wild-type =~ We therefore propose that “p53-ness” as measured by mRNA
p53 was not responsible for the baseline and chemotherapy- expression would be a more accurate predictor of de novo and
induced p53-like gene expression signatures reported here. induced MIBC chemoresistance than would analyses of TP53
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mutational status. It will be important to determine the molecular
basis of these p53-like signatures in future studies so that thera-
peutic approaches can be developed to overcome de novo and/
or prevent acquired chemoresistance. We also plan to prospec-
tively test the relationship between the p53-like phenotype and
chemoresistance within the context of a SWOG-sponsored
multicenter clinical trial (S1314) that is very similar to I-SPY and
was designed to prospectively evaluate another gene expres-
sion profiling-based algorithm (“CoXEN”; Lee et al., 2007).

EXPERIMENTAL PROCEDURES
Technical details are provided in the Supplemental Experimental Procedures.

Human Specimens

Clinical data were obtained from the MD Anderson Genitourinary Cancers
Research Database, from the Gene Expression Omnibus (GEO), or from
patient charts (MVAC and Philadelphia cohorts). All MD Anderson patients
signed a “front door” informed consent allowing collection of their tissue

Immune Signature

Cancer Cell 25, 152-165, February 10, 2014 ©2014 Elsevier Inc.

Figure 7. Wild-Type p53 Gene Signatures in
Tumors before and after Treatment with
NAC

(A) Relationship between subtype membership
and response to NAC in the Philadelphia DDMVAC
cohort. Subtype membership was determined
using pretreatment (TURBT) specimens. Patho-
logical response was defined as downstaging to
< pT1.

(B) Comparison of subtype membership in the
chemoresistant Philadelphia tumors before and
after NAC. Whole genome mRNA expression
profiling was performed on matched tumors
before and after NAC, and the oneNN classifier
was used to assign tumors to subtypes. “TURBT”
refers to the pretreatment tumors and “cys-
tectomy” to the post-treatment tumors.

(C) Expression of a wild-type p53 gene signature
in matched pre- and post-treatment tumors. Left:
heat map displaying expression of an active p53
gene signature after NAC (log ratio cystectomy/
TURBT of matched tumors). Right: relative
expression of the p53 signature in matched pre-
and post-treatment tumors arranged according to
subtype membership.

(D) Analysis of an immune infiltration signature
in basal tumors. A supervised analysis was per-
formed to compare the differences in gene ex-
pression between basal tumors that were either
sensitive or resistant to neoadjuvant DDMVAC in
the Philadelphia cohort. Left: heat map depicting
the relative expression of immune signature genes
in basal responders and non-responders. Right:
GSEA analyses of immune biomarkers in the basal
tumors.

See also Tables S10 and S11 and Figure S5.

Luminal

p53-like

[ cystectomy

p<0.001

and of their clinical data that was approved by
the MD Anderson Institutional Review Board
(IRB). An additional MD Anderson IRB-approved
protocol was obtained specifically for genomics
analyses. The Philadelphia tissues were collected
and analyzed as part of a Phase Il clinical trial that
was |IRB-approved at the Fox-Chase Cancer
Center and Thomas Jefferson University. Un-
stained tissue sections (10 micron, five slides/tumor) and matched hematoxy-
lin and eosin stained sections from the DDMVAC clinical trial were transferred
to MD Anderson under an executed materials transfer agreement between MD
Anderson and Fox-Chase. A genitourinary pathologist (Bogdan Czerniak) re-
viewed all of the tissue samples.

resistant

Tumor Cohorts

The Chungbuk (n = 55) (Kim et al., 2010), Lund (n = 93) (Sjodahl et al., 2012),
and UCSF (n = 53)(Blaveri et al., 2005) cohort data were downloaded from
the GEO (GSE13507, GSE32894, and GSE1827, respectively). The discovery
cohort consisted of 73 tumors from transurethral resections (TURs) that had
been snap-frozen in liquid nitrogen within 5 min of isolation and transferred
to the MD Anderson Bladder SPORE Tissue Core. The MD Anderson validation
cohort consisted of 57 randomly selected, formalin-fixed, paraffin-embedded
(FFPE) tumors that were obtained from the main MD Anderson Cancer Center
CCSG-supported Pathology Tissue Bank. The MD Anderson NAC cohort (n =
34) contained a mixture of 18 tumors from the discovery cohort plus 16
additional FFPE tumors from patients treated with neoadjuvant chemotherapy
on- and off-protocol. The MD Anderson MVAC cohort (n = 23) consisted of all
available FFPE pretreatment tumors (TURs) from a previously reported Phase
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Il clinical trial (Millikan et al., 2001). The Philadelphia NAC cohort (n = 43 TURs
and 20 cystectomies) consisted of all available pre- and post-treatment FFPE
tumors from patients enrolled in a Phase Il clinical trial of neodjuvant dose-
dense MVAC (DDMVAC) that was conducted at Fox-Chase Cancer Center
and The Thomas Jefferson University and will be reported elsewhere. NAC
response in all of the cohorts was defined as downstaging to no muscle-inva-
sive disease at cystectomy (<pT1; Millikan et al., 2001).

Gene Expression Profiling Platforms

The MD Anderson discovery cohort and human bladder cancer cell lines were
analyzed by direct hybridization on lllumina HT12v3 and HT12v4 chips,
respectively (Illumina). Data from all of the FFPE cohorts were generated using
lllumina’s DASL platform (WG-DASL HT12v4 chips).

Tumor Cluster Assignments

MIBC clusters (subtypes) were determined in the discovery cohort using un-
supervised hierarchical cluster analysis (Eisen et al., 1998). The gene signa-
tures associated with each cluster were then used to generate a one nearest
neighbor (oneNN; Dudoit et al., 2002) prediction model that was used in all
subsequent analyses to assign tumors to specific subtypes.

Micro RNA Expression

Levels of miR-200b and miR-200c were measured in the discovery cohort
by quantitative RT-PCR as described in the Supplemental Experimental
Procedures.

Analysis of Cytokeratin Protein Expression

Basal (CK5/6) and luminal (CK20) cytokeratin protein expression was analyzed
on a tissue microarray (TMA) consisting of stage-matched (pT3, n = 332)
MIBCs collected within the context of the International Bladder Cancer
Network’s Bladder Cancer Bank initiative (Goebell et al., 2005). Immunohisto-
chemical staining was performed using clinical-grade (CLIA) antibodies and
protocols in the MD Anderson Pathology Core, and staining intensities were
quantified by image analysis.

Generation of p63 and PPARY Gene Signatures

UM-UC14 human MIBC cells were stably transduced with TP63-specific or
nontargeting lentiviral shRNA constructs in the MD Anderson Vector Core.
UM-UC7 and UM-UCS cells were incubated with or without 1 uM rosiglitazone
for 48 hr. Triplicate RNA isolates were prepared on different days for each
condition, and global changes in gene expression were determined by whole
genome expression profiling. The statistically significant changes in gene
expression were used to create signatures that were subsequently used in
the IPA and GSEA analyses presented in Figure 5.

Statistical Analyses

Clinicodemographic characteristics were compared using Fisher’s exact
tests and Kruskal-Wallis tests to assess differences between groups in cate-
gorical and continuous variables, respectively. Kaplan-Meier analysis with
log-rank statistics was used to characterize survival distributions and associ-
ations between subtypes and survival outcomes. Statistical analysis was
performed using SPSS (version 19) and a p value less than 0.05 was consid-
ered significant.

ACCESSION NUMBERS

The GEO accession numbers for the gene expression profiling data presented
in this study are GSE48277 and GSE47993.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
five figures, and eleven tables and can be found with this article online at
http://dx.doi.org/10.1016/j.ccr.2014.01.009.
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SUMMARY

The Hippo pathway has been implicated in suppressing tissue overgrowth and tumor formation by restricting
the oncogenic activity of YAP. However, transcriptional regulators that inhibit YAP activity have not been well
studied. Here, we uncover clinical importance for VGLL4 in gastric cancer suppression and find that VGLL4
directly competes with YAP for binding TEADs. Importantly, VGLL4’s tandem Tondu domains are not only
essential but also sufficient for its inhibitory activity toward YAP. A peptide mimicking this function of
VGLL4 potently suppressed tumor growth in vitro and in vivo. These findings suggest that disruption of
YAP-TEADs interaction by a VGLL4-mimicking peptide may be a promising therapeutic strategy against

YAP-driven human cancers.

INTRODUCTION

Hippo pathway controls organ size in diverse species from
Drosophila to human. This pathway features a central kinase
cascade formed by Hippo (Hpo; MST1/2 in mammals) and Warts
(Wts; LATS1/2 in mammals) (Huang et al., 2005), whose activa-
tions lead to phosphorylation of the downstream transcriptional
coactivator Yorkie (Yki; YAP/TAZ in mammals), thus preventing
its interaction with and therefore transactivation of the DNA-
binding transcriptional factor Scalloped (Sd; TEADs/TEF in
mammals) (Goulev et al., 2008; Wu et al., 2008; Zhang et al.,
2008; Zhao et al., 2008). Inactivation of the Hippo signaling leads
to proproliferation and anti-apoptosis associated with increased
cancer risk (Halder and Johnson, 2011; Harvey and Tapon, 2007;
Pan, 2010; Zeng and Hong, 2008; Zhao et al., 2010).

As a downstream effector, YAP plays a key role in Hippo
pathway to control cell proliferation. Despite a possible suppres-
sor function in some circumstances (Barry et al., 2013), YAP was

mostly reported as an oncoprotein and its elevated expression
and nuclear localization have been frequently observed in human
cancers (i.e., lung cancers, liver cancers, colon cancers, pancre-
atic cancer, and breast cancers) (Avruch et al., 2012; Cui et al.,
2012; Hergovich, 2012; Pan, 2010; Steinhardt et al., 2008;
Zender et al., 2006; Zhang et al., 2011; Zhao et al., 2007). The
role of YAP as a promising and important therapeutic target
has been increasingly recognized. However, research regarding
specific YAP inhibitors and their potential therapeutic use in
treating cancers remains very limited with only a few reports so
far confined to small-molecule inhibitors (Liu-Chittenden et al.,
2012).

As a transcriptional coactivator, YAP does not contain any
DNA-binding domain but functions through interaction with
TEADs, whereby inducing expression of target genes promoting
cell proliferation as well as inhibiting apoptosis. Similar to YAP,
the mammalian Vestigial-like proteins VGLL1-4 do not contain
DNA-binding domain and they also exert their transcriptional

Significance

extended to other cancer types driven by hyperactive YAP.

As an emerging significant player in tumorigenesis, the Hippo pathway has attracted increasing attention for the develop-
ment of new anticancer drugs. In contrast to targeting upstream regulators such as MST1/2 and LATS, inhibition of YAP, the
ultimate downstream effector of Hippo signaling, may provide a more effective and direct way to redress the Hippo pathway.
Our findings that VGLL4 is a natural antagonist of YAP, and its TDU region is sufficient for YAP inhibition, allowed for the
development of a peptide-based YAP inhibitor. This peptide potently suppresses gastric tumor growth, providing an oppor-
tunity for treating gastric cancer that currently lacks effective treatment options. The therapeutic strategy may also be
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regulatory functions through pairing with TEADs via their Tondu
(TDU) domain(s). Specifically, VGLL1-3 proteins share one con-
served TDU domain at their N-terminal regions, while VGLL4
has two partially conserved TDU domains at its C terminus
(Chen et al., 2004; Maeda et al., 2002; Pobbati et al., 2012; Vau-
din et al., 1999). Most studies to date have identified VGLL1-3 as
TEADs-related transcriptional coactivators (Faucheux et al.,
2010; Gunther et al., 2004; Halperin et al., 2013; Maeda et al.,
2002). The function of VGLL4 has not been clearly defined, how-
ever, although it has been suggested as a candidate tumor sup-
pressor in pancreatic adenocarcinoma (Mann et al., 2012).
Recently, we and others have identified VGLL4 in Drosophila
and human as a transcriptional repressor that inhibits YAP-
induced overgrowth and tumorigenesis (Guo et al., 2013; Koontz
et al., 2013; Zhang et al., 2014). However, the possible role of
VGLL4 in human gastric cancer (GC) has not been defined, and
the potential therapeutic application of VGLL4 remains unknown.

Human GC is characteristic of poor prognosis and high death
rate, making it the second most common cause of cancer-
related death worldwide. Therefore, there is a great need to iden-
tify new prognostic markers as well as develop novel therapeutic
strategies in GC treatment. In this work, we set out to investigate
the clinical relevance of VGLL4 and its regulatory function and
mechanism in Hippo pathway, aiming to discover and design a
peptide drug candidate against gastric cancer.

RESULTS

VGLL4 Is a Potential Tumor Suppressor in Human
Gastric Cancer

To explore a potential role of VGLL4 in gastric tumorigenesis, we
first examined its mRNA levels in 84 human gastric tumor clinical
specimens. Univariate analysis indicated that the mRNA levels of
VGLL4 were downregulated in 51 out of 84 (61%) GC samples
(p < 0.0087) (Figure 1A). We collected and preprocessed
patients’ data by extracting nine available clinical factors in three
categories, i.e., the clinical background (age, gender), immuno-
histochemistry data (Lauren’s classification, tumor differentia-
tion, lymphatic invasion), and the cancer’s stage information
(tumor size, lymph node metastasis, distant metastasis, tumor
stage) (Table 1). Considering the important role of Helicobacter
pylori infection in gastric tumorigenesis, we also included
H. pylori infectious status for patient analysis. These data indi-
cated that aberrant levels of VGLL4 mRNA were inversely corre-
lated not only with tumor size and tumor stage, but also with
lymphatic invasion and lymph node metastasis. Downregulation
of VGLL4 was found in 5 of 14 grade | (35.7%), 10 of 19 grade Il
(52.6%), 16 of 26 grade Il (61.5%), and 20 of 25 grade IV (80%)
(p = 0.044) GC samples. Consistent with our observations at
mRNA level, VGLL4 expression at protein level also showed an
inverse correlation with GC progression (Figure 1B and Fig-
ure S1A available online). Semiquantitative immunoblot analysis
undertaken for 24 pairs of gastric tumor samples showed that
protein levels of VGLL4 in grades | and Il were much higher
than those in grades lll and IV (p = 0.026). To further determine
the potential association of VGLL4 expression with clinical out-
comes, we performed immunohistochemical (IHC) staining of
VGLL4 on tissue microarrays containing 91 GC specimens that
have a long-term clinical follow-up record (four lost to follow-
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up). VGLL4 staining was significantly associated with tumor
size, lymph node metastasis, and TNM stage (p < 0.05), but
not significantly correlated to age, gender, and tumor metabasis
(Table S1). The positive rates of VGLL4 in both dysplasia
(abnormal growth of gastric mucosa) and GC samples were
significantly lower than that in normal tissues (p < 0.05) (Fig-
ure 1C). Subsequent Kaplan-Meier survival analysis showed
that expression levels of VGLL4 were inversely correlated with
5 year survival rate of GC patients (p = 0.0416) (Figure 1D).
Together, these results suggested that VGLL4 is a potential
tumor suppressor as well as an independent prognostic marker
for overall survival of GC patients (relative risk: 0.2110, 95% con-
fidence interval [Cl]: 0.1932-0.6315, p = 0.0215) (Table S2).

Previously, it has been reported that increased YAP mRNA
levels in GC samples are correlated with lymphatic metastasis
and tumor TNM stage (Zhou et al., 2013). In our study, we found
that YAP mRNA levels were not only associated with tumor size,
differentiation, and stage, but also with H. pylori infectious status
(p < 0.05) (Table S3). YAP-positive rates in GC and dysplasia
were much higher than that in normal tissues (p < 0.01) (Fig-
ure S1B). Consistently, the protein levels of YAP also tend to in-
crease in higher tumor grade (Figure S1A). Notably, we found
that the average ratio of YAP to VGLL4 at mRNA levels in higher
grade tumor samples is significantly higher than in lower grade
tumor samples (p < 0.05) (Table S4). Moreover, the YAP/
VGLL4 ratio at mRNA level is strongly correlated with GC clinical
factors including lymphatic invasion, tumor size, TNM stage, and
H. pylori infectious status (Table S5). Consistently, the average
ratio of YAP to VGLL4 at protein levels increases from 2.7 +
0.4 in tumor tissues of stage 1 t0 9.1 £ 1.6 in GC samples of stage
IV (Table S3). IHC analysis showed that among YAP-positive GC
patients, those with VGLL4-positive expression have a better
clinical outcome (survival time: 39 months) when compared
with VGLL4 negative expression (survival time: 16 months) (Fig-
ure 1D). Taken together, these results indicate that YAP/VGLL4
ratio could be considered as an important clinical factor for GC
classification and diagnosis.

Overexpression of YAP target genes CTGF, CYR61, and CDX2
have been suggested to correlate with GC progression (Da et al.,
2009; Jacobson and Cunningham, 2012; Jiang et al., 2011; Kang
etal., 2011; Lin et al., 2005; Maeta et al., 2007; Zhao et al., 2011;
Zhou et al., 2013). Consistent with these reports, we observed an
elevated expression of YAP (Figure S1C) and its target genes
CTGF and CYR61 in GC tissues than those in paired control tis-
sues (Figure 1E). In our experiment, upregulation of CDX2 was
not statistically significant, despite of their increasing tendency
(Figure 1E). Importantly, we found that downregulation of
VGLL4 mRNA was correlated with upregulation of YAP target
genes CTGF, CYR61, and CDX2 (Figure 1F). Moreover, hierar-
chical cluster analysis showed that during the early stage of
GC (stage | and Il), mRNA levels of YAP target genes CTGF
and CYR61 in high VGLL4 expression group was obviously lower
than those in normal and low VGLL4 expression group (Fig-
ure S1D). Further tumor stage analysis found that VGLL4 expres-
sion in high tumor stage was lower than that in low tumor stage,
while the expressions of CTGF and YAP were significantly upre-
gulated along tumor progression (Figure S1E). Patients with
higher YAP/VGLL4 ratio also have higher expressions of YAP
target genes CTGF, CYR61, and CDX2 (Figure S1F). Together,
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Figure 1. Downregulation of VGLL4 Was Associated with Upregulation of YAP Target Genes and GC Prognosis
(A) VGLL4 mRNA levels in GC. mRNA levels of VGLL4 in 84 paired human GC and normal tissues were examined by real-time PCR, using GAPDH as an internal
control. Bar value (ACt(N)-ACt(T)) represents the difference of VGLL4 mRNA levels between normal tissue and tumor. Bar value > 1 indicates that VGLL4 mRNA
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these results indicated that VGLL4 may affect YAP-TEADs tran-
scriptional activity in GC.

VGLL4 Suppresses GC Growth in Vitro by Targeting
YAP-TEADs

To confirm a biological role of VGLL4 in GC, we first checked the
effect of VGLL4 on the growth of several GC cell lines with
different differentiation states including BGC-823, HGC-27,
MGC-803, and MKN-45. First, we analyzed the expression pro-
files of YAP and VGLL4, as well as YAP/VGLL4 protein ratio in
these cells (Figure S2A). Except MKN-45, all other three GC
cell lines appear to have increased YAP levels and decreased
VGLLA4 levels. As a result, the YAP/VGLLA4 ratios are much higher
in BGC-823, HGC-27, and MGC-803 cells than those in MKN-
45 and HEK293 cells. Next, we found that overexpression
of VGLL4 in MGC-803 cells (YAP/VGLL4 ratio: 3.6) not only
induced apoptosis, but also inhibited cell viability on plate and
anchorage-independent cell growth in soft agar (Figures 2A-
2C). To examine whether VGLL4’s function is related to a poten-
tial inhibition against YAP-TEADs transcriptional activity, we
performed TEAD4 reporter assay and analyzed downstream
target genes’ expression. As shown in Figures 2D and 2E, both
TEAD4 reporter activity and expressions of YAP-TEADs target
genes CTGF, CYR61, and CDX2 were reduced upon transfection
of VGLL4 in MGC-803 cells. Similar results were observed for
BGC-823 (YAP/VGLLA ratio: 2.2) and HGC-27 (YAP/VGLLA4 ratio:
4.0) cells (Figures S2B-S2F). By contrast, overexpression of
VGLL4 in MKN-45 cells (YAP/VGLL4 ratio: 0.1) did not signifi-
cantly promote apoptosis or inhibit cell growth and colony for-
mation (Figures S2B-S2D). Meanwhile, TEAD4 reporter activity
and the target genes’ expression were not significantly altered
either in MKN-45 cells (Figures S2E and S2F).

Next, we depleted endogenous VGLL4 by special short hairpin
RNA (shRNA) targeting its 5-UTR. Our results showed that
knockdown of VGLL4 in BGC-823, MGC-803, and HGC-27 pro-
moted cell growth and enhanced both TEAD4 reporter activity
and target genes’ expression (Figures 2F-2H and S2G-S2I).
Such effects could be rescued by transfection of VGLL4 back
into these cells (Figures 2G and S2H). By contrast, the viability,
TEAD4 trans-activity, and downstream target genes’ expression
were not significantly altered by knockdown of VGLL4 in MKN-
45 cells (Figures S2G-S2I). Taken together, these results indi-
cated that VGLL4 inhibits GC growth in vitro in a way related to
cellular YAP/VGLL4 ratio, and importantly, VGLL4 functions
through targeting YAP-TEADs transcriptional activity.

To assess the functional importance of the potential TEADs-
binding domain of VGLL4, namely the tandem TDU domains,

we generated several deletion mutants of VGLL4 (Figure 2I).
Our results showed that deletion of the tandem TDU domains
of VGLL4 totally abrogated its inhibitory effect on cell growth
(Figure 2J). Moreover, deletion of the first TDU domain (TDU1)
only moderately impaired VGLL4’s inhibition of cell growth,
while deletion of the second TDU domain (TDU2) almost com-
pletely abolished such function. Consistently, clonogenic assays
showed that introduction of wild-type VGLL4, but not the TDU-
deletion mutants inhibited clonogenicity of MGC-803 cells in a
dose-dependent manner at both basal and YAP-induced levels
(Figure 2K). Meanwhile, deletion of VGLL4 TDU1, TDU2 or the
whole tandem TDU region impaired or abolished its inhibitory
activity toward YAP-induced TEADA4 reporter activity (Figure 2L).
Moreover, VGLL4 TDU deletion mutants failed to inhibit YAP-
induced CDX2 expression (Figure 2M). Taken together, these
results indicated that the tandem TDU region, especially TDU2,
is functionally essential for VGLL4.

Structural Study Identified Key Residues for
VGLL4-TEAD4 Complex Formation
Given the importance of the tandem TDU domains for VGLL4
function, we performed a structural study of the VGLL4-TEAD4
complex. As shown by gel filtration and dynamic light scattering
assays, the tandem TDU region of VGLL4 directly interacts with
the YAP-binding domain (YBD) of TEAD4 and form a stable com-
plex with a molar ratio of 1:2 (Figures S3A and S3B). We then
determined the crystal structure of mouse VGLL4 tandem TDU
region in complex with the YBD domain of mouse TEAD4 (Table
S6). Consistent with our solution studies, each TDU domain of
VGLL4 binds one molecule of TEAD4 (Figures 3A, S3C, and
S3D). TDU1 is composed of only one a helix (helix o1), while
TDU2 consists of a B strand followed by two short o helices
(helices a2 and a.3) packed against each other (Figures 3A-3C).
Due to its highly extended conformation of the tandem TDUs,
the two bound TEAD4 molecules (assigned as A and B) do not
contact with each other. Thus, TDU1 and TDU2 appear to func-
tion as individual binding units for separate TEADs molecules.
Next, we investigated the details of the VGLL4-TEAD4 com-
plex interface, which is dominated by hydrophobic interactions.
Residues V206, H209, F210, R212, and L214 of TDU1 form a hy-
drophobic core with F330, Y362, F366, K369, L370, L373, M378,
and V382 of the TEAD4 molecule A (Figure 3B). A total surface
area of 588 A? is buried upon TDU1 binding with TEAD4. On
the other hand, residues V235, H237, F238, K240, and L242 of
TDU2 form a hydrophobic core with TEAD4 molecule B (Fig-
ure 3C). In addition, residues W246 and 1249 from the extra helix
(23) of TDU2 form additional hydrophobic interactions with

level is increased in tumors. Bar value < —1 indicates that VGLL4 mRNA level is decreased in tumors. Paired t test (univariate) was used to compare the difference

of normal group and cancer group.

(B) VGLL4 protein levels at different tumor grades of GC. VGLL4 expression in GC tissues from 24 patients and paired normal tissues were analyzed by
immunoblotting with specific antibodies and plotted as indicated. The horizontal lines in the scatter plot represent group medians. Student’s t tests were per-
formed to compare the variation between stage | and other tumor stages. *Versus stage |, p < 0.05; **p < 0.01.

(C) Representative cores of VGLL4 staining on tissue microarray.

(D) Kaplan-Meier survival curves of overall patients (left) and YAP-positive patients (right) based on VGLL4 expression. Survival analysis was performed using log-

rank test.

(E) Relative mRNA levels of YAP target genes CTGF (left), CYR67 (middle), and CDX2 (right) in GC analyzed by using paired t test.
(F) Scatter plot between VGLL4 and YAP target genes in GC. Relative mRNA levels of VGLL4 were compared with those of YAP target genes CTGF (left), CYR61

(middle), and CDX2 (right) by Spearman’s correlation.
See also Figure S1 and Tables S1-S5.
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Table 1. Downregulation of VGLL4 Correlates with Gastric
Cancer Progression

VGLL4 mRNA p Value
Decreased (Fisher’s

Groups Nondecreased Decreased n (%) Test)
Age (years)
<60 15 22 37 59.4 1.0000
>60 18 29 47 61.7
Gender
Male 18 32 50 68.0 0.5002
Female 15 19 34 55.0
Helicobacter pylori
Positive 14 31 45 62.1 0.1201
Negative 19 20 39 51.2
Lauren
Intestinal 25 41 66 66.1 0.7860
Nonintestinal 8 10 18 55.6
Differentiation
Low 21 29 50 58.0 0.6502
Moderate or 12 22 34 64.7
high
Lymphatic invasion
Ly0-1 14 10 24 454 0.0287¢
Ly2-3 19 41 60 66.3
Tumor size
pT1 + pT2 11 6 /853 0.0251°
(<5cm)
pT3 (>5 cm) + 22 45 67 67.2
pT4
Lymph node metastasis
NO + N1 19 15 34 441 0.0130%
N2 + N3 14 36 50 72.0
Distant metastasis
Mo 29 45 74 60.1 1.0000
M1 4 6 10 60.0
Tumor stage
Stage | + 18 15 33 454 0.0247
stage Il
Stage Ill + 15 36 51 70.6
stage IV
Total 33 51 84

Fisher’s exact test was used to test the association between two categor-
ical variables.
#Represents statistically significant, p < 0.05.

TEADA4. Besides the two short helices, the B strand of the TDU2
forms an intermolecular B sheet with TEAD4 (Figures 3A, S3D,
and S3E). The total interface area between TDU2 and TEAD4 is
up to 1,048 A2, suggesting that TDU2 has much stronger interac-
tion with TEAD4 when compared with TDU1.

According to the structural analysis, we designed a series of
mutations based on human VGLL4 and TEAD4 to probe and
disturb the complex interface (Figure S3F). In vitro biolayer inter-
ferometry (BLI) and pull-down assays were subsequently per-
formed to assess the importance of individual amino acids
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on the interface (Figures 3D and 3E). In agreement with the
structural analysis, we found that the overall contribution of
TDU2 is much larger than that of TDU1 during complex formation
with TEADA4. Specifically, mutations of V209A, H212A, F213A,
R215A, L217A, and H212A/F213A targeting TDU1 did not
significantly affect VGLL4-TEAD4 interactions. However, muta-
tions of H240A and H240A/F241A targeting TDU2, or H212A/
F213A/H240A/F241A (HF4A) targeting both TDUs dramatically
decreased VGLL4-TEAD4 complex formation. Moreover, substi-
tution of the B strand of TDU2 with poly-Glycine only slightly
decreased VGLL4’s binding to TEAD4 (Figures 3D and 3E),
suggesting that this B strand is not essential but may help
for VGLL4-TEAD4 interaction. We then used H212A/F213A,
H240A/F241A, and HF4A as representative mutants for further
studies (Figure 3F) and confirmed their effects by coimmunopre-
cipitation (colP) analysis (Figure 3G).

VGLL4 Functions through Competing with YAP for
TEAD4 Binding
Structural comparison of VGLL4-TEAD4 with YAP-TEAD4 and
VGLL1-TEAD4 suggested that VGLL4 and YAP have partially
overlapped binding sites on TEADs, thus probably acting as an
inhibitor of each other in terms of binding TEADs (see Supple-
mental Experimental Procedures and Figures S3F-S3H). To
further validate that VGLL4 functions through a direct com-
petition with YAP for TEAD4 binding, we examined whether
the mutations disrupting VGLL4-TEAD4 interaction will affect
VGLL4 function. As shown in Figure 4A, mutation H212A/
F213A in TDU1 slightly blocked the inhibitory effect of VGLL4
on YAP-induced TEAD4 reporter activity, while, strikingly, muta-
tion H240A/F241A in TDU2 almost completely abolished this
repression effect, suggesting that TDU2 with a tighter binding
to TEAD4 also possesses higher inhibitory activity toward YAP.
Similarly, cells transfected with VGLL4 mutant HF4A displayed
high TEAD4 reporter activity as did the empty vector. Consistent
with the luciferase assay, VGLL4 mutant H212A/F213A only
partially impaired its inhibitory function on YAP-induced CDX2
expression, while mutants H240A/F241A and HF4A completely
blocked VGLL4’s inhibition on YAP-induced target gene expres-
sion (Figure 4B). Moreover, VGLL4 mutant H212A/F213A
showed partially reduced inhibitory effect on YAP-induced cell
proliferation and colony formation in soft agar, while VGLL4
mutants H240A/F241A and HF4A almost completely lost the
inhibitory activity (Figures 4C and 4D), again indicating that
VGLL4’s binding to TEAD4 is required for its repressor function.
Next, we dissected the interplay between VGLL4, YAP, and
TEAD4 using purified recombinant proteins. As shown by pull-
down assay in Figure 4E, YAP readily competes with VGLL4 tan-
dem TDUs for TEAD4 binding in a dose-dependent manner. On
the other hand, VGLL4 tandem TDUs also competes with YAP
for TEAD4 binding, although higher concentration of VGLL4 is
required (Figure 4E). However, VGLL4 mutants defective in
TEAD4 binding could not compete with YAP (Figure 4F). We
then quantified the binding affinities between TEAD4 and YAP/
VGLL4 using BLI assay (Figure 4G). Consistently, the binding
affinity between TEAD4 and YAP (K4 = 2.1 nM) is higher than
that between TEAD4 and VGLL4 (K4 = 6.8 nM), suggesting that
higher concentration of VGLL4 would be required to compete
with YAP for TEADs binding.
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Figure 2. VGLL4 Inhibits Gastric Tumor Cell Growth through Inhibiting YAP-Induced TEAD4 Transactivation

(A) Apoptosis rate in human gastric cancer cell line MGC-803 transfected with VGLL4.

(B-E) Cell viability (B), colony formation (C), TEAD4-relative luciferase activity (D), and YAP target genes levels (E) in MGC-803 cells after transfection with VGLL4
in the absence or presence of YAP.

(F) Cell viability in MGC-803 cells transfected with scramble or shVGLL4 in the absence or presence of YAP.

(G) Rescue assay of VGLL4 on TEAD4-relative luciferase activity in cells after treatment with shVGLL4 targeting its 5’ UTR sequence.

(H) Transcriptional levels of YAP target genes in cells after VGLL4 knockdown.

(I) Schematic illustration of the domain organization for human YAP, TEAD4, and VGLL4. Amino acid numbering is according to human YAP1, TEAD4, and VGLL4.
(J-M) Cell growth (J), colony formation (K), TEAD4 luciferase activity (L), and CDX2 mRNA levels (M) in MGC-803 cells after transfection with different deletions of
VGLL4 tandem TDU sequence in the absence or presence of YAP.

Data were expressed as means + SD. ANOVA and Student’s t test were used; n = 3. *Versus vector-transfected group, p < 0.05; *versus YAP-transfected group,
p < 0.05; **p < 0.01; **p < 0.001. WT represents full-length wild-type VGLL4. delTDU1, delTDU2, and del tandem TDU represent VGLL4 constructs in which
TDU1, TDU2, and the whole tandem TDU region were deleted, respectively.

See also Figure S2.
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Figure 3. Crystal Structure of VGLL4-TEAD4 Complex

(A) Overall structure of the mouse VGLL4-TEAD4 complex. VGLL4 TDU1 and TDU2 are colored yellow and purple, respectively. One VGLL4 molecule interacts
with two TEAD4 molecules with TDU1 bound to TEAD4 A (green) and TDU2 bound to TEAD4 B (blue), respectively.

(B and C) Detailed interface between TEAD4 and TDU1 (B) or TDU2 (C) domains of mouse VGLL4.

(D) BLI analysis of interactions between TEAD4 and various VGLL4 mutants. Colored curves are the experimental traces of BLI experiments for mutations in TDU1

(left) and TDU2 (right), respectively.

(E) Pull-down analysis between TEAD4 and various VGLL4 mutants.
(F) Critical residues in TDU1 and TDU2 for TEAD4 binding.

(G) ColP between TEAD4 and various VGLL4 mutants.

Substitution represents a VGLL4 construct in which the linker between TDU1 and TDU2 was substituted by a polyglycine linker. All amino acids are numbered
according to human VGLL4 except in (A)-(C). HF4A represents VGLL4 mutation H212A/F213A/H240A/F241A.

See also Figure S3 and Table S6.

Taken together, these results clearly demonstrated that
VGLL4 and YAP compete with each other for TEADs binding,
and thus a ratio between their local concentrations may dictate
the function of TEADs as either transcriptional activator or
repressor.

TDU Domains Alone Are Sufficient for VGLL4 Function of
Inhibiting YAP

We then investigated whether the tandem TDU region alone
could be fully competent toward YAP inhibition as is the full-
length VGLLA4. As shown in Figures 4H and 4l, all the fragments
including TDU1, TDU2, and tandem TDU, exerted inhibitory
effects on YAP-induced TEAD4 reporter activity, although to
different extents. Moreover, TDU2 exhibited a stronger inhibitory
activity than TDU1 when used alone, whereas TDU1 and TDU2
mutants with disabled TEAD4-binding showed impaired inhibi-
tory effects on YAP-induced TEAD4 reporter activity. Notably,
when compared with the full-length VGLL4, the tandem TDU
region alone was fully functional in terms of inhibiting YAP-

172 Cancer Cell 25, 166-180, February 10, 2014 ©2014 Elsevier Inc.

induced TEAD4 reporter activity. These observations were fur-
ther confirmed on the levels of YAP-induced CDX2 expression
(Figure 4J), as well as proliferation and colony formation of
MGC-803 cells (Figures 4K and 4L). These results demonstrated
that the tandem TDU domains of VGLL4, especially TDU2, are
not only essential but also sufficient for VGLL4 in inhibiting
YAP function, corroborating the conclusion that VGLL4 functions
as a competitive inhibitor of YAP.

A Rationally Designed Peptide “Super-TDU” Potently
Inhibits GC Growth

Based on our findings that (1) the TDU region of VGLL4 is suffi-
cient for inhibiting YAP activity, and (2) the most important
binding sites for VGLL4 and YAP do not overlap on TEAD4, we
designed an inhibitor peptide termed “Super-TDU” targeting
YAP-TEADs interaction for therapeutic purpose (Figure 5A). As
shown by colP experiment, the Super-TDU reduced endoge-
nous interaction between YAP and TEADs (Figure 5B). As
predicted, the Super-TDU inhibited cell viability and colony
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Figure 4. The Tandem TDU Domains of VGLL4 Are Sufficient to Inhibit YAP Activity

(A-D) The functional consequences of mutations H212A/F213A, H240A/F241A, and HF4A were evaluated in the context of full-length VGLL4 by TEAD4 luciferase
assay (A), CDX2 mRNA levels (B), cell viability (C), and clonogenic assay in soft agar (D).

(E) Pull-down assays to detect the effect of YAP (left) or VGLL4 (right) on the interaction between TEAD4 and VGLL4 or YAP, respectively.

(F) Competitive pull-down assay to detect the effect of VGLL4 mutants on YAPs binding to TEAD4.

(G) Binding affinities between TEAD4 and VGLL4/ YAP were determined by BLI experiment.

(H) Diagram of VGLL4 constructs used for functional evaluation.

(I-L) The individual TDU domains or the tandem TDU region of VGLL4, as well as their mutants were evaluated by TEADA4 reporter assay (l), target gene expression
(J), cell viability (K), and clonogenic assay (L).

Bar graphs represent means + SD. ANOVA and Student’s t test were used; n = 3. #Versus vector-transfected group, p < 0.05. *Versus YAP-transfected group,
p < 0.05; ™p < 0.01; **p < 0.001. TDU1, TDU2, and tandem TDU represent individual or tandem TDUs alone, respectively.

formation of GC cell lines MGC-803, BGC-823, and HGC27, but
not MKN-45 (Figures 5C, 5D, and S4A). Moreover, the Super-
TDU downregulated expression of YAP-TEADs target genes

CTGF, CYR61, and CDX2 (Figures 5E and S4B). Further chro-
matin immunoprecipitation (ChIP) assays also showed that the
Super-TDU dose-dependently reduced the amount of CTGF

Cancer Cell 25, 166-180, February 10, 2014 ©2014 Elsevier Inc. 173
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and CDX2 promoter cDNA ChlPed by YAP antibody (Figure 5F).
To verify the specificity of the Super-TDU, we created two
Super-TDU mutants harboring mutations that disable TEADs
binding. As expected, the mutant Super-TDUs failed to interact
with TEADs and inhibit cell proliferation (Figures S4C and S4D).

Next, we carried out a preclinical study in which several
types of GC cell lines mentioned above were injected into the
armpits of BALB/cA nu/nu mice and allowed to form tumors
(Figure 5G). Once palpable tumors were detected, pairs of
mice were randomized to receive a tail vein injection of either
50 ng/kg (n = 5) or 500 pg/kg (n = 5) per day of the Super-
TDU peptide or an irrelevant control peptide (n = 10). In parallel,
mice were treated with 50 mg/kg 5-fluorouracil (5-FU), a con-
ventional drug used in GC treatment, intravenously as a
positive control (Figure 5H). Consistent with our in vitro obser-
vations, not only the sizes and weights of tumors, but also YAP
target genes were markedly decreased for the Super-TDU-
treated animals in a dose-dependent manner (Figures 5H, 5l,
and S4E-S4G).

Pharmacological Evaluation of the Super-TDU

We first determined the acute toxicity of the Super-TDU in
ICR mice. Our results in BALB/cA nu/nu mice showed that a
dosage of 50 pg/kg Super-TDU was equally effective as
50 mg/kg of 5-FU in terms of reducing tumor mass, tumor
volume, and human B2 microglobulin concentration (Figures
5H, S4E, S4G, S4H). However, the Super-TDU exerted no
obvious adverse toxic effects in ICR mice at a dosage of
1 mg/kg, while there was a significant decrease of white
cell and platelet number in the 5-FU-treated control group
(50 mg/kg). The maximum tolerance dose (MTD) of the
Super-TDU was >1 mg/kg body weight intravenously in mice
(Table S7). We then performed pharmacokinetic analysis of
the Super-TDU in ICR and C57BL/6 mice. Representative
curves of the Super-TDU concentration versus time were
shown in Figure 5J and pharmacokinetic parameters were
listed in Table S8 (see Supplemental Experimental Procedures).
Moreover, consistent with the downregulation of YAP-TEADs
target genes in the Super-TDU-treated mice (Figures 5| and
S4F), we found that a biotin-labeled Super-TDU peptide could
efficiently pull down the endogenous TEADs, again indicating

that the Super-TDU exerts its antitumor activity via directly tar-
geting TEADs (Figure 5K).

Next, we introduced multiple tumor cell lines and evaluated
the efficacy of the Super-TDU in these different cellular contexts
(Figure S4l; Table S9). The Super-TDU significantly inhibited
growth of HeLa, MGC-803, HCT116, A549, and MCF-7 cells,
but only marginally inhibited growth of Jurkat and Raiji cells, indi-
cating a selectivity of the Super-TDU in inhibiting tumor cell
growth. Consistent with our clinical analysis, we found that
YAP/VGLLA4 ratio correlates well with susceptibility of tumor cells
toward the Super-TDU (Figures S4J and S4K). For example,
MGC-803 cells (high YAP/VGLL4 ratio) were more susceptible
to the Super-TDU than HEK293 cells (low YAP/VGLLA4 ratio).
Thus the Super-TDU may specifically target tumor cells with an
elevated YAP/VGLLA4 ratio.

Taken together, these results suggested that the Super-TDU
is relatively safe and specific as a drug candidate, which may
have a broader antitumor activity toward YAP-driven human
cancers.

The Super-TDU Inhibits Tumor Growth of Human
Primary GC

To further validate the clinical relevance of our findings, we
assessed the efficacy of the Super-TDU on primary gastric
tumor cells (T1 and T2), which were derived from two individual
patients. Paired normal tissue cells (N1 and N2), as well as
MGC-803 cells, were used as controls. We found that the cells
with a higher ratio of YAP to VGLL4 (sample T1) exhibited an
obvious impairment in cell growth and colony formation upon
treatment with the Super-TDU, while only a marginal influence
was observed for the cells with lower ratio of YAP to VGLL4
(sample T2) (Figures 6A, 6B, S5A, and S5B). By contrast, 5-FU
inhibited almost equally the growth and colony formation of
all the cells tested (Figures 6B, S5C, and S5D). These obser-
vations were further confirmed by tumor formation assay and
expression of YAP-TEADs target genes in nude mice (Figures
6C-6E). Taken together, these results indicated a promising
therapeutic potential of the Super-TDU in treating GC by directly
targeting YAP-TEADs, and importantly, unlike the conventional
drug compound 5-FU, its antitumor activity tends to be specific
toward tumors with an elevated ratio of YAP to VGLLA4.

Figure 5. The Super-TDU Potently Inhibits Gastric Tumor Growth

(A) A structural model of the Super-TDU bound with TEAD4. The purple and cyan regions are derived from VGLL4 and YAP, respectively. Two clusters of residues

(HF and MF) critical for TEADs binding are highlighted.

(B) ColP assay of interactions between TEAD4 and YAP in the presence of the Super-TDU. MGC-803 cells were lysed, and then different doses of the Super-TDU
were added into cell lysates. After incubation for 30 min, cell lysates were immunoprecipitated with YAP antibody and analyzed by western blotting.

(C and D) Evaluation of the Super-TDU by ATP cell viability assay (C) and clonogenic assay (D) in MGC-803 cells.

(E) YAP target genes’ mRNA levels in MGC-803 cells treated with the Super-TDU.

(F) ChIP assay in MGC-803 cells by YAP antibody in the presence of the Super-TDU.

(

(

G) Flow chart of tumor formation assay in nude mice.

H) Tumor formation assay to evaluate the effect of the Super-TDU on GC tumor progression. Mice were photographed after sacrifice. Tumors harvested from
each mouse were photographed before further processing (left). Tumor volume for each group (eight mice) was plotted (right).

(I) Relative mRNA levels of YAP target genes in samples from (H).

(J) Pharmacokinetic studies of the Super-TDU in different mouse models. Concentration versus time curves of the Super-TDU in C57BL/6 (left) and ICR (right)
mice were presented. White and gray circles represent dose levels of 250 and 500 pg/kg, respectively. Results were expressed as means + SD.

(K) Pull-down of endogenous TEADs by a biotin-labeled Super-TDU in MGC-803 cells.

Bar graphs represent means + SD. ANOVA and Student’s t test were used; n = 3. #Versus vector-transfected group, p < 0.05. *Versus YAP-transfected group,

p < 0.05; **p < 0.01.
See also Figure S4 and Tables S7-S9.
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The Super-TDU Inhibits GC Tumor Growth in the

H. pylori-Infected Mouse Model

H. pylori infection is worldwide and once acquired it becomes
chronic and probably persists for life if untreated. Multiple
lines of evidence demonstrate that H. pylori together with
cocarcinogens, such as N-methyl-N’'-nitro-N-nitrosoguanidine
(MNNG), induce gastric carcinogenesis in animals (Danon
and Eaton, 1998; Han et al., 2002). Furthermore, previous
studies have shown that YAP mRNA levels were increased in
mouse mucosa after H. pylori infection (Takaishi and Wang,
2007).

To corroborate our observations of the Super-TDU in treating
nude mice, we assessed its therapeutic effect in H. pylori-
infected GC mouse model. Here, we attempted to develop GC
mouse models through the administration of H. pylori intragastri-
cally with alkylating agent MNNG in drinking water (Figure 6F).
C57BL/6 mice were orally gavaged 50 pl of bacterial suspension
(~1 x 10° CFU) every day. MNNG (100 mg/ml) was added to the
drinking water for a period up to 2 months. After treatment with
MNNG, mice were randomized to receive 500 png/kg per day of
the super-TDU (control peptide as negative control, 5-FU as
positive control), which persisted for at least 4 months before
sacrifice. Consistent with a previous report (Takaishi and
Wang, 2007), we found that YAP expression was significantly
elevated in H. pylori-infected mice (Figure 6G). Tumor numbers
in the Super-TDU-treated group displayed a significant de-
crease, compared with those in the control group, indicating
an obvious therapeutic effect of the Super-TDU on gastric carci-
nogenesis (Figure 6H). These observations were further con-
firmed by Ki67 IHC staining (Figure 6l). Consistently, we found
that expressions of YAP-TEADs target genes (CTGF, CYR61,
and CDX2) were downregulated in mice treated with the
Super-TDU (Figure 6J). Taken together, these results confirmed
our evaluation of the Super-TDU in nude mice, further demon-
strating therapeutic potentials of the Super-TDU in treating
human cancer with YAP-activation.

DISCUSSION

The Hippo pathway controls multiple cellular processes related
to cell proliferation and apoptosis and its dysregulation has
been linked to various cancers (Chan et al., 2011; Harvey and
Tapon, 2007; Pan, 2010; Steinhardt et al., 2008; Zhao et al.,
2010). As a tumor suppressor pathway, therapeutic targeting
of the Hippo signaling has recently surfaced (Stanger, 2012;

Sudol et al., 2012). Our current work identified the clinical
relevance of VGLL4 as a YAP antagonist and found its TDU
region is sufficient for inhibiting YAP activity. These findings led
to the generation of a peptide-based YAP inhibitor, which ex-
hibits potent antitumor activity against gastric cancer in vitro
and in mice.

From a clinical point of view, both YAP and VGLL4 levels
should be well confined within a suitable range and thus
maintain a concentration balance or ratio to properly control
Hippo signaling intensity required for normal development
and homeostasis, which, however, may be disrupted under
certain disease conditions such as cancers. Consistent with
this notion, we found that YAP/VGLL4 ratios in clinical samples
were sharply skewed and well correlated with tumor progres-
sion in GC. Moreover, we observed an inhibitory effect on a
range of different cancer cell lines treated with the Super-
TDU, but found that tumor cells with a relatively high YAP/
VGLL4 ratio were more susceptible to such treatment. These
observations were further confirmed by our clinical study of
VGLL4 and therapeutic evaluation of the Super-TDU in colo-
rectal carcinoma (data not shown). Thus the Super-TDU
appears to have a broad but specific antitumor activity toward
YAP-driven human cancers in which YAP/VGLL4 ratio should
be considered as an important prognostic marker for personal-
ized treatment.

The observations that YAP levels, especially in the nucleus,
increase specifically under pathological conditions makes it an
ideal drug target. Although it has been increasingly revealed
that selective inhibition of YAP-induced TEADs transactivation
is “a promising and pharmacologically viable strategy” with min-
imal side effects in treating cancers related to YAP overexpres-
sion (Cai et al., 2010; Koontz et al., 2013; Liu-Chittenden et al.,
2012), studies regardingYAP inhibitors for therapeutic purposes
are still very limited. VGLL4 functions as a physical antagonist of
YAP and blocks YAP oncogenic activity at transcriptional level,
hence providing a more effective and direct way to correct the
consequences caused by excessive YAP.

Our results clearly demonstrated that both VGLL4 and YAP
levels were altered in GC samples. Currently, however, the
molecular mechanism by which the expressions of YAP and
VGLL4 are regulated in cancer remains unknown. There could
be multiple pathological reasons accounting for the disruption
of YAP-VGLL4 balance. Compared with other pathways corre-
lated with tumorigenesis, DNA mutations are rare in Hippo
pathway, while epigenetic silencing of some tumor suppressor

Figure 6. The Super-TDU Inhibits Human Primary GC Growth and GC Tumorigenesis in the H. pylori-Infected Mouse Model
(A and B) Evaluation of the Super-TDU by cell viability (A) and colony formation (B) assays in primary gastric cancer cells derived from GC patients. Data are

represented as means + SD.

(C and D) Evaluation of the Super-TDU by tumor formation of primary gastric cancer cells T1 (C) and T2 (D) in nude mice.

(E) Relative mRNA levels of YAP target genes in samples from (C) and (D).

(F) Flow chart of treating H. pylori-induced GC mice with the Super-TDU. Four-week-old specific-pathogen-free (SPF) C57BL/6-slac mice were used. They were
fed sterilized commercial pellet diets and given sterile water ad libitum. A total of 80 mice were reared, including 20 normal controls.

(G) YAP mRNA levels in H. pylori-infected GC mice.

(H) Pictures of stomach mucosa show gross gastric tumors (left). Arrows indicate adenomas. Average tumor numbers were calculated (right).

() Ki-67 staining of adenomas from H. pylori-infected GC mice.

(J) Relative mRNA levels of YAP target genes in gastric tissue of H. pylori-infected GC mice.
Bar graphs represent means + SD. ANOVA and Student’s t test were used. *Versus control-treated group, p < 0.05. NS, no significance. T1 and T2 represent two

primary gastric cancer cells; N1 and N2 represent paired control cells.
See also Figure S5.
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candidates such as MST1/2 and LATS1/2, have been reported in
cancer (Chan et al., 2011, Chen et al., 2012; Zeng and Hong,
2008; Zhou et al., 2009). It is also possible that VGLL4 loss in
cancer could be related to epigenetic changes. Recently, it
was reported that aberrant Wnt signaling causes YAP upregula-
tion in liver cancer (Wang et al., 2013). In addition, several other
tumorigenesis-related pathways have been reported to cross-
talk with Hippo pathway (Azzolin et al., 2012; Barry et al., 2013;
Fernandez et al., 2009; Konsavage et al., 2012; Varelas et al.,
2010). Hence, it is also possible that aberration of these path-
ways may lead to dysregulation of VGLL4 and YAP in cancer.
On the other hand, both negative (Genevet et al., 2010; Hamar-
atoglu et al., 2006; Neto-Silva et al., 2010) and positive (Jukam
et al., 2013) feedback regulation of YAP has been documented,
indicating tissue-dependent plasticity and intrinsic complexity of
the YAP-related signaling network. Notably, dysregulation of
signaling pathways induced by H. pylori infection is attributed
to ~80% of GC cases (Houghton and Wang, 2005). How such
infection may cause malfunction of Hippo pathway in GC re-
mains to be determined. In the future, mechanistic elucidation
of VGLL4 and YAP dysregulations in cancer will not only further
our understanding of tumorigenesis, but may also help to find
new biomarkers and facilitate patient selection.

EXPERIMENTAL PROCEDURES

Collection of Human Gastric Cancer Specimens

All samples used in this research were collected with written informed consent
from patients. The use of human tissues was approved by the Institutional
Ethics Board of the Shanghai Institutes for Biological Sciences (SIBS) and
conforms to the Helsinki Declaration and to local legislation. All patients
receiving treatment on this study were treated as part of a clinical protocol.
See the Supplemental Experimental Procedures for details.

Tissue Microarray and Immunohistochemical Staining

Gastric cancer and normal tissue microarray sections were prepared by
Shanghai Outdo Biotech. This tissue array contains tissues from 31 cases of
dysplasia, 91 cases of gastric tumors, and paired normal tissue. The follow-
up time of GC patients ranged from 2 to 66 months. This array was used
for IHC staining analysis. For details, see the Supplemental Experimental
Procedures.

Cell Viability Assay

Cells were transfected with the indicated plasmids of pcDNA3.1 or Flag-
VGLL4 wild-type or mutant and/or HA-tagged YAP. ATP cell viability assay
was used for detecting cell proliferation. ATP content was measured in accor-
dance with the protocol of the CellTiter-Glo luminescent cell viability assay kit
(Promega). Briefly, 100 pul of assay reagent was added to the wells and mixed
for 2 min at room temperature. After 10 min, intracellular ATP content was
measured using a luminescence multilabel counter (Envision, Perkin EImer).
Cell viability was calculated using the following equation:

% Cell viability = [value(test) — value(blank)]/[value(control)
— value(blank)] x 100.

Protein Purification and Structure Determination

Proteins used in this study were expressed in Escherichia coli using pET28a-
derived vectors and purified by affinity chromatography and size-exclusive
chromatography. Diffraction data were collected at beamline BL17U,
Shanghai Synchrotron Radiation Facility (SSRF) of China. See the Supple-
mental Experimental Procedures for details.
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Design and Production of the Super-TDU

The basic rationale for the Super-TDU design lies in that the tandem TDU
region of VGLL4 is fully competent in terms of competing with YAP for
TEAD binding and therefore inhibiting YAP-mediated TEAD transacti-
vation, and VGLL4 and YAP have overlapped but distinct primary binding
sites on TEAD. The amino acid sequence of the Super-TDU contains
“SVDDHFAKSLGDTWLQIGGSGNPKTANVPQTVPMRLRKLPDSFFKPPE.”
The Super-TDU was expressed and purified in E. coli. For details, see the
Supplemental Experimental Procedures. In addition, two Super-TDU mutants
were constructed by substitution of underlined residues MF or HFMF with
alanines (termed as mutations MF2A and HFMF4A, respectively).

Animal Experiments

Male nude mice (BALB/cA-nu/nu) and C57/BL6 were obtained from Shanghai
Experimental Animal Center and maintained in pathogen-free conditions. For
animal research, all procedures for animal experimentation were performed
in accordance with the Institutional Animal Care and Use Committee guide-
lines of the Animal Core Facility of the Institutes of Biochemistry and Cell
Biology (SIBCB). The approval ID for using the animals was 081 by the Animal
Core Facility of SIBCB.

During the tumor formation assay of BALB/c-nu/nu, cancer cell lines were
injected at the flank of the mice (1 x 10° to 2 x 10°). Tumor volumes were
then measured. Once tumors were detected, mice were injected once daily
with Super-TDU in saline at the 0.1 ml injection volume via the tail vein.
Mice were randomized to receive either 50 pg/kg or 500 ng/kg per day of
super-TDU peptide or control peptide. In addition, mice were treated with
50 mg/kg 5-fluorouracil (5-FU) intravenously as a positive control.

For the H. pylori-infected mice model, SPF C57BL/6-slac mice were housed
in an air-conditioned biohazard room designed for infectious animals, with a
12 hr light/dark cycle. The mice were inoculated with H. pylori SS1 grown on
solid medium and harvested by swabbing, a single intragastric dose of a
1 x 10”7 CFU/mI. Normal mice (n = 20) were given same amount of normal
saline and were housed in isolators in order to prevent risk of infection.

See the Supplemental Experimental Procedures for details.

Statistical Analysis
Statistical analysis was performed using the SAS statistical software package
(9.1.3). Data are presented as means + SD. ANOVA and Student’s t test were
used for continuous variables. Fisher’s exact test was used for categorical
variables. Survival analysis was performed using log-rank test. The Cox pro-
portional hazards model was used for multivariate analysis, and calculation
of the hazard ratios and confidence intervals was performed with the
ascending step-by-step maximum likelihood method. A p value < 0.05 was
considered significantly different.
Other methods are described
Procedures.

in the Supplemental Experimental
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SUMMARY

Cellular transformation by oncogenic RAS engages the MAPK pathway under strict regulation by the scaffold
protein KSR-1. Here, we report that the guanine nucleotide exchange factor GEF-H1 plays a critical role in a
positive feedback loop for the RAS/MAPK pathway independent of its RhoGEF activity. GEF-H1 acts as an
adaptor protein linking the PP2A B’ subunits to KSR-1, thereby mediating the dephosphorylation of KSR-1
$392 and activation of MAPK signaling. GEF-H1 is important for the growth and survival of HRAS"'2-trans-
formed cells and pancreatic tumor xenografts. GEF-H1 expression is induced by oncogenic RAS and is corre-
lated with pancreatic neoplastic progression. Our results, therefore, identify GEF-H1 as an amplifier of MAPK
signaling and provide mechanistic insight into the progression of RAS mutant tumors.

INTRODUCTION late transcription, cell cycle progression, cell shape, and cell

survival, all of which are commonly disturbed in cancer (Mac-

The centrality of the RAS/MAPK pathway in promoting tumor
formation is underscored by the high frequency of gain-of-
function mutations in RAS family members and other com-
ponents of the pathway in human cancers. KRAS has a partic-
ularly high mutation frequency of 30%-50% in colon and
greater than 90% in pancreatic adenocarcinomas (Oliveira
et al., 2007; Mulcahy et al., 1998). The importance of RAS is
a reflection of its essential role in mediating the transduction
of signals from growth factor receptors to pathways that regu-

ara et al., 1996). RAS engages diverse signaling pathways,
including RAF, PI3K, RAL-GDS, and TIAM-1, each of which
are also subject to activating mutations in cancer (Davies
et al., 2002; Samuels and Velculescu, 2004; Philp et al.,
2001; Sjoblom et al., 2006; Greenman et al., 2007; Engers
et al., 2000). RAS activation is coupled to transcription through
the activation of the MAPK cascade, involving the sequential
phosphorylation and activation of the serine/threonine kinases
RAF (MAPKKK), MEK1/2 (MAPKK), and ERK1/2 (MAPK)

Significance

Mutational activation of RAS occurs in over 90% of pancreatic cancers and is required for both the initiation and progression
of tumorigenesis. However, the mechanism of RAS-mediated cellular transformation is not fully understood. Here, we find
that GEF-H1 is necessary for optimal RAS/MAPK pathway signaling and contributes to the growth and survival of RAS
mutant cells. GEF-H1 expression is induced by oncogenic RAS and is elevated in pancreatic tumor samples, thereby
providing an amplifying loop for RAS/MAPK signaling. Our results, therefore, extend our understanding of the signaling de-
pendencies of oncogenic RAS, which may ultimately improve the development of RAS-pathway-directed therapeutics.
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(Moodie et al., 1993; Warne et al., 1993; Zhang et al., 1993;
Vojtek et al., 1993).

The Kinase Suppressor of RAS (KSR-1) was originally
identified in genetic screens in Drosophila and Caenorhabditis
elegans designed to isolate mutations in genes that modify the
phenotypes associated with oncogenic RAS alleles (Jacobs
et al., 1999; Therrien et al., 1995; Sundaram and Han, 1995). In
mammalian cells, KSR-1 acts as a molecular scaffold to
assemble a macromolecular complex of MAPK pathway com-
ponents to facilitate efficient signal transmission (Therrien
et al., 1996; Michaud et al., 1997; Cacace et al., 1999; Morrison,
2001) and is required for mutant RAS-mediated cellular transfor-
mation (Nguyen et al., 2002; Lozano et al., 2003). KSR-1 also
functions as a gate to control flux through the MAPK pathway.
In quiescent cells, KSR-1 is phosphorylated on S297 and S392
by C-TAK1 and held in an inactive state in the cytosol by 14-3-
3 proteins (Ory et al., 2003). RAS activation stimulates the
dephosphorylation of KSR-1 on S392, resulting in its transloca-
tion to the plasma membrane where it potentiates MAPK
signaling (Ory et al., 2003).

Genetic studies performed in model organisms showed
that mutations in the PP2A phosphatase phenocopied a
loss of KSR-1 function in a RAS mutant background (Wassar-
man et al., 1996; Sieburth et al., 1999), suggesting that
PP2A is a positive regulator of KSR-1. PP2A was subsequently
shown to be the critical phosphatase required for dephos-
phorylation of KSR-1 on S392 in response to activated
RAS (Ory et al., 2003). PP2A is a heterotrimeric serine/
threonine protein phosphatase composed of a catalytic (C),
structural (A), and regulatory (B) subunit. The catalytic and
structural subunits are constitutively associated to form a
core complex to which one of many B subunits can bind (Jans-
sens and Goris, 2001). Four different B subunits (B, B’, B”, and
B’”’) exist in mammals that determine the localization and sub-
strate specificity of the holoenzyme (Janssens and Goris,
2001). The A and C subunits constitutively associate with
KSR-1, whereas association of the B’ subunit is induced only
upon RAS activation (Ory et al., 2003). The mechanism by
which the B’ subunit is recruited to KSR-1 has yet to be
elucidated.

GEF-H1, which is encoded by ARHGEF2, is a microtubule-
associated guanine nucleotide exchange factor (GEF) for the
Rho family of small GTPases (Ren et al., 1998). Several lines
of evidence have highlighted the transforming potential of
GEF-H1. ARHGEF2 is amplified in hepatocellular carcinoma
(Cheng et al., 2012) and is a transcriptional target of gain-of-
function p53 mutants (Mizuarai et al., 2006) and the metas-
tasis-associated hPTTG1 (Liao et al., 2012). Truncated versions
of GEF-H1 can transform NIH 3T3 cells (Whitehead et al., 1995)
and induce tumor formation in nude mice (Brecht et al., 2005).
ARHGEF2 is one of six genes significantly downregulated in
response to imatinib treatment in gastrointestinal tumors
(Frolov et al., 2003). In addition, ARHGEF2 was identified in a
genome-wide pooled small hairpin RNA (shRNA) screen de-
signed to identify genes that are required for the survival of
human breast, colon, lung, ovarian, and pancreatic cell lines
(Marcotte et al., 2012). These data suggest that GEF-H1 may
be a marker for and/or contribute to tumorigenesis in multiple
contexts.
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RESULTS

GEF-H1 Contributes to the Survival of a Subset of
Human Cancer Cell Lines, and Its expression Is
Regulated by the RAS/MAPK Pathway

GEF-H1 was found to contribute to the competitive growth
characteristics of 18 out of 73 cell lines, 13 of which were identi-
fied in the original shRNA screen and 5 of which were identified in
our secondary screen (Figure 1A and Table S1 available online).
For further validation, we selected three of these cell lines and
stably infected them with two distinct lentiviral hairpins directed
against GEF-H1. Cells depleted of GEF-H1 exhibited decreased
growth and increased death relative to control hairpin-express-
ing cells as assessed by caspase 3 cleavage (Figures 1B and
S1A-S1H). These data suggest that GEF-H1 is important for
cell growth and survival in several human cell lines derived
from different tumor types.

We noted that GEF-H1 dependency was enriched in RAS/
BRAF mutant cell lines (13 of 30 [43.3%]) compared to RAS/
BRAF wild-type cell lines (5 of 43 [11.6%]). GEF-H1 was found
to contribute to cell growth/survival in 10 of 25 (40%) KRAS
mutant pancreatic cancer cell lines with little effect on the three
wild-type KRAS pancreatic cancer cell lines (Table S1). We
therefore explored the possibility that GEF-H1 sensitivity in
some cellular contexts is epistatic with gain-of-function muta-
tions in the RAS/MAPK pathway. Because elevated expression
of GEF-H1 is transforming in NIH 3T3 cells (Whitehead et al.,
1995), we examined the ability of mutant RAS family members
to induce GEF-H1 expression in a common isogenic cellular
background. We observed that GEF-H1 protein levels were
increased in cells transformed by each mutant RAS family mem-
ber compared to nontransformed cells (Figure 1C). We next
determined whether the induction of GEF-H1 expression was a
direct result of activated RAS or a secondary consequence of
the transformed state. We used a murine embryonic fibroblast
(MEF) cell line expressing a hydroxytamoxifen (4-OHT)-inducible
form of HRASV'? (ER:HRASY'?) (Gupta et al., 2007) and found
that GEF-H1 expression increased within 15 min of ER:HRASY'2
induction and continued to increase with progressive elevation
of ER:HRASV'? expression (Figure 1D, upper panel). Cells
treated with vehicle control (EtOH) exhibited no change in
GEF-H1 levels (Figure 1D, lower panel). These data show that
GEF-H1 is induced acutely in response to expression of
HRASY'2. MAP kinase pathway activation followed a bimodal
distribution, peaking at 15 min and 8 hr after HRAS"'2 induction,
but decreasing over intermediate time points, as has been previ-
ously shown (Gupta et al., 2007).

ARHGEF2 Is a Transcriptional Target of the RAS/MAPK
Pathway

To assess whether GEF-H1 expression was dependent on
MAPK activation, we treated OV-90, HCT116, and Panc 02.03
cells with the MEK1/2 inhibitors PD98059 and UO126 and found
that the GEF-H1 protein level decreased following MEK1/2
inhibition (Figure 2A). Similar findings were observed in
HRASY'2-transformed NIH 3T3 cells (Figure 2B). We noted that
the GEF-H1 mRNA level was elevated 2-fold in HRASY'2-trans-
formed NIH 3T3 cells relative to wild-type cells (Figure 2C)
and sought to determine whether ARHGEF2 was a direct
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Figure 1. GEF-H1 Contributes to the Sur-
vival Fitness of a Subset of Human Cancer
Cell Lines, and Its Protein Expression Is
Regulated by the RAS/MAPK Pathway

(A) Schematic graphical representation of 13
GEF-H1-sensitive cell lines arranged according to
the p values for the normalized Genetic Activity
Rank Profile (zGARP) score across 75 cell lines
(Marcotte et al., 2012). The fraction of GEF-H1-
sensitive cell lines from each tumor type is de-
picted by the pie chart. The number of cell lines
showing GEF-H1 dependency is indicated within
the area of each slice.

(B) Bright field images of the indicated cells
6 days following infection and selection with
hairpin control (shGFP) or human GEF-H1 shRNA
(shGEFh2) lentivirus. Scale bars, 100 um.

(C) Immunoblot analysis of GEF-H1 and RAS
expression in NIH 3T3 cells stably expressing
vector, T7-HRASY'?, T7-KRASP'?, or T7-
NRASP'2, pERK indicates level of MAPK pathway
activation and total ERK and tubulin served as
protein loading controls.

(D) Immunoblot analysis of GEF-H1 expression
following acute induction of ER:HRASV'? with
100 nM 4-OHT (upper panel) or treatment with
vehicle control (lower panel) over the indicated
period of time.
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See also Figure S1 and Table S1.
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increased apoptosis as measured by
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caspase 3 cleavage (Figure 3B). We also
observed that stable depletion of GEF-

H1 suppressed anchorage-independent
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growth by 90% compared with parental
HRASV"2-transformed cells or trans-

transcriptional target of mutant RAS. Based on phylogenetic
footprinting and CpG island enrichment, we identified a 1.9 kb
region upstream of the first exon of murine Arhgef2 predicted
to contain the putative promoter, and we cloned this region
into a luciferase reporter (Figure 2D). Expression of HRASY'2
induced a 7-fold increase in the normalized Arhgef2 promoter-
mediated luciferase activity compared to NIH 3T3 cells express-
ing the Arhgef2 promoter alone and was quenched following
MEK inhibition (Figure 2E). Together, these data show that
Arhgef2 is a transcriptional target of the RAS/MAPK pathway
and that the elevated GEF-H1 protein level observed in
HRAS"'2-transformed cells are, at least in part, due to elevated
transcription.

formed cells expressing a nontargeting
hairpin (Figures 3C and S2A).

To address the role of GEF-H1 in supporting tumor formation
of HRASY'2-transformed NIH 3T3 cells, we generated sub-
cutaneous tumor xenografts in NCr nude mice. Parental and
shGFP-expressing cells formed tumors within 10 days of injec-
tion, while GEF-H1-depleted cells demonstrated attenuated
tumor growth (Figures 3D, 3E and S2B). Moreover, GEF-H1-
depleted tumors exhibited increased caspase 3 cleavage
relative to parental and hairpin controls (Figure 3F). To further
examine the role of GEF-H1 in HRAS"'2-mediated cell survival,
we monitored the behavior of MEFs derived from Arhgef2
knockout mice (Arhgef2~) following ectopic expression of
HRASY'2 (Figure 3G). Extensive cell death was observed in
Arhgef2~'~ compared to wild-type MEFs following HRASY'2
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expression. Re-expression of GEF-H1 in Arhgef2~'~ MEFs
expressing HRASV'? restored cell viability. These data show
that GEF-H1 contributes to HRASY'2-mediated cell transforma-
tion and cell viability in vitro and in vivo.

GEF-H1 Induction and Dependency in BRAFV6°%E-
Expressing Cell Lines

Because OV-90 carries the activating BRA mutation (Estep
et al., 2007), we queried whether BRAF'®°% similarly induced
GEF-H1 protein expression. We found that GEF-H1 protein levels
were increased in BRAF V8% _transformed NIH 3T3 cells and were
sensitive to MEK inhibition (Figures S2C and S2D). Moreover, GEF-
H1 expression in the human melanoma cell line A375, which
carries an endogenous BRAF6%%F mutation, was suppressed
following MEK inhibition (Figure S2E). BRAF%°%F expression also
induced a 4.6-fold increase in the normalized Arhgef2 promoter-
mediated reporter expression compared to NIH 3T3 cells express-
ing the Arhgef2 promoter alone, which was suppressed with MEK
inhibition (Figure S2F). Lastly, knockdown of GEF-H1 induced cell
death in BRAFY®%%E_transformed cells (Figures S2G and S2H).

FVGOOE
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We next sought to investigate the

mechanism underlying the contribution
of GEF-H1 to HRAS"'2-mediated cellular transformation. We
compared the levels of Rho-GTP in control and GEF-H1 knock-
down cells expressing HRAS"'? but found no change in Rho-
GTP levels (Figure S3A and S3B), demonstrating that a change
in Rho-GTP cannot account for the contribution of GEF-H1 in
HRAS"'2-mediated transformation. We therefore investigated
whether elevated levels of GEF-H1 affected the signaling char-
acteristics of upstream components of the RAS/MAPK pathway
as part of a potential positive feedback mechanism. We ex-
pressed HRASY'? in MEFs harboring stable knockdown of
GEF-H1 and probed lysates for phosphorylated forms of
MEK1/2 and ERK1/2 to assess MAPK pathway activity. MEK1/
2 and ERK1/2 were highly phosphorylated in HRASY'2-express-
ing MEFs (Figure 4A, lane 2), but, surprisingly, MEK1/2 and
ERK1/2 phosphorylation was significantly reduced in GEF-H1-
depleted cells (Figure 4A, lanes 4 and 6). Expression of an
shRNA-resistant GEF-H1 (rGEF-H1) restored MEK1/2 and
ERK1/2 phosphorylation in response to HRASY'? expression in
GEF-H1 knockdown MEFs (Figure 4A, lane 7). A similar defect
in HRASY'2-mediated ERK1/2 phosphorylation was seen in
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Figure 3. GEF-H1 Contributes to Cell Survival and Growth in HRASY'?-Transformed Cells

(A) GEF-H1 protein levels in NIH 3T3 cells expressing vector, HRASY'2, or HRASY'? with a control hairpin (ShGFP) or two distinct murine GEF-H1 shRNAs
(shGEFm1 and shGEFm2).

(B) Cells described in (A) were probed for caspase 3 cleavage by western blot 5 days after infection with lentiviral hairpins. Tubulin served as a protein loading control.
(C) Representative images of cell lines described in (A) grown for 10 days in 0.3% agar to form colonies. Scale bars, 200 um.

(D) Photographs of NCr nude mice 14 days after subcutaneous injection of cells described in (A).

(E) Final mean tumor volumes are shown in (D). Results are the combination of four independent experiments (n = 21 tumors). Error bars indicate + SEM.

(F) Immunohistochemistry of NIH 3T3-HRAS"'? tumor sections stained for cleaved caspase 3. Four tumors were sampled from two independent experiments.
Scale bars, 100 pm.

(G) Bright field images of wild-type or Arhgef2~'~ MEFs expressing eGFP, eGFP-HRASY'2, or eGFP-HRAS"'2 and Flag-GEF-H1 4 days after transfection and
selection. Scale bars, 100 um.

See also Figure S2.
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Figure 4. GEF-H1 Is Necessary for Optimal MAPK Pathway Activation in Response to HRASV'2

(A) MEFs stably expressing shGFP, shGEFm1, or shGEFm2 were transfected with empty vector or HRASY'2 and probed for pERK or pMEK by western blot.
shGEFm2-expressing cells were co-transfected with HRASY'2 and Flag-rGEF-H1, Flag-rGEF-H15243¥ or Flag-AKAPLbc. Expression of plasmids was confirmed
by immunoblotting with anti-GEF-H1, anti-RAS, or anti-Flag (AKAPLbc) antibodies.

(B) Real-time NMR measurement of RhoA nucleotide exchange rates in lysates from HEK293T cells expressing eGFP, eGFP-GEF-H1, eGFP-GEF-H1487"%1,
eGFP-GEF-H15243 or eGFP-p115RhoGEF. Graphical representation of eGFP-p115RhoGEF-induced nucleotide exchange rate is not to scale as indicated by
breaks in graph, because the rate was 9.4-fold over eGFP-GEF-H1 (r = 0.132 versus r = 0.014). Data are representative of three independent experiments + SD.
(C) Schematic representation of KSR-1 constructs used in (D).

(D) Pyo-tagged KSR-1 constructs were coexpressed with Flag-GEF-H1 in HEK293T cells. Protein complexes were immunoprecipitated with anti-Flag antibody,
and proteins were detected by immunoblotting with anti-KSR-1 or anti-Flag antibodies.

(E) MEFs were transfected with vector or eGFP-GEF-H1287-"%" and Ksr1~/~ MEFs were transfected with vector, eGFP-GEF-H1487-1%1 e GFP-GEF-H1487-"%" and
Pyo-KSR-1, or Pyo-KSR-1 alone and assayed for pERK by western blot. GEF-H1 and KSR-1 expression was determined by western blot.

See also Figure S3.
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Arhgef2~'~ MEFs, which was restored by GEF-H1 expression
(Figure S3C, lanes 4 and 5).

To determine the specificity of GEF-H1-dependent MAPK
pathway activation, we attempted to rescue the GEF-H1 knock-
down phenotype by expressing either AKAP-Lbc, the closest
GEF family member to GEF-H1, or p115 RhoGEF, another Rho-
GEF family member. Neither AKAP-Lbc (Figure 4A, lane 9) nor
p115 RhoGEF (Figure S3C, lane 7) rescued MEK1/2 and ERK1/
2 phosphorylation in response to acute HRAS"'? expression in
GEF-H1 knockdown or Arhgef2~'~ MEFs, respectively, despite
9-fold greater catalytic activity of p115RhoGEF compared to
GEF-H1 (Figure 4B). To investigate whether GEF-H1-mediated
MAPK pathway activation was dependent on its GEF activity,
we coexpressed a catalytically inactive, shRNA-resistant form
of GEF-H1 (rGEF-H1524®K | Figure 4B) with HRAS"'2 in MEFs
depleted of endogenous GEF-H1 and found that MEK1/2 and
ERK1/2 phosphorylation was fully restored (Figure 4A, lane 8).
These findings were confirmed in Arhgef2~'~ MEFs (Figure S3C,
lane 6). These data show that GEF-H1 potentiates the HRASY'2/
MAPK pathway in a manner independent of its GEF activity.

GEF-H1 Is a Component of the KSR-1 Complex and Is
Required for the Dephosphorylation of the Negative
Regulatory Site of KSR-1

Given that GEF-H1 catalytic activity is dispensable for HRASV12-
dependent MAPK pathway activation, we hypothesized that
GEF-H1 may be providing a scaffold function for components
of the MAPK pathway. We investigated whether GEF-H1 could
form a complex with KSR-1, the major scaffold for the MAPK
pathway. We detected an interaction between endogenous
GEF-H1 and endogenous KSR-1 in GEF-H1 immunoprecipitates
from wild-type, but not Arhgef2~'~, MEFs (Figure S3D). Similarly,
in an overexpression system, we detected an interaction be-
tween KSR-1 and a mutant of GEF-H1 deleted of the negative
regulatory sequences between amino acids 87-151 and un-
bound from microtubules (GEF-H1487151  Meiri et al., 2012)
(Figure S3E). To discern which domains of KSR-1 interact with
GEF-H1, we analyzed Flag-GEF-H1 immune complexes from
cells that expressed full-length or a series of Pyo-tagged KSR-
1 deletions (Figure 4C). We found that full-length KSR-1, KSR-1
(1-539), KSR-1(1-424), and KSR-1(542-873) interacted with full-
length GEF-H1 (Figure 4D). These data show that KSR-1 can
form a complex with GEF-H1 and that both the C1 domain and
the kinase domain of KSR-1 contribute to GEF-H1 binding.

We next sought to determine whether ERK1/2 activation by
GEF-H1 was dependent on KSR-1. Expression of the active
GEF-H1287-1%1 mytant (Figure 4B) in wild-type MEFs induced
strong ERK1/2 phosphorylation even in the absence of HRASY'?
expression (Figure 4E, lane 2), whereas Ksr1~/~ MEFs were
resistant to GEF-H1287"®'_induced ERK1/2 phosphorylation
(Figure 4E, lane 3 and 4). Re-expression of KSR-1 restored
GEF-H1287"%"_induced ERK1/2 phosphorylation in Ksr1~/~
cells (Figure 4E, lane 5), whereas re-expression of KSR-1 in the
absence of GEF-H14%7"'®" alone had little effect on ERK1/2
phosphorylation (Figure 4E, lane 6). These data confirm that
GEF-H1 requires KSR-1 to positively regulate ERK1/2 activation.

Platelet-derived growth factor (PDGF) or HRASY'? induce the
dephosphorylation of KSR-1 at S392 and its subsequent translo-
cation from the cytoplasm to the plasma membrane (Ory et al.,
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2003). We therefore examined the requirement of GEF-H1 for
PDGF-induced KSR-1 membrane translocation (Figure 5A). In
22% (21 of 97) of wild-type cells, KSR-1 translocated from the
cytoplasm to the plasma membrane in a PDGF-dependent
manner (Figure 5A, columns 1 and 2; Figure S4A). By contrast,
only 3.5% of cells (3 of 87) underwent PDGF-dependent mem-
brane translocation in Arhgef2~'~ cells (Figure 5A, columns 3
and 4; Figure S4A), a defect that was rescued by the expression
of wild-type GEF-H1 (Figure 5A, columns 5 and 6; Figure S4A).
Because translocation of KSR-1 to the plasma membrane
requires dephosphorylation of S392, we queried whether the
S392A point mutant form of KSR-1 could rescue the depen-
dence on GEF-H1 for translocation to the plasma membrane.
We expressed wild-type KSR-1 or KSR-153924 in Arhgef2 '~
cells and found that, in the absence of growth factor stimulation,
wild-type KSR-1 was rarely associated with the plasma mem-
brane (9% or 6 of 69 cells, Figures 5B and S4B), whereas
KSR-15392A efficiently localized to the plasma membrane even
in the absence of GEF-H1 (37% or 28 of 76 cells) (Figure 5B,
columns 1 and 2; Figure S4B). These data show that GEF-H1
is required for the translocation of KSR-1 to the plasma mem-
brane in a manner that depends on the dephosphorylation of
KSR-1 on S392. Re-expression of GEF-H1 and KSR-1 in
Arhgef2~'~ MEFs was insufficient to induce membrane translo-
cation of KSR-1 in the absence of PDGF treatment (6% or 4 of
67 cells) (Figure 5B, column 3; Figure S4B). However, the
requirement for growth factor-stimulated KSR-1 translocation
to the plasma membrane could be circumvented by the expres-
sion of the non-microtubule-associated form of GEF-H1,
GEF-H14871% (\Veiri et al., 2012), with 30% (21 of 71) of cells
exhibiting KSR-1 plasma membrane localization (Figure 5B,
column 4; Figure S4B). These data suggest that the growth factor
dependence of KSR-1 translocation to the plasma membrane is
contingent on the release of GEF-H1 from the microtubule array.
Importantly, we found that the endogenous interaction of
GEF-H1 and KSR-1 was induced between 5-20 min of PDGF
stimulation, correlating with their translocation to the plasma
membrane (Figure 5C). These data suggest that endogenous
complex formation between GEF-H1 and KSR-1 occurs at the
plasma membrane in response to PDGF treatment.

To clarify whether the dependence of HRASY'? on GEF-H1 for
cell survival was mediated through KSR-1, we measured cell
viability following ectopic expression of wild-type KSR-1 or
KSR-15392A with HRASV'? in Arhgef2~'~ MEFs and found that
only KSR-153924 restored cellular viability (Figures 5D and 5E).
These data provide genetic evidence that dephosphorylation of
the negative regulatory site S392 on KSR-1 is the critical target
downstream of GEF-H1 that supports cell survival in HRASV'2-
transformed cells.

To determine whether GEF-H1 regulation of the HRASY'?/
MAPK cascade is coupled to the dephosphorylation of KSR-1,
we asked whether wild-type KSR-1 or KSR-1539%A could restore
HRAS"'2-induced ERK1/2 phosphorylation in the absence of
GEF-H1. HRASY'2 expression induced ERK1/2 phosphorylation
in control hairpin-expressing MEFs, but not in cells depleted of
GEF-H1 (Figure 5F, lanes 2 and 4). High expression of rGEF-
H1 in GEF-H1-depleted cells greatly enhanced ERK1/2 acti-
vation in response to HRASY'2, supporting the model that
increased levels of GEF-H1 result in amplification of the MAPK
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cascade (Figure 5F, lane 5). Expression of KSR-153924 efficiently

restored HRAS"'2-mediated ERK1/2 phosphorylation in GEF-H1
knockdown cells compared to wild-type KSR-1 (Figure 5F, lanes
6 and 7). These data demonstrate that dephosphorylation of
KSR-1 S392 is sufficient to overcome the GEF-H1-dependence
of HRASV"?-mediated ERK1/2 activation.

GEF-H1 Is Required for PP2A-Mediated
Dephosphorylation of KSR-1

In an independent study, we identified GEF-H1 as a PP2A inter-
acting partner in a proteomic screen designed to probe for
proteins that bound to the PP2A catalytic subunit (D.M.,
C.B.M., J.L.,, M. Mullin, A.-C.G., M.l., and R.R., unpublished
data) and found that GEF-H1 interacts with the B’ regulatory
PP2A subunits (PPP2R5A, PPP2R5B, and PPP2R5E). We
hypothesized that GEF-H1 may function as a bridge between
KSR-1 and PP2A to control KSR-1 S392 dephosphorylation.
First, we confirmed the previously published data showing an
interaction between KSR-1 and the B’ regulatory PP2A subunits
(Figure 6A) (Ory et al., 20083). We observed that GEF-H1 bound to
the same PP2A subunits that interacted with KSR-1 (Figure 6A).
We next determined the regions of GEF-H1 involved in PP2A and
KSR-1 binding by expressing deletion mutants of GEF-H1
(Figure 6B) and probing for the catalytic subunit of PP2A and
KSR-1 in GEF-H1 immune complexes (Figure 6C). Analysis of
GEF-H1 immunoprecipitates revealed that endogenous KSR-1
interacted with full-length GEF-H1, GEF-H1(236-572), and
GEF-H1(236-433). These results localize the binding site for
KSR-1 to the DH domain of GEF-H1, while endogenous PP2Ac
binds to the GEF-H1 PH domain (Figure 6C). These data show
that KSR-1 and PP2A bind to distinct sites on GEF-H1 and sug-
gest that GEF-H1 may function to bridge PP2A to KSR-1.

To determine whether GEF-H1 acts as a bridge to link KSR-1
to PP2A, we stably infected human embryonic kidney 293T
(HEK293T) cells expressing the PP2A B’ subunit with an shRNA
targeting GEF-H1 and probed PP2A immunoprecipitates for
endogenous KSR-1 (Figure 6D). KSR-1 was detected in immune
complexes of PP2A B’ subunits in shGFP-expressing cells, but
not those depleted of GEF-H1. Thus, the interaction between
KSR-1 and PP2A is dependent on GEF-H1. These data support
a model whereby GEF-H1 provides a bridging function to recruit
the PP2A B’ subunits required for the dephosphorylation of the
negative regulatory S392 site on KSR-1 and activation of the
MAPK pathway.

Given that dephosphorylation of KSR-1 on S392 is induced in
response to PDGF and oncogenic RAS, we sought to determine
whether the interaction between GEF-H1 and KSR-1 was simi-
larly regulated. We isolated Flag-PPP2R5E immune complexes
from HEK293T cells and probed them for the presence of
GEF-H1 and KSR-1 after PDGF treatment (Figure 6E). Although
GEF-H1 and KSR-1 were not detectable in PPP2R5E immune
complexes in starved cells, both GEF-H1 and KSR-1 were re-
cruited to PPP2R5E immune complexes after 5 min of PDGF
stimulation and disappeared after 15 min (Figure 6E). Moreover,
induction of oncogenic HRAS with 4-OHT induced a protein
complex composed of endogenous KSR-1, GEF-H1, and
PPP2R5E proteins after 20 min and extending to 90 min following
RAS activation (Figure S5). These data show that PDGF or
HRASY'? induce the formation of a KSR-1, GEF-H1, and
PP2A protein complex. Moreover, the complex appears to be
temporally regulated, suggesting the presence of feedback
mechanisms that attenuate its assembly even with constitutive
activation of the pathway.

GEF-H1 Is Important for the Growth of RAS Mutant
Pancreatic Tumor Xenografts

Over 90% of human pancreatic ductal adenocarcinomas
(PDACs) harbor activating mutations in KRAS (Smit et al,
1988). We evaluated whether GEF-H1 expression was increased
in PDAC by immunohistochemistry on pancreatic tissue micro-
arrays (TMAs). We probed tissue sections of 14 normal pancre-
atic ducts, 32 PanIN-1 (A and B) lesions, 9 PanIN-2 and IN-3
lesions, and 14 PDAC tumor samples for GEF-H1 expression us-
ing a monoclonal antibody against GEF-H1 (Figure 7A). Normal
pancreatic ducts and PanIN-1 lesions did not express GEF-H1,
whereas greater than 90% (21 out of 23) of the more advanced
histologic grades expressed GEF-H1 (Figures 7A and S6A).
These data demonstrate that GEF-H1 expression is positively
correlated with neoplastic progression of pancreatic tumors.
Treatment of the PDAC cell line PANC-1, harboring a KRASP"2
mutation, with MEK inhibitors PD98059 or UO126 resulted in
reduced GEF-H1 levels (Figure S6B). Together, these data
show that GEF-H1 expression is increased in PDAC cells in a
manner that is dependent on MAPK pathway activation.

To determine whether GEF-H1 was necessary for MAPK
pathway activation in PDAC cells, we knocked down GEF-H1
in PANC-1 cells and observed increased KSR-1 S392
phosphorylation and a corresponding decrease in ERK1/2

Figure 5. KSR-1 Signals through GEF-H1 in Response to PDGF and Oncogenic RAS

(A) Wild-type or Arhgef2~'~ MEFs were transfected with eGFP or eGFP-GEF-H1 and treated with BSA or 25 ng/ml PDGF for 10 min and fixed and stained for
endogenous KSR-1. Arrows indicate KSR-1 plasma membrane localization and eGFP-GEF-H1 localization. Scale bars, 20 um. Images are representative of four
independent experiments.

(B) Arhgef2~’/~ MEFs were co-transfected with KSR-1 or KSR-153%2A and eGFP, eGFP-GEF-H1, or eGFP-GEF-H1%871%" and stained for endogenous KSR-1.
Arrows and scale bars are as in (A), and images are representative of four independent experiments.

(C) HEK293T cells were starved for 12 hr and treated with BSA or 25 ng/ml PDGF for 5, 10, or 20 min. Endogenous GEF-H1 immune complexes were isolated and
probed for the presence of endogenous KSR-1. Lysates were probed for total levels of GEF-H1 and KSR-1. pERK and ERK reflect the temporality of MAPK
pathway activation and total protein levels, respectively.

(D) Representative bright field images of wild-type or Arhgef2 '~ MEFs expressing eGFP-HRAS'2, eGFP-HRAS"'2 + Pyo-KSR-1, or eGFP-HRAS" "2 + Pyo-KSR-
153924 72 hr after transfection. Scale bars, 100 pm.

(E) Quantification of the number of viable cells described in (D) 24, 48, and 72 hr after transfection; 4 x 10 cells were plated at time 0.

(F) MEFs stably expressing shGFP or shGEFm2 were transfected with vector, HRAS'2, or co-transfected with HRASY'2 and Flag-rGEF-H1, Pyo-KSR-153%2A or
Pyo-KSR-1. KSR-1 S392 phosphorylation was assessed with a pS392-specific KSR-1 antibody.

See also Figure S4.
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Figure 6. GEF-H1 Is Required for PP2A-Mediated Dephosphorylation of KSR-1 on $392

(A) Flag-PP2A immune complexes were isolated from stable Flag-PP2A catalytic and regulatory subunit-expressing HEK293T cells using anti-Flag antibodies.
Flag-PP2A complexes were probed for endogenous GEF-H1 and endogenous KSR-1 (rows 2 and 3). Total expression levels of GEF-H1 and KSR-1 in lysates are
shown in rows 4 and 5.

(B) Schematic representation of GEF-H1 constructs used in (C).

(C) Flag-tagged truncated variants of GEF-H1 were expressed in HEK293T cells, and protein complexes were immunoprecipitated with anti-Flag antibodies.
Lysates were probed with anti-KSR-1 or anti-PP2Ac antibodies.

(D) HEK293T cells stably expressing Flag-tagged PP2A regulatory subunits were infected with shGFP or shGEFh2 lentiviruses. Flag-PP2A subunits were im-
munopurified with anti-Flag (row 1) and probed for endogenous KSR-1 (row 2). Flag-PP2A subunit expression (row 3) and GEF-H1 knockdown (row 4) were
confirmed by immunoblotting lysates with Flag and GEF-H1 antibodies, respectively.

(E) HEK293T cells stably expressing Flag-PPP2R5E were treated with 25 ng/ml PDGF for 0, 5, 10, or 15 min. Flag-PPP2R5E immune complexes were isolated with
anti-Flag antibodies and probed for the presence of endogenous GEF-H1 and KSR-1 (left panel). Lysates were probed for total levels of Flag-PPP2R5E,
endogenous GEF-H1 and KSR-1 (right panel).

See also Figure S5.
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phosphorylation compared with control hairpin-expressing cells
(Figure 7B). Expression of shRNA-resistant GEF-H1487-1%1
restored the basal levels of phosphorylated KSR-1 and ERK1/2
in GEF-H1-depleted cells (Figure 7B). These data indicate
that GEF-H1 is both necessary and sufficient for KSR-1
S392 dephosphorylation and ERK1/2 activation in PDAC
cells harboring endogenous RAS mutations. Expression of
KSR-13%92A put not wild-type KSR-1, corrected the defect in
the phosphorylated ERK levels in GEF-H1 knockdown cells,
showing that active KSR-1 can circumvent the need for GEF-
H1 in PANC-1 cells (Figure 7B).

We tested the contribution of GEF-H1 to the in vitro cell
growth of four human KRAS mutant pancreatic cancer derived
cell lines including PANC-1 Panc 08.13, Panc 04.03, and
PL-45 (Figures S6C-S6F). These cell lines displayed varying
sensitivity to GEF-H1 depletion for cell growth (a 50%, 90%,
80%, and 65% reduction, respectively) compared to control
hairpin-expressing cells. Of the six pancreatic lines that we
had tested, we examined the contribution of GEF-H1 to tumor
growth in three of these lines, PANC-1 (KRASP'?), HPAF-II
(KRASP'2), and BxPC3 (wild-type KRAS), in immune-deficient
mice. PANC-1 and HPAF-II cells exhibited profound attenuation
of tumor growth relative to control hairpin cells (Figures 7C, S6G,
and S6H). The tumor growth of BxPC3 cells was not affected
by depletion of GEF-H1, highlighting the dependency of onco-
genic RAS on GEF-H1 (Figures 7C and S6l). In addition,
increased tumor-associated caspase 3 cleavage was observed
in PANC-1 xenografts (Figure S6J). Collectively, our data
demonstrate an amplifying feedback loop involving GEF-H1 in
the RAS/MAPK pathway across a variety of cell types expressing
different mutant RAS family members. These data support the
model that GEF-H1 is important for the growth of tumor cells
harboring activating mutations in RAS.

DISCUSSION

Signaling through the RAS/MAPK pathway is gated by KSR-1,
a highly conserved scaffold protein that ensures strict spatio-
temporal regulation of ERK activation. Genetic studies have
demonstrated a critical requirement of KSR-1 for growth
factor-mediated signaling through the RAS/MAPK pathway
(Sieburth et al., 1999; Lozano et al., 2003) and the formation of
HRASY'2-dependent tumors (Xiao et al., 2010). The requirement
of KSR-1 in HRASY"2-mediated transformation is strictly depen-
dent on the dephosphorylation of KSR-1 at S392 by PP2A
(Razidlo et al., 2004). In this study, we provide a mechanistic
explanation of how the B’ subunit is recruited to the PP2A/
KSR-1 complex and uncover a positive feedback loop involving
the RhoGEF GEF-H1 that is necessary for HRAS"'2-mediated
transformation. We show that Arhgef2 is a direct transcriptional
target of the RAS/MAPK pathway, and its elevated protein
expression is similarly responsive to oncogenic BRAF and H-,
K-, and NRAS family members. We demonstrate that GEF-H1
contributes to the growth and survival of BRAFY®?°E and
HRASY'2-transformed NIH 3T3 cells and PDAC xenografts. We
anticipate that there may be examples of escape mechanisms
whereby some RAS mutant tumors no longer depend on
the GEF-H1 amplifying loop, which will be an area of future
investigation.

The discovery that a RhoGEF is involved in a positive feedback
loop for the MAPK pathway suggests a model whereby ampilifi-
cation of the MAPK pathway could be coupled to signal diversi-
fication through the activation of RhoA, a known component of
the RAS transformation program (Qiu et al., 1995; Prendergast
et al., 1995; Sahai et al., 2001; Chen et al., 2003). Our data
suggest that oncogenic RAS induces RhoA-GTP independently
of GEF-H1, a finding consistent with the previously reported
model that a decrease in p190RhoGAP activity, rather than an
increase in total cellular RhoGEF activity, controls RhoA-GTP
levels in HRASY'2-transformed cells (Chen et al., 2003). The
observation that overexpression of GEF-H1 is sufficient to
increase MEK1/2 and ERK1/2 phosphorylation raises the possi-
bility that the oncogenic potential of GEF-H1 is mediated through
its capacity to increase cellular Rho-GTP levels and/or activate
the MAPK pathway.

An important implication that follows from this study is the
possibility that mitogenic signals conveyed through the MAPK
pathway might be coupled to microtubule function through
GEF-H1, thereby coordinating growth signals with changes in
cell shape, migration, and/or morphogenesis. We show that
the mutant GEF-H1487-"%"unable to interact with the micro-
tubule array, is largely cytoplasmic (Meiri et al., 2012) and is
able to induce KSR-1 membrane translocation and ERK1/2
phosphorylation in the absence of either PDGF or oncogenic
RAS. These findings suggest that the release of GEF-H1 from
microtubules links HRASY'? to KSR-1 function. This idea is
supported by the observations that depolymerization of micro-
tubules potently activates components of the MAPK pathway
through currently unknown mechanisms (Birukova et al., 2005;
Guo et al., 2012; Hayne et al., 2000). Active HRAS contributes
to microtubule instability that may promote the invasive behavior
of transformed cells and reinforce the GEF-H1 positive feedback
loop on the MAPK pathway (Harrison and Turley, 2001). In addi-
tion, ERK phosphorylation and activation of GEF-H1 (Fujishiro
et al., 2008) might trigger its release from microtubules, where
it can interact with cytosolic KSR-1. The signaling events that
coordinate the spatial coupling of GEF-H1 with cytosolic
KSR-1 remain to be elucidated.

The identification of GEF-H1 as a component of the RAS
signaling circuitry is part of an emerging role of RhoGEFs in
RAS signaling. TIAM1, a Rac exchange factor, is directly acti-
vated by RAS-GTP through a RAS binding motif in its N terminus
and is required for RAS-induced skin tumors (Lambert et al.,
2002; Malliri et al., 2002). The RhoGEF AKAP-Lbc was shown
to couple PKA to KSR-1 through its A-kinase anchoring protein
scaffold function (Smith et al., 2010). GEF-H1 may also be impor-
tant in other genetic contexts, because it has been reported to
contribute to the growth and survival of cell lines harboring
stabilizing p53 mutations and those expressing the oncogene
hPTTG1 (Mizuarai et al., 2006; Liao et al., 2012).

The GEF-H1-mediated feedback loop adds to a growing num-
ber of other feedback loops that control flux through the MAPK
pathway. ERK1/2-dependent phosphorylation of upstream
components SOS, RAF, and EGFR (Buday et al., 1995; Porfiri
and McCormick, 1996; Dougherty et al., 2005; Ritt et al., 2010;
Heisermann et al., 1990; Li et al., 2008) dampens further pathway
activation, and a second, kinetically slower, negative feedback
loop involves the induction of DUSP phosphatases that directly
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dephosphorylate ERK1/2 (Owens and Keyse, 2007). The elabo-
ration of the MAPK pathway with both positive and negative
feedback loops ensures that the amplitude and persistence of
the MAPK signal is both robust and tunable so as to serve
the multiplicity of developmental and mitogenic functions it
provides.

In summary, we have found that the induction of GEF-H1 in
RAS mutant cells amplifies MAPK signaling and contributes
to pancreatic tumor xenograft growth. The identification of
GEF-H1 as a component of a positive amplifying loop critical
for HRASY'2-mediated transformation therefore provides mech-
anistic insight into the manifold features of the transformation
program activated by mutant RAS in human cancers.

EXPERIMENTAL PROCEDURES

Animal Studies

All animal studies were carried out using protocols that have been approved by
the University Health Network Animal Care Committee. Detailed experimental
procedures are provided in Supplemental Experimental Procedures.

Cell Treatments

ER:HRAS"'? MEFs were starved in DMEM containing 0% FBS for 16 hr then
treated with 100 nM 4-OHT (Sigma). For MEK and PI3K inhibition experiments,
cell lines were cultured in complete medium and incubated with PD98059,
UO126, or LY294002 (Sigma) diluted in DMSO (Sigma) for 48 hr. For immuno-
fluorescence studies, MEFs were starved for 24 hr in 0% FBS and treated in
DMEM containing 10 mM HEPES and 0.5 mg/ml fatty acid-free BSA (A8806,
Sigma). PDGF (Sigma) was suspended in HBSS containing 0.5 mg/ml fatty
acid-free BSA and 20 mM HEPES to a stock concentration of 1 uM.

Luciferase Reporter Assays

The regulatory sequence of murine Arhgef2 (nucleotides 62—1,968 upstream of
the transcription start site) was PCR-amplified from mouse BAC clones and
inserted into the pGL3 luciferase vector to generate pArhgef2Luc (Promega,
E1910). MEFs or NIH 3T3 cells expressing empty vector, KRASP'2, or
BRAF6°E vere plated in a 24-well plate in triplicate at 7 x 10* cells/well. After
16 hr, cells were cotransfected with 50 ng pArhgef2Luc, empty vector, T7-
HRASY'2, or T7-KRASP'2 expression plasmids and 1 ng phRL-SV40 (Prom-
ega) using LipoD293 (SignaGen, SL100668) or Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Twenty four hours after transfec-
tion, cells were lysed and assayed for firefly and renilla luciferase activity using
the Dual-Luciferase Reporter System (Promega). Where indicated, cells were
treated with DMSO, PD98059, UO126, or LY294002 for 16 hr prior to cell lysis.

Immunohistochemistry

In this study, we used a human pancreatic TMA generated in a previously pub-
lished study (Al-Aynati et al., 2004). The use of this TMA in this study was
approved by the University Health Network Research Ethics Board (protocol
04-0018T). Immunohistochemistry was performed using the Biotin-Streptavi-
din-HRP detection system and a human GEF-H1 antibody (14B11 mouse
monoclonal antibody) at 1:500 dilution. To evaluate the expression levels of
GEF-H1, staining intensity in the ductal cells or lesions were judged by two
pathologists and scored as 2 (strong staining), 1 (weak staining), or 0 (absent

staining). For NIH 3T3 xenograft studies, tumor sections were fixed in OCT
medium, flash frozen in methylbutanol, and stored at —80°C before being
sent for immunohistological processing at Toronto General Hospital’s Pathol-
ogy Department. PDAC xenograft tumors were fixed in 10% formalin, paraffin
embedded, and sent for immunohistological processing at the Applied Mole-
cular Profiling Lab (Princess Margaret Hospital, Toronto, Canada). Tumor
sections were probed for caspase 3 cleavage using anti-cleaved caspase 3
(Asp 175) antibody (CST 9661).

Promoter Analysis of GEF-H1

Phylogenetic footprinting analysis was performed using mouse and human
sequences of ARHGEF2 (NM_1162383.1 and NM_004723.3, respectively)
(Zhang and Gerstein, 2003). Sequences were aligned to the genome with
BLAT, where the TSS was ascertained, and DNA 1 kb downstream (3') and
5 kb upstream (5') were pulled from the database. The 5 kb and 1 kb segments
were analyzed separately using Consite (Sandelin et al., 2004), employing all
matrices found in the public Jaspar database.

Statistical Analyses
Values are expressed as means + SD. Paired Student’s t tests (Kirkman, 2006)
were performed to determine statistical significance between samples.
Experiments were performed at least three times, and means with p < 0.05
were considered statistically significant.

See Supplemental Experimental Procedures for descriptions of all other
experimental procedures.
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SUMMARY

Ubiquitin-like with PHD and RING finger domains 1 (UHRF1) is an essential regulator of DNA methylation that
is highly expressed in many cancers. Here, we use transgenic zebrafish, cultured cells, and human tumors to
demonstrate that UHRF1 is an oncogene. UHRF1 overexpression in zebrafish hepatocytes destabilizes and
delocalizes Dnmt1 and causes DNA hypomethylation and Tp53-mediated senescence. Hepatocellular
carcinoma (HCC) emerges when senescence is bypassed. {p53 mutation both alleviates senescence and
accelerates tumor onset. Human HCCs recapitulate this paradigm, as UHRF1 overexpression defines a
subclass of aggressive HCCs characterized by genomic instability, TP53 mutation, and abrogation of the
TP53-mediated senescence program. We propose that UHRF1 overexpression is a mechanism underlying
DNA hypomethylation in cancer cells and that senescence is a primary means of restricting tumorigenesis
due to epigenetic disruption.

INTRODUCTION

The expression of genes that encode readers and writers of the
epigenetic code are widely deregulated across cancer types
(You and Jones, 2012). This contributes to the massive gene-
expression changes and remodeling of the epigenetic land-
scape, a characteristic of many types of cancer. In particular,
loss of global DNA methylation is a hallmark of cancer cells.

DNA hypomethylation contributes to oncogenesis through
multiple mechanisms, including chromosomal instability (Eden
et al., 2003; Karpf and Matsui, 2005), derepression of imprinted
genes (Berdasco and Esteller, 2010; Jirtle, 2004; Li et al., 1993),
retrotransposon activation (Gaudet et al., 2004; Howard et al.,
2008; Jackson-Grusby et al., 2001; Sharif et al., 2007), and aber-
rant gene expression, including induction of oncogenes (Cheah
et al., 1984). Many studies have documented that expression

Significance

cence is bypassed.

Global DNA hypomethylation occurs in most types of cancer and can induce genomic instability and widespread changes in
gene expression. UHRF1 is a key regulator of DNA methylation, and here, we show that UHRF1 overexpression causes HCC
in zebrafish without any other genetic alteration, demonstrating that it is an oncogene. High UHRF1 expression causes DNA
hypomethylation and Tp53-mediated senescence, which serves to restrict transformation of UHRF1-overexpressing cells.
High UHRF1 expression in human HCC correlates with a poor prognosis, genomic instability, TP53 mutation, and repression
of the TP53-mediated senescence program. We conclude that UHRF1 is an oncogene that promotes widespread DNA
hypomethylation, an epigenetic hallmark of cancer cells, and that UHRF1 overexpression drives tumorigenesis when senes-
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of the core factors required for maintenance DNA methylation—
i.e., DNA methyltransferase 1 (DNMT1) and ubiquitin-like with
PHD and RING finger domains 1 (UHRF1) (Babbio et al., 2012;
Jinetal.,, 2010; Unoki et al., 2010; Wang et al., 2012) —are signif-
icantly altered across cancer types. However, whether changes
in the expression of these key factors are sufficient to alter the
cancer cell methylome and drive carcinogenesis is unknown.
Moreover, the mechanism by which DNA methylation is lost in
cancer cells is poorly understood.

The cellular response to DNA hypomethylation varies by cell
type, physiological context, and degree of hypomethylation. In
some cells, DNA hypomethylation induces tumor-suppressive
mechanisms, including apoptosis (Anderson et al., 2009; Binisz-
kiewicz et al., 2002; Chen et al., 2007; Jackson-Grusby et al.,
2001) or senescence (Decottignies and d’Adda di Fagagna,
2011; Fairweather et al., 1987), whereas in other cells it blocks dif-
ferentiation of progenitor cells (Rai et al., 2010) or causes cancer
(Gaudet et al., 2003; Yamada et al., 2005). In part, the cellular
response to loss of DNA methylation is dictated by the genomic
region affected: hypomethylation of gene regulatory regions,
such as promoters, can derepress gene expression, whereas hy-
pomethylation of repetitive elements can reduce heterochromatin
formation and promote recombination and genomic instability.

UHRF1 plays an essential role in DNA methylation by recog-
nizing hemimethylated DNA generated during DNA replication
and then by recruiting DNMT1 to ensure faithful maintenance
of DNA-methylation patterns in daughter cells (Arita et al.,
2008; Avvakumov et al., 2008; Bostick et al., 2007; Hashimoto
et al., 2008; Liu et al., 2013; Nishiyama et al., 2013; Sharif
et al., 2007). Consequently, UHRF1 depletion results in global
DNA hypomethylation (Bostick et al., 2007; Feng et al., 2010;
Sharif et al., 2007; Tittle et al., 2011). Conversely, UHRF1 may
also limit DNA methylation by targeting DNMT1 for ubiquitin-
mediated degradation (Du et al., 2010; Qin et al., 2011) or by
delocalizing DNMT1 (Sharif et al., 2007). Thus, how UHRF1 over-
expression impacts the methylome is unclear.

We previously reported that uhrf1 mutation in zebrafish blocks
liver outgrowth in embryos and regeneration in adults (Sadler
et al., 2007) and that depleting UHRF1 from cancer cells induces
apoptosis (Tien et al., 2011). Here, we tested the hypothesis that
UHRF1 overexpression would alter global DNA methylation and
promote hepatocellular carcinoma (HCC).

RESULTS

High UHRF1 Expression Causes DNA Hypomethylation
UHRF1 is required for DNA methylation, as it recruits DNMT1 to
hemimethylated DNA during DNA replication (Bostick et al.,
2007; Feng et al., 2010; Liu et al., 2013; Nishiyama et al., 2013;
Sharif et al., 2007). Paradoxically, UHRF1 also serves as an
ubiquitin ligase that targets DNMT1 for degradation (Du et al.,
2010; Qinetal., 2011). To determine how UHRF1 overexpression
impacts DNA methylation, we generated transgenic zebrafish
expressing human UHRF1 fused to GFP (hsa.UHRF-GFP)
under the hepatocyte-specific fabp10 promoter (Tg(fabp10:
hsa.UHRF1-GFP); Chu et al., 2012).

Human and zebrafish UHRF1 are 66% identical, and the ability
of human UHRF1 to rescue zebrafish embryos depleted of Uhrf1
(V.J. and K.C.S., unpublished data; Chu et al., 2012) indicates
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they are functional orthologs. Expression is first detected in
hepatocytes on 3 days postfertilization (dpf) and by 5 dpf;
nuclear UHRF1-GFP is easily detected at variable levels in
hepatocytes (Figure S1A available online; Chu et al., 2012). We
isolated an allelic series of Tg(fabp10:hsa.UHRF1-GFP) trans-
genics expressing a range of UHRF1 levels (Figures S1A and
S1B; hereafter referred to UHRF1-GFP High, Medium and Low).

We probed genomic DNA isolated from the liver of 5 dpf larvae
from each line with an antibody specific for 5-methyl cytosine
(5MeC) to assess DNA methylation and found significant
hypomethylation only in the liver of UHRF1-GFP High larvae
(38% of controls; p = 0.007; Figures 1A and S1C). 5MeC immu-
nofluorescence showed DNA methylation to be uniformly dis-
tributed in the nuclei of hepatocytes from control larvae that
express nuclear-localized mCherry under the fabp10 promoter
(Tg(fabp10:nls-mCherry); abbreviated to nls-mCherry). Only
dim staining was detected in hepatocytes of UHRF1-GFP High
larvae (Figure 1B). Because equivalent levels of 5MeC were
detected in the liverless carcasses (Figure 1A) or cells of the fin
where the transgene is not expressed (Figure 1B), we conclude
that DNA hypomethylation was specific to the liver of UHRF1-
GFP High larvae.

We hypothesized that UHRF1-induced DNA hypomethylation
could be caused by mislocalization or destabilization of Dnmt1.
Immunofluorescence revealed uniform Dnmt1 distribution in the
nucleoplasm of nls-mCherry hepatocytes (Figure 1C), but in
UHRF1-GFP High hepatocytes, it was concentrated in nuclear
foci that contained UHRF1-GFP (Figure 1C). Interestingly, the
range of UHRF1-GFP expression within cells of the same liver re-
vealed that cells with high GFP had dim, puncate Dnmt1 staining,
but the Dnmt1 levels and distribution pattern were similar to con-
trol hepatocytes in cells with low or no GFPDnmt1 levels, and the
distribution pattern was similar to control hepatocytes in cells with
low or no GFP (arrows, Figure 1C). Thus, UHRF1 expressed at high
levels colocalizes with Dnmt1 and high UHRF1 expression redis-
tributes Dnmt1 to intranuclear structures reminiscent of senes-
cence-associated heterochromatin foci (Di Micco et al., 2011).

Endogenous Dnmt1 in the liver was below the levels detect-
able by immunoblotting (not shown), so we used a transgenic
line expressing UHRF1-GFP under the inducible hsp70!
promoter (Chu et al., 2012) to quantitatively assess the impact
of UHRF1 overexpression on Dnmt1 stability at a developmental
time when we could easily detect Dnmt1 levels by immunoblot-
ting. We optimize a heat-shock protocol that maximized UHRF1-
GFP expression in Tg(hsp70l:UHRF1-GFP) larvae (Figure 1D)
and found that UHRF1-GFP overexpression reduced Dnmt1
protein by 27% compared to non-heat-shocked transgenics
(p = 0.03; Figure 1E). Treatment with a nontoxic dose of the
proteasome inhibitor, MG132, prevented the decrease in
Dnmt1 induced by UHRF1 overexpression (p = 0.01; Figure 1E).
Neither heat shock nor MG132 significantly affected Dnmt1
protein levels in nontransgenic controls (Figure 1E). Thus, both
Dnmt1 delocalization and destabilization could account for
DNA hypomethylation caused by UHRF1 overexpression.

DNA Hypomethylation Caused by UHRF1

Overexpression Reduces Liver Size

Uhrf1 in zebrafish is required for hepatic outgrowth and liver
regeneration (Sadler et al., 2007). To determine if UHRF1

197



Cancer Cell
UHRF1 Is an Oncogene in HCC

A UHRF1-GFPHighm ©C [ transgene || Dnmt1 || Merge |
p=0.007  controlm - i
carcass liver %100 5 )
® control = 80 el
= w k)
Ol UHRF1- ___ £ 60 c
E[ GFP High “g’>4o a
T < control L Q
5z UHRF1- _ = 5 e
GFP High ° carcass liver %
44% 2
B trangeel 5-MeC_|[ Merge | o nontransgenic (WT) or hsp70l:UHRF1-GFP
2 . hpf:24 25 26 27 28 29 30 31 32 33 34
2 : S =y B!
= DMSO UHRF1-GFP
5 Eﬂ EE_ and Dnmt1
o WT hsp70l:UHRF1-GFP
O = :
= = 0.6
i E® 05
=) QS o4
2| 2o 03
2 BT 02
£ £ o1
2 0.0
o Heatshock:
G MG132: - -+ - -+
o ] 07 00] 3 [ ———
T UHRF1-GFP — G
= Tubulin

L e — — G —

Figure 1. High UHRF1 Expression Causes Global DNA Hypomethylation

(A) 5MeC levels and total DNA stained with methylene blue were measured in 5 dpf control and UHRF1-GFP High livers (n = 4) and liverless carcasses (n = 3). The
ratio of 5MeC to total DNA was averaged and normalized to controls. Student’s t test was used to determine p values.

(B) Confocal stacks of livers (top) and fins (bottom) from 5 dpf nls-mCherry and UHRF1-GFP High larvae stained with anti-5MeC. Because a hepatocyte-specific
promoter was used for transgenesis, there was no transgene expression in the fin.

(C) Dnmt1 is uniform in the hepatocyte nucleus of four dpf nis-mCherry larvae but is found in GFP-containing punctae in UHRF1-GFP High hepatocytes. Arrows
point to cells that do not express GFP and have Dnmt1 distribution pattern similar to controls.

(D) Tg(hsp70l:UHRF1-EGFP) and nontransgenic controls were heat shocked at 37°C for 1 hr at 24 and 27 hpf, treated with 10 uM MG132 or DMSO at 28 hpf, and
collected at 34 hpf for immunoblotting.

(E) Dnmt1 levels normalized to tubulin were averaged from six experiments. Student’s t test was used to determine p values; n.s., not significant; error bars

represent SD.
See also Figure S1.

overexpression in hepatocytes affected hepatic outgrowth, we
assessed liver size in fish from all transgenic lines (Figures 2A-
2C and S2A). Low and medium expressing lines had no gross
changes in liver size (Figure S2A), but 74% of UHRF1-GFP
High larvae on 5 dpf had small livers (Figure 2C), with the median
area of the left liver lobe reduced by 35% compared to controls
(p < 0.001; Figures 2D and S2A), without reduction of total fish
size (Figure S2B).

Larvae with small livers appeared sick (see 10 dpf larvae in Fig-
ure 2A), and only 20% of UHRF1-GFP High fish survived to 20 dpf
(Figures S2C and 2E). Moreover, UHRF1-GFP High larvae with
the “microliver” phenotype on 5 dpf had significantly higher mor-
tality by 10 dpf (67 %) than those that started with a normal-sized
liver (7%; Figure 2E). Thus, high UHRF1 expression in hepato-
cytes causes DNA hypomethylation, microliver, and larval death.

198 Cancer Cell 25, 196-209, February 10, 2014 ©2014 Elsevier Inc.

We next investigated the relationship between DNA hypo-
methylation and the microliver phenotype by asking whether
further reducing DNA methylation could enhance this phenotype
orrestoring Dnmt1 could suppress it. We previously reported that
exposing embryos to 50 uM of the Dnmt1 inhibitor, 5-azacytidine
(5-Aza) from 0 to 5 dpf caused a profoundly small liver and DNA
hypomethylation (Mudbhary and Sadler, 2011). By restricting
the 5-Aza exposure time to 2.5-5 dpf, we reduced DNA methyl-
ation in the liver of control larvae by 40% (Figure S1C), which
induced a moderately small liver in 16% of larvae (p = 0.0035;
Figure 2F). This same treatment of UHRF1-GFP High larvae
significantly increased the percent with small livers (p < 0.0001;
Figure 2F). Whereas this could be attributed to DNA damage
caused by 5-Aza, our finding that injecting UHRF1-GFP High
embryos with mRNA-encoding Dnmt1 modestly suppressed
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Figure 2. UHRF1-Induced Hypomethylation Reduces Liver Size
(A) Individual larvae were imaged daily from 3-10 dpf.

UHRFT-GFP High

(B) Five dpf UHRF1-GFP High larvae display a range of liver sizes scored as “normal” or “small”.
(C) Three clutches were scored according to criteria in (B); n, number of larvae. Fisher’s exact test was used to determine p value.
(D) The area of the left liver lobe was measured in 5 dpf fish from two clutches. Boxes represent 75™ and 25" percentile, horizontal line is the median, and whiskers

mark lowest and highest values. Student’s t test was used to determine p value.

(E) UHRF1-GFP High larvae were sorted by liver size on 5 dpf and tracked daily for survival to 20 dpf. Data are pooled from three clutches.
(F) UHRF1-GFP High and control larvae were treated with 50 uM 5-Aza from 2.5-5 dpf and scored for liver size in six clutches. Fisher’s exact test was used to

determine p values.

(G) UHRF1-GFP High embryos were injected with mRNA encoding dnmt1 or Mpi before 1 hpf. The percent of fish with a normal liver size was scored at 5 dpfin six

clutches.
See also Figure S2.

the percent of fish with a small liver (Figure 2G) and increased the
average size of the left liver lobe by 10%-15% (Figure S2D) sug-
gests that hypomethylation, at least in part, contributes to the
small-liver phenotype of UHRF1-GFP High larvae.

UHRF1 Overexpression Triggers Tp53-Mediated
Senescence

DNA hypomethylation can induce apoptosis, but we found no
TUNEL-positive cells on 5 dpf in UHRF1-GFP High livers (Fig-
ure S3A). However, senescence-associated (-galactosidase
(SA-B-gal) staining was detected throughout the liver of most
UHRF1-GFP High 5 dpf larvae (n = 93; Figures 3A and 3B), but
not other transgenic lines (Figure S3B). Additionally, the DNA

Cancer Cell 25, 196-209, February 10, 2014 ©2014 Elsevier Inc.

in control hepatocytes was evenly distributed throughout the
uniformly sized nuclei compared to the large nuclei where DNA
resembled senescence-associated heterochromatic foci (inset,
Figure 3C). Strikingly, the largest hepatocyte nuclei also had
the brightest GFP (Figure 3C), suggesting the effect of UHRF1
overexpression cell autonomously affected nuclear morphology.

Senescent cells do not divide, and we found significantly less
bromodeoxyuridine (BrdU) incorporation in the liver of 5 dpf
UHRF1-GFP High larvae compared to controls (p < 0.0001; Fig-
ure 3D). Interestingly, in nls-mCherry larvae, most BrdU incorpo-
ration was detected in hepatocytes that express nis-mCherry,
but the only BrdU-positive cells in UHRF1-GFP High larvae
were negative for GFP (see inset in Figure 3D). RNA sequencing
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Figure 3. UHRF1 Overexpression in Hepa-
tocytes Induces Tp53-Mediated Senes-
cence

(A) Intense senescence-associated B-galactosi-
dase (SA-B-gal) staining was detected in the liver
(outlined) of 5 dpf UHRF1-GFP High larvae
compared to light or no staining in controls.

(B) Five dpf fish from five clutches were scored
for hepatic SA-B-gal staining. ***p < 0.0001 by
Fisher’s exact test.

(C) Nuclear size was measured in hepatocytes of a
single control or UHRF1-GFP High 5 dpf liver, and
cells were stratified according to GFP expression.
Inset shows confocal stack of the DNA organized
into foci. **p < 0.001 and ***p < 0.0001, compared
to nuclear size in nls-mCherry larvae.

(D) BrdU-positive cells and the total number of
transgene-expressing hepatocytes in nls-mCherry
and UHRF1-GFP High larvae (bottom) 5 dpf larvae.
AFisher’s exact test was used to calculate p value.
In nis-mCherry larvae, most BrdU-positive cells
also express the transgene, whereas the BrdU-
positive cells in UHRF1-GFP High livers did not
express GFP (white arrows in magnified regions,
which are marked by the white box).

(E) Heatmap of log2 values from RNA-seq shows
cell-cycle regulators are down and Tp53 target
genes (marked by *) are up in UHRF1-GFP High 5
dpf livers.

(F) tp53 and cdknia mRNA expression were
induced on 5 dpf and downregulated on 20 dpf in
UHRF1-GFP High livers. *p = 0.05; ***p = 0.001
calculated by one sample Student’s t test. Error
bars represent SD.

(G) 5-Aza induces Tp53 expression in primary
mouse hepatocytes. Student’s t test was used to
determine p value with SD indicated by the error
bars across three replicates.

(H-K) tp53*~ in UHRF1-GFP High larvae signifi-
cantly reduced SA-B-gal staining in the liver (two
clutches) (H), and increased the percent of larvae
with normal liver size (I), the area of the left liver
lobe (J), and survival at 5 dpf (K). p values were
calculated with a Fisher’s test with Freeman-
Halton extension (H), Fisher’s exact test (l), and
Student’s t test. Boxes represent 75" and 25"
percentile, horizontal line is the median, and
whiskers mark lowest and highest values (J).

See also Figure S3.

TP53 is a key mediator of senescence
caused by DNA damage and oncogenic
stress (Di Micco et al., 2011; McDuff
and Turner, 2011; Ventura et al., 2007;
Xue et al., 2007). RNA-seq (Figure 3E)
and quantitative PCR (gqPCR) analysis
(Figure 3F) show that {p53 and its target
genes, especially cdknia, are signifi-

cantly induced in the liver of 5 dpf UHRF1-GFP High larvae but
then return to baseline by 20 dpf (Figure 3F). 5-Aza treatment
of primary mouse hepatocytes induced Tp53 expression (Fig-
ure 3G), similar to the effects of 5-Aza treatment or Dnmt1 deple-
tion in other mammalian cell types (Jackson-Grusby et al., 2001;
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Karpf et al., 2001) and in zebrafish embryos (V.J. and K.C.S., un-
published data; not shown). However, because significant alter-
ation in methylation of the {p53 promoter was not detected in
these models (not shown), we hypothesize that DNA methylation
does not directly regulate Tp53 expression. Instead, DNA hypo-
methylation may induce tp53 by an indirect mechanism, such as
increased DNA damage or genomic instability.

A direct role for Tp53 in the phenotypes induced by UHRF1
overexpression was demonstrated by removing one copy of
tp53. This reduced the incidence and intensity of SA-B-gal
staining in the liver (Figure 3H), increased liver size (Figures 3l
and 3J), and reduced mortality (Figure 3K) of UHRF1-GFP High
fish. We thus propose a model whereby high UHRF1 causes
DNA hypomethylation, induces Tp53-mediated senescence,
which prevents expansion of the hepatic bud, resulting in hepatic
insufficiency and larval death.

UHRF1 Overexpression Induces Liver Cancer in
Zebrafish

To determine if UHRF1 overexpression was sufficient to cause
HCC, 281 control and UHRF1-GFP transgenics were collected
between 5 and 300 dpf, serial sectioned, and analyzed for atyp-
ical cells, dysplastic foci, and HCC using histological criteria
devised by two expert pathologists (R.T.B. and M.LF.), which
included disrupted tissue architecture, cell size, shape, nuclear
structure, and the presence of mitotic figures (Figures S4A and
S4B). Evidence of increased hepatocyte proliferation was de-
tected in all UHRF1-overexpressing lines on 20 and 40 dpf (Fig-
ure S4C), but this was insufficient to cause HCC, as UHRF1-GFP
Low fish were tumor free at all time points (Table 1). In contrast,
UHRF1-GFP High fish developed atypical hepatocytes as early
as 5 dpf, with an 8% incidence of dysplastic foci and 46%
incidence of HCC by 15 dpf. On 20 dpf, 76% of fish had HCC
(Figures 4A and 4B; Table 1). UHRF1-GFP Medium fish also
developed atypical hepatocytes and dysplastic foci at young
ages, and one large HCC was detected in a 60 dpf fish (Table 1).
In a classical transformation assay using NIH 3T3 cells, UHRF1
cooperated with RAS to promote growth on soft agar (Figure 4C).
These conclusively demonstrate that UHRF1 is an oncogene.

We found that UHRF1-GFP High larvae older than 8 dpf had a
lower incidence and intensity of hepatic SA-B-gal staining
(Figure 4D). Interestingly, in many of these fish, intense staining
was distributed in a punctate pattern. By 20 dpf, 75% of fish
had either punctate or no staining (Figure 4D), which is a striking
correlation with the 70% incidence of HCC at this time point. This
was mirrored by increased proliferation of liver cells, detected by
increased BrdU incorporation in UHRF1-GFP High livers (22%
versus 4% in controls) at 11 dpf (p < 0.001; Figure 4E), and higher
PCNA staining on 20 and 40 dpf in all lines (Figure S4C). Loss of
senescence was not attributed to re-establishment of DNA
methylation or transgene silencing, as reduced 5MeC staining
persisted in tumor cells (Figure S4D) and transgene expression
was detectable in all 20 dpf fish (Figures S4E and S4F), albeit
reduced from levels detected in 5 dpf livers.

We asked whether Tp53 epistatically interacted with UHRF1
overexpression to contribute to HCC by removing one copy of
tp53 (Berghmans et al., 2005). The liver appeared normal in 13
tp53*/~ fish without transgene expression (not shown), but in
UHRF1-GFP High fish, tumor incidence on 15 dpf increased

from 50% in wild-type (WT) to 87% in tp53*/~ fish (Figure 4B).
Interestingly, in a single UHRF1-GFP High);p53*/~, 15 dpf fish,
we found a tumor with immature cells resembling a cholangio-
carcinoma. Thus, tp53 functions to suppress tumor formation
and may alter the spectrum of tumors caused by UHRF1
overexpression.

UHRF1 Is Upregulated in Human HCC

We next investigated the relevance of UHRF1 expression in
human HCC. We assessed UHRF1 expression by qPCR in 16
normal liver samples and in two cohorts of patients with
dysplastic nodules or HCC: the first cohort of 58 patients had
hepatitis C infection (HCV) (Figure 5A; Wurmbach et al., 2007),
and the second cohort of 69 patients had hepatitis B virus,
alcohol, and other etiologies (Figure S5A; Villanueva et al.,
2008). Additional publically available transcriptome data sets
from three other cohorts of HCCs (Figure S5B) and from lung,
gastric, colorectal, and breast cancer (Figure S5C) were also
analyzed. All showed elevated UHRF1 in tumors, with expres-
sion elevated >2-fold compared to controls in 17/18 dysplastic
foci and 104/109 HCCs (Figures 5A and S5A). An average of
20- and 46-fold overexpression of UHRF1 was detected in
advanced and very advanced HCCs. UHRF1 protein was barely
detectable in five normal liver samples but highly expressed in
38/52 (73%) of the tumors analyzed for UHRF1 mRNA in Fig-
ure 5A (p < 0.003; Figure 5B). Thus, UHRF1 is overexpressed
in HCCs of diverse etiologies as well as in other tumor types,
and high UHRF1 expression is significantly associated with the
most advanced tumors.

Targeting UHRF1 in liver cancer cells (HepG2) using small
interfering RNA (siRNA) induced PARP cleavage (Figure 5C)
and other markers of apoptosis (not shown), similar to results
obtained using another HCC cell line (Hep3B; not shown) and
colon cancer cells (Tien et al., 2011). Thus, blocking UHRF1 in
cancers with high UHRF1 expression could be an effective
means to induce tumor cell death.

Of the 109 HCCs analyzed for UHRF 1 expression by gPCR, 71
had multiple clinical and genomics parameters available (Chiang
et al., 2008). These were rank-ordered based on UHRF1 expres-
sion determined by qPCR (Figure 6A). Tumors with expression
above and equal to or below the median log2-fold change value
of 3.64 were designated as “high” (n = 35) and “low” (n = 36),
respectively (Figure 6A). High-UHRF1-expressing tumors were
associated with signs of poor clinical outcome: 80% had
microvascular invasion (Figure 5D) and significantly higher
alpha-fetoprotein (AFP) levels (Figure 5E), although AFP levels
alone did not cooperate with UHRF1 to predict survival (data
not shown). Importantly, high UHRF1 expression significantly
correlated with early (<2 years; Figure 5F), but not late (Fig-
ure 5G), tumor recurrence and was inversely correlated with
survival (Figure 5H). This suggests that high UHRF1 expression
predicted recurrence of the primary tumor, causing decreased
survival (Villanueva et al., 2011). Molecular signatures of aggres-
sive HCC tumors compiled from several previous studies (Table
S1) were concordantly and significantly enriched in high-UHRF1-
expressing tumors (Figure 6A). Moreover, high-UHRF1-express-
ing tumors were distinguished by induction of pathways that
drive the cell cycle, DNA replication, and repair (Figure S6A;
Tables S2 and S83). UHRF1 overexpression also significantly
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Table 1. HCC Onset and Incidence in Tg(fabp10:nis-mCherry) and Tg(fabp10:UHRF1-GFP) Zebrafish

Transgene dpf 5 10 15 20 25 30 40 50 60 90 180 300 Totaln=281 ClI

nls-mCherry normal 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 65 100%
atypical cells 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0 0%
dysplastic foci 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
tumor 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
n= 8 8 8 11 nd nd 5) 5) 5) 5 5 5) 65

UHRF1-GFP Low normal 100% 100% 100% 100% 100% 100% 100% 100% 60 100%
atypical cells 0% 0% 0% 0% 0% 0% 0% 0% 0 0%
dysplastic foci 0% 0% 0% 0% 0% 0% 0% 0% 0 0%
tumor 0% 0% 0% 0% 0% 0% 0% 0% 0 0%
n= 7 9 10 12 nd nd 4 nd nd 6 6 6 60

UHRF1-GFP Medium normal 90% (9) 100% (11) 50% (3) 28% (4) 66% (4) 80% (4) 50% (4) 50% (5) 81% (13) 57 66%
atypical cells  10% (1) 0% 50% 3) 57% (8) 33%(2) 20% (1) 50% (4) 20% (2) 44% (7) 28 32%
dysplastic foci 0% 0% 0% 7% (1) 0% 0% 25% (2) 30% (3) 0% 6 7%
tumor 0% 0% 0% 0% 0% 0% 0% 0% 6% (1) 1 1%
n= 10 11 6 14 6 5 8 10 16 86

UHRF1-GFP High normal 0% 0% 7% (1) 0% 0% 1 2%
atypical cells  100% (13) 100% (7) 46% (6) 17% (3) 75% (3) 36 61%
dysplastic foci 0% 0% 8% (1) 12% (2) 25% (1) 4 7%
tumor 0% 0% 46% (6) 76% (13) 0% 18 30%
n= 13 7 13 17 4 54

UHRF1-GFP High/ p53*'~ normal 0% 0%
atypical cells 13% (2) 13%
dysplastic foci 0% 0%
tumor 88% (14) 14 88%
n= 16 16

The incidence (percent) and absolute number of fish (parentheses) with cancer-relevant histological phenotypes were scored in a total of 281 fish from four transgenic lines. The total n for each time
point is indicated. Some fish were diagnosed with more than one lesion. nd, not done; Cl, cumulative incidence.
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Figure 4. UHRF1 Is an Oncogene
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20 dpf

(A) Atypical cells, dysplastic foci (outlined), and
HCC are apparent in hematoxylin and eosin-
stained UHRF1-GFP High livers. BD, bile duct; MF,
mitotic figure.

(B) Incidence of normal and atypical hepatocytes,
dysplastic foci, and cancer in the liver of UHRF1-
GFP High fish on WT or tp53*/~ background.

(C) NIH 3T3 cell growth in soft agar is enhanced
when UHRF1 overexpression is combined with
RAS (n = 3). The p value was calculated by Stu-
dent’s t test, and error bars represent the SD.

(D) Hepatic SA-B-gal-staining patterns in UHRF1-

o »n
B 100 c Q 594 =0.002 GFP High larvae change as fish age. Images of 8
E dpf larvae illustrate the SA-B-gal-staining patterns
o 757 =INormal S L that were scored in the time course shown in the
g Estypilcalt' %S 30 graph. A significant increase in the number of
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257 g (p < 0.01 by Fisher’s exact test) except at 4 dpf;
= n.s., not significant.
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vy > Figure S4.
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I i | N 6B and 6C) and TP53 mutation (Figure 6D)
< N are independently correlated with chro-
3% 504 S mosomal loss, but tumors that have
o X both features display even more chro-
= N .
S 25- I Y 29% mosomal loss (Figure 6D). Finally,
ﬂ O (291132) UHRF1 expression was significantly
dp?‘ 45 768101120 45 7 8101120 L h=2 higher in tumors with TP53 mutation
number larvae =30 106 67 43 45 14 15 3410260 33 35 7 5 % (Figure 6E). UHRF1 overexpression did
number clutches =(3)(5) (5) 3)(3) () (1) (3) (5) (6) B)B) () () | p<0.001 not correlate with copy-number variation

control UHRF1-GFP High

correlated with advanced-stage prostate cancer, but not lung
or colon (Figures S5D-S5G).

High UHRF1 Expression Delineates a Subclass of HCCs
that Have Downregulated TP53-Mediated Senescence
Our zebrafish studies demonstrated that bypass of Tp53-
induced senescence is required for UHRF1 to act as an
oncogene. Our analysis of human HCCs indicates that a similar
paradigm occurs in these samples. First, inactivating mutations
in TP53 significantly correlated with high UHRF1 expression
(Figure 6A). Second, many of the core enriched genes high-
UHRF1-expressing tumors are regulated by TP53 in senescent
fibroblasts (Table S4; Tang et al., 2007), and high-UHRF1-
expressing tumors downregulated the gene expression signa-
ture associated with TP53-induced senescence in fibroblasts
(Table S5; Figure S6B; Tang et al., 2007) and in hepatic stellate
cells (Table S6; Figure S6C; Lujambio et al., 2013). Fourth, signif-
icant correlation between UHRF1 overexpression, TP53 muta-
tion, and genome integrity in human HCCs indicates that these
pathways act together, where high UHRF1 expression (Figures

at the UHRF1 locus (Figure S6D) suggest-
ing that a different mechanism drives
UHRF1 overexpression.

Genome-wide DNA hypomethylation is found in most HCCs
(Calvisi et al., 2007), and this rendered it difficult to correlate
methylome changes with UHRF71 expression. However,
DNMT1 expression was directly correlated with UHRF1 expres-
sion in HCC samples (Figure 6F). This may be a consequence
of the high proliferation rate in these tumors or an induction
of the methylation machinery to compensate for hypomethy-
lation. Together, these data indicate that high UHRF1 expression
in HCC defines a subset of aggressive tumors that have in-
activated the TP53-induced senescence program, suggesting
that, in humans, as observed in zebrafish, TP53 acts as a tumor
suppressor to restrict the oncogenic potential of UHRF1-over-
expressing cells.

DISCUSSION

We show that UHRF1 overexpression is sufficient to cause two
oncogene-associated phenotypes: senescence and cancer.
This defines UHRF1 as an epigenetic regulator that causes
cancer upon overexpression, and it is thus an oncogene. We
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Figure 5. UHRF1 mRNA and Protein Are Overexpressed in HCC

(A) UHRF 1 detected by gRT-PCR in 18 preneoplastic lesions and 40 HCCs from hepatitis C virus (HCV)-infected patients compared to expression in nine normal
livers. Horizontal line indicates median.

(B) Immunohistochemistry for UHRF1 protein (brown) was evaluated in 52 of the same HCCs examined in (A) plus five normal liver samples. Fisher’s exact test
was used to calculate p value. Seventy-one of the HCV-associated HCCs analyzed by gPCR were grouped into high (n = 35) and low (n = 36) UHRF1-expressing
tumors based on the median log2-fold change of 3.64.

(C) HepG2 cells transfected with control siRNA (GL2) or two different siRNAs targeting UHRF1 described in Tien et al. (2011) were blotted for UHRF1 and cleaved
and total PARP (arrow indicates full length; * indicates cleaved protein).

(D-H) Vascular invasion (33 high and 34 low tumors; four missing values) (D), serum AFP (29 UHRF1-high and 29 low tumors; 13 missing values) (E), early (<2 years)
(F) and late (>2 years; 32 UHRF1-high and 35 low tumors; four missing values) (G) tumor recurrence, and overall survival after surgery (32 high and 35 low tumors;
four missing values) (H) were stratified according to UHRF1 expression. Continuous and categorical variables were assessed by Wilcoxon rank-sum test and
Fisher’s exact test, respectively. Clinical outcome difference was evaluated by log rank test. In box and whisker plots, boxes represent the 75th and 25th
percentiles, the whiskers represent the most extreme data points within interquartile range x 1.5, and the horizontal bar represents the median.

See also Figure S5.

hypothesize that UHRF1 overexpression is one mechanism by also sequester the DNMT1-deubiquitinating enzyme, USP7
which cancer genomes can become hypomethylated, either (Qin et al., 2011), to further promote DNMT1 ubiquitination and
via UHRF1-mediated Dnmt1 ubiquitination and degradation degradation.

(Du et al., 2010; Qin et al., 2011) or by redistribution and/or The precise mechanism by which DNA hypomethylation
sequestration of Dnmt1 away from DNA. Excess UHRF1 might causes cancer remains elusive. Both apoptosis and senescence
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serve to limit the propagation of cells with aberrant DNA methyl-
ation (Decottignies and d’Adda di Fagagna, 2011; Fairweather
et al., 1987); however, once epigenetically altered cells escape
these tumor-suppressive mechanisms, they likely accumulate
genetic lesions that predispose to cancer. Indeed, chromosomal
instability and mitotic catastrophe occur following DNMT1
depletion (Chen et al., 2007; Karpf and Matsui, 2005; Weber
and Schubeler, 2007), and transposons, which are heavily meth-
ylated in normal cells, could become activated and cause
genomic instability upon UHRF1-induced DNA hypomethylation.
Additionally, hypomethylated DNA is more likely to assume an
open chromatin conformation, which may promote oncogene
expression, although this possibility has not been fully evaluated.
Whereas the oncogenic role of UHRF1 could also be mediated
by the impact of UHRF1 on other epigenetic marks or on DNA
replication (Taylor et al., 2013), our data combined with findings
from others (Eden et al., 2003; Gaudet et al., 2003) suggest that
DNA hypomethylation is a likely mechanism driving UHRF1-
mediated transformation.

Our working model (Figure 7) proposes that UHRF1 over-
expression causes DNA hypomethylation by reducing Dnmt1
levels and its access to hemimethylated DNA. Tp53 is then
induced in response to either genomic instability or some other
mechanism, causing hepatocyte senescence, which prevents
hepatic expansion and results in larval death from hepatic insuf-
ficiency. We propose that Tp53 inactivation and senescence
bypass by an as of yet unknown mechanism and allow for unhin-
dered cell proliferation and malignant transformation. How this
tumor-suppressive mechanism is overcome remains a central,
unanswered question in cancer biology.

Studies in a mouse liver cancer model show that Tp53 re-
activation causes senescence, and these cells are then cleared
by the immune system (Xue et al., 2007) and the liver is then
repopulated with senescence-resistant tumor-forming cells.
Our finding that senescence decreases and BrdU incorporation
increases in UHRF1-GFP High livers over time suggests a similar
process at play. Moreover, BrdU incorporation in primarily GFP-
negative cells suggests the expansion of either immune cells or
immature hepatic progenitors in response to senescent hepa-
tocytes. The finding of a cholangiocarcinoma in a UHRF1-GFP
High/p53*/~ fish may indicate a bipotential progenitor cell
as the tumor-forming cell in this model. Additionally, our data
indicate that there is a threshold effect of UHRF1 expression,
in which the highest expressing cells undergo senescence
and neighboring hepatocytes expressing UHRF1-GFP at levels
below those detectable via microscopy undergo unhindered
expansion.

HCC is the third cause of cancer-related deaths globally
(Llovet et al., 20083), yet curative therapies are limited, with
sorafenib as the only systemic therapy available for advanced
cases (Llovet et al., 2008). Thus, there is an urgent and unmet
need for novel therapies. HCC, like other cancers, is character-
ized by global DNA hypomethylation (Calvisi et al., 2007; Pog-
ribny and Rusyn, 2014; Tischoff and Tannapfe, 2008), and high
UHRF1 expression could be the cause. Our finding that
UHRF1 depletion in HCC and other types of cancer cells causes
apoptosis (Tien et al., 2011) presents UHRF1 as an attractive
target for inducing cancer cell death induced by massive epi-
genetic changes incompatible with cell survival or by resetting

the cancer cell methylome to reinstate the expression of genes
that block cell proliferation.

EXPERIMENTAL PROCEDURES

Zebrafish Maintenance and Generation of Transgenics

Zebrafish were maintained on a 14:10 hr light:dark cycle at 28°C. mRNA-
encoding zebrafish Dnmt1 (Rai et al., 2006) or mannose phosphate isomerase
(Mpi) (Chu et al., 2013) as a control was injected into embryos just after
fertilization.

Tg(fabp10:nis-mCherry) fish expressing nls-mCherry exclusively in hepato-
cytes were generated using Gateway cloning (Invitrogen) to produce vectors
with tol2 transposon sites (Kwan et al., 2007). Tg(hsp70l:hsa.UHRF1-GFP)
and Tg(fabp10:hsa.UHRF1-GFP) were described in Chu et al. (2012). The
high, medium, and low expressing alleles are listed at http://www.ZFIN.org
with superscripts mss1a, mss1b, and mssic, respectively. Transgenics were
outcrossed to Tab14 (WT) or tp53~/~ fish (Berghmans et al., 2005).

Tg(hsp70l:UHRF1-GFP) embryos were heat shocked at 37°C for 1 hr at 24
and 27 hr postfertilization (hpf). At 28 hpf, embryos were sorted visually for
GFP expression and incubated with either 10 uM MG132 or DMSO and
collected for immunoblotting at 34 hpf. 5-Aza (50 uM) was added to larvae
from 2.5 to 5 dpf. The Mount Sinai Institutional Animal Care and Use Commit-
tee approved all protocols. Nomenclature guidelines for the species under dis-
cussion were followed, and when no species are specified, human nomencla-
ture was used.

Gene-Expression Analysis
RNA was isolated from a pool of at least ten livers from 5 dpf fish and from one
to five livers from 20 dpf fish using the RNeasy mini-kit (QIAGEN). cDNA was
prepared by polyA priming using gScript SuperMix (Quanta). Quantitative
RT-PCR (qRT-PCR) analysis was performed in the Light Cycler 480 (Roche)
using gene-specific primers (see Supplemental Information) and PerfeCTa
SYBRGreen FastMix (Quanta). C; values from ftriplicate reactions were
averaged and 2~ Ctitarget)p—Ctireference) \y a5 sed to calculate expression, with
rpp0 and cyclophilin A used as reference genes of zebrafish and mouse
samples, respectively.

RNA-seq analysis was carried out on RNA from pools of 50 livers dissected
from two clutches of 5 dpf UHRF1-GFP High and nis-mCherry larvae,
described in Supplemental Information.

Histology

Fish younger than 20 dpf were fixed overnight at 4°C in 4% paraformaldehyde
(PFA), and older fish were fixed for 2-5 days at room temperature in Bouin’s
fixative. Four micromolar serial sections of paraffin-embedded fish were
stained with hematoxylin and eosin as described (Imrie and Sadler, 2010)
and imaged on an Olympus BX41 clinical microscope equipped with a Nikon
DS-Ri1 digital camera. Histological criteria used for scoring tumors are
described in Figures S4A and S4B.

Immunoblotting

Lysates prepared from 15 embryos dissolved in 150 ul protein lysis buffer
were homogenized by sonication. One embryo equivalent was loaded per
lane of an 8% or 12% SDS gel, transferred to nitrocellulose, and blotted.
HepG2 cell lysates were prepared as described (Tien et al., 2011).

Antibodies

Antibodies recognizing DNMT1 (1:1,000 for blotting; 1:10 for immuno-
fluorescence; Santa Cruz Biotechnology), UHRF1 (immunoblotting:
1:1,000; BD Biosciences; immunohistochemistry: 1:50; ab57083; Abcam),
tubulin (1:5,000; Developmental Studies Hybridoma Bank), p89 PARP and
total PARP (1:1,000; Cell Signaling Technology), B-actin (1:2,000; Sigma),
5MeC (1:500; Eurogentec), BrdU (1:200; BD Bioscences), and anti-rabbit
or mouse conjugated to Alexa 555 or Alexa 488 (1:100; Invitrogen) were
diluted in 10% fetal bovine serum (FBS) or 2% BSA in 1% Triton in PBS
(PBST).

Cancer Cell 25, 196-209, February 10, 2014 ©2014 Elsevier Inc. 205


http://www.ZFIN.org

Cancer Cell
UHRF1 Is an Oncogene in HCC

A F
8~
2 6
UHRF1 mRNA °E .
. o~
expression (QPCR) g8
- 2
o
E o
HCC MINGUEZ VASCULARE"[]\IVE‘:'?';
signatures CHIANG_PROLFERATION
0 LEE_POOR
3 VA MET
o coul BTN Yo A
\c/z. BOYAULT_G3 s M Presence
WOOC’SHO HEF'ATgELAS } } D Absence
IIZUKA_EARL Y_RECURRENCE1 |
IKUROKAWA | EARLY REOJRHENCE ZH 1
PCAM {111
b AR
YAMASHITA, HEPATIC STEM_CELL 1] iti
ANG_RECURRENCE . E] Positive
TP53mutat|ons llll[ll]_ll]llll[llllllllllIll]lllJ.NeagalNe
0.001 Induction
TP53 senescence Tang et al. EmC LSEEE - EECE SESSCEE SESESE GEE Em mS & SREEE S SES n

. - i i | T FT] T 1 W o e ey | | ) H N SEE EEEE = § BN
signature enrichment  Lviambio etal

n
B - i

15 =
Copy number variation . - . i I I I I I 1 I I I I

1.0
Suppression
o0

~
-
I

|

w
|
|

IS
| -
=
N .
|
I'm.

3 ' ™. K = o
€. [ ) ‘ i1l I I I 1.0 Gain
== = m = W
C:fn i Ty B o I N
g - N,
§ i i E | I (Z;gotrje)ﬁ
E " B - = m |
9 » i I - -
= L
© 13 = ™ - m= - |
N »
|l |
15 |
= m o= mE m = =
AR o r 1) -
UHRF1 locus w g o
(19p13.3) 10 - s 8 N
20 = . - -
z 1 (. |
=0.005
c L0SS GAN D A E F
p=0.0002 p=0.41 PTUR PR 0=0.02
0o — w0 T 5 ° ] Sgs
; . c - ="
@3 23 R R ! 5801
o) 0 o : 8T , | — — 2
520 201 - i 50 H = 075
i = > o
o o : o (Eg'J 24 1 é
E - 107 E < ol + =704
1 o I S
o — mmm (n=9) (n=1) (n ) =34) | S -2 o =
HIGH LOW  HIGH LOW HIGH LOW HIGH LOW TP53 mut: + ! UHRF1 expression
TP53mut + TP53 mut - (log2-fold)

Figure 6. High UHRF1 Expression Defines a Subclass of Tumors with Inactivated tp53, Repression of Senescence, and Chromosomal Insta-
bility
(A) The 71 human HCC tumors analyzed in Figures 5C-5G were rank-ordered according to UHRF1 expression by gPCR and classified as high (<median, red; n =
35) or low (>median, blue; n = 36). The presences of aggressive human HCC gene signatures from published studies and of TP53-inactivating mutations are
indicated by red and black boxes, respectively. TP53-mediated senescence gene signatures (Lujambio et al., 2013; Tang et al., 2007) are displayed as a range
from repressed (blue) to activated (red).
(B) Genome-wide profile of DNA copy number variation was obtained from Gene Expression Omnibus gene set GSE9829.
(C) Proportion of genes with DNA copy number loss and gain in tumors according to UHRF1 expression.

(legend continued on next page)
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Figure 7. Model of the Relationship between UHRF1 Overexpres-
sion, DNA Hypomethylation, Tp53-Mediated Senescence, Cancer,
and Survival

Factors investigated in this study are in solid black boxes with black lines
indicating the correlations demonstrated in this work and gray lines indicating
relationships that are speculative. Senescence reduces liver size and function
and reduces larval survival, whereas cancer occurs when senescence is
bypassed and also reduces survival.

Zebrafish Staining

Larvae fixed in 4% PFA were washed in PBST and stained using the Senes-
cence B-Galactosidase Staining Kit (Cell Signal) or stained with CY3-strepta-
vadin (1:300; Sigma) as described (Sadler et al., 2005). The left liver lobe
area was measured using Imaged.

Immunofluorescence was carried out on whole fish or on livers dissected
from fixed larvae. BrdU was added to larvae water (10 mM) for 4-6 hr followed
by immediate fixation, dehydration in methanol, rehydration to PBST, and
permeabilization with 10 pg/ml Proteinase K. DNA was denatured in 1 or 2 N
HCI, renatured, and blocked in 10% FBS or 1% BSA in PBST prior to immuno-
fluorescence. DNA was stained with Hoechst 33342 (Sigma). A Leica SP5 DM
confocal microscope was used for imaging.

Slot Blots

Genomic DNA was denatured in 0.4 M NaOH at 95°C for 10 min and neutral-
ized in an equal volume of cold 2 M ammonium acetate, and 100 ng DNA
was blotted in duplicate onto nitrocellulose membrane using a slot blot
apparatus, washed in 2x saline sodium citrate, and vacuum baked at 80°C
for 2 hr. Half was stained with 0.2% methylene blue in 0.3 M NaOAc and the
other with anti-5MeC followed by horseradish peroxidase-conjugated anti-
mouse (1:2,000) and visualized by Chemilumiescence (Roche). Image J was
used to quantify 5MeC and methylene blue intensity, and 5MeC levels were
determined by normalizing to total DNA.

Cell Culture
Primary mouse hepatocytes were isolated and plated in triplicate at 50%
confluency and then treated with 5 um 5-Aza or DMSO for 24 hr, and RNA
was isolated.

NIH 3T3 cells were transfected in triplicate with pPCDNAS.1 lacking an insert
(control) or containing human RAS, UHRF1, or both and were retransfected
24 hr later. Forty-eight hours after the second transfection, 700 mg /ml
neomycin was added for 7 days. Ten thousand cells per condition were plated
on 0.3% soft agar layered on top of 0.6% soft agar. Media was changed every
third day for 2 weeks, plates were stained with 0.005% crystal violet, and
colony number was counted.

HepG2 cells cultured in DMEM supplemented with 10% (v/v) FBS and 5%
(w/v) penicillin-streptomycin were transfected twice, 24 hr apart, with 20 nM
siRNA-targeting firefly luciferase (GL2; Dharmacon) or UHRF1-targeting si-A
and si-B using RNAIMAX (Invitrogen) as described (Tien et al., 2011).

Human Tissue Samples

Pathologically staged human tumors, dysplastic foci, and normal liver samples
were obtained from the HCC Genomic Consortium (Mount Sinai Hospital,
Instituto Nazionale dei Tumori, and Hospital Clinic). The study was approved
by the institutional review board of each institution, and informed consent was
obtained from all participants. TagMan probes were used to analyze UHRF1
expression by gPCR as described (Villanueva et al., 2008). Samples were
grouped into a training set (nine normal liver, 18 low- and high-grade dysplastic
nodules, and 40 pathologically staged HCCs; Llovet et al., 2006; Wurmbach
et al., 2007) and a validation set (seven normal liver and 69 HCC; Villanueva
et al., 2008). Integrative genomic and clinical data analysis was performed on
71 of the hepatitis-C-related, surgically treated HCC patients (National Center
for Biotechnology Information [NCBI] Gene Expression Omnibus accession
numbers GSE9829 and GSE44970). The liver pathologist, S.T., scored UHRF1
staining of 52 paraffin-embedded tumors from the training set.

Bioinformatics and Statistical Analysis
Seventy-one patients with HCC were grouped based on the median expression
level of UHRF1 in the tumors determined by gPCR (UHRF1-high: n = 35 or low:
n = 36). Presence of aggressive human HCC gene signatures (Table S1) were
evaluated in the transcriptome data set using nearest-template prediction
method (Hoshida, 2010) implemented by the GenePattern genomic analysis
tool kit (http://www.broadinstitute.org/genepattern) based on prediction confi-
dence p <0.05. The senescence-related TP53 target genes were obtained from
Molecular Signature Database (MSigDB; http://www.broadinstitute.org/
msigdb; TANG_SENESCENCE_TP53_TARGETS_UP and _DN; Tang et al,,
2007) and from NCBI Gene Expression Omnibus (GSE39469; Lujambio et al.,
2013). Mouse genes from normalized microarray data were converted to
human orthologs based on a mapping table (http://www.informatics.jax.org).
Differentially expressed genes between senescent and proliferative cells
were identified by using Bayesian t test implemented in Cyber-T software
(http://molgen51.biol.rug.nl/cybert) at the significance threshold of posterior
probability of differential expression >0.998 after excluding less variable genes
with coefficient of variation <0.1 across the samples. Expression pattern of
each signature was assessed by nearest-template prediction algorithm. Signif-
icance of induction or suppression of each signature was quantitatively
measured by nominal p value of cosine distance. Pearson correlation test
determined the significance between induction and suppression of gene signa-
tures with UHRF1 mRNA expression level as measured by gPCR. Statistical dif-
ference between groups was assessed by Wilcoxon rank-sum test and Fisher’s
exact test for continuous and categorical variables, respectively. Bonferroni
correction for multiple hypothesis testing was applied when appropriate.
Survival analysis was performed by using Kaplan-Meier estimator and log
rank test. All analyses were performed using R statistical package (http://
www.r-project.org) and GenePattern genomic analysis tool kit (http://www.
broadinstitute.org/genepattern). Gene expression levels and liver size were
compared using Student’s t or Mann Whitney U tests.

(D) Proportion of genes with DNA copy number loss according to UHRF1 expression and TP53 mutation status.

(E) UHRF1 expression is significantly higher in tumors with TP53 mutations.

(F) DNMTT1 expression by microarray analysis is significantly correlated with UHRF1 expression assessed by gPCR in HCCs. In box and whisker plots, boxes
represent the 75th and 25th percentiles, the whiskers represent the most extreme data points within interquartile range x 1.5, and the horizontal bar represents

the median.
See also Figure S6 and Tables S1, S2, S3, S4, S5, and S6.
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SUMMARY

Twist is a key transcription activator of epithelial-mesenchymal transition (EMT). It remains unclear how Twist
induces gene expression. Here we report a mechanism by which Twist recruits BRD4 to direct WNT5A
expression in basal-like breast cancer (BLBC). Twist contains a “histone H4-mimic” GK-X-GK motif that is
diacetylated by Tip60. The diacetylated Twist binds the second bromodomain of BRD4, whose first bromo-
domain interacts with acetylated H4, thereby constructing an activated Twist/BRD4/P-TEFb/RNA-Pol i
complex at the WNT5A promoter and enhancer. Pharmacologic inhibition of the Twist-BRD4 association
reduced WNT5A expression and suppressed invasion, cancer stem cell (CSC)-like properties, and tumorige-
nicity of BLBC cells. Our study indicates that the interaction with BRD4 is critical for the oncogenic function of
Twist in BLBC.

INTRODUCTION

Recruitment and activation of RNA-Pol Il at gene promoters are
two key steps required for a productive transcription (Zhou et al.,
2012). After RNA-Pol Il recruitment to a gene promoter, TFIIH
phosphorylates serine 5 of the heptapeptide repeats in the C-ter-
minal domain (CTD) of RNA-Pol Il, resulting in initial synthesis of
short RNA species. However, RNA-Pol Il pauses in the proximal
promoter and requires a second phosphorylation event on serine

2 of the CTD that is carried out by the pause release factor
P-TEFb, a complex composed of CDK9 and cyclin T1/2. Impor-
tantly, the recruitment of P-TEFb to RNA-Pol |l is mediated, in
part, by BRD4 (Jang et al., 2005).

BRD4 is a member of the BET (bromodomain and extra termi-
nal domain) family proteins that are characteristic of two tandem
bromodomains (BDs) located in the N terminus. The BDs of
BET proteins recognize acetylated-lysine residues in nucleo-
somal histones (Filippakopoulos et al., 2012), facilitating the

Significance

action provides an effective approach for treating BLBC.

BLBC is associated with an aggressive clinical history, development of recurrence, distant metastasis, and shorter patient
survival. BLBC contains abundant EMT transcription factor Twist and possesses many CSC-like characteristics, suggesting
that the Twist-activated EMT program confers growth advantages to BLBC. However, the absence of a clear ligand-binding
domain in Twist creates a formidable hurdle toward developing inhibitors that can suppress its function. We found that Twist
interacts with and recruits the BRD4/P-TEFb/RNA-Pol Il transcription complex to the WNT5A superenhancer for gene acti-
vation. BET-specific inhibitors disrupted the Twist-BRD4 interaction and resulted in significant Wnt5a reduction, leading to
inhibition of invasion and tumorigenicity of BLBC in vitro and in vivo. Our study indicates that targeting the Twist-BRD4 inter-
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recruitment of transcriptional proteins to chromatin. Recent
studies have shown that pharmacologic inhibition of BRD4
with BET-specific BD inhibitors effectively blocks MYC expres-
sion in multiple myeloma (Delmore et al., 2011), Burkitt’s
lymphoma, and acute myeloid leukemia (Dawson et al., 2011;
Zuber et al., 2011). However, many mechanistic questions about
BRD4 functions as a chromatin regulator in gene transcription
are still unanswered, including (1) how BRD4 interacts and works
with transcription factors at the target gene promoter and
enhancer sites and (2) whether and how the two BDs in BRD4
function differently in gene transcription.

Breast cancer is a heterogeneous disease that can be divided
into four major subtypes based on gene expression profiling:
luminal A, luminal B, ErbB2, and basal like. Basal-like breast
cancer (BLBC) is characterized by the lack of expression of es-
trogen receptor (ER), progesterone receptor (PR), and epidermal
growth factor receptor 2 (HER2) and positive expression of basal
markers (Cytokeratin 5/6 [CK5/6] and CK14) (Rakha et al., 2008).
The absence of effective targeted therapies and poor response
to standard chemotherapy often results in a rapidly fatal clinical
outcome for this disease. Notably, BLBC has activated the
epithelial-mesenchymal transition (EMT) program, which pro-
vides cells with increased plasticity and stem-cell-like properties
required during embryonic development, tissue remodeling,
wound healing, and metastasis (Thiery et al., 2009).

Twist and Snail are two key members of EMT-activating
transcriptional factors. During mesoderm development in
Drosophila, Snail functions as a transcriptional repressor to
prevent expression of genes that belong to ectoderm, whereas
Twist serves as a transcriptional activator to induce mesodermal
gene expression (Leptin, 1991). A complete loss of all meso-
dermal characteristics occurs only when both Snail and Twist
are absent. These results suggest that Snail and Twist work
synergistically, controlling distinct sets of genes, to coordinate
EMT induction and mesoderm formation (Zeitlinger et al., 2007).
We previously showed that Snail interacts with several tran-
scriptional repressive complexes to suppress gene expression.
However, the mechanism underlying gene transcriptional acti-
vation by Twist has remained elusive. In this study, we sought
to identify Twist-interacting proteins and determine the mecha-
nism by which Twist controls gene transcriptional activation in
EMT and BLBC.

RESULTS

BRD4-BD2 Interacts with Lysine-Acetylated Twist

We sought to identify Twist-interacting proteins from a stable
Hela S3 cell line expressing Flag-Twist. Affinity protein purifica-
tion, followed by SDS-PAGE and analysis by mass spectrom-
etry, revealed the presence of BRD4 and TRRAP/EP400 (data
not shown). To validate the interaction between Twist and
BRD4, we coexpressed hemagglutinin (HA)-Twist and Flag-
BRD4 in HEK293 cells in the presence or absence of the histone
deacetylase inhibitor Trichostatin (TSA). After immunoprecipitat-
ing Twist, we detected the associated BRD4, and vice versa (Fig-
ure 1A and Figure S1A available online). Although similar
amounts of Twist were immunoprecipitated from cells with and
without TSA treatment, Twist was more acetylated and inter-
acted with more BRD4 in cells treated with TSA. In addition,

immunoprecipitation with a pan-acetylated-lysine (pan-AcK)
antibody pulled down Twist and BRD4 in cells treated with
TSA. Similar observations were made in Twist-expressing
Hela S3 cells (Figures 1B and S1B). We further confirmed the
interaction between the endogenous Twist and BRD4 and acet-
ylation of the endogenous Twist in four BLBC cell lines, both of
which were substantially enhanced with TSA treatment (Figures
1C and S1C). The Twist-BRD4 interaction is specific because
Twist did not associate with other BET members (BRD2,
BRD3, and BRDT) or lysine specific demethylase 1 (LSD1), and
BRD4 did not associate with TCF4 (Figure S1D). The increased
Twist-BRD4 interaction by TSA could not be due to an altered
subcellular localization of these two proteins as TSA did not
affect their localization (Figure S1E).

We next generated BRD4 deletion constructs and coex-
pressed them with Twist in HEK293 cells. We found that only
N-terminal fragments containing both BDs, but not other regions
of BRD4, retained the ability to interact with Twist (Figure 1D).
When BD1 or BD2 was coexpressed with Twist in HEK293 cells,
only BD2"T, but not BD1"T, bound to Twist (Figures 1E and
S1F). Mutation of the conserved tyrosine and asparagine resi-
dues in the acetyllysine binding pocket of BD2 to alanine
(BD2™) reduced its binding to Twist. The Twist-BRD4 inter-
action was readily disrupted when JQ1, a BET-specific BD inhib-
itor, was added to the immunoprecipitation reaction (Figures 1F,
1G, S1G, and S1H). Similarly, MS417, a BET-specific BD inhibi-
tor with approximately 10-fold higher binding affinity than JQ1
(Zhang et al., 2012), effectively blocked the Twist-BRD4 inter-
actionin four BLBC cell lines (Figures S1l and S1J). These results
indicate that the Twist-BRD4 interaction is mediated by the BD2
of BRD4 binding to lysine-acetylated Twist.

Twist Diacetylation at K73 and K76 by Tip60 Is Required
for Twist-BRD4 Interaction

The N-terminal half of Twist contains an acidic segment and two
lysine/arginine-rich basic motifs that share high sequence simi-
larity to histones H2B and H4, respectively (Figure S2A). We
generated Twist deletion constructs DL1 (residues 15-202),
DL2 (residues 31-202), and DL3 (residues 47-202) and coex-
pressed them individually with Flag-BRD4 in HEK293 cells.
DL1 retained, whereas DL2 and DL3 lost, interaction with
BRD4 (Figures 2A and S2B). Surprisingly, in contrast to DL1,
DL2 and DL3 also completely lost acetylation (Figures 2B and
S2C). Because the first 30 N-terminal residues in Twist do not
contain lysine, the loss of acetylation in DL2 and DL3 suggests
that the N-terminal region is critical for Twist acetylation. In our
mass spectrometry analysis, the NuA4 histone acetyltransferase
complex proteins, including TRRAP and EP400 (Doyon and
Coteé, 2004), were identified as Twist association partners. We
postulated that Tip60, the acetyltransferase of NuA4 complex,
was responsible for Twist acetylation. Indeed, when TwistVT,
DL1, DL2, and DL3 were coexpressed with Tip60 in HEK293
cells, we found that Twist"T and DL1, but not DL2 or DL3, inter-
acted with Tip60 (Figures 2C and S2D). Endogenous Twist-Tip60
interaction was confirmed in three BLBC cell lines, which was
markedly enhanced by TSA treatment (Figure S2E). We further
observed that ectopic expression of Tip60 in BT549 and
SUM1315 cells resulted in enhanced acetylation of Twist and
the association of Twist with BRD4 even in the absence of

Cancer Cell 25, 210-225, February 10, 2014 ©2014 Elsevier Inc. 211



Cancer Cell

Twist-BRD4 Interaction in Gene Transcription

BT549 MDA157 SUM1315 SUM149

A B
196 196 lsG laG l9G lgG
< TSA + - + TSA + - + TSA + - + + - + + - + + - +
E HA-Twist Flag-Twist = Twist == - - -
fd
o | Flag-BRD4 B BRD4 * = BRD4 = = - - -, ee
o Flag-BRD4 q . BRD4 &= -« BRD4 = -— - had
[—3_ pan-AcK we= pan-AcK e - pan-AcK = - - -
a
1 HA-Twist e Flag-Twist Twist Wy oo - e -
¥
[&)
€| HA-Twist e Flag-Twist #= Twist " - - .
®
| Flag-BRD4 BRD4 @B BRD4 = - -— -
D Binding E Binding
- ————————————
WT(1-1362) ==@DD=BDD == ET * BD1+2  «BD=BD2>
A(1-470) — +
B(471-730) —— - BD1 (WT) -
C(731-1046) — - BD1 (YN) -
D(1047-1362) _— . BD2 (WT) +
E(1-594) | —————] + BD2 (YN) (BB2x -
F(595-1362) I -
IP-Twist IP-BRD4 Input MW E >Z’? E ’>Z_‘
kDa ST
WTA B CDE FIgGGWTA B C DE FIgGWTABCDEFSZZS) S =SS0
- » - mmommnm>
" <150 2/ Bps -
- 41004 Twist e—
b . - <
BRD4 ~ s Qwist =
. .| BDs e
- - o T
’ -
. L - <35
Tvist (D - - - CY IR X LR
F G BT549 MDA157 SUM1315 SUM149
196 G g6 G IgG
Jr - o+ - e Y S T
< <
Q| HA-Twist e O| Twist = - - -
o0 o0
a'| Flag-BRD4 e s q|BRD4 = = - .- - e -
® ®
2| Flag-BRD4 e £|BRD4 = - - -
(= (= —
& HA-Twist e gl Twist SRR . L WS e

Figure 1. BD2 of BRD4 Is Required for Its Interaction with Acetylated Twist

(A) HA-Twist and Flag-BRD4 were coexpressed in HEK293 cells. After treatment of cells with TSA (2 uM) for 12 hr, Twist, BRD4, and acetylated Twist were
immunoprecipitated with HA, Flag, and pan-acetylated-lysine (pan-AcK) antibodies, respectively, and analyzed by western blotting.

(B) HelLa cells stably expressing Flag-Twist were treated with TSA as in (A). Flag-Twist, endogenous BRD4, and acetylated Twist were immunoprecipitated and
examined by western blotting.

(C) Cells were treated as described in (A). Endogenous Twist, BRD4, and acetylated Twist were immunoprecipitated and examined by western blotting.

(D) Schematic depiction of the functional domains of BRD4 and deletion constructs used (top). ET, extraterminal domain. Flag-tagged wild-type (WT) or deletion
mutants of BRD4 were coexpressed with HA-Twist in HEK293 cells. After being immunoprecipitated with HA or Flag antibody, the bound BRD4 or Twist was
examined by western blotting (bottom).

(legend continued on next page)
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TSA, whereas knockdown of Tip60 yielded opposite effects even
in the presence of TSA (Figures 2D and S2F).

Twist contains five lysine residues (K33, K38, K73, K76, and
K77) in its N-terminal region, which are highly conserved among
different species (Figure S2A). Point mutation of K33R, K73R,
and K76R showed a reduced level of acetylation compared to
that of Twist™T (Figures 2E and S2G). Twist"T, K33R, K38R,
and K77R showed a similar interaction with BD2, whereas
K73R and K76R exhibited clearly weaker binding to BD2 (Figures
2F and S2H). The K73R/K76R double mutant showed an almost
complete loss of acetylation and interaction with BD2 (Figures
2G and S2I). We further confirmed the Tip60-mediated Twist
acetylation on K73/K76 by mass spectrometry analysis (Figures
2H and S2J). There are 12 nuclear histone acetyltransferases
(HATSs), divided into three major groups: (1) the GNAT family
(e.g., PCAF), (2) the MYST family (e.g., Tip60), and (3) the
p300/CBP family (e.g., p300 and CBP) (Rekowski and Giannis,
2010). To examine whether other HATs can also acetylate Twist,
we knocked down the expression of p300, CBP, PCAF, or Tip60
individually in BT549 and SUM1315 cells (Figure S2K). We found
that knockdown of Tip60, but not p300, CBP, or PCAF, sup-
pressed Twist acetylation at K73/K76. Taken together, these
data support our contention that Tip60 is the major HAT respon-
sible for the K73/K76 acetylation on Twist and that diacetylation
of Twist is required for its association with BRD4-BD2.

Histone H4 Mimicry in Twist Is Responsible for Its
Interaction with BRD4

Diacetylations of the N-terminal tail of H4 at K5 and K8 are often
required for the interaction of H4 with BDs of BET family proteins
(Filippakopoulos et al., 2012; Moriniére et al., 2009). The Twist
sequence at K73 and K76 shares high similarity to the N-terminal
tail of H4 at K5 and K8 (Figure 3A). To investigate this “histone
mimicry” in the interaction between Twist and BRD4, we per-
formed a pull-down study using biotinylated H4 and Twist
peptides and lysate of HEK293 cells expressing BRD4-BD2.
We observed that biotinylated H4-K5ac/K8ac peptide (residues
1-21) was bound to BD2 and that this interaction was disrupted
by nonbiotinylated H4-K5ac/K8ac peptide (Figure 3B, lane 2
versus lane 1). This interaction was also markedly reduced by
a Twist-K73ac/K76ac peptide (residues 61-80) but not by the
unacetylated corresponding peptide (Figure 3B, lanes 3 and 4
versus lane 1). Similarly, the interaction of a biotinylated Twist-
K73ac/K76ac peptide with BD2 was disrupted by a Twist-
K73ac/K76ac, but not unacetylated, peptide (Figure 3B, lanes
7 and 8 versus lane 5). Notably, acetylated H4 peptide also
disrupted the acetylated Twist and BD2 association (Figure 3B,
lane 6 versus lane 5), indicating that diacetylated K5/K8 in H4
and diacetylated K73/K76 in Twist function similarly as a recog-
nition motif for BRD4-BD2.

We then developed a specific antibody against Twist-K73ac/
K76ac. Twist recognition by this antibody was disrupted by a
Twist-K73ac/K76ac peptide, but not the corresponding nonace-
tylated peptide (Figures 3C and S3A). This antibody recognized
immunoprecipitated TwistVT, but not Twist<73FK76R that
harbored mutated K73 and K76 (Figures 3D and S3B). In line
with our contention that Tip60 acetylates Twist at K73/K76,
both Twist and H4 acetylated by purified Tip60 in vitro were
recognized by this Twist-K73ac/K76ac antibody and a pan-acet-
ylated antibody (Figure 3E). Furthermore, this antibody readily
detected endogenous Twist-K73ac/K76ac that was immuno-
precipitated from four BLBC cell lines (Figures 3D and S3B).
Although immunoprecipitation of the endogenous Twist by this
antibody was weak, it was robustly increased by the addition
of JQ1 to the binding buffer, indicating that the K73ac/K76ac
site is masked by binding to BRD4 in cells (Figure 3F).

We further characterized the functional importance of this
diacetylation-dependent Twist-BRD4 interaction in human
mammary epithelial (HMLE) cells. Ectopic expression of Twist"/T
resulted in an induction of EMT, as indicated by the downregula-
tion of E-cadherin and upregulation of vimentin (Figures 3G and
S3C). While localized in the nucleus (Figure S3D), Twist<737/K7eR
expression failed to induce EMT, indicating that the interaction
with BRD4 is critical for the function of Twist.

Molecular Basis of BRD4 Binding to Lysine-Acetylated
Twist

To determine the molecular basis of diacetylation-dependent
Twist-BRD4 association, we characterized binding of the two
BDs of BRD4 to a series of Twist peptides (residues 68-79)
bearing no, single-acetylated, or diacetylated lysine at K73 and
K76 by nuclear magnetic resonance (NMR) titration. As shown in
2D "H-"®N HSQC spectra (Figure S4A), BRD4-BD2 exhibited sub-
stantially more extended chemical shift perturbations upon bind-
ing to the single-acetylated, and even more to the diacetylated,
Twist peptides than those produced by BRD4-BD1, confirming
that BRD4-BD2 is largely responsible for BRD4 association
with the diacetylated Twist. The preferred recognition of Twist-
K73ac/K76ac by BRD4-BD2 was supported in a fluorescence
anisotropy competition binding study using a fluorescein-labeled
H4K5ac/K8ac peptide as an assay probe, yielding a K; of 800 uM
and >3,000 pM for BRD4-BD2 and BRD4-BD1, respectively
(Figure S4B). Furthermore, BRD4-BD1 and other BDs, including
those from CBP and PCAF, showed almost no interaction with
the single- or diacetylated Twist peptides (data not shown).

We next solved the 3D structure of BRD4-BD2 bound to Twist-
K73ac/K76ac peptide using NMR spectroscopy to determine
the molecular basis of this selective interaction (Figures 4A,
4B, and S4C and Table S1). As revealed in the 3D structure,
the Twist-K73ac/K76ac peptide is bound in the protein across

(E) Schematic diagram showing the double bromodomain (BD1+BD2) of BRD4 and individual BD constructs used (top). Flag-BD1"T, BD1"N, BD2"'T, and BD2"™
were coexpressed with HA-Twist in HEK293 cells treated with TSA as in (A). Twist and BDs were immunoprecipitated with HA and Flag antibodies, respectively,

and analyzed by western blotting (bottom).

(F) HA-Twist and Flag-BRD4 were coexpressed in HEK293 cells treated with TSA as in (A). Twist and BRD4 were immunoprecipitated with HA and Flag anti-
bodies, respectively, in the presence or absence of JQ1 (1 uM) and analyzed by western blotting.
(G) Cells were treated with TSA as in (A). Endogenous Twist and BRD4 were immunoprecipitated with Twist and BRD4 antibodies, respectively, in the presence or

absence of JQ1 (1 M) and examined by western blotting.
See also Figure S1.
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Figure 2. Twist Diacetylation at K73/K76 by Tip60 Is Required for Interaction with BRD4

(A) Schematic diagram showing the domain organization of Twist, with deletion and mutation constructs used (top). HA-tagged WT or deletion mutants of Twist
were coexpressed with Flag-BRD4 in HEK293 cells treated with or without TSA. Twist and BRD4 were immunoprecipitated with HA and Flag antibodies,
respectively, and analyzed by western blotting (bottom).

(B) HA-tagged WT or deletion mutants of Twist were expressed in HEK293 cells treated with TSA. Twist and acetylated Twist were immunoprecipitated with HA
and pan-AcK antibodies, respectively, and analyzed by western blotting.

(C) Flag-tagged WT or deletion mutants of Twist were coexpressed with HA-Tip60 in HEK293 cells treated with TSA. Twist and Tip60 were immunoprecipitated
with Flag and HA antibodies, respectively, and analyzed by western blotting.

(legend continued on next page)
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an elongated cavity formed between the ZA and BC loops of this
left-handed four-helical bundle structure. Specifically, acety-
lated K73 is bound in the canonical acetyllysine binding site,
forming a hydrogen bond between its carbonyl oxygen and the
side-chain nitrogen of the conserved Asn433. Acetylated K76
is recognized, next to K73ac, by the BD2 in a small hydrophobic
cavity that is lined with Trp374, Val380, Leu385, and Val439.
While the overall recognition of the diacetylated K73/K76 in Twist
by BD2 is similar to that of the diacetylated K5/K8 in H4 by the
BD1 of BRD4, several additional interactions observed in the
former complex explain its selectivity. For instance, the imid-
azole nitrogen atom of His437 of BD2 is within hydrogen bond
distance to the backbone carbonyl oxygen of the K73ac (Figures
4A and 4B). Notably, within this highly conserved acetyllysine
binding pocket, His437 in BRD4-BD2, which corresponds to
Asp144 in BRD4-BD1, is unique. Asp144 was not engaged in
any interaction with the H4 peptide as shown in the crystal struc-
ture of the BD1/H4-K5ac/K8ac peptide complex (Filippakopou-
los et al., 2012), explaining the failed binding of BRD4-BD1 to
Twist-K73ac/K76ac. To further examine the role of His437 in
BRD4/Twist association, we engineered two point mutants by
switching His437 and Asp144 in the two BDs, generating BD2-
H437D and BD1-D144H mutants. Remarkably, we found that
BD2-H437D almost completely lost its ability to bind to the diac-
etylated Twist, whereas BD1-D144H gained binding ability for
the acetylated Twist (Figure 4C), confirming the important func-
tion of His437 in the Twist-K73ac/K76ac recognition.

We observed additional intermolecular interactions in the
complex structure that contribute to the selectivity of BRD4-
BD2/Twist recognition. For instance, the methyl group of Ala70
of Twist interacts with the aromatic side chain of the conserved
Tyr432 in BRD4-BD2, whereas side chains of Ser78 of Twist and
Glu438 of the BD2 form electrostatic interactions. Importantly,
both Ala70 and Ser78 in Twist are located outside the diacetyla-
tion GK-X-GK motif and are not conserved in H4. Ala70 has no
corresponding residue in H4, whereas the corresponding resi-
due for Ser78 in H4 is Leu10, which could not form a favorable
interaction with Glu438 in BD2, or even Asp145 in BD1. Collec-
tively, our structural insights provide a detailed understanding
of the molecular basis for the selective recognition of Twist-
K73ac/K76ac by BRD4-BD2.

Histone H4 and Twist Synergistically Interact with BRD4

Because single BD2 of BRD4 can interact with H4 or Twist, we
examined their interactions in a cellular context by expressing
Twist or Twist“”3*K76R with single or double BDs of BRD4 in
HEK293 cells. After immunoprecipitation of Twist, BDs, or H4
individually, the association and acetylation of the other two mol-

ecules were analyzed by western blotting (Figures 4D and S4D).
First, we immunoprecipitated Twist and examined the presence
of other two molecules (Figure 4D, left panel). We found that
Twist<"3¥K76R did not associate with any of the BDs (Figure 4D,
left panel, lanes 7-9), whereas Twist associated with BD2 and
BD1+BD2 but not BD1. Notably, the associated BD1+BD2 also
contained H4 (Figure 4D, left panel, lanes 4-6). Second, we
immunoprecipitated BD1, BD2, or BD1+BD2 and examined the
presence and acetylation of Twist and H4 (Figure 4D, middle
panel). BD1 associated with H4 but not Twist, whereas BD2
interacted with both Twist and H4, indicating that Twist and H4
can compete for interaction with BD2 (Figure 4D, middle panel,
lanes 4-6). BD1+BD2 also associated with Twist and H4. Intrigu-
ingly, the amount of H4 associated with single BD (BD1 or BD2) is
similar to that with double BDs in BD1+BD2 (Figure 4D, middle
panel, lanes 2 and 3 versus lane 1), suggesting that only one
BD in BD1+BD2 binds to H4. In the presence of Twist, the bind-
ing of BD1+BD2 to H4 did not alter (Figure 4D, middle panel, lane
4 versus lane 1). Because Twist interacts with BD2 but not BD1,
H4 likely only interacts with BD1 when BD1+BD2, Twist, and H4
are all present. Consistent with this contention, the amount of
Twist associated with BD1+BD2 was more than that with BD2
(Figure 4D, middle panel, lane 4 versus lane 5), where Twist
and H4 competed for the binding to the BD2. Lastly, we immuno-
precipitated H4 and examined the association of Twist and BDs
(Figure 4D, right panel). We found that levels of BD1, BD2, and
BD1+BD2 appeared to be equivalent, suggesting that H4 inter-
acted equally with BD1, BD2, and BD1+BD2 and that only one
BD interacted with H4 in BD1+BD2. In the presence of Twist,
the immunoprecipitated BD2 was reduced (Figure 4D, right
panel, lane 5 versus lane 2), suggesting that Twist and H4
compete for the interaction with single BD2. However, when
the double BDs (BD1+BD2) were present, only one BD was
engaged in interaction with H4, since the intensity ofimmunopre-
cipitated BD1+BD2 was about equal to that of Twist (Figure 4D,
right panel, lane 1 versus lane 4). Consistent with the results from
immunoprecipitated Twist, the immunoprecipitated BD1+BD2
by H4 contained Twist, reaffirming the association of three
protein molecules in cells. Taken together, these results indicate
that Twist and H4 can simultaneously interact with the double
BDs of BRD4, in which BD1 binds to H4, whereas BD2 associ-
ates with Twist. This distinct binding selectivity of the two BDs
of BRD4 is supported by our structural analysis.

Twist-BRD4 Interaction Is Required for WNT5A
Expression

To identify the transcriptional target of the Twist-BRD4 complex,
we performed cDNA microarray analysis of HMLE and luminal

(D) Ectopic expression of Tip60 or knockdown of endogenous Tip60 was performed in BT549 and SUM1315 cells. After endogenous Twist was immunopre-
cipitated, acetylation of Twist and the bound BRD4 were examined by western blotting.
(E) HA-tagged WT and mutant Twist were expressed in HEK293 cells, acetylated Twist was immunoprecipitated with HA and pan-AcK antibodies, respectively,

and examined by western blotting.

(F) HA-tagged WT or mutant Twist was coexpressed with Flag-tagged BD1 and BD2 in HEK293 cells treated with TSA. Twist and BDs were immunoprecipitated

with HA and Flag antibodies, respectively, and examined by western blotting.

(G) HA-tagged WT or mutant Twist was coexpressed with Flag-tagged BD2 in HEK293 cells treated with TSA. Twist, BRD4, and acetylated Twist were
immunoprecipitated with HA, Flag, and pan-AcK antibodies, respectively, and analyzed by western blotting.
(H) Determination of Tip60 catalyzed acetylation sites in Twist by mass spectrometry. Peptides contain K73 and K76 acetylations are shown at the top and

bottom, respectively.
See also Figure S2.
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Figure 3. K73ac/K76ac Twist and BRD4 Interaction Is Critical for the Function of Twist

(A) Sequence alignment between K5/8 of histone H4 and K73/76 of Twist. H, human; M, mouse; Ch, chimpanzee; Mk, monkey; R, rat; B, bovine; Sh, sheep.
(B) The indicated biotinylated peptides were mixed with lysates from HEK293 cells expressing BD2 without or with indicated nonbiotinylated competing peptides.
The bound BD2 was analyzed by western blotting after pull-down of the biotinylated peptides.

(C) HA-Twist was expressed in HEK293 cells treated with or without TSA. The immunoprecipitated Twist was analyzed on western blots using indicated antibody
in the presence of Twist-K73/K76 or Twist-K73ac/K76ac peptides.

(D) HA-tagged or endogenous Twist was immunoprecipitated from cells treated with or without TSA using HA and Twist antibodies, respectively, and analyzed by
K73ac/K76ac antibody.

(legend continued on next page)
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T47D cells that have undergone Twist-mediated EMT (Figures
3G and S5A). We reasoned that genes that are transcriptionally
active in Twist/HMLE and Twist/T47D cells but are downregu-
lated by JQ1 in these cells but not in vector control cells are likely
targets of the Twist-BRD4 complex (Figure 5A). Among the 29
overlapping genes, WNT5A is noted to encode a critical ligand
of both canonical (controlling pluripotency) and noncanonical
(regulating motility and planar cell polarity) Wnt pathways. Upre-
gulation of Wnt5a is correlated with an aggressive phenotype in
melanoma, as well as breast, lung, and prostate tumors (Witze
et al., 2008). We thus selected WNT5A as an example to charac-
terize the transcriptional mechanism of Twist. We noticed that
TwistVT but not Twist“"*?7®R induced Wnt5a expression (Fig-
ures 3G and S3C). Similarly, Twist"" induced EMT and Wnt5a
expression in T47D cells (Figure S5A). In addition, TWIST expres-
sion positively correlates with WNT5A expression in eight micro-
array data sets from human breast cancer (Figure S5B). Using
Twist and Wntb5a antibodies that detect Twist and Wnt5a,
respectively, in xenograft tumors derived from SUM1315 cells,
which express high levels of Twist and Wnt5a, but not MCF7
cells, which express low levels of Twist and Wnt5a (Figure S5C),
we found that Twist is also positively correlated with Wnt5a
expression in breast cancer specimens, with both increased
expression found predominantly in estrogen receptor negative
(ER™) breast cancer (Figure S5D). Further, in 14 breast cell lines
(Figure 5B), both the mRNA and protein levels of Twist and
Whntb5a were found to be largely correlated, with elevated expres-
sions found in BLBC cell lines. BRD4 expression is relatively
constant among normal breast, luminal, and BLBC cell lines
(Figure 5B). Consistently, no significant difference in BRD4
mRNA was found between ER* and ER™ breast cancers from a
477 sample microarray data set (Figure S5E).

We generated a clone of SUM1315 cells with stable knock-
down of Twist. Twist knockdown reduced the mesenchymal
phenotype as these cells were clustered together; cells also
gained expression of epithelial markers and reduced the expres-
sion of mesenchymal markers (Figures 5C and S5F). Ectopic
expression of Twist"T, but not Twist<"3?K76R  restored the
mesenchymal phenotype in these cells. Twist knockdown
also resulted in suppression of Wnt5a expression. Ectopic
expression of Twist"", but not Twist<"3¥K76R " recovered
Wnt5a expression (Figure 5C) and restored the invasiveness
and mammosphere formation in these cells (Figure S5G). These
results are in line with observations in HMLE cells (Figure 3G) and
indicate that the Twist-BRD4 interaction is critical in maintaining
mesenchymal phenotype/characteristics in BLBC cells. Consis-
tently, JQ1 suppressed Wnt5a expression in both Twist/HMLE
and Twist/T47D EMT cells (Figure S5H). In addition, knockdown
of Twist or BRD4 in five BLBC cell lines resulted in reduced
Wnt5a expression; double knockdown of these two molecules
almost completely abolished Wntba expression (Figure 5D).

The downregulation of Wnt5a by BRD4-knockdown is specific,
because knockdown of other BET members did not alter
Wntba expression (Figure S5I). In addition, knockdown of
BRD4 did not change the expression of either epithelial or
mesenchymal markers (Figure S5J). The downregulation of
Wntb5a correlated with inhibition of invasiveness in BLBC cells;
addition of recombinant Wnt5a partially restored invasiveness
(Figure S5K). Collectively, these results indicate that the Twist-
BRD4 interaction is most likely conserved in HMLE and BLBC
cells for EMT and that this interaction is required for the expres-
sion of Wnt5a, which may represent as a bona fide target of Twist
for promoting tumorigenicity in BLBC.

Twist-BRD4 Interaction Is Required for the Recruitment
of BRD4 at the WNT5A Superenhancer
To delineate how the Twist-BRD4 complex activates WNT5A
expression, we constructed a Twist-Gal4 fusion protein by fusing
Twist N-terminal residues 1-100 to Gal4 DNA-binding domain
(DBD). We also generated several N-terminal deletion mutants
of Twist fused with Gal4-DBD, including DL1-Gal4, DL2-Gal4,
DL3-Gal4, and KR-Gal4 (Figure S6A). When these Twist-Gal4
constructs were coexpressed with the Gal4-luciferase reporter,
Gal4-luciferase activity was moderately increased by about
2-fold compared to the control; coexpression of BRD4 with the
Twist-Gal4 fusion constructs that contain the N-terminal region
required for Tip60-mediated acetylation (i.e., TW and DL1)
greatly enhanced luciferase activity to approximately 8-fold,
suggesting that the N-terminal half of Twist contains transactiva-
tion activity and its interaction with BRD4 boosts this activity.
The WNT5A promoter contains two Twist-responsive E boxes,
conserved in human and mouse, and located at —160 bp
and —67 bp from transcription start site (TSS) (Figure 6A). We
cloned the human WNT5A promoter (—2,000 bp upstream of
the translation start site) and generated several deletion and E
box mutants of the promoter-luciferase constructs, including
Luc1 (—2,000 bp), Luc2 (—760) and LuceM (—760, two E box
mutations). As expected, Twist alone induced Luc1 and Luc2
promoter luciferase activity; coexpression of BRD4 further
enhanced the Twist-induced Luc1 and Luc2 promoter luciferase
activities (Figure 6A, left panel). In addition, mutation of each E
box (E1M and E2M) in this region reduced, whereas mutation of
both E boxes (EM) completely abolished, Twist-BRD4-mediated
activation of the WNT5A promoter luciferase activity, suggesting
that both E boxes are required for Twist-BRD4-induced tran-
scriptional activation. Twist<”3*K76R mytant partially decreased
WNT5A promoter luciferase activity and was completely insen-
sitive to BRD4-mediated transcriptional activation (Figure 6A,
right panel). BRD4-mediated enhancement of Twist transcrip-
tional activity is specific because other BET members did not
possess this capability, and treatment with JQ1 or MS417 disrup-
ted this BRD4-mediated enhancement (Figure S6B).

(E) Purified human Twist or histone H4 was incubated with purified Tip60 in the absence or presence of acetyl-CoA. The acetylation of Twist and histone H4 was

examined by pan-AcK and anti-K73ac/K76ac antibodies.

(F) K73ac/K76ac Twist was immunoprecipitated with K73ac/K76ac antibody in the presence or absence of JQ1. The bound Twist was examined by western

blotting.

(G) HMLE cells expressing the vector or the WT or K73/76R Twist were examined for morphological changes indicative of EMT by phase microscopy and the
expression of E-cadherin, vimentin, Wnt5a, and Twist (green) by immunofluorescence staining. Nuclei were stained with DAPI (red). Scale bars, 50 pM.

See also Figure S3.
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Figure 4. The Structural and Molecular Basis of Twist-K73ac/K76ac Recognition by BRD4

(A) Stereo ribbon diagram of the 3D solution structure of the BRD4-BD2 bound to a diacetylated K73ac/K76ac Twist peptide (yellow). Side chains of key residues
engaged at the protein/peptide interactions are depicted and color coded by atom type.

(B) Surface electrostatic potential (left) or space-filled (right) representation of the BRD4-BD2/Twsit-K73ac/K76ac complex structure highlights His437 (red) at the
acetyllysine binding site that is responsible for the BRD4-BD2’ specificity of this molecular recognition.

(legend continued on next page)
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Chromatin immunoprecipitation (ChlP) analysis revealed that
Twist, BRD4, and acetylated H4 associated at the WNT5A pro-
moter in BT549 and SUM1315 cells, together with P-TEFb and
RNA-Pol Il (Figure 6B). A recent study indicated that BRD4 prefer-
entially occupied a small subset of superenhancers in transcrip-
tional active key oncogenes that are critical for proliferation and
survival of tumor cells (Lovén et al., 2013). Intriguingly, WNT5A
is one of these key oncogenes that contain BRD4-associated
superenhancer, which covers exon1, promoter, and a region up
to 30 kb upstream of the TSS in the WNT5A genomic sequence
in chromosome 3. To examine whether Twist and BRD4 also
bind the WNT5A superenhancer in BLBC, we designed two sets
of ChIP primers that are 22 and 28 kb upstream of the TSS.
ChIP experiments indicated that Twist and BRD4 indeed occu-
pied the WNT5A enhancer together with H3K27ac, a mark of
active enhancer (Figure 6C). Knockdown of Twist or JQ1 treat-
ment inhibited the association of BRD4 at the WNT5A enhancer
(data not shown). Knockdown of Twist or JQ1 treatment also
reduced the presence of BRD4, P-TEFb, and RNA-Pol Il at the
WNT5A promoter (Figure 6D). However, JQ1 treatment did not
affect the association of Twist at the WNT5A promoter, suggest-
ing that Twist is required for the recruitment of the BRD4/P-TEFb/
RNA-Pol Il complex to the WNT5A promoter. Consistent
with these observations, Twist“?, which could not interact with
BRD4 and failed to rescue Wnt5a expression (Figure 5C), was
unable to recruit the BRD4/P-TEFb/RNA-Pol Il complex to the
WNT5A promoter (data not shown). In addition, ectopic expres-
sion of BRD4 increased Twist interaction with P-TEFb and RNA-
Pol Il, whereas knockdown of BRD4 reduced the association of
Twist with P-TEFb and RNA-Pol Il (Figure 6E). Our results indicate
that Twist recruits BRD4 and acts together with P-TEFb and RNA-
Pol Il at the WNT5A promoter/enhancer to activate transcription.

The direct transcriptional activation of WNT5A by the Twist-
BRD4 complex prompted us to investigate the stimuli respon-
sible for Twist acetylation and WNT5A expression. We found
that several stimuli, including TNFa and EGF plus insulin, could
induce Twist acetylation at K73/K76 (Figure S6C). TNFa and
EGF/insulin treatments greatly enhanced the interaction of Twist
with BRD4 and with Tip60, increased K73ac/K76ac of Twist, and
promoted Wnt5a expression (Figure 6F, left panel); JQ1 blocked
the interaction of Twist with BRD4 and thus suppressed Wnt5a
expression (Figure 6F, right panel). Consistent with these find-
ings, TNFa or EGF/insulin treatment greatly enhanced the asso-
ciation of Twist, BRD4, P-TEFb, and RNA-Pol Il at the WNT5A
promoter (Figure S6D). Knockdown of Twist suppressed the
association of BRD4 and Twist at the WNT5A promoter; how-
ever, JQ1 treatment did not inhibit the binding of Twist at the
WNT5A promoter (Figure S6E). These data suggest that the as-
sociation of BRD4 at the WNT5A promoter is mediated by Twist.

Although JQ1 was reported to reduce c-Myc expression, we
noticed that JQ1 (1 M) caused a decrease of c-Myc expression
only in one of five examined BLBC cell lines (Figure 6G). How-
ever, JQ1 reduced Wnt5a expression in all cell lines. The low

sensitivity to JQ1 in Hs578T cells is likely due to the remarkably
high expression levels of Twist and Wntb5a in this particular cell
line (Figure 5B). Increased JQ1 concentration resulted in
Whnt5a downregulation in a dose-dependent manner in this cell
line (Figure S6F). The downregulation of Wnt5a by JQ1 corre-
lated with its inhibition of invasion and tumorsphere formation
of these cells; addition of recombinant Wntba could partially
restore this inhibitory effect (Figures 6H, S6F, and S6G).
Together, these data indicate that the Twist-BRD4 interaction,
enhanced by extracellular signals, is required for the recruitment
of P-TEFb/RNA-Pol Il complex to the WNT5A superenhancer for
transcription of WNT5A, which executes, at least in part, the
oncogenic function of Twist. JQ1 disrupts this interaction and
thereby suppresses WNT5A expression in BLBC.

The Twist-BRD4-Wnt5a Axis Is Critical for
Tumorigenicity in Breast Cancer

To further examine the oncogenic role of the Twist-BRD4-Wnt5a
axis and explore the therapeutic potential of BET-specific inhib-
itors for targeting this axis in BLBC in vivo, we established two
Wnt5a knockdown clones in SUM1315 cells. Knockdown of
Whnt5a inhibited the noncanonical Wnt pathway, exemplified by
the downregulation of JNK phosphorylation (Figure 7A). Wnt5a
knockdown also suppressed the canonical Wnt/B-catenin
pathway, indicated by the downregulation of B-catenin and the
suppression of Akt/GSK-3B phosphorylation. These effects
were further confirmed by B-catenin reporter assay (Figure S7A).
Although Wnt5a knockdown did not alter the expression of
epithelial or mensenchymal markers, it did reduce the expres-
sion of several pluripotent molecules (CD44, Sox2, and Oct4).
Consistently, Wnt5a knockdown suppressed invasion and tu-
morsphere formation in these cells (Figure 7B).

In vivo studies were performed by injection of SUM1315 vector
control cells or Wnt5a knockdown clones into the mammary fat
pads of NOD-SCID mice. When control tumors were approxi-
mately 100 mm?, mice were divided into three groups to receive
daily treatments of JQ1 (50 mg/kg), MS417 (20 mg/kg), or solvent
control for 2 weeks. We found that knockdown of Wntba
completely inhibited tumor growth in SUM1315 cells and
that both JQ1 and MS417 treatments significantly inhibited
tumor growth (Figure 7C). The growth inhibitory effect of JQ1
and MS417 correlated with suppression of Wnt5a expression
and downregulation of proliferative marker Ki67 in these tumors
(Figure S7B). These results suggest that Wnt5a is critical for the
tumorigenicity of BLBC. BET-specific inhibitors suppress the
tumorigenicity of BLBC by inhibiting the Twist-BRD4 interaction
and WNT5A expression.

DISCUSSION
Our study provides several mechanistic insights into how Twist

and BRD4 function cooperatively to activate gene transcription
in EMT and BLBC. First, we show that Twist uses a unique

(C) HA-tagged Twist was coexpressed with Flag-tagged WT or mutant BD1 and BD2 in HEK293 cells. Twist and BDs were immunoprecipitated with HA and Flag
antibodies, respectively, and the bound BDs and Twist were analyzed by western blotting.

(D) HA-tagged Twist was coexpressed with Flag-tagged BD1, BD2, and BD1+BD2 in HEK293 cells. After immunoprecipitation of Twist, BDs, and H4, the
association and acetylation of these molecules were examined by western blotting.

See also Figure S4 and Table S1.
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Figure 5. Twist Positively Correlates with Wnt5a Expression in Breast Cancer

(A) Gene expression profiling analysis (left) was used to identify potential Twist target genes. Common Twist target genes between HMLE and T47D cells are
shown in the heatmap (right).

(B) The mRNA and protein levels of Twist, Wnt5a, and BRD4 were analyzed by RT-PCR and western blotting.

(C) The effects of stable small hairpin RNA knockdown of endogenous Twist in SUM1315 cells that were transiently transfected with WT or mutant (KR) Twist on
the expression of Wnt5a and various molecules was evaluated by western blotting.

(D) Wnt5a expression in five BLBC cell lines with knockdown of Twist and/or BRD4 was analyzed by western blotting. NTC, nontarget control small interfering RNA.
See also Figure S5.
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Figure 6. The Twist-BRD4 Complex Directly Activates WNT5A Transcription

(A) Schematic depiction of the WNT5A promoter and WINT5A reporter luciferase constructs used (top). Enhancement of Wntba luciferase activity by coexpression
of Twist and BRD4 in HEK293 cells is shown (bottom).

(B) Twist, BRD4, H4ac4, RNA-Pol Il, and P-TEFb (CDK9) association at the WNT5A promoter as assessed by ChIP. SP, specific primer; CP, control primer (5 kb
downstream of the 3’ untranslated region).

(C) Twist, BRD4, H4ac, and H3K27ac association at the WINT5A enhancer as assessed by ChIP. SP, specific primer (22 kb upstream of the TSS); CP, control
primer (5 kb downstream of the 3’ untranslated region).

(legend continued on next page)
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mechanism for recruiting BRD4 in gene transcription (Figure 7D).
Although BRD4 is the key transcriptional regulator, it lacks
specific DNA binding motif. How BRD4 and its associated tran-
scriptional complex are recruited to gene-specific promoters/
enhancers remains elusive. We found that Twist contains an
“H4-mimic” GK-X-GK motif and becomes diacetylated by
Tip60, which also acetylates multiple lysine residues in histone
H4 including K5 and K8. By binding to BRD4-BD2 via the
K73ac/K76ac motif, Twist recruits BRD4 to target gene pro-
moters/enhancers through the recognition of and interaction
with E boxes by its bHLH domain. Once localized in the chro-
matin, BRD4-BD1 binds with acetylated H4-K5ac/K8ac to facil-
itate the docking of the BRD4 complex on promoters/enhancers
and thereby activates pause release factor P-TEFb to phosphor-
ylate and release RNA-Pol Il for WNT5A transcription.

Our study demonstrates that the two BDs of BRD4 have
distinct functions and binding specificities for acetylated pro-
teins in transcription. Although a single BD1 or BD2 of BRD4 is
individually capable of interacting with acetylated H4 in vitro,
only BD1 is engaged in the binding with acetylated H4 in the
tandem BD1+BD2. This is consistent with the observation that
a single BD1 of Brdt binds to acetylated histone H4 nearly as
well as Brdt (full length; contains BD1+BD2) (Moriniere et al.,
2009) and that BRD4-BD1 specifically recognizes acetylation
marks on H4, whereas BRD4-BD2 has broad binding specificity
for diacetylated substrates (Filippakopoulos et al., 2012). In line
with this contention, only BRD4-BD2 interacts with Twist-
K73ac/K76ac. We found that charged amino acid residues
(D144 in BD1, H437 in BD2) surrounding the acetyllysine-binding
pocket of BDs contributed to the binding specificity of BD1 and
BD2. Additional residues beyond the diacetylation motif further
contribute to Twist’s association with BRD4-BD2. Notably, it
has recently been reported that BRD4 is phosphorylated by
CK2 on several Ser residues in the C-terminal region of BD2
and that these phosphorylations were suggested to affect the
interaction of BRD4 with acetylated histones and transcriptional
cofactors (Wu et al., 2013). Although a single BD2 of BRD4 can
interact with either acetylated H4 or Twist-K73ac/K76ac individ-
ually, the tandem BD1+BD2 of BRD4 apparently form a ternary
complex with two acetylated proteins in that diacetylated H4 is
bound to BD1 and diacetylated Twist is bound to BD2. These
results suggest that BRDA4 utilizes its tandem BDs as an integra-
tion platform to cooperatively interact with H4 and Twist in
assembling the integrated transcriptional complex containing
P-TEFb and RNA-Pol Il at target gene promoters/enhancers.
Notably, several transcription-associated proteins that contain
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tandem binding modules have been shown to engage in combi-
natorial recognition of different posttranslational modifications
(PTMs) in histones for the assembly of transcriptional complexes
(Zeng et al., 2010). For example, the tandem PHD-BD module in
BPTF specifically recognizes a combination of H3K4me3 and
H4K16ac in gene activation (Ruthenburg et al., 2011). Our results
not only support this notion, but also extend the functionality of
these tandem binding modules in directing gene transcriptional
activation as exemplified by the tandem BDs of BRD4 in bridging
histone and nonhistone transcription factor.

Notably, these histone-mimic sequences contain lysine/argi-
nine-rich resides, which are often viewed conventionally as a
nuclear-localization signal (NLS), as in the case of Twist. How-
ever, Twist“® mutant, which cannot be acetylated but still re-
sides in the nucleus, fails to interact with BRD4 and is unable
to induce EMT and WNT5A expression. Our results suggest
that theses lysine/arginine-rich “potential” NLS motifs in tran-
scription factors may have previously unrecognized histone-
mimic functions. Consistent with our findings, histone-mimic
sequences are deployed by influenza nonstructural protein 1
(NS1) in inhibiting human transcription elongation complex in
the antivirus response and by HP1 in forming HP1-chromatin
complex (Canzio et al., 2013; Marazzi et al., 2012). We believe
that PTMs on histone-mimic sequences present in nonhistone
proteins likely play an important role, via conserved molecular
mechanisms as seen with those PTMs in histone, in governing
the assembly and function of transcriptional complexes in
chromatin.

Second, our study demonstrates that Twist is a transcriptional
activator responsible for WNT5A expression in BLBC. Twist has
been shown to bind to the E-cadherin promoter to repress
transcription in a way similar to that of Snail. However, this
contradicts the role of Twist in development, where it acts as a
transcriptional activator to upregulate mesoderm-specific genes
in Drosophila. When the bHLH domain of Twist was replaced
with Gal4-DBD, we found that the Twist-Gal4-DBD fusion was
sufficient to activate gene expression, indicating that Twist
functions as a transcriptional activator. We further show that
Twist recruits BRD4 and the associated P-TEFb and RNA-Pol
Il to the WNT5A promoter/enhancer to directly activate WNT5A
expression, which is required for invasion and the maintenance
of CSC-like properties of BLBC. Notably, Wnt5a is induced in
epithelial cells during EMT and required for maintenance of
CSC-like properties in the resulting mesenchymal cells (Scheel
et al., 2011). In addition, Wnt5a expression is required for the
loss of cell-cell contacts, allowing cells to migrate to the edge

(D) Effects of Twist knockdown or JQ1 treatment on the association of Twist, BRD4, RNA-Pol Il, and P-TEFb (CDK9) and H4ac4 at the WNT5A promoter as

assessed by ChIP in SUM1315 cells. SP and CP primers are same as in (B).

(A-D) Statistical analysis (mean + SD) from three separate experiments in triplicates is shown.
(E) Assessment of the effects of transient expression of HA-Twist and/or Flag-BRD4 on their association with RNA-Pol Il and P-TEFb (CDK9) in HEK293 cells (left)
and assessment of the effect of endogenous BRD4 knockdown on the association of Twist, BRD4, RNA-Pol Il, and P-TEFb (CDK9) in SUM1315 cells (right) are

shown.

(F) SUM1315 cells were serum starved for overnight followed by stimulation with FGF, TNFa, or EGF plus insulin for 3 hr in the absence or presence of JQ1 (right).
Twist was immunoprecipitated and K73ac/K76ac of Twist and the association of Tip60 and BRD4 were analyzed. Expression of Wnt5a, Twist, BRD4 and Tip60

were also examined by western blotting (left).

(G) BLBC cells were treated with JQ1. Expression of c-Myc and Wnt5a was analyzed by western blotting.
(H) Invasion (left) and tumorsphere formation (right) assays of cells treated as in (G) were examined in the absence or present of recombinant Wnt5a (100 ng/ml).
Statistical analysis (mean + SD) from three independent experiments with duplicates is shown.

See also Figure S6.
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Figure 7. The Twist-BRD4-Wnt5a Axis Is Critical for Tumorigenicity In Vitro and In Vivo

(A) Expression of various molecules in SUM1315 cells with Wnt5a knockdown.

(B) Invasion and tumorsphere formation in SUM1315 cells with Wnt5a knockdown. Data are presented as a percentage of vector control values (mean + SD in
three separate experiments in duplicates). Representative pictures of tumorspheres are shown at the bottom. Scale bar, 100 uM.

(C) Vector control and Wnt5a knockdown SUM1315 cells were injected into the mammary fat pad of NOD-SCID mice. When tumors from mice injected with
control cells reached 100 mm?, mice were divided into three groups and treated with JQ1 (50 mg/Kg), MS417 (20 mg/Kg), or solvent control, respectively. The size

(legend continued on next page)
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of wounds, and is also necessary for intestinal epithelial stem
cells to regenerate damage tissues during wound healing and
tissue repair (Miyoshi et al., 2012). The correlated expression
of Twist and Wntb5a in BLBC supports our contention that the
Twist-BRD4-Wnt5a signaling axis plays a critical role in the
development and progression of BLBC.

Third, our study indicates that the Twist-BRD4 interaction
represents a druggable target for treating BLBC. Although Twist
is highly expressed in BLBC, the absence of a clear ligand-bind-
ing domain in Twist creates a formidable obstacle toward devel-
oping small molecules that inhibit its activity as a transcription
factor. We found that BET-specific BD inhibitors disrupted the
Twist-BRD4 interaction and resulted in significant Wnt5a reduc-
tion, leading to inhibition of invasion and tumorigenicity of BLBC
cells in vitro and in vivo. Based on our mechanistic understand-
ing of Twist-BRD4 interaction in gene transcription, we predict
that selective chemical inhibition of BRD4/H4 interaction would
result in a broad inhibition of BRD4 functions as chromatin regu-
lator in gene transcription, whereas selective inhibition of the
BRD4/transcription factor association might affect specific tran-
scription factor’s ability in their target gene activation. BD inhib-
itors selectively target BD2 over BD1 of BRD4 are needed to
address these questions; they will also further functionally
validate the effectiveness and therapeutic benefits of targeting
BRD4 for treating BLBC.

EXPERIMENTAL PROCEDURES

Protein Purification and Mass Spectrometry Analysis

We generated a clone of HeLa S3 cells with stable expression of Flag-Twist (Li
and Zhou, 2011). After enriching the nuclear extracts from 40 | of suspension
culture, we carried out affinity protein purification with Flag affinity columns.
The final eluted immunocomplexes were separated on SDS-PAGE, and the
bound proteins were excised from the gel and subjected to nano-liquid chro-
matography-tandem mass spectrometry (nano-LC-MS/MS) analysis (Applied
Biomics). For identification of the acetylated lysine residues on Twist, the acet-
ylated Twist was digested with trypsin, and the tryptic peptides were analyzed
by LC-MS/MS using an LTQ Velos Orbitrap mass spectrometer (Thermo Fisher
Scientific) coupled with a nano-LC Ultra/CHIPLC Nanoflex high-performance
liquid chromatography system (Eksigent) through a nanoelectrospray ioniza-
tion source (Li et al., 2013). MS/MS data were acquired using CID fragmenta-
tion of selected peptides during the information-dependent acquisition. The
LC-MS/MS results were subjected to protein identification and acetylation
sites determination using ProteomeDiscoverer 1.3 software (Thermo Fisher
Scientific) and MASCOT server.

Protein Structure Analysis by NMR

The NMR spectral collection, analysis, and structure determination of the
BRD4-BD2 with Twist-K73ac/K76ac were performed as previously reported
(Zhang et al., 2012). In brief, NMR samples contained a protein/peptide com-
plex of 0.5 mM in a 100 mM sodium phosphate buffer (pH 6.5) that contains
5 mM perdeuterated dithiothreitol and 0.5 mM EDTA in H,O/2H,0 (9/1) or
2H,0. All NMR spectra were collected at 30°C on NMR spectrometers of
800, 600, or 500 MHz. The "H, 'C, and "N resonances of the protein in the
complex were assigned by triple-resonance NMR spectra collected with a
3C/'*N-labeled and 75% deuterated BRD4-BD2 bound to an unlabeled Twist
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peptide (Clore and Gronenborn, 1994). The distance restraints were obtained
from 3D "3C-NOESY or 'N-NOESY spectra. Protein structures were calcu-
lated with a distance geometry-simulated annealing protocol using X-PLOR
(Brunger, 1993) that was aided with iterative automated NOE assignment by
ARIA for refinement (Nilges and O’Donoghue, 1998). Structure quality was
assessed by PROCHECK-NMR (Laskowski et al., 1996). The structure of the
protein/ligand complex was determined using intermolecular NOE-derived
distance restraints that were obtained from '*C-edited (F;), '°C/'"*N-filtered
(F3) 3D NOESY spectra.

Immunoprecipitation, Inmunoblotting, Inmunofluorescence,
Immunohistochemical Staining, RT-PCR, and ChIP
Detailed methods are provided in the Supplemental Experimental Procedures.

Tumorigenesis Assay

All procedures were approved by the Institutional Animal Care and Use
Committee at the University of Kentucky College of Medicine and conform
to the legal mandates and federal guidelines for the care and maintenance
of laboratory animals. Animals were maintained and treated under path-
ogen-free conditions. Female NOD-SCID mice (6-8 weeks old; Taconic)
were injected with breast cancer SUM1315 (2 x 10° cells/mouse) cells via
mammary fat pad, and mice had three groups: vector control and two stable
clones with Wnt5a-knockdown expression. Tumor growth was monitored
with caliper measurements. When tumors were approximately 1.0 cm in
size, mice were euthanized and tumors excised. Data were analyzed by Stu-
dent’s t test; p < 0.05 was considered significant.

Statistical Analysis

Data are presented as mean + SD. A Student’s t test (two-tailed) was used to
compare two groups (p < 0.05 was considered significant) unless otherwise
indicated.

ACCESSION NUMBERS

Microarray data of Twist expression in HMLE and T47D cells with or without
JQ1 treatment were deposited at the Gene Expression Omnibus database
with the accession number GSE53222. Structure factors and coordinates for
the second bromodomain of BRD4 in complex with K73ac/K76ac diacetylated
Twist peptide were deposited at the Protein Data Bank under ID code 2MJV,
and the NMR spectral data were deposited at the BioMagResBank (BMRB)
under BMRB accession number 19738.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and one table and can be found with this article online at
http://dx.doi.org/10.1016/j.ccr.2014.01.028.
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SUMMARY

Cooperative dependencies between mutant oncoproteins and wild-type proteins are critical in cancer path-
ogenesis and therapy resistance. Although spleen tyrosine kinase (SYK) has been implicated in hematologic
malignancies, it is rarely mutated. We used kinase activity profiling to identify collaborators of SYK in acute
myeloid leukemia (AML) and determined that FMS-like tyrosine kinase 3 (FLT3) is transactivated by SYK via
direct binding. Highly activated SYK is predominantly found in FLT3-ITD positive AML and cooperates with
FLT3-ITD to activate MYC transcriptional programs. FLT3-ITD AML cells are more vulnerable to SYK
suppression than FLT3 wild-type counterparts. In a FLT3-ITD in vivo model, SYK is indispensable for myelo-
proliferative disease (MPD) development, and SYK overexpression promotes overt transformation to AML

and resistance to FLT3-ITD-targeted therapy.

INTRODUCTION

Sequencing of acute myeloid leukemia (AML) genomes has
revealed a heterogeneous disease characterized by mutations
altering proliferation, differentiation programs, and the epige-
netic landscape, resulting in an accumulation of immature
hematopoietic cells (Ley et al., 2013). Though these mutations
can result in exquisite dependency on mutant proteins, they
can also lead to aberrant dependency on nonmutant proteins.
For example, the histone 3 lysine 79 (H3K79) methyltransferase
DOT1L has been implicated in the development of leukemias
bearing translocations of the Mixed Lineage Leukemia (MLL)
gene, although DOTTL itself is not mutated. DOT1L small-mole-

cule inhibitors have been demonstrated in preclinical studies to
selectively kill MLL-rearranged leukemia (Bernt et al., 2011;
Daigle et al., 2011). Similarly, a small hairpin RNA (shRNA) screen
targeting known chromatin regulators identified the transcrip-
tional regulator BET bromodomain BRD4 as an epigenetic
dependency in an MLL-AF9/Nras®'2® AML mouse model (Zuber
et al., 2011). By recruiting the MLL-fusions into a transcription
elongation complex, BET bromodomain proteins appear to be
critical mediators for leukemogenesis involving MLL-fusion
proteins (Deshpande et al., 2012).

We previously used chemical genomic, proteomic, and shRNA
screening to identify SYK as a target in AML (Hahn et al., 2009).
SYK-targeting shRNA induced AML cell differentiation in vitro,

Significance

Although imatinib therapy has been paradigm shifting for treating patients with BCR-ABL-rearranged chronic myelogenous
leukemia (CML), the application of targeted kinase inhibitors to treating AML has been a more complex undertaking. In this
study, we identified an oncogenic partnership between the most commonly mutated kinase in AML, FLT3, and the cyto-
plasmic kinase SYK. SYK transactivates FLT3 by a direct physical interaction, is critical for the development of FLT3-
ITD-induced myeloid neoplasia, and is more highly activated in primary human FLT3-ITD-positive AML. These studies
also raise the possibility of SYK activation as a mechanism of resistance to FLT3 inhibitors, suggest FLT3 mutant AML
as a subtype for SYK inhibitor testing, and nominate the clinical testing of SYK and FLT3 inhibitor combinations.
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and SYK inhibition was shown to have anti-leukemia activity
in AML mouse models. SYK is a cytoplasmic tyrosine kinase
critical in normal B cell development and hematopoietic
signaling (Mocsai et al., 2010) that was recently found to be
aberrantly activated through translocations in T cell lymphoma
(ITK-SYK) (Pechloff et al., 2010) and myelodysplastic syndrome
(MDS) (TEL-SYK) (Kuno et al., 2001). Thus far, however, next-
generation sequencing efforts have failed to identify frequent
mutational events in SYK in AML or in B cell malignancies, where
SYK dependency has also been demonstrated. In B cell malig-
nancies, signaling from the B cell receptor (BCR) through SYK
has been implicated in the pathogenesis of disease, and small
molecules inhibiting SYK have had promising early clinical activ-
ity (Friedberg et al., 2010). In AML, however, little is known about
the cooperative interactions of SYK in its contribution to the
disease.

RESULTS

FLT3 Is a Target of SYK in AML

To identify SYK interactors in AML, we used a bead-based
screening technology to profile the phosphorylation state of 80
receptor and nonreceptor tyrosine kinases, 18 tyrosine kinase
signaling adaptors/regulators, and 7 tyrosine kinase signaling-
linked serine/threonine kinases in the presence of activated
SYK. We generated four AML cell lines stably expressing a
SYK-TEL construct encoding a fusion protein with a constitu-
tively active SYK kinase due to the TEL moiety that promotes
homodimerization and intrinsic activation. Kinome activity in
the presence of activated SYK is depicted in Figure 1A. SYK
and two of its reported targets, PIK3R1 (Moon et al., 2005) and
SHC1 (Umehara et al., 1998), as well as ZAP70, a member of
the SYK kinase family possibly transphosphorylated by constitu-
tively active SYK, were identified among the most hyper-
activated proteins. Surprisingly, FLT3 receptor and two other
platelet-derived growth factor receptor (PDGFR) family recep-
tors, KIT and PDGFRe, also scored as top hits. Kinome activity
profiling in 12 AML cell lines was next used to establish the
tyrosine kinases or tyrosine kinase-regulated proteins whose
activation was most highly correlated (p > 0.5) with basal
SYK activation (Figure 1B). As in the prior screen, ZAP70,
PIK3R1, and SHC1 appeared in the top correlated hits, as did
FLT3 and KIT.

Our group previously demonstrated induction of myeloid
differentiation in AML cells upon SYK inhibition (Hahn et al.,
2009). To discover which of the PDGFR family receptors scoring
in our kinase activity profiling mediates differentiation, as seen
with SYK knockdown, we developed a flow-based assay to
measure CD11b*/CD14" differentiation. We transduced a panel
of AML cell lines with shRNAs targeting either SYK or each of
the identified PDGFR family kinases. Only FLT3 knockdown
recapitulated the phenotypic consequence of SYK knockdown
despite high knockdown efficiency in each of the kinases evalu-
ated (Figure 1C and Figure S1 available online).

SYK Enhances FLT3 WT and Mutant Activation by
Phosphorylation of Residues Y768 and Y955

Based on the kinome activity profiling results, we evaluated the
phosphorylation status of the intracellular domain of the acti-

vated FLT3 receptor (GST-FLT3, 571-end) in the presence of
active GST-SYK and ATP [y-*2P] (Figure 2A). We found FLT3
to be directly phosphorylated by SYK, as observed by increased
incorporation of y-32P.

Next, we used a phospho-mapping approach by mass
spectrometry to nominate sites on the FLT3 receptor directly
phosphorylated by SYK. Y726, Y768, Y842, Y899, and Y955,
located in the TK1-TK2 interdomain or in the tyrosine kinase
TK2 region of FLT3, were identified (Figure 2B, top). In contrast,
the phosphorylation level of residue Y969, located at the extreme
C-terminal region of FLT3, was not increased in the presence of
SYK. In cells, a similar phospho-mapping analysis identified the
same tyrosine sites to be regulated by SYK, with Y899 as
the only exception (Figure 2B, bottom). These results were
confirmed by an in vitro kinase assay using phosphospecific
antibodies; GST-SYK increased FLT3 phosphorylation at Y768,
Y842, and Y955 sites but not at site Y969 (Figure 2C). GST-
SYK also promoted hyperphosphorylation of the FLT3 Y591
site, a predictor of FLT3 activity (Griffith et al., 2004).

Although this phospho-mapping approach nominated candi-
date FLT3 sites phosphorylated by SYK, it was not adequate
to confirm direct SYK-targeted tyrosine residues because of
the fact that certain FLT3 tyrosine sites, such as Y591, are also
subject to autotransphosphorylation. To prevent transactivation
cascades, we created a cell-based system with a kinase dead
(KD; K644R) FLT3 receptor incapable of autotransphosphory-
lation. However, this FLT3 KD did require “prephosphorylation”
to recapitulate the basal-activated state of the wild-type form of
FLT3. As shown in Figures S2A and S2B, a construct encoding
for V5-tagged kinase dead FLT3 [FLT3 KD (V5)] was first cotrans-
fected with a DDK-tagged FLT3 WT (FLT3-DDK) construct to
ensure the prephosphorylation of FLT3 KD (V5). The FLT3 KD
(V5) was then V5-tag immunoprecipitated to separate it from
the FLT3-DDK protein and incubated with GST-SYK in an
in vitro kinase assay. Because FLT3 KD (V5) was now activated
(phosphorylated) but unable to autotransphosphorylate, we
could discriminate between sites directly phosphorylated by
SYK and those autotransphosphorylated as an indirect effect
of SYK-mediated FLT3 activation.

This approach was validated by V5-tag immunoprecipitation
of FLT3 WT (V5) (Figure 2D). As expected, FLT3 WT was highly
phosphorylated in the presence of GST-SYK. In contrast,
the FLT3-KD (V5) mutant was poorly phosphorylated without
prephosphorylation by FLT3-DDK. After incubation with FLT3-
DDK, however, FLT3-KD (V5) was responsive to SYK phos-
phorylation, but because FLT3-KD (V5) was unable to autotran-
sphosphorylate, its phosphorylation level remained lower than
that of FLT3 WT (V5). This requirement for prephosphorylation
of FLT3 before SYK can activate FLT3 WT (V5) further was also
observed with FLT3-ITD (V5) (Figure S2C). In accordance with
these results, the mutant FLT3-KD YY589/591AA, nontran-
sphosphorylable by FLT3-DDK, was also resistant to SYK-
dependent phosphorylation. We next mutated all FLT3 tyrosine
residues identified by mass spectrometry into nonphosphorylat-
able alanines (FLT3-KD Y726A, Y768A, Y842A, Y899A, YO955A,
and Y969A) to identify sites directly phosphorylated by SYK.
Only two mutants, FLT3-KD (V5) Y768A and Y955A, were resis-
tant to SYK-mediated FLT3 phosphorylation, suggesting that
SYK directly phosphorylates FLT3 at sites Y768 and Y955
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Figure 1. FLT3 Activation Correlates with SYK Activation in AML

(A) Lysates from AML cell lines stably transduced with either a constitutively activated form of SYK (SYK-TEL) or an empty vector (CT) were evaluated by kinase
activity profiling. The log,-transformed ratio (SYK-TEL versus CT) of tyrosine phosphorylation is depicted as a heatmap where each protein is ranked by its

phosphorylation level across the cell lines. FC, fold change.

(B) Spearman correlation between basal phosphorylation of SYK compared to all other detected candidates in the kinase activity profiling assay across 12 AML
cell lines. The most highly correlated hits (p > 0.5) are represented on the histogram.

(C) Heatmap showing level of CD14 and CD11b-positive myeloid differentiation in AML cell lines treated with ATRA or transduced with a control shRNA (shCT) or
KIT-, PDGFRa-, FLT3-, or SYK-targeting shRNAs. Normalized data are presented as a log,-ratio (shTarget versus shCT).

See also Figure S1.

(Figure 2D). These two mutations completely abrogated SYK-
mediated FLT3 activation, with a consequent downregulation
of FLT3 activation at site Y591 (Figure 2E).

FLT3 mutations are the most common genetic alterations in
AML. Internal tandem duplication (ITD) mutations within the
FLT3 juxtamembrane domain occur in 20%-30%, and other
point mutations (i.e., D835Y or D835V) in the tyrosine-kinase
domain (FLT3-TKD) occur in an additional 7%-9% of AML
(Swords et al., 2012). By an in vitro kinase assay, we determined
that the well-described FLT3 mutants FLT3-ITD and D835Y
were also SYK phosphorylated (Figure 2F). WT and mutant
FLT3 showed increased SYK phosphorylation at Y768 and
Y955, which is strongly associated with increased FLT3 activa-
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tion at Y591 as well as activation of known FLT3 targets STAT5
and ERK1/2 (Figure 2G). Of note, overexpression of inactive
SYK KD induced neither FLT3 phosphorylation nor the activation
of ERK1/2.

FLT3 Activation by SYK Depends on a Physical
Interaction

We used two approaches to investigate the effects of SYK on
FLT3 activation in a cellular context. First, using recently gener-
ated small-molecule inhibitors of SYK, PRT062607 (Spurgeon
et al., 2013) and Merck SYKi (Moy et al., 2013), we determined
both in AML cell lines and primary patient samples that SYK
inhibition diminished FLT3 activation in a few hours, as reflected
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by the downregulation of FLT3 phosphorylation at site Y591 and
at the SYK-phosphorylated sites Y768 and Y955. This was
accompanied by an inhibition of downstream STAT5 and
ERK1/2 signaling (Figures 3A, 3B and S3A). Next, to confirm
that this effect was on target for SYK, we used a doxycycline-
inducible microRNA (miRNA)-based short hairpin RNA (miR30-
shRNA) system to produce knockdown approximating that of a
null allele. Expression of two different miR30-shRNAs targeting
SYK (shSYK_4 and shSYK_5) induced a time-dependent down-
regulation of SYK expression, loss of FLT3 phosphorylation at
Y768, Y955, and Y591, and a decrease in STAT5 activation
(Figure 3C).

To further validate these results, we overexpressed a constitu-
tively activated SYK (SYK-TEL) to assess its effects on FLT3
activation and its downstream effectors (Figure S3B). We also
generated a TEL-SYK chimera, a fusion between a truncated
form of SYK lacking its SH2 domains (SH2 Nter + SH2 Cter)
and a TEL sequence substituting for these SH2 domains (Kuno
et al., 2001). Transduction of wild-type SYK (SYK WT) into two
AML cell lines with low basal levels of SYK activation, THP-1
and NOMO-1, enabled expression of moderately activated
SYK, whereas the SYK-TEL construct encoded for a highly acti-
vated form (Figure 3D). When these two constructs were ex-
pressed, FLT3 phosphorylation at Y768 and Y955 increased,
and FLT3 activation was enhanced, as demonstrated by Y591
phosphorylation and hyperactivation of the downstream
STAT5, AKT, and ERK1/2 pathways. FLT3 phosphorylation
was even more pronounced with SYK-TEL than SYK WT expres-
sion, an effect that was abrogated in the presence of KD (K402R)
mutants. These results were confirmed in 293E cells transfected
with SYK WT and SYK-TEL constructs. Surprisingly, however,
TEL-SYK, which, like SYK-TEL, enabled overexpression of a
constitutive active SYK, did not fully recapitulate the effects of
SYK-TEL on FLT3 activation (Figure 3E).

We thus hypothesized that the SH2-binding region expressed
on SYK-TEL but absent on TEL-SYK supports an essential inter-
action between SYK and FLT3 needed for phosphorylation of
FLT3 by SYK. To test this, we coexpressed V5-tagged FLT3
WT with either SYK WT or the chimeric proteins TEL-SYK and
SYK-TEL WT or KD in 293E cells (Figure 3F). We determined
that the SYK WT, SYK-TEL WT, and KD expressed proteins,
along with a SYK mutant (Y130E) reported to be activated in
the presence of BCR (Keshvara et al., 1997), coimmunopreci-
pitated with FLT3, whereas the TEL-SYK fusion protein did not.
However, as confirmed in Figure S3C, the TEL moiety did not
markedly alter the binding capacity to FLT3 WT or mutant. To
confirm that SYK interacted with FLT3 through its SH2-binding
region, we generated several SYK mutants by deleting the
SH2 N-terminal, C-terminal, or both domains (ASH2 Nter,
ASH2 Cter, and ASH2 Nter + Cter) or by inactivation of these
domains by point mutation (SH2 Nter™ut “#2RQS > GG gpp
Cter™ut (195RAR > GAD and SH2 Nter + Cter™") (Figure 3G). Only
SYK mutants lacking the SH2 Cter domain or mutated in the
SH2 Cter domain failed to coimmunoprecipitate with FLT3,
demonstrating that the SYK SH2 C-terminal domain is involved
in FLT3 binding. Notably, cytoplasmic sequestration of a SYK
mutant with deletion of the nuclear localization sequence
(SYK ANLS) enhanced the association of that mutant with
FLT3. Mutagenesis of FLT3 revealed a tetrad of tyrosine residues

Y589, Y591, Y597, and Y599 located in the juxtamembrane re-
gion of FLT3 as essential for this physical interaction (Figures
S3D and S3E). To see if SYK interacted more avidly with FLT3-
ITD than WT, we immunoprecipitated SYK in cells expressing
isogenic pairs of FLT3 constructs. As observed in Figure 3H,
SYK showed greater affinity for FLT3-ITD than FLT3 WT. Finally,
we validated the endogenous interaction between SYK and
FLT3 in a panel of 12 AML cell lines expressing various levels
of either FLT3 WT or ITD (Figure 3l). A fraction of SYK associated
with FLT3 is activated, as shown by phosphorylation of SYK
at Y525/Y526. Using confocal microscopy on primary AML
patient samples, we identified that the proteins interacted pre-
dominantly at the cellular membrane, suggesting that FLT3
(APC) trapped SYK (FITC) at FLT3's primary site of localization
(Figure 3J).

SYK Is Required for FLT3-ITD-Induced Myeloid Disease
We next investigated whether SYK was required for FLT3-ITD-
dependent myeloproliferative disease (MPD). We used miR30-
shRNA to stably and efficiently knockdown Sykb (homologous
to human SYK) in murine myeloid progenitors. As depicted in
Figure 4A, murine myeloid progenitors (common myeloid pro-
genitor [CMP] and granulocyte/monocyte progenitor [GMP]
cells) expressed high levels of Sykb compared to more immature
LSK cells. The Sca-17/c-KIT* myeloid progenitor fraction from
donor mice whole bone marrow was transduced first with one
nontargeting control (CT) miR30-shRNA or the two most
effective hairpins directed against Sykb (miR30-shSykb1 and
miR30-shSykb4) before sorting and transduction with the
MSCV-EGFP empty (MIG) or FLT3-ITD vector (Figure S4A).
Transduction efficiency was analyzed by flow cytometry to
confirm that GFP expression occurred only in the tomato-
positive cell fraction (Figure S4B) and knockdown confirmed
by western blot (Figure S4C).

Animals receiving miR30-shCT + FLT3-ITD developed marked
splenomegaly, with spleens two to seven times larger than those
of the miR30-shCT + MIG mice (Figure 4B). These mice also
developed a striking leukocytosis and an approximately 2-fold
decrease in both hematocrit (HCT) and platelet (PLT) count
compared to miR30-shCT + MIG-transplanted mice, an effect
abrogated with Sykb knockdown (Figures 4B and S4D). Simi-
larly, miR30-shCT + FLT3-ITD mice developed a lethal hemato-
poietic disease with a median latency of approximately 75 days,
whereas animals transplanted with FLT3-/TD and either miR30-
shSykb1 or miR30-shSykb4 cells exhibited almost normal over-
all survival at 150-day follow up (Figure 4C).

In FLT3-ITD + miR30-shCT spleen and blood, flow cytometric
analysis showed a marked increase in cells positive for the late
myeloid markers GR-1 and Mac-1, respectively, indicative of
granulocytes (GR-1*/Mac-1*) and monocytes (GR-1"/Mac-1%),
compared to the spleen and blood cells of control mice
(Figure 4D). The majority of these mature myeloid cells were
both tomato and GFP positive, demonstrating that they arose
from FLT3-ITD + miR30-shCT-transduced marrow. In contrast,
the Sykb-depleted FLT3-ITD mice displayed a minimal increase
in granulocytes in blood and spleen, largely tomato and GFP
negative. Finally, FLT3-ITD-mediated myeloid expansion was
accompanied by a reduction in lymphoid maturation, as as-
sessed by a decrease in the number of B220 or CD3-positive
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cells in spleen and blood from FLT3-ITD + shCT mice. As ex-
pected, Sykb knockdown restored a normal proportion of these
lymphoid cells (Figure S4E).

Finally, we detected by fragment analyzer the presence of
FLT3-ITD sequence in genomic DNA extracted from bone
marrow and spleen cells to ensure stable insertion of the muta-
tion (Figure S4F). Although the FLT3-ITD sequence was highly
represented in the bone marrow and spleen of mice transplanted
with miR30-shCT infected cells, its abundance was strongly
decreased in Sykb-depleted counterparts, suggesting suppres-
sion of FLT3-ITD positive cells.

To rule out the possibility that this phenotype resulted from
failed engraftment of FLT3-ITD-positive cells, we used a comple-
mentary approach: doxycycline-induction of Sykb knockdown in
murine myeloid cells already transformed by FLT3-ITD (Fig-
ure S4G). From the TRMPVIR doxycycline-inducible vector, we
engineered a TRMPCIR vector by substitution of the yellow-
green Venus reporter for a far-red fluorescent Crimson sequence
suitable for cotransduction with the FLT3-ITD GFP vector
(Figure S4H). Transduction efficiency was analyzed by flow
cytometry to confirm that GFP expression occurred only in
crimson-positive cells (Figure S4l). The normalization of the white
blood cell (WBC) count and a marked decrease in FLT3-ITD-pos-
itive cells were observed following induction of Sykb knockdown
at the onset of disease, an effect sustained after doxycycline
withdrawal (Figures 4E and 4F). This resulted in a significant
improvement in the overall survival of FLT3-ITD + miR30-
shSykb1 and FLT3-ITD + miR30-shSykb4 mice in comparison
to FLT3-ITD + miR30-shCT mice (Figure 4G). In vitro, we
confirmed that doxycycline-induced suppression of Sykb
decreased FLT3 activity at Y591 and profoundly altered growth
of the FLT3-ITD-transduced myeloid cells from 5 to 12 days after
doxycycline (Figures 4H and 4l). Finally, to investigate whether
FLT3-ITD AML cells are more vulnerable to SYK inhibition than
FLT3 WT AML, we screened several genetically defined AML
cell lines (Figures 4J and 4K) and patient AML samples (Figures
4L and 4M) for sensitivity to doxycycline-mediated SYK knock-
down or SYK-specific inhibitors PRT062607 and Merck SYKi.
FLT3-ITD positive AML cell lines and patient primary cells were
strikingly more sensitive to SYK targeting by shRNA or small-
molecule inhibitors than were their FLT3 WT counterparts (Fig-
ures 4J-4M).

Highly Activated SYK Cooperates with FLT3-ITD in
Primary Patient AML

To assess the representation of highly versus minimally activated
SYK across cohorts of patient samples, we profiled three
AML cell lines transduced with either control or SYK-targeting
shRNAs using genome-wide transcriptional profiling. SYK
knockdown prompted a dynamic change in transcription, with
115 genes significantly upregulated and 95 genes significantly
downregulated based on permutation p < 0.05 and FDR < 0.05
for signal-to-noise ratio (SNR). The top differentially 45 upregu-
lated and 36 downregulated genes are depicted in Figure 5A.
The full list is reported in Table S1. As expected, SYK expression
was significantly downregulated across all AML cell lines in
response to the two SYK-targeting shRNAs (Figure S5A). Next,
we used this complete SYK gene set (Table S1) to query by single
sample gene set enrichment analysis (ssGSEA) three cohorts of
AML patient samples (GSE14468, GSE10358, and TCGA LAML),
revealing that patients with a SYK-high signature were predom-
inantly present in French-American-British (FAB) classification
M1, whereas FAB M4 AML was enriched in patients with the
SYK-low signature (Figure S5B). An analogous investigation
applied to the two largest cohorts of FLT3-ITD AMLs,
GSE14468 and TCGA LAML, showed that the SYK-high signa-
ture frequency is significantly higher in the /TD mutant than in
the wild-type FLT3 subgroup (Figure 5B). An extension of this
analysis to other known mutations in AML (NPM1, DNMT3A,
IDH1/2, RUNX1, TET2, TP53, KRAS, NRAS, CEBPA, WT1, and
KIT; data not shown) revealed no significant positive correlation
between the SYK-high signature and any of these mutations.
However, in the GSE14468 and GSE10358 cohorts, the fre-
quency of patients with the SYK-low signature is higher in
NPM1 mutants than in the wild-type NPM1 subgroup. This trend
was also observed in patients with double FLT3-ITD and NPM1
mutations (Figure S5C).

We then used a complementary flow cytometry approach to
assess an independent group of primary patient AML samples
with either wild-type FLT3 (n = 25) or FLT3-ITD (n = 23) for SYK
and FLT3 activation levels using P-SYK (Y525/526) or P-FLT3
(Y591) directed antibodies (Figures 5C and 5D). As observed
when using SYK transcriptional signatures as surrogates for
SYK activation, primary patient AML samples with high P-SYK
levels appeared more frequently in the /ITD than in the wild-type

Figure 2. SYK Phosphorylates FLT3 WT and Mutants at Sites Y768 and Y955

(A) In vitro kinase assay showing incorporation of y->2P in response to the incubation of active GST-FLT3 (571-end) with active GST-SYK. The poly Glu-Tyr
universal substrate peptide is used to validate FLT3 and SYK kinase activity.

(B) FLT3 phosphorylation state from an in vitro kinase assay performed with active GST-SYK (top) or immunoprecipitated from 293E cells transfected with FLT3-
V5 and SYK WT (bottom) was analyzed by targeted mass spectrometry and phosphorylation ratios determined from chromatographic peak intensities. Heatmap
showing the level of tyrosine phosphorylation of three biological replicates. Fold change (FC) is presented as a log, ratio [exp(FLT3+SYK)/exp(FLT3)].

(C) In vitro kinase assay performed by incubating active GST-FLT3 (571-end) with active GST-SYK and immunoblotted using phosphospecific FLT3 and SYK
antibodies.

(D) V5-tagged FLT3 WT [FLT3 WT (V5)] or kinase dead [FLT3-KD (V5)] with tyrosines either wild-type or mutated to alanine were cotransfected into 293E cells
along with a DDK-tagged FLT3 WT (FLT3-DDK) vector. V5-tagged constructs were then V5-tag immunoprecipitated to purify out the FLT3-DDK protein before
incubation with GST-SYK for an in vitro kinase assay. Global FLT3 phosphorylation level was detected by immunoblot using an anti-phospho-tyrosine (P-Tyr)
antibody.

(E) Western blot for FLT3 specific phosphosites from 293E cells coexpressing FLT3 WT or FLT3 Y768A, Y955A and YY768/955AA mutants, and SYK WT.

(F) FLT3 WT, D835Y, and ITD immunoprecipitated from 293E cells expressing each of these constructs and incubated with GST-SYK for an in vitro kinase assay.
Detection of global FLT3 phosphorylation level using anti-phospho-tyrosine (P-Tyr) antibody.

(G) Western blot for FLT3 specific phosphosites from 293E cells coexpressing FLT3 WT, D835Y or ITD, and SYK WT or kinase dead (KD).

See also Figure S2.
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FLT3 subgroup (Figure 5C). To further characterize this
association, each subgroup of patients was scaled on X-Y
graphs based on their P-SYK/SYK and P-FLT3/FLT3 Z scores
(Figures 5D and S5D). As expected, FLT3 was more highly
activated in patients with FLT3-/TD, and P-SYK and P-FLT3
activation levels were more strikingly correlated in patients with
FLT3-ITD (p score = 0.7) than with wild-type FLT3 (p score =
0.5). Interestingly, SYK and FLT3 activation were most highly
correlated in patients with relapsed AML expressing the FLT3-
ITD mutation (p score = 0.8).

We divided FLT3-ITD patient samples from three AML data
sets into two groups based on SYK signature (high versus low)
and interrogated the data with published, validated gene signa-
tures (available from Molecular Signature Data Base [MSig] and
Differentiation Map [DMAP]) for enrichment by ssGSEA. As
shown in Figures 5E and S5E and Tables S2 and S3, gene sets
associated with hematopoietic progenitor maintenance and
MYC-dependent transcriptional programs were significantly
enriched in the FLT3-ITD samples displaying a high SYK signa-
ture and depleted in those displaying a low SYK signature.
High P-SYK activation combined with FLT3-ITD mutation is
associated with overexpression of MYC at both mRNA and
protein levels (Figures 5F and 5G). Finally, using top genes
from human and murine MYC target-related gene sets, we
designed a MYC consensus transcriptional target mini signature.
We used quantitative RT-PCR (gRT-PCR) to assess alteration of
these signature genes in Ba/F3 or U937 cells coexpressing
FLT3-ITD and SYK or SYK-TEL constructs (Figure 5H). These
results suggest that a pro-leukemogenic, cooperative interaction
between FLT3-ITD and SYK may select for higher levels of
SYK activation in FLT3-driven disease and that SYK may pro-
mote MYC expression and activation as a mechanism of
leukemogenesis.

SYK Activation Promotes Progression of FLT3-ITD-MPD
to AML

We generated a second bone marrow transplantation
model using sorted myeloid progenitors cotransduced with
MSCV-EGFP-FLT3-ITD in combination with MSCV-tomato vec-
tors (MIT) encoding for either wild-type SYK (SYK WT), a consti-
tutively activated SYK-TEL, or TEL-SYK (Figure S6A). Before re-

injection, transduction efficiency was analyzed by flow
cytometry to confirm that GFP expression occurred in the to-
mato-positive cell fraction (Figure SEB).

Although mice that received myeloid cells cotransduced with
FLT3-ITD and MIT developed a lethal disease (median latency
73 days) (Figure 6A), mice transplanted with cells expressing
FLT3-ITD and either SYK or SYK-TEL constructs developed a
disease with a more rapid onset and a reduced median latency
(64 and 43 days, respectively) (Figure 6A). However, animals
injected with cells expressing both FLT3-ITD and TEL-SYK
constructs did not show signs of more accelerated disease,
suggesting that both the level of SYK activation and the capacity
for binding and transactivation of FLT3 are essential to modulate
FLT3-ITD disease progression. Importantly, groups receiving
SYK-TEL- or TEL-SYK-expressing cells contracted a lethal dis-
ease by 180 days posttransplantation, as compared to control
mice showing no lethality for up to 220 days (data not shown).

The decreased overall survival of mice injected with cells
coexpressing either SYK or SYK-TEL and FLT3-ITD was asso-
ciated with marked splenomegaly, as compared to mice trans-
duced only with FLT3-ITD (Figure 6B). These mice also exhibited
elevated WBC counts, anemia, and thrombocytopenia (Fig-
ure S6C). FLT3-ITD sequence levels were more elevated in
spleens of mice coexpressing SYK and SYK-TEL based on frag-
ment analyzer (Figure S6D). In addition, gRT-PCR using primers
specific for a common region of SYK, SYK-TEL, and TEL-SYK
confirmed homogeneous expression of each construct on an
equivalent number of infected spleen-sorted cells (Figure SGE).

Consistent with the myeloproliferative phenotype described
earlier, an increase in a myeloid cell population positive for
GR-1 and Mac-1 was observed in spleen cells from FLT3-
ITD + MIT mice compared to those from control MIT + MIG
mice (Figure 6C). However, this cell fraction was more highly
represented in the spleens of mice transplanted with either
SYK or SYK-TEL constructs combined with FLT3-/TD than in
those injected with cells coexpressing TEL-SYK and FLT3-ITD.
H&E staining of FLT3-ITD + MIT spleen and bone marrow
showed a marked predominance of maturing myeloid lineage
cells, consistent with MPD, whereas spleens and bone marrow
harvested from mice expressing either SYK or SYK-TEL con-
structs combined with FLT3-ITD showed extensive infiltration

Figure 3. Activation of FLT3 and Its Downstream Effectors Is Dependent on a Physical Interaction with SYK.
(A) Western blot for indicated proteins from MOLM-14 and MV4-11 cells treated with 3 uM PRT062607 or 5 uM Merck SYKi. The phosphosite Y768 was detected

on FLT3 total immunoprecipitate.

(B) Western blot for indicated proteins from FLT3-ITD positive primary patient AML cells treated for 6 hr with 3 uM PRT062607.

(C) Western blot for SYK and FLT3 specific phosphosites from MOLM-14 cells stably transduced with either a control or two SYK-targeting doxycycline-inducible
miR30-shRNAs and treated with doxycycline for 1, 3, or 5 days. The phosphosite Y768 was detected on FLT3 total immunoprecipitate.

(D) Western blot for indicated proteins from NOMO-1 and THP-1 AML cells expressing different forms of SYK. The phosphosite Y768 was detected on FLT3 total

immunoprecipitate.

(E) Western blot for FLT3, STAT5, and ERK specific phosphosites from 293E cells expressing FLT3 WT and different forms of SYK.
(F) Using anti-V5 antibody, FLT3 immunoprecipitation from 293E cells coexpressing FLT3 and different forms of untagged SYK and western blot using anti-SYK

antibody.

(G) Using anti-V5 antibody, immunoprecipitation of several truncated and mutated forms of SYK from 293E cells coexpressing these constructs and untagged

FLT3 WT and western blot using anti-FLT3 antibody.

(H) Using anti-SYK antibody, immunoprecipitation of SYK from 293E cells coexpressing isogenic pairs of FLT3 WT and ITD constructs and western blot using

anti-SYK, anti-V5, and anti-DDK antibodies.

(I) FLT3 immunoprecipitation from 12 AML cell lines expressing low levels of FLT3 WT (0) and various levels of FLT3 WT (N) or mutated (ITD) and western blot using
anti-SYK and anti-P-SYK (Y525/526) antibodies. Anti-lgG antibody was used as a control.
(J) Staining for SYK (green), FLT3 (red), and DAPI (blue) in blast cells from two FLT3-ITD positive primary patient AML samples.

See also Figure S3.
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by sheets of immature myeloid blasts, consistent with AML, in
about 65% to 75% of cases, respectively (Figure 6D). Further-
more, a population of tomato- and GFP-positive cells positive
for the hematopoietic progenitor marker c-KIT was also found
in spleens from all FLT3-ITD + SYK and FLT3-ITD + SYK-TEL
moribund animals, but not in spleens of other FLT3-ITD groups
(Figure 6E). These results suggest that the MPD observed with
FLT3-ITD alone has a more immature phenotype when FLT3-
ITD is combined with SYK or SYK-TEL activation consistent
with AML.

Several FLT3-ITD + SYK or SYK-TEL moribund animals
showed a recurrent expansion of the Lin“°¥/Sca-1-/c-KIT*/
CD16/32*/CD34" GMP compartment (n = 5/7 and n = 4/6,
respectively; representative examples in Figure 6F). Whereas
FLT3-ITD alone enhanced the expansion of the GMP population
by 1.5-fold, the proportion of GMP cells expressing either FLT3-
ITD + SYK or FLT3-ITD + SYK-TEL was increased by 2.5- and
4.5-fold, respectively. Simultaneous expression of FLT3-ITD
and either SYK or SYK-TEL results in a growth advantage of
this fraction at the expense of megakaryocyte/erythrocyte
progenitor (MEP) and CMP fractions, because, in both cases,
double tomato/GFP-positive GMP clones emerged from the
whole GMP population. Finally, SYK and, even more dramati-
cally, SYK-TEL expression enhanced the growth capacity of
FLT3-ITD-expressing tomato*/GFP* myeloid cells in vitro over
9 days (Figure 6G). We also assessed the effect of SYK and
FLT3-ITD cooperation on the clonogenic potential of normal
purified CD34* human cells. As shown in Figure 6H, the number
of CD34™ colonies significantly increased with cotransduction of
FLT3-ITD and either SYK WT or SYK-TEL in comparison to FLT3-
ITD only controls. This increase relies on SYK activity, because it
was not observed in the presence of the KD mutant of SYK-TEL
(SYK-TEL KD). Further mutation of FLT3-ITD’s SYK phos-
phorylation sites, Y768 and Y955, into alanines undermined the
cooperation of SYK with FLT3-ITD in promoting colony formation
(Figure 6l). An analogous experiment was conducted in vivo
(Figure 6J). Unfortunately, YY768/955AA and Y768A mutants

impeded FLT3-ITD's ability to induce a lethal MPD. However,
although the FLT3-ITD Y955 mutant generated a low-penetrance
lethal disease, it did block acceleration of the disease induced by
SYK-TEL coexpression.

To determine the degree to which a potentially promiscuous
kinase such as SYK would have a similar effect on other mutated
tyrosine kinase oncogenes, we evaluated a BCR-ABL-driven
leukemia model. By kinome profiling and in vitro kinase assay,
we determined that ABL was neither an indirect nor a direct
target of SYK (data not shown and Figure S6F). We used an
acute lymphocytic leukemia model of murine p19*" =/~ pre-B
cells driven by Bcer-Abl transplantable into immune-competent
syngeneic C57/BL6 mice (Williams et al., 2006). As shown in Fig-
ures S6G and S6H, SYK-TEL overexpression neither amplified
growth of BCR-ABL-positive cells in bone marrow or spleen
nor influenced survival. Furthermore, SYK-TEL overexpression
did not significantly enhance the number of colonies of either
CD34* cells transduced with BCR-ABL or CD34+ BCR-ABL
positive cells purified from a patient with chronic myeloid leuke-
mia (CML) (Figures S6l and S6J). These results suggest that
activated SYK does not exert the same pro-oncogenic effect
on other tyrosine kinase oncogenes, such as BCR-ABL, as it
does on FLT3-ITD.

SYK Activation Promotes Resistance to Targeted Kinase
Inhibitors

We next asked whether the FLT3-ITD/SYK models could be
transplanted into secondary recipients. Tomato*/GFP* myeloid
cells expressing FLT3-ITD in combination with MIT empty, SYK
WT, or SYK-TEL were sorted from spleens of moribund donor
mice and reinjected into sublethally irradiated recipient mice.
Although FLT3-ITD + MIT-expressing cells did not alter mice
survival, purified FLT3-ITD + SYK or SYK-TEL cells generated
a lethal disease in secondary recipients with median latencies
of 64 and 19-28 days, respectively (Figure 7A) and induced pre-
viously observed features, including increased WBC, decreased
PLT count and HCT, and marked splenomegaly (Figures

Figure 4. SYK Knockdown Impairs Development of FLT3-ITD-Driven Myeloid Disease
(A) gRT-PCR showing relative expression levels of Sykb in purified progenitor hematopoietic stem and progenitor subsets. Error bars represent mean + SD.
(B) Spleen size measurement by microtomography of five mice per group. One representative picture is shown for one mouse per indicated group. p < 0.01

calculated using a Mann-Whitney test. Error bars represent mean + SEM.

(C) Kaplan-Meier curves showing overall survival of mice (n = 6) transplanted with myeloid cells expressing each combination of MSCV and miR30-shRNA

vectors. Statistical significance determined by log-rank (Mantel-Cox) test.

(D) FACS analysis of Mac-1 and GR-1 expressing populations in spleen and blood. A representative FACS plot from each group is shown.
(E) WBC count in the blood harvested from three mice per group. The p value was calculated using a Mann-Whitney test. Arrow indicates beginning and end of

doxycycline treatment. Error bars represent mean + SEM.

(F) FACS analysis of GFP/dsRed-positive cells in bone marrow with error bars representing the mean + SEM of three bleedings per time point.

(G) Kaplan-Meier curves showing overall survival of mice (n = 4 for MIG and FLT3-ITD + shCT groups; n = 6 for FLT3-ITD + shSykb groups) transplanted with
myeloid cells expressing each combination of MSCV and doxycycline-inducible vectors (TRMPCIR). Statistical significance determined by log-rank (Mantel-Cox)
test. *p = 0.02 and *p = 0.003 by comparison with FLT3-ITD + shCT group. Arrow indicates beginning of doxycycline treatment.

(H) Western blot indicating the expression level of SYK and FLT3 activity over 7 days after doxycycline.

(I) Growth after treatment with doxycycline is shown relative to day 0 (time of seeding), with error bars representing the mean + SD.

(J) AML cell lines were infected with two SYK-directed shRNAs. Growth after doxycycline is normalized to the control shRNA and shown relative to day O (time of

seeding), with error bars representing the mean + SD.

(K'and L) Distribution of ICsq for FLT3 wild-type versus FLT3-ITD AML cell lines (K) or patient primary cells (L) in response to treatment with PRT062607 or Merck

SYKi. The p value was calculated using nonparametric Mann-Whitney test.

(M) CD34"* primary cells from FLT3 WT (n = 4) or ITD (n = 5) patients with AML were purified and infected with shCT or two SYK-targeting shRNAs. Colony number
was evaluated after MTT staining. **p < 0.01, *p < 0.05 calculated using a Mann-Whitney test. n.s, non significant (p > 0.05).

Error bars represent mean + SEM (K-M).
See also Figure S4.
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Figure 5. Highly Activated SYK Is Enriched in FLT3-ITD Patient AML Samples and Is Associated with MYC-Related Transcriptional Programs
(A) Heatmap of the top down and upregulated genes following transduction of AML cell lines with CT or two SYK-targeting shRNAs based on an SNR score and
p < 0.05. Data are presented as row normalized.
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S7A-S7D). Finally, H&E staining confirmed that these cells infil-
trated the bone marrow and other sites (e.g, liver) (Figure 7B).

We used these secondary transplantable cells to explore the
impact of activated SYK on resistance to FLT3 inhibition with
the FLT3 inhibitor AC220 (Quizartinib). Although FLT3-ITD-
expressing cells were highly sensitive to AC220, those express-
ing either SYK or SYK-TEL as well as FLT3-ITD showed
increased resistance (Figure 7C). This effect was also observed
in Ba/F3 cells coexpressing both FLT3-ITD and SYK or SYK-
TEL. Interestingly, in vitro and in vivo, these cells were also
more resistant to the dual SYK/FLT3 inhibitor, R406, reported
to have 5-fold greater potency for SYK than FLT3 (Braselmann
et al., 2006) (Figures 7D-71). AC220 resistance was confirmed
in the AML cell lines MOLM-14 and MV4-11 expressing either
SYK WT or SYK-TEL and was associated with sustained FLT3
phosphorylation, even in the presence of an otherwise active
dose of AC220 (Figures S7E and S7F). Resistance was not
observed in vitro with coexpression of FLT3-ITD and the nonin-
teracting partner TEL-SYK, SH2 domain-deleted SYK, KD SYK
or SYK-TEL mutants (Figure 7D). These results indicate that
the level of SYK activation is correlated with resistance to both
molecules and that the physical interaction between SYK and
FLT3 is necessary for resistance to the dual inhibitor.

To assess a combination strategy, AC220 and PRT062607
were combined across a range of concentrations and synergy
and assessed in vitro using excess over Bliss additive synergy
analysis (Figures S7G and S7H). Both compounds synergized
to impair the viability of the two cell types as observed by a
high excess over Bliss additive. In vivo, in both the SYK WT
and SYK-TEL cooperative models with FLT3-ITD, the combina-
tion of PRT062607 and AC220 significantly increased survival of
mice developing AML (Figures 7E and 7F) and resulted in a
marked reduction of leukocytosis, decrease of double GFP/
tomato-positive leukemic blasts and profound inhibition of
FLT3-ITD and SYK activation (Figures 7G-71).

DISCUSSION

FLT3-ITD mutations occur in approximately 20% of patients
with AML and result in a blockade of differentiation and hyper-
proliferation of hematopoietic cells (Patel et al., 2012). Early
single agent trials were notable for some clinical activity (DeAn-
gelo et al., 2006; Fischer et al., 2010; Knapper et al., 2006; Pratz
et al., 2009), but the low complete remission rate as well as the

development of progressive disease despite an initial clinical
response dampened enthusiasm for using FLT3 inhibitors as a
single agent in AML (Weisberg et al., 2010). Newer agents with
greater potency and sustained inhibition have been developed
with exciting results in recent clinical trials, including the obser-
vation of terminal differentiation of AML blasts in patients treated
with AC220 (Sexauer et al., 2012). Moreover, mutations within
the kinase domain of FLT3-ITD, conferring AC220 acquired
clinical resistance, were recently reported (Smith et al., 2012),
providing additional validation that FLT3-ITD is an important
oncogenic driver of AML.

In this study, we identify an unexpected functional role for SYK
in modulating FLT3 activation and demonstrate FLT3-ITD
dependency on SYK for driving myeloid neoplasia in mice
despite the constitutive activation of the FLT3 receptor. A role
for the SYK-FLT3 collaboration is also highlighted by our
in silico and flow-based analysis showing that FLT3-ITD-positive
patient AML blasts exhibit higher levels of SYK activation than
FLT3-wild-type patient AML blasts. Although our data reveal
the activation of FLT3 by SYK, the mechanism of SYK activation
in FLT3-ITD-positive AML remains uncertain. Neither mutation of
SYK (with the exception of a case report of a TEL-SYK rearrange-
ment in a patient with MDS) (Kuno et al., 2001) nor association of
SYK activation with other known mutations has previously been
described in myeloid neoplasms. Recent manuscripts describe
a link between SYK activation and both integrin 2 and B3
signaling (Miller et al., 2013; Oellerich et al., 2013), suggesting
two potential mechanisms for SYK activation. Crosstalk be-
tween integrin B1 signaling, PYK2, and FLT3-ITD has also been
reported (Katsumi et al., 2011), perhaps pointing toward possible
feedback of FLT3-ITD on SYK activation.

We engineered a tractable myeloid transplantation model to
delineate the effects of various levels of SYK activation on
FLT3-ITD-induced disease. This model revealed a link between
SYK activation and FLT3-ITD disease progression, with SYK
activation leading to acceleration of disease development and
transformation from MPD to AML. This is likely dependent on
the FLT3-ITD and SYK partnership, rather than exclusively a
FLT3-independent effect of SYK, because both the level of
SYK activation and the capacity for FLT3 transactivation are
essential for the observed effects. The stratification of the
FLT3-ITD+ patient group based on high versus low SYK activa-
tion highlighted a MYC-driven transcriptional program in the
cooperation of SYK with FLT3. In light of this observation, and

(B) Bar graph showing the frequency of primary patient AML samples with FLT3 WT versus FLT3-ITD displaying SYK high versus low signatures in two cohorts
GSE14468 (n = 526) and TCGA LAML (n = 179). The p value was calculated using Fisher exact test.

(C) Bar graph showing the frequency of primary patient AML samples with FLT3 WT (n = 25) versus FLT3-ITD (n = 23) exhibiting a high (Z score > 1) versus low
(Z score < —1) level of (P-SYK/SYK) evaluated by phospho-flow cytometry on CD13/33-gated population. The p value was calculated using Fisher exact test.
(D) Spearman correlation (p-score) between (P-SYK/SYK) and (P-FLT3/FLT3) following Z score normalization across two subgroups of FLT3 WT and /TD patients.
Highlighted in red are samples from patients at time of relapse.

(E) Quantitative comparison of gene sets available from the MSig and DMAP database by ssGSEA for patient AML samples with FLT3-/TD from three different
cohorts (GSE 14468, 10358, and TCGA LAML) displaying a SYK high versus low signature. Red dots indicate sets for MYC, black triangles for hematopoietic
progenitors, and gray for all other available gene sets.

(F) Comparison of MYC expression levels for patient samples with FLT3-ITD from three different cohorts (GSE 14468, 10358, and TCGA LAML) displaying a SYK
high versus low signature. The p value was calculated using Fisher exact test. Error bars represent mean + SD.

(G) MYC protein level evaluated by intracellular flow cytometry on a cohort of FLT3 WT or ITD patient samples (n = 25) exhibiting either high (Z score [P-SYK/SYK]
> 1) or medium to low (Z score [P-SYK/SYK] < 1) SYK activation. The p value was calculated using a Mann-Whitney test. Error bars represent mean + SEM.
(H) Heatmap showing expression level of MYC transcriptional target genes evaluated by qRT-PCR. Normalized data are presented as a logo-ratio versus MIT.
See also Figure S5 and Tables S1, S2, and S3.
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because the overexpression of this transcription factor has the
capacity to induce AML (Luo et al., 2005), MYC has been nomi-
nated as one candidate for explaining the mechanism for the
transition from MPD to an AML-like disease emerging from the
SYK-FLTS3 synergistic signal.

Our study has important clinical implications. First, we identify
an increased sensitivity to SYK inhibition in the specific FLT3-
ITD-positive AML subtype, suggesting the testing of SYK inhib-
itors in this patient population. We also identified a strong
positive correlation between SYK and FLT3 activation in a
subgroup of relapsed FLT3-ITD patient samples, nominating
the SYK/FLT3-ITD cooperation as a potential mechanism of
chemoresistance and inviting further study of the relationship
between SYK activation and prognosis in FLT3 mutated AML.
Moreover, our study reveals that the secondary transplantable
AML, driven by the coexpression of highly activated SYK and
FLT3-ITD, exhibits moderate resistance to the single FLT3 inhib-
itor AC220 and strong resistance to the dual SYK/FLT3 inhibitor
fostamatinib (R406). Among the possible mechanisms to explain
this surprising resistance to fostamatinib are inadequate phar-
macokinetics with a failure to sufficiently inhibit SYK and FLT3
or an altered binding/inhibiting capacity of the compound due
to the physical association between SYK and FLT3. A similar
observation has been made in CML where another tyrosine
kinase, LYN, can cooperate with BCR-ABL to overcome BCR-
ABL small-molecule inhibition by mediating BCR-ABL phos-
phorylation even in the presence of inhibitor (Wu et al., 2008).
The finding that the SYK mutant lacking the ability to transacti-
vate FLT3 failed to promote resistance supports a similar mech-
anism of action for SYK-mediated FLT3 resistance. In this
context, whereas SYK or FLT3 inhibition alone had some activity
in vivo, the combined treatment with the SYK and FLT3 specific
inhibitors was highly efficacious, suggesting this combination for
clinical testing.

In summary, we report that the level of SYK activation is critical
for outcome in mice developing a FLT3-ITD-driven myeloid
neoplasia, illustrating the notion that additional interacting
partners are essential in the oncogenic effects of FLT3 in pro-

moting disease. This study also reveals the important clinical
translational finding that FLT3-ITD AML cells have increased
sensitivity to SYK suppression, raises the possibility that SYK
hyperactivation may attenuate the response to FLT3 inhibitors,
and supports the testing of FLT3 inhibitors in combination with
SYK inhibitors in patients with FLT3 mutant AML.

EXPERIMENTAL PROCEDURES

See Supplemental Experimental Procedures for detailed methods.

High-Throughput Kinase Activity Profiling

A Luminex immunosandwich assay was performed in AML cells stably trans-
duced with a pWZL empty or SYK-TEL vector encoding for a constitutively
activated form of SYK. One hundred micrograms of whole-cell lysates from
each cell line and positive control lysates were quantified, and equal concen-
trations of protein were incubated with a mixture of antibody-coupled Luminex
beads directed against 105 protein candidates and then with a secondary anti-
phospho-tyrosine biotin-labeled 4G10 antibody (Millipore).

Growth Measurement
Cells were plated in 384-well plates. ATP content was measured using
CellTiter Glo (Promega) per the manufacturer’s instructions.

Flow-Based Myeloid Differentiation Screening

U937, MOLM-14, THP-1, and KBM-3 cells were arrayed in two series of three
replicates per shRNA in round bottom 96-well tissue culture plates. The next
day, cells were infected, incubated for 5 days, and stained. Heatmap projec-
tions on differentially expressed CD11b and CD14 across each hairpin-trans-
duced cell line were created based on the GENE-E software (http://www.
broadinstitute.org/cancer/software/GENE-E/).

In Vivo Transplantation

The Massachusetts Institute of Technology Committee on Animal Care re-
viewed and approved all mouse experiments. The 4-week-old BALB/c male
donor mice were primed with an intraperitoneal injection of 5'-fluorouracil
(150 mg/kg) and sacrificed after 6 days. Bone marrow was harvested from
the femur, tibia, and humerus, and red blood cells were lysed (RBCL buffer,
Sigma). Myeloid cells were sorted and infected with the different combination
of vectors and reinjected into recipient irradiated mice.

Figure 6. High SYK Activation Synergizes with FLT3-ITD to Promote Progression to AML

(A) Kaplan-Meier curves showing overall survival of mice (n = 7 for each group except for FLT3-ITD + SYK-TEL group, for which n = 6) transplanted with myeloid
cells expressing each combination of indicated constructs. Statistical significance determined by log-rank (Mantel-Cox) test. *p = 0.05 and *p < 0.01 by
comparison with FLT3-ITD + MIT group.

(B) Spleen size measurement by microtomography of six mice per group when FLT3-/TD + SYK-TEL mice became moribund. The p value was calculated using a
Mann-Whitney test. Error bars represent mean + SEM.

(C) FACS analysis of Mac-1 and GR-1 expressing populations in spleen. A representative FACS plot from each group is shown. Analysis was performed after
FLT3-ITD + SYK-TEL mice became moribund.

(D) H&E staining of bone marrow and spleen of a representative moribund mouse from each indicated group.

(E) FACS analysis of c-KIT expressing cells in spleen after 5 days in culture. One representative moribund mouse from each indicated group is shown.

(F) Proportion of CMP (CD16/32/CD34*), GMP (CD16/32*/CD34*), and MEP (CD16/327/CD34") cell populations on gated Lin“°"/Sca-1~/c-KIT* myeloid
progenitors. Tomato and GFP expression were evaluated on each GMP cell population. One representative moribund mouse from each group is shown.

(G) Double tomato and GFP positive Lin-°¥/Sca-1"/c-KIT* myeloid cells were sorted from the whole bone marrow harvested from moribund mice transplanted
with each combination of FLT3-ITD and SYK vectors. Growth after sorting is shown relative to the day 0 (time of seeding) values, with error bars representing the
mean + SD.

(H and 1) Purified normal CD34* human primary cells were infected with FLT3-ITD in combination with different forms of SYK (wild-type, constitutively active
SYK-TEL, or inactive SYK-TEL KD) (H) or SYK-TEL in combination with either FLT3-ITD or the two mutants FLT3-/TD Y768A and Y955A (l). Colony number was
evaluated after MTT staining. p < 0.01 and p < 0.05, calculated using a Mann-Whitney test. Error bars represent mean + SD.

(J) Kaplan-Meier curves showing overall survival of mice (n = 5 for each group) transplanted with myeloid cells expressing each indicated combination of FLT3-ITD
or FLT3-ITD mutants (Y > A) in combination with SYK-TEL. Statistical significance determined by log-rank (Mantel-Cox) test. *p = 0.05 by comparison with
FLT3-ITD group.

See also Figure S6.
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Figure 7. High SYK Activation Impairs the Targeting of FLT3-ITD-Driven AML with Small-Molecule Inhibitors In Vitro and In Vivo
(A) Kaplan-Meier curves showing overall survival of mice (n = 4) secondary transplanted with double tomato and GFP-positive myeloid cells expressing FLT3-ITD
in combination with MIT empty, SYK WT, or SYK-TEL (clones from two different donor mice). Statistical significance determined by log-rank (Mantel-Cox) test.
(B) H&E staining of the bone marrow and liver of a representative moribund mouse from each indicated group.
(C and D) Growth inhibition of secondary transplantable murine primary and Ba/F3 cells coexpressing FLT3-ITD and indicated SYK constructs and treated with
increasing doses of either AC220 (C) or R406 (D). Values are shown relative to day 0 (time of seeding), with error bars representing the mean + SD.

(legend continued on next page)
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Primary Cell Studies

Normal purified CD34* human cells were obtained from Lonza. Use of these
materials is considered exempt as Human Subjects by the Dana-Farber
Cancer Institute Internal Review Board. Primary patient AML blasts were
collected after obtaining patient informed consent under Dana-Farber Cancer
Institute Internal Review Board-approved protocols.
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The Gene Expression Omnibus (GEO) accession number for the genome-wide
expression analysis reported in this paper is GSE54065.
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seven figures, and three tables and can be found with this article online at
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SUMMARY

Mutations in KRAS are prevalent in human cancers and universally predictive of resistance to anticancer ther-
apeutics. Although it is widely accepted that acquisition of an activating mutation endows RAS genes with
functional autonomy, recent studies suggest that the wild-type forms of Ras may contribute to mutant
Ras-driven tumorigenesis. Here, we show that downregulation of wild-type H-Ras or N-Ras in mutant
K-Ras cancer cells leads to hyperactivation of the Erk/p90RSK and PI3K/Akt pathways and, consequently,
the phosphorylation of Chk1 at an inhibitory site, Ser 280. The resulting inhibition of ATR/Chk1 signaling
abrogates the activation of the G2 DNA damage checkpoint and confers specific sensitization of mutant
K-Ras cancer cells to DNA damage chemotherapeutic agents in vitro and in vivo.

INTRODUCTION

Three closely related RAS oncogenes, HRAS, NRAS, and
KRAS, have been identified in mammals. These genes encode
small GTPases that function as molecular switches governing
the activation of a vast network of signaling pathways.
Growth factor signaling activates Ras by recruiting guanine
nucleotide exchange factors (GEFs) that catalyze the exchange
of guanosine diphosphate (GDP) for guanosine triphosphate
(GTP) (Bos et al., 2007). In turn, Ras activity is terminated
through GTP hydrolysis, which is greatly enhanced by
GTPase-accelerating proteins (GAPs). Hyperactivation of Ras,
which largely occurs through the acquisition of mutations that
hinder GTP hydrolysis, has been implicated in the etiology of
a wide number of human cancers. Overall, mutations in the
RAS genes have been associated with ~30% of all human
tumors. Such mutations are generally limited to one of the
RAS genes, with KRAS being the most frequently mutated
and with the highest incidence in adenocarcinomas of the
pancreas (57%), colon (33%), and lung (17%) (Pylayeva-Gupta
et al., 2011).

The critical role of oncogenic K-Ras as a driving mutation in the
pathogenesis of cancer is supported by several genetically engi-
neered mouse models. Accordingly, expression of mutant K-Ras
alone is sufficient to drive malignant progression, whereas elim-
ination of mutant K-Ras from established tumors leads to tumor
regression (Chin et al., 1999; Fisher et al., 2001; Haigis et al.,
2008; Jackson et al., 2001; Li et al.,, 2011; Ying et al., 2012).
Because of its capacity to constitutively engage downstream
effector pathways, oncogenic K-Ras was initially thought to drive
the tumorigenic process independently of the wild-type forms.
However, it is becoming increasingly evident that the biological
outputs of oncogenic K-Ras are subject to a complex and
context-dependent modulation by wild-type Ras proteins.
Studies in chemically induced models of lung or skin tumorigen-
esis have demonstrated that the acquisition of an activating
mutation in a KRas or HRas allele is associated with loss of the
KRas wild-type or HRas wild-type allele, respectively (Bremner
and Balmain, 1990; Hegi et al., 1994; Zhang et al., 2001). Zhang
et al. (2001) further demonstrated that loss of the wild-type
KRas allele enhanced mutant K-Ras-driven tumorigenesis.
Together, these results suggest a tumor suppressive effect of

Significance

inducing agents.

This study defines a functional dependence of K-Ras-driven tumors on wild-type H- and N-Ras for the DNA damage
response and reveals a promising therapeutic strategy for the treatment of mutant K-Ras tumors. We demonstrate that
mutant K-Ras cancer cells require wild-type H-Ras and N-Ras for the activation of the ATR-Chk1-mediated DNA damage
checkpoint and that this dependence can be exploited to specifically sensitize K-Ras-driven cancers to DNA damage-
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Figure 1. WT-H-Ras Knockdown Perturbs the Mitotic Progression of K-Ras Mutant Cancer Cells

(A) Isoform-specific knockdown of WT-H-Ras, WT-N-Ras, or WT-H- and N-Ras combined. DLD1 K-RasM"! cells that harbor doxycycline-inducible shRNAs
directed at H-Ras (H-Ras sh 1, 2, 3), N-Ras (N-Ras sh 1, 2), H-Ras and N-Ras combined (H-Ras sh 1 and N-Ras sh 1), or scramble shRNA (Scr sh) were treated
with doxycycline for 96 hr. Whole-cell lysates (WCL) were immunoblotted for H-Ras, N-Ras, K-Ras, and tubulin (loading control).

(B) Effect of WT-H-Ras or WT-N-Ras suppression on the GTP-bound status of the remaining Ras isoforms. WCLs were subjected to GST-bound CRAF Ras-
binding domain (RBD) pull-downs and immunoblotted with the indicated antibodies.

(C and D) Effect of suppression of WT-H-Ras, WT-N-Ras, or WT-H- and N-Ras combined on the proliferation of DLD1 K-Ras™“! cells (C) and DLD1 K-Ras® cells
(D). The relative cell density was measured using a Syto60 stain and is expressed in arbitrary units (a.u.).

(E) Representative FACS histograms showing cell-cycle progression of synchronized control (—Dox) and H-Ras-suppressed (+Dox) DLD1 K-Ras™'*" cells that
harbor inducible H-Ras sh 3. Cells were released from a double thymidine block, fixed at the indicated time points, and FACS sorted for DNA content. Arrows
indicate the G2/M fraction at relevant time points. Data are representative of at least three independent experiments.

(F) Detection of mitotic fraction by FACS analysis of phosphorylated histone H3 (P-HH3)-positive cells in double-thymidine-release experiments as in (E).

(G) Representative images of mitotic aberrations (arrows) seen in WT-H-Ras-depleted DLD1 K-RasM“! cells following a double-thymidine-release experiment as
in (E). Immunofluorescence images of cells stained for a-tubulin and DNA. Scale bar, 10 pm.

Mut

(legend continued on next page)
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the wild-type Ras allele. Conversely, a recent study reported that
in mutant K-Ras-driven colorectal cancer, wild-type K-Ras
plays a tumor promoting role through counteracting mutant
K-Ras-induced apoptosis by mediating signaling from
mutant K-Ras-dependent autocrine-activated EGFR (Matalla-
nas et al., 2011).

Mutant K-Ras-driven cancers also retain the wild-type prod-
ucts of the remaining RAS genes, H- and NRAS, which appear
to synergize with mutant K-Ras in tumors of various tissues.
For example, enhanced levels of GTP-bound H-Ras and
N-Ras, due to mutant K-Ras-dependent nitrosylation of wild-
type H- and N-Ras, were shown to be required for the prolifera-
tion of mutant K-Ras cancer cells (Lim et al., 2008). A role for
wild-type H-Ras and N-Ras proteins in mediating RTK signaling
and proliferation of cancer cells that harbor mutant K-Ras has
also been demonstrated (Young et al., 2012). Moreover, Son of
Sevenless (Sos), a guanine nucleotide exchange factor (GEF)
for Ras and Rho GTPases, has been implicated in mutant Ras-
driven tumorigenesis (Jeng et al., 2012).

In the current study, we sought to determine the mechanisms
by which wild-type H-Ras and N-Ras proteins promote the
mutant K-Ras-driven tumorigenic phenotype.

RESULTS

Mutant K-Ras Cancer Cells Require Wild-Type H-Ras for
Proliferation and Progression through Mitosis
To investigate the functional relationship between mutant K-Ras
and wild-type (WT) H/N-Ras, we took the approach of specif-
ically suppressing the expression of WT-H-Ras and/or WT-
N-Ras, in cancer cells positive or negative for mutant K-Ras.
To this end, we initially employed the isogenic colon cancer cells
DLD-1 K-Ras""¢'20 (DLD1 K-Ras™M“) and DLD1 K-Ras""~
(DLD1 K-Ras®©), where the K-RAS®"2P allele has been knocked
out by homologous recombination (Luo et al., 2009b; Shirasawa
et al., 1993). These cell lines were engineered to harbor doxycy-
cline (Dox)-inducible small hairpin RNAs (shRNAs) directed at
H-Ras, N-Ras, or both H- and N-Ras. Accordingly, doxycycline
treatment specifically suppressed expression and activity of
the targeted isoforms, with no effect on the remaining isoforms
(Figures 1A and 1B; Figure S1A available online). As shown in
Figure 1C, individual knockdown of WT-H-Ras or WT-N-Ras in
DLD1 K-RasM“! cells led to slower growth. Of note, no synergy
was observed upon knockdown of both WT-H-Ras and WT-
N-Ras, suggesting that the two WT-isoforms converge on the
same signaling module that regulates growth of DLD1 K-RasM"t
cells (Figure 1C). In contrast, knockdown of either WT-H-Ras or
WT-N-Ras, or the two combined, in DLD1 K-Ras*® cells, had no
effect on cell growth, indicating that the dependence on WT-H-
and/or N-Ras for cell growth is a specific property of mutant
K-Ras cancer cells (Figures 1D and S1A).

We next investigated whether the attenuated cell growth
observed upon WT-H-Ras and/or N-Ras knockdown in DLD1
K-RasM“t cells could be the result of a slower progression

through the cell cycle. Initially, we examined the cell-cycle pro-
gression of WT-H-Ras-suppressed DLD1 K-RasM“! cells that
were synchronized at the G1/S border by double thymidine treat-
ment. Six hours after release, both WT-H-Ras-suppressed
(+Dox) and WT-H-Ras-intact (—Dox) DLD1 K-RasM“! cells had
completed replication and were predominantly in G2 as deter-
mined by the accumulation of cells with 4N DNA content (Figures
1E, 1F, and S1B). However, whereas the majority of WT-H-Ras-
intact cells completed mitosis and cell division and reached G1
over the next 4 hr, WT-H-Ras-suppressed cells showed a de-
layed transition through G2/M, as evident by the persistence of
cells with 4N DNA content (Figure 1E, arrows). Fluorescence-
activated cell sorting (FACS) analysis of phosphohistone
H3-positive cells revealed an increased mitotic index of WT-
H-Ras-suppressed cells relative to control (7-11 hr), suggesting
that the elevated fraction of 4N DNA content cells associated
with WT-H-Ras knockdown was due to a mitotic delay (Figures
1E and 1F). Consistent with this interpretation, WT-H-Ras-
suppressed DLD1 K-RasM“! cells showed mitotic defects that
would preclude the timely satisfaction of the spindle checkpoint,
including misaligned and damaged chromosomes (Figure 1G).
To quantitatively measure the mitotic delay within individual cells
and rule out the possibility that the observed mitotic aberrations
were due to the synchronization technique, we analyzed the
duration of mitosis in asynchronous cells by time-lapse phase-
contrast microscopy. We observed that WT-H-Ras knockdown
delayed mitotic progression in DLD1 K-Ras™M"! cells (duration
of mitosis was ~2 times longer compared to control), but not
in DLD1 K-Ras*® cells (Figures 1H, S1C, and S1D). Similar
results were obtained when this analysis was extended to the
pancreatic cell line pair Panc-1 (K-Ras mutant) and BxPC-3
(K-Ras WT) (Figure 1H; Movies S1 and S2; Figures S1C and
S1D). Taken together, these data indicate that K-Ras mutant
cells specifically require WT-H-Ras for the timely progression
of mitosis.

Wild-Type H- and N-Ras Knockdown Enhance DNA
Damage in Mutant K-Ras Cancer Cells

In principle, the delay in mitosis and damaged chromosomes,
induced by WT-H-Ras knockdown, can be explained by misre-
gulation of the DNA damage response (DDR) (Rieder and Maiato,
2004; Brown and Baltimore, 2000; Lam et al., 2004; Loffler et al.,
2006; Zachos and Gillespie, 2007). A defective DDR would
compromise the ability of the cell to repair DNA damage, thereby
leading to an enhancement in the levels of DNA strand breaks
(Syljuasen et al., 2005; Toledo et al., 2011b). Evaluation of DNA
strand breaks by monitoring YH2AX staining revealed a signifi-
cant accumulation of yH2AX-positive cells upon knockdown of
WT-H-Ras in the DLD1-K-RasM“t cells and a panel of K-Ras
mutant (Mut) pancreatic cancer cells (Panc-1, AsPC-1, PL45,
and MIA PaCa-2) (Figures 2A-2C). In contrast, YH2AX levels
remain unaltered when WT-H-Ras was knocked down in the
DLD1-K-Ras®® and K-Ras WT pancreatic cancer cell lines
(BxPC-3 and Hs-700T), consistent with K-Ras Mut cancer cells

(H) Scatter plots show the duration of mitosis, as determined by phase-contrast time-lapse microscopy, in asynchronous K-Ras Mut (DLD1 K-Ras'

Mut cells and

Panc-1) and K-Ras WT (DLD1 K-Ras*® and BxPC-3) cancer cells expressing scramble or H-Ras shRNAs. ***p < 0.0001 by Student’s t test; NS, no significant

difference.

All experiments: error bars, mean + SEM, n = 3, *p < 0.05, *p < 0.005, **p < 0.0005. See also Movies S1 and S2 and Figure S1.
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Figure 2. WT-H-Ras Knockdown Enhances DNA Damage in K-Ras Mut, but Not in K-Ras WT, Cancer Cells

(A) Quantification of YH2AX-positive cells in K-Ras Mut and K-Ras WT cancer cells upon WT-H-Ras knockdown. K-Ras Mut and K-Ras WT cells from cancers of
the colon (DLD1) and pancreas (Panc-1, AsPC-1, PL45, MIA PaCa-2, BxPC-3, and Hs-700T), depleted of WT-H-Ras, were costained for yYH2AX and DAPI, and
the percentage of cells positive for yH2AX foci (>10 per cell) was determined. At least 500 cells were scored per condition. Data are presented relative to the
values obtained for scramble shRNA cells in each cell line, respectively. Error bars, mean + SEM, n = 3, **p < 0.005, ***p < 0.0005. S-phase percentages as

determined by flow cytometry analysis of the percentage of BrdU-incorporating cells are indicated below the bar graphs.

(B) Representative images showing YH2AX levels in WT-H-Ras-suppressed DLD1 K-Ras
(C) Isoform-specific knockdown of H-Ras in the cancer cells lines shown in (A). *

See also Figure S2.

being selectively dependent on WT-H-Ras for modulating DNA
damage and cell-cycle progression (Figures 2A-2C). A similar
dependency was observed upon knockdown of WT-N-Ras,
and no synergistic effect was observed when both WT-H-Ras
and WT-N-Ras were knocked down (Figures S2A-S2C). The
elevated YH2AX levels were not due to an accumulation of cells
in S-phase because there was no significant difference in the
S-phase profiles between control and WT-H-Ras, WT-N-Ras,
or WT-H- and N-Ras-suppressed cells (Figures 2A and S2B).
Of note, we have observed no correlation between enhanced
vYH2AX levels due to WT-H- and/or N-Ras knockdown and the
proliferative rate or basal yH2AX levels of the cancer cells
analyzed (Figure S1D; data not shown). This suggests that the
elevated DNA damage induced by WT-H- and/or N-Ras knock-
down is not due to a faster proliferation rate or higher basal DNA
damage of K-Ras mutant cells but instead is a consequence of a
perturbed DDR. Moreover, knockdown of WT-H-Ras in mela-
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Mut cells. Cells were costained for YH2AX and DAPI. Scale bars, 5 pm.

indicates Erk2 as a loading control instead of vinculin.

noma cells that harbor an activating N-Ras mutation (NRas
Q61L) also enhanced yYH2AX levels, indicating that WT-Ras
could be required for the regulation of the basal levels of DNA
damage in cancer cells with activating mutations in any of the
Ras isoforms (Figure S2E).

Dependence of Mutant K-Ras Cancer Cells on Wild-Type
H- and N-Ras for the Activation of the G2 DNA Damage
Checkpoint

To directly evaluate whether WT-H-Ras knockdown impacted
the activation of the DNA damage checkpoint, we subjected
K-Ras Mut cells to UV-C irradiation and monitored mitotic entry
at 1, 2, and 3 hr intervals after UV-C-induced damage. Panc-1
and DLD1-K-RasM"! cells expressing scramble shRNA displayed
a block in mitotic entry in response to UV-C-induced DNA dam-
age, indicating a functional G2 DNA damage checkpoint (Figures
3A, 3B, and S3A). In contrast, progression into mitosis following
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UV-C treatment was unperturbed in Panc-1 and DLD1-K-RasM"t

cells depleted of WT-H-Ras, indicating a defective G2 DNA dam-
age checkpoint (Figures 3A and 3B). This defect was not specific
to UV-C-induced damage as Panc-1 (Figure 3C) and DLD1-
K-RasM“t cells (Figure S3B) depleted of WT-H-Ras failed to
initiate and maintain cell-cycle arrest in response to the topo-
isomerase | inhibitor SN38. A similar defect was observed in
Panc-1 cells depleted of WT-N-Ras (Figure S3C).

A predictable outcome of a defective G2 DNA damage check-
point is entry into mitosis with unresolved DNA breaks following
damage (Jiang et al., 2009). In agreement with this prediction, a
significant fraction of WT-H- and/or N-Ras-depleted Panc-1 and
DLD1-K-RasM!t cancer cells that entered mitosis following UV-C
exposure also stained positive for YH2AX (Figures 3D, 3E, and
S3D). Notably, no such differences were observed in K-Ras
WT cancer cell lines (Figures 3E and S3D). These data demon-
strate that WT-H- and/or N-Ras are critical for the establishment
of a functional G2 DNA damage checkpoint selectively in K-Ras
Mut cancer cells.

Wild-Type H- and N-Ras Knockdown Impairs Chk1
Activation in K-Ras Mutant Cancer Cells

To gain insight into the molecular basis for the perturbation of the
G2 DNA damage checkpoint by WT-H/N-Ras knockdown, we
examined the DNA-damage-specific activation of ATR/Chk1
and ATM/Chk2 in response to SN38 or UV-C treatment (Bartek
and Lukas, 2003; Zhou and Elledge, 2000). Notably, WT-H-Ras
knockdown was accompanied by a defective Chk1 activation
in response to either SN38 or UV-C treatment in K-Ras Mut
cell lines Panc-1 and DLD1-K-RasM't (Figures 3F, S3E, and
S3F), and MIA PaCa-2 (Figure S4A) as evidenced by impaired
phosphorylation of Chk1 at Ser 317 and Ser 345. The require-
ment for WT H-Ras for ATR/Chk1 activation was a specific prop-
erty of K-Ras mutant cells as WT-H-Ras knockdown had no
effect on Chk1 activation in the K-Ras WT cell lines BxPC-3
and DLD1-K-Ras"® (Figures 3F, S3E, and S3F). The defect in
Chk1 activation upon WT H-Ras knockdown in K-Ras mutant
cells was also reflected in the impaired inhibitory phosphoryla-
tion of Cdk1 at Tyr 15 (Figures 3F and S3E). By comparison,
Chk2 activation, as monitored by phosphorylation of Chk2 at
threonine 68 (Thr68), was not affected by WT-H-Ras knockdown
in either K-Ras Mut (Panc-1) or K-Ras WT (BxPC-3) cancer cell
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DLD1 cells were too low to reliably measure its activation status.
WT-N-Ras knockdown also led to a selective and similar
impairment of ATR/Chk1 activation in K-Ras mutant cells (Fig-
ure 4). Taken together, these results indicate that the defective
G2 DNA damage checkpoint caused by WT-H/N-Ras knock-
down in K-Ras mutant cells is due to the failure to properly acti-
vate Chk1.

Wild-Type H- and N-Ras Negatively Regulate MAPK and
Akt Signaling to Control Chk1 Phosphorylation
The Ras effector signaling pathways, Raf/Erk and PI3K/Akt, have
been shown to play a key role in Chk1 activation and the G2/M
phase of the cell cycle. PI3K/Akt was reported to override
DNA-damage-induced G2 arrest through repression of Chk1
activation via Akt-mediated inhibitory phosphorylation of Chk1
at Ser 280 (King et al., 2004; Puc and Parsons, 2005; Shtivelman
et al., 2002). More recently, the Raf/MAPK pathway has been
shown to impair Chk1 activity through Chk1 Ser 280 phosphor-
ylation by MAPK-activated protein kinase RSK (p90 ribosomal
S6 kinase) (Li et al., 2012; Ray-David et al., 2012). As wild-type
Ras proteins have been reported to antagonize Ras effector
signaling output in cancer cells that harbor mutant Ras (Young
etal., 2012), we next investigated whether impaired Chk1 activa-
tion upon WT-H- or N-Ras knockdown was due to enhanced
activation of Ras effector pathways. Knockdown of WT-H-
or N-Ras in mutant K-Ras cancer cells was associated with
elevated Erk/p90RSK and Akt activation, which correlated with
enhanced inhibitory phosphorylation of Chk1 at Ser 280, both
in the basal state and following SN38-induced DNA damage
(Figures 4A and 4B). Conversely, suppression of Erk or Akt
signaling via treatment with MAPK or Akt inhibitors overturned
the hyperphosphorylation of Chk1 at Ser 280 in WT-H- or
N-Ras-depleted mutant K-Ras cancer cells. Importantly, under
these conditions, the activation of Chk1 in response to SN38-
induced DNA damage was restored as shown by Chk1 Ser
317 phosphorylation (Figure 4C). Altogether, these results sup-
port a model whereby in K-Ras mutant cells, the downregulation
WT-H/N-Ras leads to the enhancement of Erk/p90RSK and Akt
signaling, which in turn represses Chk1 activation through Chk1
Ser 280 phosphorylation.

To rule out the possibility that WT-H/N-Ras may also specif-

ically prevent Chk1 Ser 280 phosphorylation, we generated
Mut

lines (Figures 3F and S3E). Of note, Chk2 protein levels in an isogenic derivative of the DLD1-K-Ras™™" cell line that can

Figure 3. K-Ras Mutant Cancer Cells Selectively Depend on WT-H-Ras for the Activation of the ATR-Chk1-Mediated G2 DNA Damage
Checkpoint

(A) Representative FACS plots showing the P-HH3-positive population in untreated () and (*) UV-C treated (at 1 and 3 hr posttreatment) Panc-1 cells expressing
scramble (Scr) or WT-H-Ras shRNA (n = 3). The boxed area represents the % P-HH3-positive cells.

(B) Quantifications of the experiments described in (A) for K-Ras Mut cell lines. Data are presented as relative to the values obtained for the respective (scramble
or WT-H-Ras shRNA) untreated cells.

(C) FACS histograms showing the cell-cycle profile of WT-H-Ras-suppressed Panc-1 cells following SN38 (4 nM) treatment. The S and G2/M fractions are
indicated. Data are representative of three independent experiments.

(D and E) K-Ras Mut and K-Ras WT cancer cells expressing the indicated shRNAs were treated with UV-C, placed in nocodazole containing media for 4 hr to trap
mitotic cells, and costained for P-HH3 (blue) and YH2AX (green). Representative immunofluorescence images of mitotic DLD1 K-RasM“! cells treated as indicated
are shown in (D). Scale bar, 10 um. Quantifications of the fraction of mitotic cells (P-HH3) expressing the indicated shRNAs that are positive for YH2AX foci (>10
per cell) are shown in (E). Data are presented as relative to the values obtained for the scramble shRNA (Scr sh) cells. At least 50 mitotic cells were analyzed per
experiment. S-phase percentages are indicated below the bar graphs.

(F) Representative immunoblots for the indicated proteins in mock or SN38 treated (4 nM SN38 for 2 hr) Panc-1 (K-Ras Mut) and BxPC-3 (K-Ras WT) cancer cells
are shown.

All experiments: error bars, mean + SEM, n = 3, **p < 0.005, **p < 0.0005. See also Figure S3.
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Figure 4. WT-H- and N-Ras Knockdown Enhances Erk/p90RSK and PI3K/Akt Activation to Promote Phosphorylation of Chk1 at Ser 280 and
Inhibit its Activity

(A) Activation status of Erk, p90RSK, Akt, and Chk1 in WT-H/N-Ras-suppressed Panc-1 cells in the basal state or upon SN38-induced damage (8 nM SN38
for 2 hr).

(B) The fold change in the amount of pErk1/2, p-p90RSK Thr573, pAkt Thr308, pChk1 S280, and pChk1 S317 in WT-H/N-Ras shRNA as compared to scramble
shRNA-expressing cells is indicated. Quantification of pErk1/2, pAkt Thr308, pChk1 S280, pChk1 S317, and p-p90RSK Thr573 was carried out by densitometry
scanning and normalized to the total levels of Erk, Akt, and Chk1, respectively, and vinculin for p-p90RSK Thr573. Error bars, mean + SD, n = 3, *p < 0.05, *p <
0.005, ***p < 0.0005, ****p < 0.00005.

(legend continued on next page)
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inducibly express GFP-H-RasG12V upon doxycycline adminis-
tration (DLD1-K-RasM“! Flip-IN TREX GFP-H-RasV12) (Girdler
et al.,, 2006). As illustrated in Figure 4D, expression of GFP-
H-RasG12V at sub-endogenous levels led to a concomitant
increase in Erk and AKT signaling despite the presence of WT-
H/N-Ras in these cells. Moreover, this was accompanied by
the phosphorylation of Chk1 at the inhibitory site Ser 280 and
an impairment of Chk1 phosphorylation at the activation sites
Ser 317 and Ser 345 (Figure 4D). Altogether, our data are consis-
tent with a model in which the enhanced phosphorylation of
Chk1 at Ser 280 and inhibition of Chk1 activity observed under
conditions of WT-H-Ras deficiency in mutant K-Ras cells is a
consequence of an increase in Erk/Akt signaling.

If the activation of Chk1 is directly linked to the presence of
mutant K-Ras, then the acute expression of mutant K-Ras in
an otherwise K-Ras wild-type cancer cell line should render
Chk1 activation in these cells dependent on WT-H/N-Ras. To
test this idea, we silenced WT-H-Ras in BxPC-3 cells (K-Ras
WT) that had been engineered to inducibly express K-RasG12V
(BXPC-3 K-RasV12) (Figure S4C). Whereas, knockdown of WT-
H-Ras in the parental BxPC-3 cell line had no effect on Chk1
Ser 280 phosphorylation and Chk1 activation (Figures 3F and
S4B), knockdown of WT-H-Ras in BxPC-3 cells induced to ex-
press K-RasG12V led to elevated Erk activation, induction of
Chk1 Ser 280 phosphorylation, and impairment of Chk1 phos-
phorylation at Ser 317 (Figure S4D). These results suggest that
the hyperactivation of Erk/Akt pathways, the enhancement of
Chk1 Ser 280 phosphorylation, and the impairment of Chk1
activation induced by WT-H-Ras knockdown represent a set of
responses that are specifically dictated by the mutational status
of K-Ras.

Mutant K-Ras Cancer Cells Depleted of Wild-Type

H- and N-Ras Are Highly Sensitive to DNA Damage-
Inducing Agents

The underlying premise for the therapeutic use of DNA-
damaging agents is that susceptibility of cancer cells is linked
to the lack of G1/S and G2 checkpoints (Ma et al., 2011; Zhou
and Bartek, 2004). Therefore, we reasoned that the abrogation
of the ATR/Chk1-induced DNA damage checkpoint in K-Ras
mutant cells by WT-H- and/or N-Ras knockdown could enhance
the therapeutic efficacy of DNA damaging agents. Assessment
of cell viability following treatment with SN38 indicated that the
K-Ras mutant cells DLD1 K-RasM“ and Panc-1-expressing
shRNAs targeting H-Ras were on average ~90-fold and ~50-
fold more sensitive to SN38, respectively, as compared to
DLD1 K-RasM“t and Panc-1 cells expressing scramble shRNA
(Figure 5A). Similarly, WT-H-Ras knockdown sensitized these
cells (~13-fold for DLD1 K-RasM"! and ~25-fold for Panc-1) to
the DNA intrastrand crosslinker oxaliplatin (Figure 5B). Notably,
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knockdown of WT-H-Ras or N-Ras in K-Ras WT cancer cells
did not lead to a sensitization to SN38 or oxaliplatin treatment
(Figures 5A and 5B). Analysis of the apoptotic index, as
measured by FACS detection of cleaved caspase 3-positive
cells, demonstrates an exacerbation of cell death by WT-
H-Ras knockdown in response to SN38 treatment (Figures 5C
and 5D). Knockdown of WT-N-Ras also sensitized these cells
to SN38 and oxaliplatin (Figure S5). Together, these results
show that WT-H-Ras or N-Ras knockdown specifically sensi-
tizes K-Ras Mut cancer cells to DNA damaging agents. A similar
sensitization pattern was observed upon the treatment of cells
with the Chk1/Chk2 inhibitor AZD7726 (Figures 6A, 6B, and
S6), supporting the hypothesis that WT-H/N-Ras downregula-
tion selectively sensitizes K-Ras mutant cells to DNA damage-
inducing agents by abrogating Chk1 activity.

Knockdown of Wild-Type H-Ras Sensitizes K-Ras
Mutant Tumors to DNA Damage-Inducing

Chemotherapy and Leads to Tumor Regression

To test the in vivo effects of WT-H-Ras knockdown on the sensi-
tivity of K-Ras mutant tumors to DNA damaging agents, we
established xenografts of DLD1-K-Ras mutant cells that induci-
bly express WT-H-Ras shRNA upon exposure to doxycycline in
athymic nu/nu mice. Administration of doxycycline or vehicle
was initiated after tumors had reached ~100 mm3. Seven days
postinduction (tumor size ~250 mm?), efficient knockdown of
WT-H-Ras was confirmed in the established tumors, and treat-
ment with irinotecan (CPT), a topoisomerase | inhibitor that is
FDA-approved for the treatment of colorectal cancer, was initi-
ated (Figure S7A). In the absence of treatment with irinotecan,
tumors arising from the WT-H-Ras-suppressed cells grew simi-
larly to those arising from uninduced control cells (Figures 7A and
7B). Thus, distinct from our in vitro studies, WT-H-Ras knock-
down in vivo was not associated with any delay in growth or
mitotic progression under these conditions (Figures 7A, 7D,
and 7E). However, similar to our observations in the synchroniza-
tion studies, we did note an elevation in aberrant mitotic figures
(chromosome misalignment and lagging chromosomes), which
is an indication of perturbed mitosis (Figure 1G; data not shown).
Hence, the lack of a higher mitotic index despite aberrant mitosis
may reflect clearance of the aberrant mitotic cells in the in vivo
setting. In agreement with previously reported studies, treatment
with irinotecan alone resulted in a reduction of tumor growth (Fig-
ures 7A and 7B) (Harris et al., 2005; Zabludoff et al., 2008).
Notably, 5 days following the termination of irinotecan adminis-
tration, WT-H-Ras-suppressed tumors had undergone regres-
sion, which was maintained for the duration of the study, up to
18 days posttreatment (Figures 7A and 7B). In contrast, the con-
trol irinotecan-treated tumors showed in large part a modest
growth over the same time period (Figure S7B). Consistent

(C) Panc-1 cells expressing the indicated shRNAs were treated with 8 nM SN38 for 2 hr and in the presence or absence of the MAPK inhibitor (U0126, 10 uM) or the
PI3K inhibitor (LY294002, 5 uM). WCLs were analyzed to determine ERK/p90RSK or Akt inhibition and their respective effect on Chk1 phosphorylation and

activation status.

(D) Isogenic derivatives of DLD1 K-RasM“! cells engineered to inducibly express GFP-H-RasG12V (DLD1 K-Ras™“! FIp-IN TREX GFP-H-RasV12) upon addition of
doxycycline were induced for 0, 2, or 4 hr and subjected to SN38 (8 nM) for 2 hr (for the 2 hr Dox induction, Dox and SN38 were added simultaneously; for the 4 hr
Dox induction, SN38 was added 2 hr postinduction and the cells were incubated for an additional 2 hr). Representative immunoblots for the indicated proteins are
shown. Arrowhead indicates GFP-H-RasG12V, and * indicates endogenous H-Ras.

See also Figure S4.
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Figure 5. Knockdown of WT-H-Ras Selectively Sensitizes Mutant K-Ras Cancer Cells to DNA Damage

(A and B) MTT cell viability assays of K-Ras Mut cancer cells (DLD1 K-RasM“t and Panc-1) and K-Ras WT cancer cells (DLD1 K-RasK® and BxPC-3) induced to
express scramble or WT-H-Ras shRNAs, and following a 72 hr treatment with SN38 (A) or oxaliplatin (B). Viable fraction is expressed as a percentage of the
viability values obtained for the respective untreated conditions. p < 0.005 for H-Ras sh 1 or H-Ras sh 3 plus SN38 or oxaliplatin versus Scr sh plus SN38 or

oxaliplatin in K-Ras mutant cells, respectively.

(C) Detection of cell death by FACS analysis of the Nucview Alexa-488 caspase 3-positive population in SN38-treated K-Ras Mut cells. Representative profiles of
Nucview Alexa-488 caspase 3 fractions in DLD1 K-RasM“ cells inducibly expressing scramble or WT-H-Ras shRNAs and treated with SN38 (16 nM) for 72 hr.
(D) Quantification of cell death as determined by the Nucview Alexa-488 caspase 3-positive fraction in WT-H-Ras-depleted K-Ras mutant cells treated with SN38
as in (C). Data are presented relative to the values obtained for the respective scramble shRNA-expressing cells. Error bars, mean + SEM, n = 3, **p < 0.005.

See also Figure S5.

with our cell-based studies, abrogation of WT-H-Ras in mutant
K-Ras tumors led to Erk and Akt hyperactivation and the inhibi-
tion of Chk1 activation, as reflected by an elevated Chk1 Ser 280
phosphorylation and an impaired Chk1 Ser 317 phosphorylation
in both mock and irinotecan-treated tumors (Figure 7C). Assess-
ment of the extent of apoptosis revealed that the combination of
WT-H-Ras knockdown and irinotecan treatment induced a sig-

nificant increase in tumor cell apoptosis compared to WT-
H-Ras knockdown or irinotecan treatment alone (Figures 7D
and 7E). Importantly, irinotecan treatment failed to induce cell-
cycle arrest of WT-H-Ras-suppressed tumors as evident by
the significant increase in the number of cells staining positive
for phosphorylated histone H3 compared to WT-H-Ras-intact
tumors (Figures 7D and 7E). These results indicate that
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Figure 6. The Chk1/Chk2 Inhibitor AZD7762
Potentiates SN38 Cytotoxicity Selectively in
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WT-H-Ras knockdown in K-Ras mutant cells compromises the
DNA damage checkpoint-mediated cell-cycle arrest in vivo.

To further substantiate the in vivo analyses of the conse-
quences of WT-H-Ras knockdown, we administered irinotecan
or vehicle to xenograft tumors derived from either MIA PaCa-2
(K-Ras Mutant) or BxPC-3 (K-Ras WT) cells that were engineered
to inducibly (+Dox) express WT-H-Ras shRNA (Figures S7C and
S7D). Similar to DLD1-K-RasM“ xenografts, combination of WT-
H-Ras knockdown and irinotecan treatment led to MIA PaCa-2
tumor regression, but irinotecan alone led to a growth delay
and WT-H-Ras knockdown alone had no effect (Figure S7C).
Importantly, we found no synergy between WT-H-Ras knock-
down and irinotecan treatment in BxPC-3 xenograft tumors (Fig-
ure S7D). Collectively, these observations establish a role for
WT-H-Ras in maintaining a functional Chk1-dependent DNA
damage checkpoint in established K-Ras mutant tumors.

DISCUSSION

Effective targeting of oncogenic K-Ras-driven tumors has re-
mained a major challenge in cancer therapy. Considerable evi-
dence indicates that cancer cells develop dependencies on
normal functions of certain genes that can potentially be ex-
ploited to improve therapeutic strategies (De Raedt et al,
2011; Kumar et al., 2012; Luo et al., 2009a, 2009b). In the present
study, we demonstrate that K-Ras mutant cancers display a

DDR activation is triggered by oncogenic

stress and commonly leads to cell death
or senescence, thereby functioning as an intrinsic barrier to
malignancy (Bartkova et al., 2005; Gilad et al., 2010; Schoppy
et al., 2012). Full malignant transformation, however, is accom-
panied by a weakening of the DDR barrier through the selective
acquisition of mutations within critical DDR signaling modules
(for example, p53 mutations and abrogation of ATM/Chk2/p53
signaling). As such, advanced tumors become highly reliant on
the remaining functional DDR pathway (ATR/Chk1) for coping
with the high levels of oncogene-induced genotoxic stress. In
this context, the role of WT-H/N-Ras in coordinating the activa-
tion of ATR/Chk1 is critical for supporting the tumorigenic
phenotype of K-Ras mutant tumors by preventing catastrophic
DNA damage and enhancing tumorigenic fitness and survival.
Consistent with this model, wild-type Ras has been shown to
play a tumor-promoting role in cell lines from established tumors
(Young et al., 2012).

Our results identify a role for WT-H/N-Ras in facilitating Chk1
activation by suppressing the Erk/p90RSK and PI3K/Akt path-
ways that inhibit Chk1 via Ser 280 phosphorylation. The capacity
of WT-Ras to negatively regulate effector pathway signaling in
mutant Ras cancer cells is consistent with earlier reports
showing that the levels of WT-Ras proteins in mutant Ras cancer
cell lines are inversely correlated to the activation status of Ras-
effector molecules (Young et al., 2012; Zhang et al., 2001). It is
noteworthy that the knockdown of wild-type isoform alone is suf-
ficient to hyperactivate Erk and Akt and inhibit Chk1 activity and
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Figure 7. WT-H-Ras Knockdown in Established Mutant K-Ras Tumors Impairs Cell-Cycle Arrest Induced by DNA Damaging Chemothera-
peutic Agents and Leads to Tumor Regression

(A) Waterfall plot and scatter plot showing percentage change in the volume of subcutaneous DLD1 K-RasM“! tumors in nude mice 5 days after the last dose of
irinotecan (CPT) administration. Percentage change was determined relative to the tumor volume at the start of irinotecan (CPT) treatment for each individual
tumor. Mice engrafted with 2 x 108 DLD1 K-RasM“! cells stable for the doxycycline-inducible H-Ras 1 sh were given either doxycycline or vehicle-only (0.5%
sucrose) as a control via their drinking water once tumors attained ~100 mm3. Irinotecan (CPT) administration (50 mg/kg every other day for 6 days [q2 dx3]) was
initiated when tumors reached ~250 mm?®. Error bars, mean + SEM.

(B) Representative xenograft tumors are shown.

(C) WCLs of tumor tissue obtained from the indicated animals 24 hr after the initiation of irinotecan (CPT) administration were immunoblotted with antibodies for
the indicated proteins.

(legend continued on next page)
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checkpoint function. This suggests a tightly controlled threshold
for the WT-H/N-Ras-mediated attenuation of Ras-effector sig-
naling in mutant K-Ras cancers. The mechanisms underlying
the WT-H/N-Ras-mediated antagonism of Ras effector signaling
in mutant K-Ras cancers remain to be delineated. Of potential
relevance to this question are the seemingly contradictory ob-
servations that whereas the knockdown of WT-H/N-Ras in
mutant K-Ras cancer cells induces Erk and Akt hyperactivation,
the knockdown of Sos1, a guanine nucleotide exchange factor
for Ras GTPases, instead impairs Erk and Akt activity (Jeng
et al., 2012). A fundamental difference between these two sce-
narios is that whereas Sos knockdown would affect the levels
of GTP-bound Ras, the knockdown of WT-H/N-Ras would inev-
itably lessen both GDP and GTP-bound Ras levels. Because the
WT-isoforms exist predominantly in the GDP-bound form,
knockdown of WT-H/N-Ras is likely to significantly alter the stoi-
chiometry of GDP- to GTP-Ras molecules. This may provide a
plausible explanation for the observed hyperactivation of Erk
and Akt, as GDP-bound Ras molecules have been suggested
to play an inhibitory role in Ras signaling (Singh et al., 2005).
Furthermore, in the case of Raf, activation depends on Ras-
mediated homo- and/or heterodimerization of Raf proteins,
which likely require at least two Ras-GTP molecules (Heidorn
et al., 2010; Inouye et al., 2000; Poulikakos et al., 2011; Rush-
worth et al., 2006; Weber et al., 2001). Because Ras dimerization
appears to be constitutive and nonselective for GDP or GTP-
bound Ras, depletion of GDP-bound Ras, as in the case of
knockdown of WT-H-Ras or N-Ras, would stoichiometrically
favor Ras-GTP dimer formation and consequently lead to Raf
hyperactivation (Heidorn et al., 2010; Inouye et al., 2000).
There is now a large body of pre-clinical evidence showing that
inhibition of the ATR/Chk1 pathway enhances the efficacy of
standard chemotherapy. Indeed, several Chk1 inhibitors are
being tested in clinical trials (Ma et al., 2012). As such, the ability
of WT-H/N-Ras to determine Chk1 activation in mutant K-Ras
tumors may warrant further exploration into the development
of a therapeutic approach that utilizes inhibition of wild-type
Ras-ATR/Chk1 signaling in combination with DNA damaging
agents for the selective targeting of K-Ras-driven cancers.

EXPERIMENTAL PROCEDURES

Cell Culture and Lentiviral Transduction

Human pancreatic cancer cell lines Panc-1, PL45, AsPC-1, CFPAC-1, MIA
PaCa-2, BxPC-3, and Hs700T were obtained from the American Type Culture
Collection. The isogenic colon cancer cells DLD1-K-RasM“ and DLD1-K-
Ras"® were a kind gift from Dr. Mark Philips. Lentiviral particles were gener-
ated in accordance with standard protocols. For knockdown experiments,
cells were transduced with lentiviral particles (multiplicity of infections [moi]
for Hs700T, 15; all other cell lines, 7) containing pTripz scramble shRNA,
H-Ras shRNA, or N-Ras shRNA and selected with puromycin (Calbiochem;
for AsPC-1, 4 ng/ml; for all others, 2 ug/ml) for 3 days. Unless otherwise indi-
cated, all experiments were performed on day 4 of doxycycline (1 ng/ml) induc-
tion. DLD1 K-Ras™ Flip-IN TREX GFP-H-RasV12 cells were generated
through FIp recombinase-mediated homologous recombination between the
FRT sites in the DLD1 K-RasM“! cell line and the pcDNA3/FRT/TO/GFP-
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HRasG12V expression vector. To generate BxPC-3-K-RasV12 cells, BxPC-3
cells were transduced with a TET-inducible lentiviral vector to express
K-RasG12V, pLenti-TO-K-RasG12V (moi = 1). Following puromycin selection,
cells that had efficiently integrated the K-RasG12V lentiviral construct (BxPC-
3-K-RasV12) were expanded and subsequently transduced with a pTRIPZ-
H-Ras sh construct. As both vectors are Dox inducible, induction of the
expression of K-RasV12 also induces the knockdown of WT-H-Ras. Following
a 48 hr induction, BxPC-3-K-RasV12 cells that also expressed the H-Ras sh
were obtained by fluorescent sorting (RFP: pTRIPZ-H-Ras sh also expresses
RFP upon Dox induction). The obtained cells were then cultured for an addi-
tional 48 hr in the presence of Dox and assayed for Chk1 activation upon treat-
ment with SN38.

Cell Viability Assays

For viability assays, cells were treated with doxycycline to induce shRNA
expression for 4 days and then seeded at a density of 4,000 cells/well in a
96-well plate in doxycycline containing media. Twenty-four hours postplating,
SN-38 (Tocris Biosciences), oxaliplatin (Tocris Biosciences), or vehicle was
added. Following a 72 hr treatment, cell viability was assessed by the MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide; Sigma-Aldrich)
assay in accordance with the manufacturer’s protocol. Viable fraction is ex-
pressed as the percentage of vehicle-treated control cells. ECsq was calcu-
lated using Graphpad Prism (v. 4.0) software.

Cell Synchronization and Flow Cytometry

Cells were synchronized at the G1/S transition by a double thymidine block.
Cells were treated with 2 mM thymidine for 22 hr and released from thymidine
block by washing twice with PBS, followed by incubation in fresh medium.
Fourteen hours after release, thymidine was added for another 20 hr. Induction
of H-Ras shRNA expression was initiated with the first thymidine block. For the
G2/M checkpoint analysis in response to UV-C, cells were irradiated with
UV-C (25 J/m?) during the exponential growth phase. Cells were harvested
1, 2, and 3 hr later, fixed with ice-cold 80% ethanol/PBS, and incubated over-
night at —20°C. Fixed cells were washed with PBS and permeabilized with
0.25% Triton X-100/PBS on ice for 10 min. Cells were stained with anti-
phospho histone H3 to detect mitotic cells and TO-PRO 3 for DNA content.
For G2/M checkpoint activation in response to SN-38, cells were treated
with 4 nM SN-38 and fixed at the indicated time points. Staining for cleaved
caspase 3-positive cells was performed using the Nucview-488 Caspase 3
Kit (Biotium). Flow cytometry was performed on an LSRIl (BD Biosciences)
at NYU School of Medicine Flow Cytometry Core Facility, and data were
analyzed using FlowJo software.

Animal Studies

For xenograft studies, we subcutaneously implanted 2 x 106 DLD1 K-RasM"*,
MIA PaCa-2, or BxPC-3 cells stable for pTripz-H-Ras shRNA (1:1 in Matrigel,
BD Biosciences) in both flanks of 8-week-old female athymic nude (NCRNU,
Taconic) mice. When tumor size reached ~100 mm?®, mice were given drinking
water containing either doxycycline (0.2 mg/ml)/0.5% sucrose or 0.5%
sucrose alone. Water was replaced every 3 days. Tumor volume was deter-
mined using electronic calipers to measure length (), width (w), and the
formula (w? x 1)/2. Tumor volume was measured twice a week. We treated
mice bearing H-Ras-depleted (dox/sucrose) or H-Ras-intact (sucrose) DLD1
K-RasM“ tumors with either irinotecan or vehicle, once tumors reached
250 mm?. Irinotecan hydrochloride (CPT) powder was dissolved into solution
as previously described (Harris et al., 2005; Zabludoff et al., 2008). This solu-
tion was diluted with 5% dextrose for intraperitoneal (i.p.) injection at a dose
of 50 mg/kg every other day for 3 rounds of treatment (g2 dx3). Irinotecan,
or the combinatorial H-Ras knockdown and irinotecan treatments, were well
tolerated as no weight loss above 10% body mass was observed. Body
mass was measured using an electronic scale every 2 days. The percent
change in tumor volume from day O of irinotecan treatment to tumor volume

(D and E) Tumor sections from mice in (A) treated as indicated were stained for hematoxylin and eosin (H&E), anti-cleaved caspase 3, or anti-P-HH3 antibody.
Representative images are shown in (D), and quantifications are shown in (E). Scale bars, 40 um. Cleaved caspase 3 or P-HH3-positive cells were counted per
field of view (FOV) at 20x magnification. Error bars, mean + SD, n = 3 mice per group, four FOV per mouse. ***p < 0.0001.

See also Figure S7.
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5 days after the last dose of irinotecan administration was measured. Mice
were euthanized by carbon dioxide-induced narcosis. To prepare lysates,
tumor tissue was homogenized in RIPA buffer and sonicated to shear genomic
DNA. All animal work was approved by New York University Langone Medical
Center Institutional Animal Care and Use Committee.

Statistical Analyses
Data were analyzed by the Graphpad Prism built-in test (unpaired, two-tailed),
and results were considered significant at p < 0.05.

SUPPLEMENTAL INFORMATION
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