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Editor's Summary

Detecting Sensitivity to Src Inhibitors

Typically, tumor suppressors are welcome tenants in cells, protecting them from becoming cancerous. But in a
twist of fate, 40% of patients with renal cell carcinoma (RCC) regard the presence of a functional tumor suppressor —
the von Hippel-Lindau (VHL) protein——as bad news. And for good reason. In contrast to the other 60% of RCC
patients whose tumors are driven by the loss of intact VHL, the tumor-suppressor positive cancers are more likely to
be resistant to immunotherapy and chemotherapy, and because researchers do not know what drives tumorigenesis,
no rational targeted therapies exist. Not content to wait for another twist of fate, Suwaki et al. have delved deeply into
these kidney cancers and found that VHL functions as part of an activated signaling pathway that renders the cells
sensitive to anticancer agents that target the Src oncoprotein. The presence of VHL and other markers of this
pathway can flag those RCC patients who may benefit from drugs that block Src kinase activity.

Enhanced activity of the Src tyrosine kinase has been implicated in cancer development and is the target of the
anticancer drug dasatinib. By measuring the extent of phosphorylation of critical proteins in a pair of cell lines with and
without functional VHL, the authors saw that Src and its substrates were activated only when VHL was present. And in
215 RCCs, the presence of VHL tended to be associated with highly active Src kinase. Dasatinib inhibited DNA
synthesis and cell growth only in cells with VHL, whether they were grown in culture or as xenografts in mice. The
authors also replicated the well-known ability of VHL to negatively regulate the hypoxia-sensitive transcription factor
HIF, which is activated indirectly by Src. As expected, expression of HIF in VHL-containing cancer cells conferred
resistance to dasatinib. An independent analysis of this pathway in tumor samples from an additional 131 patients
with RCC confirmed the positive correlation between VHL and Src and its associated pathway proteins. Here, the
authors used quantitative phosphoproteomics and immunohistochemical profiling to show the correlation. Because
they used automated digital image analysis and an unsupervised hierarchical clustering of the tumors on the basis of
the expression of VHL, Src, pFAK and PTP1B, this approach has the potential to be used in the clinic for tumor
characterization.

Personalized approaches to cancer treatment require an armamentarium of matched pairs of drugs and
validated biomarkers that predict response to therapy. The markers for an activated Src pathway discerned by the
authors could in theory be assessed in any solid cancer; in fact, a test in bladder carcinomas showed that, as in
RCCs, the Src pathway proteins were activated. If such a test can be applied to many solid cancers, physicians could
use it to predict whether a patient is likely to respond to anti-Src agents.
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CANCER

A HiF-Regulated VHL-PTP1B-Src Signaling Axis
Identifies a Therapeutic Target in Renal Cell Carcinoma

Natsuko Suwaki,'*" Elsa Vanhecke,'** Katelyn M. Atkins,> Manuela Graf," Katherine Swabey,’
Paul Huang," Peter Schraml,® Holger Moch,> Amy Mulick Cassidy,* Daniel Brewer,’

Bissan Al-Lazikani,® Paul Workman,® Johann De-Bono,* Stan B. Kaye,* James Larkin,”

Martin. E. Gore,” Charles L. Sawyers,® Peter Nelson,” Tomasz M. Beer,'® Hao Geng,"° Lina Gao,"°
David Z. Qian,"® Joshi J. Alumkal,'® Gary Thomas,? George V. Thomas''%®

Metastatic renal cell carcinoma (RCC) is a molecularly heterogeneous disease that is intrinsically resistant to
chemotherapy and radiotherapy. Although therapies targeted to the molecules vascular endothelial growth
factor and mammalian target of rapamycin have shown clinical effectiveness, their effects are variable and
short-lived, underscoring the need for improved treatment strategies for RCC. Here, we used quantitative
phosphoproteomics and immunohistochemical profiling of 346 RCC specimens and determined that Src ki-
nase signaling is elevated in RCC cells that retain wild-type von Hippel-Lindau (VHL) protein expression. RCC
cell lines and xenografts with wild-type VHL exhibited sensitivity to the Src inhibitor dasatinib, in contrast to
cell lines that lacked the VHL protein, which were resistant. Forced expression of hypoxia-inducible factor
(HIF) in RCC cells with wild-type VHL diminished Src signaling output by repressing transcription of the
Src activator protein tyrosine phosphatase 1B (PTP1B), conferring resistance to dasatinib. Our results suggest
that a HIF-regulated VHL-PTP1B-Src signaling pathway determines the sensitivity of RCC to Src inhibitors and
that stratification of RCC patients with antibody-based profiling may identify patients likely to respond to Src

inhibitors in RCC clinical trials.

INTRODUCTION

Renal cell carcinoma (RCC) is the most lethal genitourinary cancer,
accounting for about 209,000 new cancer occurrences and 102,000
deaths per year worldwide (I). Cure rates in RCC are modest because
more than a quarter of patients have metastatic disease at presenta-
tion, and patients treated surgically for localized cancers frequently re-
lapse with metastatic disease (2, 3).

RCC is histologically heterogeneous. Although ~75% of RCC are
clear cell carcinomas, papillary, chromophobe, sarcomatoid, collecting
duct, and medullary carcinomas also occur (4). Inactivation of the von
Hippel-Lindau (VHL) tumor suppressor gene is the most prevalent
driver mutation, accounting for ~60% of all RCC tumors and occurring
primarily in the clear cell subtype (5, 6). VHL loss stabilizes hypoxia-
inducible factor-1a (HIF-10) and HIF-20, leading to increased expres-
sion of HIF-responsive genes, including VEGF-A, PDGF-B, and TGF-A
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(6). HIF-dependent gene expression is further elevated by mammalian
target of rapamycin (mTOR), thereby identifying several therapeutic
targets in VHL-negative RCC (7). Indeed, drugs that target vascular
endothelial growth factor (VEGF) and mTOR show clinical activity
in patients with metastatic RCC, although these responses are often
variable and short-lived (8, 9).

The remaining ~40% of patients with VHL-positive RCCs suffer
from a lack of biologically rational treatment options, a result of a
paucity of identified molecular drivers. Furthermore, patients with
papillary RCC and other non-clear cell RCC are often excluded from
clinical trials (10, 11), suggesting that identification of predictive bio-
markers that stratify patients for rational treatment strategies is ur-
gently required. Indeed, the ability of the Bcr-Abl inhibitor imatinib
to successfully treat chronic myeloid leukemia supports such an ap-
proach and has led to the development of targeted therapies for other
cancers (12-14). Targeted therapies are most effective in treating ho-
mogenous cancers driven by a single activating oncogene and are
much less effective against molecularly heterogeneous cancers such
as RCC (8). Indeed, quantitative phosphoproteomic studies show that
cancer is driven by aberrant networks rather than discrete signaling
pathways (15, 16). This observation is exemplified by Src kinase, which,
despite its pivotal role in tumor growth, angiogenesis, and metastasis,
is rarely mutated in cancer. Rather, Src’s signaling output is controlled
posttranslationally by the convergent action of the lipid raft-localized
inhibitory receptor tyrosine kinase Csk and the activating tyrosine
phosphatase PTP1B (protein tyrosine phosphatase 1B) (17).

Here, we report a personalized medicine approach for stratifying
tumors on the basis of the HIF-regulated VHL-PTP1B-Src signaling
axis in patients with VHL-positive RCC that may identify patients
likely to respond to Src inhibitors as a co- or monotherapy.
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RESULTS

Src is expressed in RCC and correlates with VHL expression
To identify cellular signaling networks differentially regulated in
RCC subgroups, we performed quantitative phosphoproteomics on
SN12C clear cell carcinoma cells, which retain VHL protein expression,
and its isogenic subline SN12C-shVHL, which has reduced VHL by
short hairpin RNA (shRNA) knockdown (7, 18-20). Lysates from par-
allel cultures of serum-stimulated SN12C and SN12C-shVHL cells were
labeled with iTRAQ 8-plex reagent, and phosphotyrosine-containing
peptides were subjected to immobilized metal affinity chromatography—
tandem mass spectrometry (MS/MS) analysis (15). Quantitative phospho-
rylation profiles were generated for 22 phosphorylation sites, whereas
cluster analysis revealed a >50% reduction of pTyr at numerous phospho-
rylation sites in SN12C-shVHL lysates (Fig. 1A and table S1). Specifically,
the proportion of pY*'* autophosphorylated Src as well as several Src
substrates, including annexin II, paxillin, and inositol polyphosphate
phosphatase-like 1 (INPPL1), were diminished in SN12C-shVHL lysates.
The ability of serum to increase pTyr levels of Src substrates in SN12C
cells but not SN12C-shVHL cells suggested that VHL expression is a
key determinant of Src kinase activity. Consistent with this possibility,
in vitro kinase assays showed that SN12C cells contained about twice as
much dasatinib-sensitive Src kinase activity as did SN12C-shVHL cells
(Fig. 1B). Together, these data suggest that VHL may regulate Src ki-
nase activity as well as its downstream signaling.

Because both the amount of total Src protein and its enzyme ac-
tivity are implicated in cancer development (17, 21, 22), we analyzed
a human RCC tissue microarray (TMA) with samples from 215 pa-
tients for Src protein expression by immunohistochemistry (Fig. 1C).
We found a significant positive association between total Src protein,
which correlates with cytoplasmic staining, and active Src, which cor-
relates with membranous staining (P = 0.0185, table S2A). RCC sam-
ples with strong Src immunostaining came from patients with reduced
survival when compared to patients whose samples had weak expres-
sion (P = 0.0367; Fig. 1D). In addition, multivariate analysis with
stage [grouped as organ-confined (pT1, 2) or advanced (pT3, 4)] and
Fuhrman grade revealed that strong Src levels independently pre-
dicted poorer survival (P = 0.02, table S2B). Indeed, there was a tend-
ency for tumors staining negatively for VHL to have weaker Src
staining (table S2C).

VHL-WT RCC cells are sensitive to dasatinib

To evaluate whether VHL expression determined sensitivity to Src in-
hibitors, we treated SN12C and SN12C-shVHL cells as well as ACHN
or ACHN-shVHL papillary RCC cells with dasatinib (7, 18-20). We
found that dasatinib reduced proliferation of VHL-WT SN12C and
ACHN cells but not their shVHL counterparts (Fig. 2A). The inhibition
of proliferation by dasatinib correlated with an increase in G,-arrested
cells and a corresponding decrease in S-phase cells as determined by
propidium iodide (PI) staining (Table 1). Moreover, 5-bromo-2’-
deoxyuridine (BrdU) staining showed that dasatinib caused a dose-
dependent decrease in DNA synthesis in VHL-WT SN12C and ACHN
cells but not in their shVHL counterparts (Fig. 2B). No accumulation of
a sub-G; population was observed, suggesting that dasatinib is cytostatic
in the cell lines tested. Similar results were obtained with VHL-WT
RXF-393 and Caki-1 RCC cells compared to VHL-null 786-0 cells (figs.
S1 and S2). Correspondingly, ectopic expression of VHL in 786-0 cells
conferred increased sensitivity to dasatinib (fig. S2).
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Our determination that dasatinib inhibited proliferation of VHL-
WT RCC cells prompted us to test whether dasatinib inhibited Src
kinase activation and the phosphorylation of Src substrates. Indeed,
flow cytometric and immunoblot analyses showed that dasatinib reduced
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pY*"? Src levels irrespective of VHL status (Fig. 2C). In agreement
with the in vitro kinase assay (Fig. 1B), Western blot analysis showed
that pY*"® Src levels were higher in VHL-WT SN12C or ACHN cells
compared to their shVHL counterparts. Dasatinib also caused total Src
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protein levels to increase regardless of VHL status (Fig. 2C and fig.
S2). This dasatinib-induced increase in total Src protein has been ob-
served in other tumor types as well as with other classes of Src inhibi-
tors and is consistent with the increased stability of dephosphorylated

Src in vivo (23-26). In addition to inhib-
iting pY*'® Src, dasatinib inhibited phos-
phorylation of the Src substrate FAK in
VHL-WT cells (Fig. 2C). Surprisingly,
pY*’®*77 FAK was undetectable in VHL
knockdown cells despite the presence of to-
tal FAK protein. These results suggest that
dasatinib may selectively inhibit prolifer-
ation of VHL-WT cells compared to their
VHL-null or VHL-low counterparts by re-
pressing Src’s signaling output.

To evaluate the effect of dasatinib on
tumor growth in vivo, we implanted SN12C
and SN12C-shVHL cells subcutaneously
into the flanks of nude mice. Daily treat-
ment with dasatinib significantly reduced
the growth of VHL-WT SN12C cells but
had no effect on SN12C-shVHL cells, re-
capitulating our in vitro findings (compare
Fig. 2, A and D). Dasatinib had no statis-
tically significant effect on apoptosis in the
xenograft tumors. Notably, administration
of dasatinib resulted in a statistically sig-
nificant reduction of Ki-67-positive prolif-
erating SN12C cells but not SN12C-shVHL
cells (Fig. 2E). Together, these results dem-
onstrate that VHL-WT RCC cells are more
sensitive than shVHL cells to dasatinib in
xenograft tumors as well as in vitro and
that this sensitivity is mediated through a
blockade on proliferation.

Next, we asked whether the dasatinib-
induced growth inhibitory effects on VHL-
WT RCC cells were due to Src inhibition.
Indeed, SN12C cells knocked down for Src
(SN12C-shSrc) were resistant to dasatinib
treatment (Fig. 3A). By contrast, rescue of
SN12C-shSrc cells by expression of chick-
en Src, which is resistant to the human-
specific ShARNA (27), restored dasatinib
sensitivity. Moreover, stable expression of
a dasatinib-resistant Src encoding a T388I
gatekeeper mutation, which prevents ac-
cess of adenosine 5'-triphosphate (ATP)-
competitive inhibitors to the ATP-binding
pocket in Src, thereby protecting pY*"” au-
tophosphorylation, conferred resistance of
SN12C cells to dasatinib (Fig. 3B) (27, 28).
Similarly, expression of v-Src, which nat-
urally expresses the T—I gatekeeper muta-
tion (29), rendered VHL-WT SN12C and
ACHN cells resistant to dasatinib (Fig. 3C
and fig. S3). Accordingly, SN12C-v-Src
xenograft tumors grown in severe combined
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Table 1. Cell cycle analysis of shVHL lines. VHL-WT or shVHL SN12C and
ACHN cell lines were treated with the indicated concentration of dasatinib,
and cell cycle profiles were examined by flow cytometry. Cell population
(%) in each cell cycle phase was quantified.

Dasatinib (nM)

0 25 50 100
SN12C
VHL-WT
G, 524 59.5 63.6 70.0
S 30.9 239 22.8 16.3
Gy-M 15.4 15.0 1.7 11.7
shVHL
G, 45.0 45.2 454 46.1
S 356 36.9 385 353
Gy-M 19.1 17.5 15.7 18.5
ACHN
VHL-WT
G, 54.7 59.7 62.1 64.5
S 26.5 258 176 15.7
Gy-M 16.8 126 16.0 149
shVHL
G, 514 50.2 47.6 46.1
S 33.0 374 36.7 40.8
G-M 13.9 9.8 14.2 10.9

immunodeficient (SCID) mice were resistant to dasatinib, whereas pa-
rental SN12C tumors remained dasatinib-sensitive (Fig. 3D).

Several controls supported our findings that dasatinib suppressed
proliferation in VHL-WT cells by inhibiting Src. First, SN12C cells
expressing the BCR-ABL T315] gatekeeper mutant were sensitive to
dasatinib, suggesting the dasatinib resistance mediated by Src T3881 or
v-Src was specific (fig. S4). Second, treatment with imatinib, which in-
hibits ABL, PDGEFR (platelet-derived growth factor receptor), and c-KIT
but not Src, had no effect on the proliferation of SN12C or SN12C-
shVHL cells (fig. S5A). Finally, saracatinib, a structurally unrelated Src
inhibitor (30), repressed proliferation of control SN12C cells but not
shVHL cells (fig. S5B).

Constitutively stabilized HIF confers resistance

to dasatinib in VHL-WT cells

Because the E3 ligase activity of VHL negatively regulates HIF, we
asked whether expression of constitutively stable HIF would phenocopy
VHL loss by conferring resistance to dasatinib in VHL-WT RCC cells.
Indeed, SN12C and ACHN cells expressing constitutively stable HIF-
1la-P564A or HIF-20-P405A,P531A mutants (31) contained reduced
levels of Src mRNA and were resistant to the dasatinib-mediated G,
arrest observed in parental SN12C and ACHN cells (Fig. 4, A to C,
fig. S6, and Table 2). Correspondingly, constitutively stable HIF-1a
and HIF-20 inhibited Src signaling output in VHL-WT RCC cells as
determined by immunoblot of pY*"® Src and phosphorylated Src sub-
strates, including pY>’**”” FAK, pY’’STAT3, and pY>**ERK (Fig. 4D).
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Fig. 3. Srcis the relevant target of dasatinib in RCC. (A) SN12C, SN12C-shSrc,
or SN12-shSrc cells expressing shRNA-resistant Src (Rescue) were treated
with vehicle and 25, 50, or 100 nM dasatinib for 96 hours and then cell
growth was analyzed by cell count. Data are presented as means + SD
(n = 3). Src expression or knockdown was verified by immunoblot with
antibodies against total and pY*'® Src. o-Tubulin was used as the loading
control. (B and €) SN12C cells (Control) or SN12C cells stably expressing
(B) dasatinib-resistant Src (Src T338l) or (C) v-Src were treated with vehicle
alone or with 25 or 50 nM dasatinib for 96 hours and then cell growth was
analyzed by cell count. Data are presented as means + SD (n = 3). The levels
of total Src and pY*'® Src were assessed by immunoblot. a-Tubulin and
B-actin were used as loading controls. (D) SCID mice bearing SN12C and
SN12C v-Src xenografts were treated daily with vehicle or dasatinib (10 mg/kg)
by oral gavage. Percent (%) increase in tumor volume is plotted against
days after tumor injection. Data are presented as means + SEM (n = 24).

Conversely, ectopic expression of VHL in VHL-null 786-0 RCC cells
resulted in an increase in both total and pY*" Src, as well as the phos-
phorylation and activation of its downstream targets when compared to
the parental cells (figs. S2 and S7). Together, these results suggest that
HIF represses VHL-mediated Src signaling output.

The ability of constitutively stable HIF mutants to promote dasatinib
resistance and repress Src signaling output suggested that HIF may repress
an activator of Src activity. Consistent with this possibility, expression
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of PTP1B protein and mRNA, which activates Src by dephosphorylation
of Y, was consistently lower in shVHL or RCC cells that ectopically
express constitutively stable HIF (Fig. 4, D and E). Correspondingly,

PTP1B protein was decreased in VHL-null 786-0 cells compared to
VHL-restored 786-0-VHL cells (fig. S7). Biochemical analysis of
Src signaling output suggested that PTP1B knockdown phenocopied
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Materials and Methods. (C) SN12C and ACHN cells stably expressing constitutively stable

HIF-10. P564A (SN12C HIF-1a) or HIF-20. P405A; P531A (SN12C HIF-20) were treated with vehicle alone or with 25, 50, or 100 nM dasatinib for 18 hours.
Levels of total Src and FAK, as well as pSrc Y*'? and pFAK Y>”%>77 were determined by immunoblot. a-Tubulin was used as the loading control.
(D) Lysates from the SN12C and ACHN mutant HIF-o—overexpressing lines, shVHL cells, and the parental cell lines were examined for expression of
total and/or phosphospecific forms of Src, FAK, ERK1/2 (extracellular signal-regulated kinase 1/2), STAT3, Csk, and PTP1B by immunoblot. a-Tubulin
was used as the loading control. (E) The levels of PTP1B mRNA were measured by real-time polymerase chain reaction (PCR) in SN12C and ACHN
HIF-a—overexpressing and shVHL cell lines. Levels of PTP1B mRNA in the parental cell lines were normalized to 1. Data are presented as means + SD (n = 3).
(F) SN12C cells expressing an shRNA targeting PTP1B (shPTP1B) were analyzed by immunoblot for expression levels of total and/or phospho-specific
forms of PTP1B, Src, FAK, STAT3, ERK1/2, and a-tubulin. (G) SN12C or shPTP1B cells were treated with vehicle and 25, 50, or 100 nM dasatinib, and
cell growth was assessed by cell count. Data are presented as means = SD (n = 3).
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Table 2. Cell cycle analyses of HIF-o. mutant cell lines. Cell cycle profiles
of SN12C and ACHN cells expressing constitutively stable HIF-10-P564A
(HIF-1a) or HIF-2a-P405A, P853A (HIF-20) mutants were analyzed by
flow cytometry 48 hours after treatment with dasatinib. Cell population
(%) in each cell cycle phase was quantified.

Dasatinib (nM)

0 25 50 100
SN12C
HIF-1a
G, 583 60.1 59.2 60.4
S 26.7 25.1 276 26.5
Gy-M 133 133 11.4 1.1
HIF-20
G, 56.4 54.8 55.7 49.7
S 209 236 214 27.8
Gy-M 215 20.6 221 213
ACHN
HIF-To
G, 57.3 59.2 56.4 60.1
S 216 216 25.1 17.6
Gy-M 17.7 171 16.0 220
HIF-20
G, 594 53.9 51.9 553
S 20.8 27.7 27.0 24.2
Gy-M 17.5 16.1 19.3 17.7

expression of constitutively stable HIF in VHL-WT cells. SN12C-
shPTPIB cells contained reduced pY*'® Src and the levels of phos-
phorylated Src substrates, including pY*’**”’FAK, and pY***ERK
(Fig. 4F), and were relatively resistant to dasatinib-mediated growth
inhibition (Fig. 4G). Only pY’*>STAT3 was unaffected by PTP1B
knockdown, which may result from a PTP1B-specific effect on STAT3
(signal transducer and activator of transcription 3) and its regulator,
JAK (Janus kinase) (32). As a control, SN12C cells were exposed to hy-
poxia in vitro or in xenograft tumors. We found that HIF was stabilized
but PTP1B was unaffected, suggesting that HIF-regulated PTP1B ex-
pression may be different under hypoxic conditions (fig. S8).

Consistent with the reduced activation of Src, PTP1B knockdown
cells were less sensitive to dasatinib than control cells (Fig. 4G and fig.
$9). By contrast, overexpression of the Src regulator Csk in SN12C cells
had no effect on dasatinib sensitivity or Src signaling output (fig. S10),
which is consistent with work by others that Csk phosphorylation of
Src pY5 30 s complex (33-37) (see Discussion). Together, these results
suggest that sensitivity to dasatinib correlates with the inhibition of
Src’s signaling output.

In addition to repressed levels of PTP1B protein, RCC cells with
VHL knockdown or expression of constitutively stable HIF had reduced
PTP1B mRNA (Fig. 4E), suggesting that HIF may repress PTPIB tran-
scription. In support of this finding, chromatin immunoprecipitation
(ChIP) revealed that HIF is enriched at a putative hypoxia response
element in the PTP1B promoter in ACHN cells expressing constitutively
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stable HIF-10-P564A but not in parental ACHN cells (fig. S11). This
result suggests that HIF-mediated transcriptional regulation of the
PTPIB gene contributes to the repression of Src signaling output in
VHL-null RCC cells.

Interaction of VHL, HIF, PTP1B, and Src in RCC patients
Our identification of a HIF-regulated VHL-PTP1B-Src signaling axis
in RCC cell lines provided us with additional markers to interrogate
the presence of this pathway in RCC patients. We constructed a TMA
from a second cohort of 131 patients with RCC and performed im-
munohistochemistry for VHL, HIF-20, which is the primary driver in
VHL-null RCC (38), Src, and PTP1B. As controls, we analyzed the HIF
transcriptional target CA-IX, as well as the Src substrate pFAK. Quan-
tification was performed with automated digital image analysis algo-
rithms to rigorously and systematically measure staining intensity (Fig.
5A). An unsupervised hierarchical clustering of the tumors on the basis
of the expression of VHL, Src, pFAK, and PTP1B was used to generate
a heat map (fig. S12). VHL, Src, PTP1B, and pFAK showed the most
similar expression patterns, although pFAK expression was generally
lower than the other markers.

In agreement with the initial RCC clinical data set (table S2A), a
Spearman rank correlation test of the second RCC clinical data set again
revealed a positive correlation between VHL and Src (r = 0.409; P <
0.001; Fig. 5B). Using these more stringent analyses, only 8% (1 of 12)
of VHL-negative tumors had strong Src expression, whereas 58% (69 of
119) of VHL strong tumors had strong Src expression, suggesting a cor-
relative relationship between VHL and Src (P = 0.0018; Fig. 5C and table
S3). Conversely, the relationship between VHL and HIF-20. revealed a
significant negative correlation (r = —0.132; P = 0.036). In agreement
with our in vitro findings, PTP1B positively correlated with VHL (r =
0.293; P < 0.001) but negatively correlated with HIF-20 (r = —0.212; P =
0.001), suggesting that patient tumors with VHL loss or HIF-2a over-
expression may have reduced PTP1B expression. Controls showed pos-
itive correlations between HIF-2a and CA-IX and between Src and
PFAK as expected (Fig. 5B). A multiple linear regression showed VHL
(P < 0.0001) and PTP1B (P < 0.0001) to be predictors of Src expres-
sion. Additionally, VHL (P < 0.0001) and HIF-2a (P = 0.0021) were
independent predictors of PTP1B levels (Table 3). Next, we extracted
the data points and organized them into a scatter plot representing pa-
tient subgroups defined by VHL and Src expression (Fig. 5D). Indeed,
28.6% of the patients were VHL strong/Src strong, representing the po-
tential candidates for a prospective Phase II clinical trial with dasatinib
(table S3).

Next, we tested whether this RCC immunohistochemistry profile
could be applied to other cancers to predict sensitivity to dasatinib.
Using a clinical data set of transitional cell carcinomas of the bladder,
we found the same correlations among VHL, Src, HIF-20, and PTP1B
(fig. S13). Together, these findings suggest that the immunophenotype
of the VHL-PTP1B-Src signaling axis comprises a signature that not
only defines a biologically distinct subgroup of RCC that may benefit
from dasatinib or similar Src inhibitors but also points to a wider clin-
ical applicability for these predictive markers in identifying sensitivity
to Src inhibitors.

We then explored the cooperating events involved in mediating
sensitivity to dasatinib by applying a systems-based approach to map
the potential protein-protein interactions, transcriptional information,
and the signaling networks they affect by using the ROCK-BCFG
database (39). We seeded the interaction network searches with targets
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Fig. 5. VHL, HIF-a, Src, and PTP1B levels are related in RCC patients. (A) Quantitative assessment of

VHL, PTP1B, Src, and HIF-20 expression by immunostaining of RCC TMA. Representative staining
images from a patient with strong VHL protein expression (top panel) and from a patient with weak
VHL expression (bottom panel) are shown. Corresponding markup images of the color deconvolution
algorithm with intensity ranges are shown (red = strong, orange = moderate, yellow = weak, blue =
negative immunoreactivity). For HIF-20, the nuclear immunostaining algorithm was applied. Scale bar,
50 um. (B) Spearman Rho correlation coefficients among the biomarkers. Red indicates positive cor-
relation and blue indicates negative correlation. P values for these correlations are represented as
follows: *P < 0.05; **P < 0.001; ***P < 0.0001 (n = 131). (C) Comparison between Src and VHL protein
expression in the samples of the RCC tissue microarray (TMA). (D) Scatter plot of the VHL and Src
scores generated from automated image analysis intensity algorithm. The vertical lines represent fifth
percentile and median VHL scores, corresponding to thresholds for negative and weak expression,
respectively. The horizontal line represents the median for the Src score, where levels below are
considered weak expression and levels above are considered strong expression. The upper right
(shaded) quadrant depicts the molecular phenotype of tumors with both strong VHL and strong
Src expression.
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identified in our experiments and defined
a protein interaction network containing
82 nodes that suggest an underlying signal-
ing network involving Src, PTP1B, CA-IX,
FAK, and VHL together with the transcrip-
tional regulators HIF-10, HIF-20, and Spl
(fig. S14).

DISCUSSION

Although targeted therapies have been
successful in treating cancers driven by
the activation of a single oncogene, these
drugs are much less effective in molecular-
ly heterogeneous cancers driven by a
multitude of dysregulated signaling net-
works (16). Successful treatment there-
fore requires a personalized medicine
approach based on robust predictive
biomarkers that can stratify patients
toward appropriate targeted therapies. Here,
we used a quantitative phosphoproteomic
screen to identify Src as a potential phar-
macologic target in metastatic RCC. Im-
munohistochemistry of 346 human RCC
tumors identified a positive correlation be-
tween Src and VHL expression, whereas
treatment of VHL-WT xenografts with
dasatinib blocked tumor growth in vivo.
Conversely, forced expression of HIF,
which phenocopied VHL loss, diminished
Src’s signaling output by down-regulation
of PTPI1B, thereby conferring resistance
to dasatinib. HIF binds the PTPIB pro-
moter and reduces PTP1B expression,
suggesting that HIF controls Src signaling
output by regulating PTPI1B transcription.
Our data suggest that stratifying RCC pa-
tients by profiling for expression of VHL
and Src, as well as downstream effector
molecules may identify patients likely to
respond to Src inhibitors in future RCC
clinical trials.

Despite playing a central role in mul-
tiple tumorigenic signaling networks, Src
itself is rarely mutated in cancers (17).
Our data suggest that one mechanism
by which tumor cells amplify Src kinase
activity is by using gene-autonomous driv-
ers such as PTP1B to dephosphorylate
the kinase autoinhibitory domain. The
ability of PTP1B knockdown to confer re-
sistance to dasatinib (Fig. 4G and fig. S9)
suggests that PTP1B may augment Src
signaling in RCC cells by channeling in-
puts from upstream oncogenes, includ-
ing Ras (40). Unlike PTP1B knockdown,
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Table 3. Multiple linear regression. Coefficient estimates for two predefined
models PTP1B and Src. All variables have been log-transformed. Cl, confi-
dence interval.

Outcome and Estimated
covariates coefficient 95% Cl P
Src
VHL 0.146 0.096 to 0.196 255 x 1078
PTP1B 0.257 0.155 to 0.359 120 x 107®
Intercept 2.382 1.987 to 2.778 <2x107'°
PTP1B
VHL 0.164 0.104 to 0.225 211 x 1077
HIF-2a -0.228 —-0.373 to —0.084 0.00211
Intercept 4.298 3.796 to 4.800 <2x107'®

overexpression of Csk did not alter Src pY*'" status (fig. $10), sug-
gesting that the regulation of Src activation by Csk is complex. Our
findings are consistent with reports that Csk phosphorylation of Src
Y*>* requires interaction of Csk with Csk-binding protein (Cbp) in
lipid rafts (33-37), suggesting that analysis of Src pY*'® or pY** levels
by immunoblot is insufficient to detect minute or compartment-specific
changes in Src activation. Our finding that hypoxia-induced stabiliza-
tion of HIF failed to affect PTP1B expression is in agreement with the
HIF-dependent but hypoxia-independent regulation of Ror2 (fig. S8)
(41), and is consistent with the model that HIF-mediated inhibition of
PTPI1B requires that HIF be constitutively stabilized by VHL loss and
not by fluctuating O, levels present in VHL-WT tumors (42). Finally,
although our studies cannot exclude the possibility that dasatinib may
mediate its effects by inhibiting additional Src family kinases (SFKs),
they highlight the therapeutic utility of a pan-SFK inhibitor such as
dasatinib.

Successful implementation of targeted therapies in molecularly
heterogeneous cancers requires robust predictive biomarkers. The
development of epidermal growth factor receptor (EGFR) mutation
analysis for stratification of patients with non-small cell lung cancer to
EGEFR inhibitors supports the feasibility of this approach (43). There-
fore, our initial examination of VHL and Src on routinely processed
human RCC samples assessed the clinical significance of Src expres-
sion. Indeed, RCC patient samples with strong Src expression had a
statistically significant reduced overall survival when compared to those
with weak expression. This analysis also suggested a positive correla-
tion between VHL and Src with a semiquantitative scoring protocol
that was biased toward sensitivity relative to specificity. We then more
rigorously interrogated the VHL-Src relationship with enhanced spec-
ificity by analyzing VHL, Src, as well as their downstream effector mol-
ecules in a second cohort of human RCC tumors. This analysis used
unbiased digital image analysis algorithms to objectively quantify stain-
ing intensities and to determine correlations between these molecules.
The VHL-Src relationship was one of the strongest correlations found.
In addition, the relationships among VHL, Src, HIF-2a, PTP1B, pFAK,
and CA-IX were recapitulated in patient tumors, consistent with our in
vitro results. The presence of these associations in clinical samples re-
veals the strength of the molecular networks identified and supports
the testing of these markers in future clinical trials.
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Inactivation of the VHL tumor suppressor gene is the most preva-
lent driver mutation in RCC, accounting for ~60% of all tumors (5, 6).
Thus, even though ~40% of RCC patients have VHL-positive cancer,
they are treated as if they have VHL-negative cancers. Unfortunately,
the absence of biomarker-driven treatment protocols in RCC, together
with the fact that VHL-positive patients are excluded from many reg-
istration trials, precludes meaningful understanding of the mechanisms
of response or resistance. Thus, the singular approach targeting VEGF
or mTOR, which is currently used to treat metastatic RCC, underscores
the need for alternative treatment strategies for VHL-positive metastatic
RCC. Our findings suggest that Src inhibition may represent a rational
treatment option in renal cancers that retain VHL protein expression.
Additionally, analyzing functional readouts of VHL and Src activity by
means of HIF, CA-IX, and pFAK expression could enhance specificity
because functional VHL would confer low HIF and CA-IX expression,
whereas elevated Src signaling output would correlate with increased
PFAK levels. Although the ideal treatment subgroup would include
those tumors that are VHL strong, Src strong, pFAK strong, HIF weak,
and CA-IX weak, the most effective biomarker combination can only
be determined from future clinical studies in which outcomes after Src
inhibitor treatment are known. Because Src inhibitors such as dasatinib
and saracatinib already have been clinically tested, our data suggest
that analysis of these potential biomarkers can occur rapidly in a Phase
IT clinical trial in patients with metastatic RCC.

Collectively, our results suggest that a fundamental change in RCC
treatment may be warranted. Specifically, patients should be selected
initially on the basis of a molecular phenotype. The simplicity of our
approach lies in two elements: use of an immunohistochemical-based
assay on routinely processed clinical samples and the targeting of src, a
well-characterized oncogene for which there already exist clinically
active drugs. The key challenges ahead are assessing intratumor het-
erogeneity and standardization of methods across diagnostic laborato-
ries. In summary, stratifying RCC patients on the basis of the presence
of an active VHL-PTP1B-Src signaling axis in the tumor will identify a
subgroup likely to respond to Src inhibitors.

MATERIALS AND METHODS

Sample preparation, peptide immunoprecipitation,

and MS analysis

SN12C and SN12C-shVHL cells were maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). Cells (40 to 50% confluence per 10-cm plate) were seeded
for 24 hours, washed twice with phosphate-buffered saline (PBS), and
then incubated for 24 hours in serum-free media. Cells were stimulated
with 10% serum for 10 min and harvested in 900-ul dish/8 M urea.
Unstimulated cells were used as controls. Cells were lysed in 8 M urea
and subjected to reduction, alkylation, and trypsin digestion as previ-
ously described (15). Peptides were desalted on a C18 Sep-Pak Plus car-
tridge (Waters), eluted with 25% acetonitrile, and lyophilized to dryness.
Lyophilized peptides were subjected to labeling with the iTRAQ 8-plex
reagent (Applied Biosystems). Peptide immunoprecipitation was per-
formed as described (15). Briefly, 30 pug of protein G Plus-agarose beads
(Sigma) was incubated with 12 ug of each of the antiphosphotyrosine
antibodies [pTyer (Cell Signaling Technology), PT66 (Perkin Elmer),
and 4G10 (Millipore)] in 200 pl of immunoprecipitation buffer (100 mM
tris, 100 mM NaCl, 1% NP-40, pH 7.4) for 8 hours at 4°C. Beads were
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washed with rinse buffer (100 mM tris, 100 mM NaCl, pH 7.4), and
retained peptides were eluted from antibody with 70 ul of elution
buffer (100 mM glycine, pH 2.5) for 1 hour at room temperature. Im-
mobilized metal affinity chromatography was performed to enrich for
phosphorylated peptides, and peptides retained on the column were
eluted with 250 mM sodium phosphate (pH 8.0) and analyzed by
electrospray ionization liquid chromatography-MS/MS on a QqTof
(QSTAR Elite, Applied Biosystems) as described (15).

Phosphopeptide sequencing, quantification, and analysis
MS/MS spectra were extracted, searched, and quantified with Protein
Pilot (Applied Biosystems). Phosphorylation sites and peptide sequence
assignments were validated by manual confirmation of raw MS/MS
data. Peak areas of iTRAQ marker ions [mass/charge ratio (m/z) 113,
114, 115, 116, 117, 118, 119, and 121] were normalized with values from
the iTRAQ marker ion peak areas of nonphosphorylated peptides in
supernatant of the immunoprecipitation. Each condition was normal-
ized against the 113 channels to obtain fold changes across all eight
conditions. Table S1 represents the mean and SD of two biological
replicate experiments.

Tissue microarrays

Two separate RCC patient clinical databases were used to construct the
TMAs described in our experiment. The first TMA comprised 215
clear cell RCCs collected from nephrectomies performed at the Univer-
sity Hospital of Zurich. All RCC samples were histologically reviewed
by one pathologist (H.M.). This study was approved by the local com-
mission of ethics. Tumor-specific survival data were obtained by re-
viewing the hospital records and by the cancer registry of the Canton
of Zurich. The second RCC TMA consisted of 131 nephrectomies per-
formed for kidney cancer at the Royal Marsden Hospital, London.
This study protocol was approved by the hospital ethics review board.
All tumors arrayed from this second data set were histologically re-
viewed by one pathologist (G.V.T.).

Immunohistochemistry

The first TMA was stained with the ultraView Universal DAB Detec-
tion Kit (Ventana). A clear cell RCC tumor with strong membranous
Src positivity was used as positive control. Negative controls were
identical array sections stained in the absence of the primary antibody.
Immunohistochemistry can yield false positivity at the margin or
edges of tissue (that is, edge effect), and this needs to be considered
when scoring TMA cores. Therefore, to minimize false positivity, we
used a conservative 5% cutoff; that is, any tumors with <5% cyto-
plasmic and/or membranous staining were considered negative, and
any tumors with >5% cytoplasmic and/or membranous staining were
considered positive. Next, positive Src expression was analyzed subjec-
tively based on antibody staining intensity as having either weak or
strong cytoplasmic and/or membranous immunoreactivity by an
experienced pathologist (H.M.). VHL immunostaining was similarly
scored (44).

The second TMA was processed with EnVision Kits (Dako),
SuperSensitive IHC Detection Systems (BioGenex), or Vectastain
ABC Kit (Vector Labs) according to the manufacturer’s instruction.
Negative control slides were used in every run (incubated in Dako Uni-
versal Negative Control Mouse/Rabbit). Diaminobenzidine tetrahydro-
chloride (DAB) was used as the enzyme substrate for visualization and
counterstained with hematoxylin.
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Image acquisition, management, and automated analysis
The Aperio ScanScope CS slide scanner (Aperio Technologies) was
used to capture whole-slide digital images with a 20x objective. Slides
were de-arrayed to visualize individual cores with the TMA Lab (Aperio).
A color deconvolution algorithm (Aperio) was used to develop a quan-
titative scoring model for measuring cytoplasmic immunoreactivity in
TMAs consecutively stained with VHL, Src, CA-IX, PTP1B, and pFAK.
A nuclear algorithm was used to quantify HIF-20 and Ki-67 nuclear
positivity. The algorithm was calibrated to individual staining patterns
(range of hues and saturation), and three intensity ranges were gener-
ated: weak, yellow; moderate, orange; strong, red; and immunonegative,
blue. For pixels that satisfy the color specification, the algorithm counted
the number and intensity sum in each intensity range, along with three
additional quantities: average intensity, ratio of strong/total number,
and average intensity of weak positive pixels. The algorithm was cali-
brated for both cytoplasmic and nuclear expression by constructing
receiver operator curves for hue, hue width, and color saturation. A
pseudocolor “markup” image was generated from the algorithm and
verified to ensure that specified inputs were measuring the desired
color and intensity ranges. All markup images were inspected by a
pathologist (G.V.T.) to confirm the accuracy of the algorithm. The final
automated score was assessed for each core as the product of corrected
average intensity and corrected positive pixel percentage.

SUPPLEMENTARY MATERIAL
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Methods

Fig. S1. VHL-WT RXF-393 and Caki-1 cells are sensitive to dasatinib.

Fig. S2. Reconstitution of VHL enhances sensitivity to dasatinib in VHL-null 786-0 cells.

Fig. S3. Expression of v-Src renders VHL-WT cells resistant to dasatinib.

Fig. S4. Overexpression of Bcr-Abl T3151 mutant does not rescue sensitivity to dasatinib.

Fig. S5. Growth inhibition of VHL-WT cells by dasatinib is due to Src inhibition.

Fig. S6. VHL status modulates Src expression at the transcriptional level.

Fig. S7. Reconstitution of VHL alters Src signaling output.

Fig. S8. PTP1B expression levels and hypoxia.

Fig. S9. Second PTP1B shRNA also rescues sensitivity to dasatinib.

Fig. $10. Csk overexpression does not confer dasatinib resistance in SN12C cells.

Fig. S11. Chromatin immunoprecipitation analysis at the PTP1B promoter.

Fig. S12. Heat map showing hierarchical clustering of the protein expression data of VHL, Src,
pFAK, and PTP1B.

Fig. S13. Correlation between the expression levels of VHL, PTP1B, Src, and HIF-2¢. immunostaining
in transitional cell carcinoma of the bladder.

Fig. S14. Analysis of interrelationships among VHL, HIF-a, Src, and PTP1B in RCC patients.
Table S1. Summary of differentially phosphorylated proteins between SN12C and SN12C VHL
shRNA cells.

Table S2. Clinicopathological correlations for Src in patients with RCC sampled on tissue microarray
(cohort 1).

Table S3. Correlation between Src and VHL expression in patients with RCC sampled on tissue
microarray (cohort 2).
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