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Statement of Translational Relevance

Pathogenic mutationsin SWI/SNF chromatin-remodeling complex members occur in
approximately 20% of cancers, but no targeted therapies that exploit atumor’s dependence on
SWI/SNF dysfunction have yet shown clinical impact. Small cell carcinoma of the ovary,
hypercalcemic type (SCCOHT) isarare and aggressive form of ovarian cancer affecting young
women. It is characterized by mutational inactivation of SMARCA4 and epigenetic silencing of
SMARCAZ2, the mutually exclusive ATPases of the SWI/SNF complex. Here, we demonstrate
potency of the FDA-approved oncology drug, ponatinib, a receptor tyrosine kinase (RTK)
inhibitor whose targets include PDGFRs, FGFRs and EphAs, in SCCOHT cell and animal
models. Thiswork suggests that ponatinib exploits SCCOHT’ s dependence on RTK signaling in
the context of SWI/SNF dysregulation and that ponatinib may be effectivein SCCOHT
treatment. Preclinical identification of an effective, approved oncology drug holds promise for

rapidly improving outcomes for these young patients and warrants clinical investigation.
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Structured Abstract

Purpose: Subunits of the SWI/SNF chromatin-remodeling complex are tumor suppressors
inactivated in ~20% of all cancers. Y e, few targeted treatments for SWI/SNF-mutant cancers
exist. Small cell carcinoma of the ovary, hypercalcemic type (SCCOHT) isarare, aggressive
ovarian cancer in young women that is universally driven by loss of the SWI/SNF ATPase
subunits, SMARCA4 and SMARCAZ2. Given poor two-year survival rates for these women, a
great need exists for effective targeted therapies.

Experimental Design: To identify underlying therapeutic vulnerabilitiesin SCCOHT, we
conducted high-throughput sIRNA and drug screens. Complementary proteomics approaches
comprehensively profiled kinases inhibited by ponatinib. Ponatinib was tested for efficacy in two
PDX models and one cell line xenograft model of SCCOHT.

Results: FGFRs and PDGFRs were overlapping hits between screens and the receptor tyrosine
kinase (RTK) family was enriched in the SSRNA screen hits. Evaluation of eleven RTK inhibitors
in three SCCOHT cdl lines identified ponatinib, an inhibitor of multiple RTKs, as the most
effective clinically approved agent. Proteomics approaches confirmed inhibition of known
targets of ponatinib and more than 20 non-canonical ponatinib targets. Ponatinib also delayed
tumor doubling time 4-fold in SCCOHT-1 xenografts and reducing final tumor volumes in two
SCCOHT patient-derived xenograft (PDX) models by 58.6% and 42.5%.

Conclusion: Ponatinib is an effective agent for SCCOHT in both in vitro and in vivo preclinical
models through its inhibition of multiple kinases. Clinical investigation of this FDA-approved

oncology drug in SCCOHT is warranted.
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88 Introduction
89 Small cell carcinoma of the ovary, hypercalcemic type (SCCOHT), arare and aggressive
90 form of ovarian cancer, is diagnosed in women at a median age of 24 years (range: 14 monthsto
91 47years) (1). Meta-analysis of 257 clinically annotated SCCOHT cases has shown a dismal two-
92  year survival rate less than 35% and the most effective treatment regimen based on this
93  assessment is surgery followed by aggressive high dose chemotherapy, radiation, and stem cell
94  rescue (1,2). The poor response rates and extreme toxicity of this regimen necessitate
95 identification of effective, targeted treatments for these young patients. SCCOHTs are
96 characterized by inactivating germline and somatic mutations in the tumor suppressor SMARCA4
97  (aso known as BRG1) resulting in concomitant protein loss in nearly all cases (3-8). These
98 SMARCA4 dterations occur amidst otherwise diploid SCCOHT genomes and very rare
99  secondary mutationsin other cancer genes (4,8). SMARCAA4 is one of two mutually exclusive
100  ATPase subunits of the SWI/SNF chromatin-remodeling complex that plays a central rolein
101  regulation of transcriptional programs associated with differentiation. The aternative SWI/SNF
102 ATPase, SMARCAZ2 (also known asBRM), is also absent in SCCOHT due to epigenetic
103 silencing (3,7). Thus, these tumors are driven by a unigue genotype that fuels broad
104  transcriptional dysregulation through SWI/SNF dysfunction.
105 Several other tumor types are also universally characterized by inactivation of SWI/SNF
106  complex members including thoracic sarcomas bearing SMARCA4 mutation and SMARCAZ2 |oss
107  (9), rhabdoid tumors which are universally characterized by SVIARCBL (also known as SNF5)
108 mutations alongside SMARCA?2 silencing and expression loss in 70% of cases (10,11), and renal
109 medullary cancers also characterized by SMARCBL loss (12,13). Other cancers with a

110 significant proportion of SWI/SNF mutations include ovarian clear cell carcinomas and
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111  endometrioid carcinomas (~50% and ~30% with ARID1A loss, respectively) (14,15) and non-
112  small cell lung cancers (~10% of primary tumors with dual SMARCA4 and SMARCA?2 |0ss)
113 (16,17). Overall, an estimated 20% of human cancers bear potentially oncogenic mutationsin
114  oneor more SWI/SNF complex subunits (18,19). Thus, identification of therapeutic

115  vulnerabilities in SWI/SNF-mutant cancers with relatively simple genomes such as SCCOHT
116  may hold broader relevance for more diverse cancers.

117 Preclinical studiesto date have suggested that several experimental agents such as

118 foretinib (c-Met inhibitor), epothilone B (tubulin inhibitor), or oncolytic viruses may be effective
119 in SCCOHT (20-22). We and others have also shown that investigational epigenetic agents such
120  asbromodomain and EZH2 inhibitors may hold promise for treatment of these cancers (23-25).
121 Y, despite the prevalence of pathogenic SWI/SNF mutations in cancer, no approved targeted
122  cancer drugs have yet shown activity in the setting of loss of these tumor suppressors. In order to
123  identify novel therapeutic vulnerabilities conferred by SWI/SNF dysfunction in SCCOHT with a
124  focus on identification of targeted FDA-approved oncology drugs, we performed high-

125  throughput (HT) ssiRNA and drug screensin SCCOHT cdll lines. We thereby identified

126  enrichment for dependence on receptor tyrosine kinase (RTK) signaling both via an abundance
127  of RTK hitsin the SIRNA screen as well as discovery of SCCOHT hypersensitivity to the RTK
128 inhibitor (RTKi) PD-161570 in the chemical screen. Subsequent evaluation of a panel of

129 FGFR/PDGFR-selective RTKis highlighted ponatinib as the most potent tested agent in

130 SCCOHT cdl lines. This observation aligns with prior datain SWI/SNF-mutant rhabdoid tumor
131 modesin which expression of the ponatinib target FGFR was shown to be associated with

132 SMARCB1 and SMARCAA4 loss, conveying sensitivity to RTKis including ponatinib (26,27).

133  Further, activation of downstream AKT was shown to be elevated in SMARCB1-deficient tumor
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134  models (28,29) and dual inhibition of PDGFRa and FGFR1 in MRT cell lines was more

135 effective than specific inhibitors (30). Here, we show that ponatinib’s effectsin SCCOHT are
136  also mediated by dependence on signaling of multiple RTKs. Finally, we show the ability of

137  ponatinib to significantly delay tumor progression in a cell line xenograft model of SCCOHT and
138 markedly reduce tumor growth of patient-derived xenograft (PDX) models of SCCOHT, thereby
139  prioritizing ponatinib for aclinical trial in SCCOHT patients.

140

141 Materialsand Methods

142  Cell lines

143 BIN67, SCCOHT-1, and COV434 (SCCOHT), G401 and G402 (MRT) and H522 (lung

144  adenocarcinoma) cells were maintained in RPMI1 1640 (Thermo Fisher Scientific, Waltham, MA,
145  USA) supplemented with 10% Fetal Bovine Serum (FBS; Thermo Fisher Scientific) and 1%
146  Penicillin/Streptomycin (Thermo Fisher Scientific). COV434 cdlls, previously identified as

147  derived from ajuvenile granulosa cell tumor have now been re-categorized as SCCOHT based
148 on SMARCA4 mutation and lack of SMARCA2 expression (24). A427 (lung adenocarcinoma)
149  and HepG2 (hepatocellular carcinoma) cells were maintained in EMEM (Thermo Fisher

150 Scientific) supplemented with 10% FBS and 1% Penicillin/Streptomycin. COV434 (SCCOHT)
151 cellswere maintained in DMEM (Thermo Fisher Scientific) supplemented with 10% FBS and
152 1% Penicillin/Streptomycin. SVOG3e (SV40-transformed ovarian cells) cells were maintained in
153 DMEM/F12 (Thermo Fisher Scientific) supplemented with 10% FBS and 1%

154  Penicillin/Streptomycin. All cells were maintained at 37°C in a humidified incubator containing
155 5% COs.. All cdl lines were routinely monitored for mycoplasma testing and STR profiled for

156 cdl line verification.
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157

158  Western blotting

159 Whole-cell extracts from cell lines were prepared using RIPA buffer (Santa Cruz

160 Biotechnology, Dallas, TX, USA) with protease and phosphatase inhibitors using standard

161  protocols. Thirty pug protein was loaded per well on NuPage 4-12% Bis-Tris gels and

162  subsequently transferred to PV DF membranes. Blots were pre-blocked in 5% non-fat dry milk in
163 TBST or BSA in TBST for 1 hour, and probed using primary antibody overnight. Blots were
164  incubated with secondary antibody (anti-rabbit IgG-HRP, Cell Signaling Technology, Danvers,
165 MA, USA; anti-mouse IgG-HRP, Santa Cruz Biotechnology) at 1:5000 for 2 hours and

166 developed using Pierce ECL Western Blotting Substrate or SuperSignal West Femto Substrate
167 (Thermo Fisher Scientific). Primary antibodies (Cell Signaling Technology): phospho-p38, total
168  p38, phospho-Akt T308, phospho-Akt S473, total Akt, GAPDH.

169

170  Phospho-RTK profiling

171 BIN67 and SCCOHT-1 cells were treated with ponatinib at 1Cz, 1Cso, and 1uM for 1
172 hour. Phospho-RTK profiling was performed using the Proteome Profiler Human Phospho-RTK
173  Array Kit (R&D Systems, Minneapolis, MN, USA) according to manufacturer’s

174  recommendations. Briefly, cells were lysed and the BCA assay was performed to quantify

175  protein concentration. Three hundred ng of lysate was incubated on each blot overnight, and
176  bound phosphorylated protein was detected using HRP-conjugated anti-phospho-tyrosine

177  antibody. Arrays were developed using Pierce ECL Western Blotting Substrate (Thermo Fisher

178  Scientific), and images were quantified using Imagel software (NIH) using built-in gel
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179 quantification and background subtraction tools. Duplicate spots were averaged for each RTK,
180  and ponatinib-treated samples were normalized to vehicle-treated samples.

181

182  Animal studies

183 All procedures were carried out under the ingtitutional guidelines of TGen Drug

184 Deveopment’s Institutional Animal Care and Use Committee or the Animal Care Committee of
185  the University of British Columbia (SCCOHT-1 model, A14-0290). For SCCOHT-1 xenograft
186  experiments, 1x10’ cellsin 50% Matrigel / 50% Media (Corning) in afinal volume of 200 pl
187  were subcutaneously inoculated into the backs of NRG (NOD.Cg-Rag1™M°™ |12rg™"'/S2J)
188 mice. For PDX experiments, histologically confirmed SMARCA4-mutant SCCOHT tumors
189 PDX-465 and PDX-040 were acquired from Molecular Response (MRL, San Diego, CA, USA)
190 and serialy passaged in mice (3). Tumor suspension in 50% Matrigel / 50% Mediain afinal
191  volume of 100 uL were subcutaneously inoculated into the backs of NOG (NOD.Cg-Prkdc™?
192 112rg™™9/JicTac) mice. Mice were randomized to treatment arms (n=8) once the average tumor
193  volume reached 100-400mm? (SCCOHT-1 model) or 75-125 mm? (PDX models). Ponatinib
194  (Sdleckchem, Houston, TX, USA or Activebiochem (SCCOHT-1)) was formulated in 25mM
195 citrate buffer (pH 2.75). Vehicle or ponatinib (15 or 30 mg/kg for SCCOHT-1 or PDX models,
196  respectively) was administered by oral gavage daily for 30 days or until humane endpoint (tumor
197  reaches 1000mm?®). Tumor size and body weight were measured twice weekly until endpoint.
198 Tumors were excised upon necropsy and either frozen or formalin-fixed/paraffin-embedded.
199

200 Chemicadl library, sRNA screens, ABPP, and RNA-Seq methods are described in Supplemental

201 Materialsand Methods.
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202 Results
203  High-throughput in vitro ssIRNA and drug screens prioritize ponatinib as an FDA-approved
204  oncology drug with potent activity in SCCOHT cell lines
205 In an effort to identify SCCOHT’ s therapeutic vulnerabilities, HT SIRNA libraries were

206  used to test necessity of clinically actionable genes or growth of the SCCOHT cdll line BING7.
207  Wetransfected SSRNAs targeting over 7,000 genes in both Druggable Genome (DGv3) and also
208  custom kinome (VKINv4) libraries. Hits were determined based on measurement of cdll viability
209  reduction using CdITiter Glo measurements analyzed via a combination of redundant SRNA
210  activity score (RSA) p-value ranking with ranking by mean signal intensity and utilizing a p-
211  value cutoff of 0.05 (see Supplemental Materials and Methods for further detail). Of 246 genes
212  fromthe DGv3 library and 81 genes from the vKINv4 library identified as hits based on these
213  criteria, 109 were aso validated through independent confirmation that two of four SRNAs

214  inhibited viability by >50% (See Supplemental Materials and Methods and Supplemental Table
215 1). The ReactomeF| Cytoscape plugin was then used to identify pathways enriched in these

216 validated hits (Table 1) (31). Top enriched gene sets were dominated by receptor tyrosine kinase
217 (RTK) signaling, including FGFRs, PDGFRs, and EGFRs alongside the AKT and MAPK

218  signaling cascades downstream of these RTKSs. In the protein interaction network generated from
219 genehitsusing ReactomeFl, RTK signaling similarly emerged as the central connected network,
220 asdemonstrated by the PDGFR signaling pathway (Figure 1A). All kinase hits from the two
221  siRNA screens were also plotted on akinome tree to identify key kinase families on which

222  SCCOHT cdlsarereliant for growth (Supplemental Figure 1). Tyrosine kinases, particularly
223  RTKs, were most strongly identified amongst the kinase hits. A second pathway analysis

224  method, ClueGO, was used to visualize the biological concepts represented in the top hits
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225  (Supplemental Figure 2). This method also identified interaction between RTKs in top hits

226  through functionsin cancer signaling, regulation of actin cytoskeleton, and cell adhesion.

227  Together, these data suggest a broad dependency of SCCOHT cells on RTK signaling networks.
228 In an effort to identify novel candidate drugs for targeted treatment of SCCOHT in an
229  unbiased manner, high-throughput (HT) drug screens were performed in BIN67 cells using two
230 libraries of ~2,300 small molecules. All of these compounds are pharmacologically active with
231  wedl-annotated drug targets from a wide breadth of signaling pathways, and over half of these are
232  approved for at least one clinical indication. Given that SCCOHT’s cell of origin remains

233 unknown and, further, that isogenic model systems restoring SMARCA4 expression in SCCOHT
234  result in senescence, we did not utilize a normal or isogenic comparator to identify selective hits.
235 Instead, we chose to identify compounds active in BIN67 SCCOHT cells and to filter out broadly
236  cytotoxic drugsthat also showed effect in HepG2 cells. Hits were then defined as those agents
237  that reduced viability of BIN67 cells by >50% relative to HepG2 according to CellTiter Glo

238 measurements at 72 hours post-treatment (see Supplemental Materials and Methods for further
239  detail). From these screens, 64 compounds reduced growth of BIN67 but not HepG2 cells

240  (Supplemental Table 2). Of these hits, 51 were next validated in 12-point drug dose-response
241 (DDR) format in the SCCOHT cdl lines BIN67, SCCOHT-1, and COV434 aswell asa

242  SMARCAA4-wild-type human granulosa cell line SVOG3e and HepG2 cells. Of the 51

243  compounds tested, 42 were confirmed to have 1Cs values >10-fold lower in BIN67 cells than
244  HepG2 cells (Supplemental Table 3). Generally 1Cso values from BING7 cells were similar to
245  thosein SCCOHT-1 and COV434, aswell asfor SVOG3e. The 42 validated drug hits were

246  annotated based on their reported targets in preclinical literature and vendor database

247  annotations. Thisinformation was incorporated into a chemical-target/entity bipartite network
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248  and visualized using Cytoscape (Figure 1B). Network cligues with the highest number of

249  connected compounds were associated with microtubule targeting or DNA damage induction.
250  These network cliques are representative of current standard treatments for SCCOHT, which
251  include vinblastine, doxorubicin, and etoposide (2). While the original Prestwick chemical

252  library did not contain any annotated RTKi, the LOPAC library included 27 RTKi, of which nine
253  were EGFR inhibitors, two were IGF-1R inhibitors, two were FGFR inhibitors, one was a

254  PDGFR inhibitor, and the remaining targeted miscellaneous or unannotated RTKs. Two of these
255 RTKi wereidentified as hitsin the validation set: PD-161570 and Tyrphostin A9. While these
256  agents demonstrate some selectivity for FGFR1 and PDGFRS, respectively, they are not selective
257  for these targets alone, and are known to broadly target multiple RTKs.

258 To follow up on evidence of RTK dependence in the SsSIRNA and chemical screens, we
259  assessed sensitivity of BING67 and SCCOHT-1 to 11 RTKi. We selected a subset of RTKi,

260 particularly those targeting FGFRs and PDGFRs. Drug Dose Response (DDR) assays were

261 performed (Figure 2A and B) in an expanded panel of cell lines with known defectsin SWI/SNF
262  complex membersincluding SMARCB1- and SMARCA2-deficient MRTs (G401 and G402) and
263 SMARCA4 and SMARCAZ2-deficient lung cancer cell lines (A427 and H522). Overall, these
264  lines were most sensitive to the broad-spectrum RTKi PD166285 and ponatinib. Ponatinib was
265  further prioritized based on existing approval for clinical use in chronic myeloid leukemia and
266  acutelymphoblastic leukemia. Of known ponatinib targetsincluding FLT3, KIT, FGFRs,

267 PDGFRs, RET, and ABL (32-34), only FGFR4, PDGFRA, and PDGFRB were validated SRNA
268  screen hitsin BING7 cdlls (Figure 2C).

269
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270  Known RTK targets of ponatinib are expressed in SCCOHT tumors and downstream signaling is
271 inhibited in response to ponatinib treatment

272 Because ponatinib is known to broadly target severa RTKs, we sought to determine

273  which RTKs are widdly expressed in SCCOHT tumors. The expression of RTKs from RNA-Seq
274  dataonfour SCCOHT primary tumors was hierarchically clustered to identify the top expressed
275 RTKsin these cancers (Figure 3A). The top expressed genes across the tumors included two
276  known ponatinib targets, PDGFRA and FGFR1, in addition to other RTKs such as CSF1R,

277 EPH5A, NTRK2, and ERBB3. To functionally confirm that ponatinib inhibits signaling

278  downstream of RTK activation, phosphorylation of p38 and Akt was examined in BIN67 cells
279  (Figure 3B) which demonstrated a reduction in phosphorylation of p38, Akt S473 and Akt T308
280 following treatment with ICsp ponatinib (Figure 3B).

281

282  Functional characterization of ponatinib action reveals broad kinase targeting in SCCOHT cells
283 Since ponatinib isabroad RTKi, several orthogonal approaches were undertaken to

284  identify kinases inhibited by ponatinib in SCCOHT cells. First, RTK profiler arrays were

285 employed to screen for top RTKs inhibited by ponatinib treatment in BIN67 and SCCOHT-1.
286  Thisassay isamembrane-based sandwich immunoassay that captures key RTKs and detects
287  differential pan-tyrosine phosphorylation in cell lysates across conditions. The quantitation of
288 thesearraysisshown in Figure 4A. Of the known ponatinib targets (highlighted in yellow),

289  PDGFRa phosphorylation was both detected at a high level relative to other RTKs and also

290 strongly inhibited by ponatinib in BIN67 cells only, but not in SCCOHT-1 cells. This

291  discordance between BIN67 and SCCOHT-1 would suggest that ponatinib inhibits unidentified

292  kinasesin SCCOHT cdlsto affect cell growth. Among previously unreported targets of
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293  ponatinib, phosphorylation of EGFR in BING67 and SCCOHT-1 cells was greatly inhibited by
294  ponatinib, which represented the only common candidate between the two cell lines. Other RTKs
295  strongly inhibited by ponatinib treatment in BING7 cells alone include RYK, CSFIR, ALK, and
296 TEK (Figure4A).

297 Given the divergent results of the RTK array assay between ponatinib sensitivity in

298 SCCOHT-1 and BIN67, two additional proteomic approaches (MIB-MS and ABPP) were

299  undertaken to more fully characterize functional inhibition of kinases by ponatinib. Multiplexed
300 kinaseinhibitor bead-mass spectrometry (MIB-MS) uses beads to pull down kinases from a cell
301 lysatein the presence or absence of an inhibitor such as ponatinib (35,36). Binding of ponatinib
302 tothekinase inhibits kinase binding to MIBs. Therefore, peptides corresponding to kinase targets
303 arelost in the subsequent mass spectrometry analyses and thereby considered hits. Dueto

304  ponatinib hypersensitivity in SCCOHT-1 cells, thisline was tested usng MIB-M S to identify
305 additional candidates for ponatinib targeting (full datain Supplemental Table 4). Kinase hits
306 from most of the major kinase families were identified in SCCOHT-1 by this approach (Figure
307 4B). Kinases were considered targets in this experiment if, in the vehicle control, they were over-
308  expressed (19 kinases) or uniquely detected (24 kinases) (Figure 4B). FGFR1, FGFR2, and Src
309 areknown ponatinib targets and were among the differentially expressed genes. These kinases
310 similarly displayed reduced phosphorylation in the RTK array, but only at a high dose

311 comparable to that used for the MIB-M S analysis, suggesting that other kinases might be more
312  strongly inhibited by ponatinib at the relevant dose for cell death. Of the RTKs highly expressed
313 in SCCOHT tumors (Figure 3A), EphA5 was also identified as atarget of ponatinib in the MIB-

314 MSexperiment (Figure 4B).
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315 A complementary approach to determination of those kinase upon which ponatinib

316  operatesin SCCOHT, Activity-Based Protein Profiling (ABPP), uses chemical probes that

317  covaently bind to the ATP-binding pocket of kinases and therefore can tag kinases with

318 accessible and conformationally active ATP-binding pocket in a protein lysate prior to mass
319  spectrometry (full datain Supplemental Tables 5 and 6) (37). The same cutoff parameters

320  described above for MIB-M S were used for this dataset to determine unique and differentially
321  expressed active kinases. In SCCOHT-1 cells, we identified 13 differentially expressed kinases
322  and 4 uniquekinasesin the vehicle control treated cells (Figure 4C). Only seven differentially
323  expressed kinasesin BING7 cells were identified (Figure 4C). Two overlapping kinases were
324  identified in both BING67 and SCCOHT-1 célls: tyrosine kinase EphA7 and STE-family kinase
325 LOK (Figure4C). Interestingly, no RTK was significantly altered with ponatinib treatment in
326 either cdl line, which might represent a bias of this assay due to exclusion of active-site peptides
327  viacomplementarity to other RTKs. Generally, tyrosine kinases and STE kinases were well-
328  represented in both cell lines.

329

330 Ponatinib is effective in animal models of SCCOHT

331 To determine ponatinib’s promise as a potential therapy, we tested its efficacy in animal
332  xenograft models of SCCOHT. Mice bearing subcutaneous SCCOHT-1 xenograft tumors

333  demonstrated an initial inhibition of tumor growth following ponatinib treatment, delaying tumor
334  progression (Figure 5A). Tumor doubling times from 200 to 400mm? in each group were

335 1.88+0.64 daysin vehicle treated mice and 7.38+1.06 days in ponatinib treated mice (p-value <
336  0.0001). Treatment of SCCOHT-1 tumor bearing mice with ponatinib similarly improved

337 median survival by 44% (Figure 5B). To further assess the efficacy of ponatinib in patient-
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338  derived tumor models, we used two SCCOHT patient-derived xenograft (PDX) models: PDX-
339 465 and PDX-040. After 30 days of treatment, tumor growth rate was slowed in both PDX

340 models, with statistically significant 58.6% and 42.5% decreases in tumor size relative to vehicle
341  treatment in PDX-465 and -040, respectively (Figures 5C and 5D).

342

343  Discussion

344 High recurrence rates, extreme toxicity, and poor overall survival in SCCOHT patients
345 treated with standard high-dose chemotherapy and radiation necessitate the identification of

346  effective targeted therapies for this disease. Discovery of universal disruption of SWI/SNF

347  complex function in SCCOHT through the loss of ATPase subunits SMARCA4 and SMARCA2
348 hasmade identification of targeted therapeutic vulnerabilities possible. Further, several novel
349  approachesto selective killing of SWI/SNF-mutant cancers have recently been explored. The
350 SWI/SNF complex normally functions to catalyze the movement and gection of histones to

351 regulate the accessibility of chromatin to gene expression machinery. Antagonism between

352  SWI/SNF and the Polycomb Repressive Complex 2 (PRC2) described in Drosophila (38), has
353  been recapitulated in human cells where it has been specifically shown that loss of SWI/SNF
354  function leadsto a dependence on the repressive functions of PRC2 (39). For this reason,

355 inhibitors of the PRC2 catalytic subunit, EZH2, have been examined in SMARCB 1-mutant

356  rhabdoid tumors, ARID1A-mutant ovarian clear cell carcinomas, SMARCA4-mutant non-small
357  cdl lung cancers, and SMARCA4-mutant SCCOHTSs (24,25,39-42). Such agents are now being
358 examinedinPhasel and Il clinical trialsin SMARCB1-negative or rhabdoid-like tumors, such as
359 MRTsand SCCOHTS, but have not yet been approved for these indications. The SWI/SNF

360 complex itsdlf has also been identified as the major target of bromodomain inhibitors through
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361  direct interaction with bromodomain-containing SWI/SNF ATPases SMARCAZ2 and SMARCA4
362 (43). Thisisaparticularly attractive target in some SMARCAA4-deficient cancersin which

363 residual SMARCA2 compensates in the absence of SMARCA4 as the functional SWI/SNF

364  ATPase (44). Such an approach has been shown to beineffective in SCCOHT, however, where
365  expression of both SWI/SNF ATPases has been lost (3).

366 The effects of PRC2 dependence on tumor suppressor silencing in SWI/SNF-mutant

367 cancers are well-studied. However, littleis yet known about the effects of SWI/SNF dysfunction
368  on the overexpression of oncogenes such as RTKs, which might cause atumor to develop unique
369 and targetable dependencies. Here, we show data supporting that targeting RTK activation in
370 tumorsdriven by epigenetic defects may provide clinical benefit. Using HT ssiRNA and drug
371  screens, our work has charted novel therapeutic vulnerabilitiesin SCCOHT cells. These studies
372  havenot only confirmed in vitro sensitivity to cytotoxic drug classes aready utilized in

373  SCCOHT treatment (e.g. tubulin inhibitors and DNA damaging agents), but they have also

374  pinpointed nove drug classes, such as cardiac glycosides, not previously implicated in treatment
375  of SWI/SNF-mutant cancers. Overall, these data converge on identification of hypersensitivity to
376  the FDA-approved multi-kinase inhibitor ponatinib and thereby emphasi ze the importance of
377 RTK signaling in these epigenetically dysregulated tumors.

378 We generally observed a striking similarity in drug sensitivity across the SCCOHT cell
379 linesand SVOG3e. While this observation strengthens the case for the sensitivity of SCCOHT
380 tumorsto these agents, the similar sensitivity of SWI/SNF-intact SVOG3e cells indicates that
381 most of these agents do not selectively target SWI/SNF-mutant cells. The cell of origin of

382  SCCOHT remains unclear, but current understanding suggests derivation from a germ cell

383 lineage (45) digtinct from the cells from which SVOG3e cdlls were derived. Further work must
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384  expand cell models for each agent to better understand the relationship between cell lineage and
385  drug response. Interestingly, previous reports have shown expression of PDGFRs and c-kit,

386  known ponatinib targets, in granulosa cell tumors (46), suggesting convergent singaling

387  dependenciesthat may account for sensitivity to thisdrug in SCCOHT and SVOG3e cell lines.
388  Additional work is required to more completely characterize vulnerability of cancers with

389  SWI/SNF lossto the agentsidentified in this screen.

390 In examining overlap between the 42 hitsin the drug screen and the 109 hitsin the

391 siRNA screen, RTKswere the primary point of intersection. In addition to the overlap seen

392  within our HT screens, previous work has demonstrated sensitivity of SWI/SNF-mutant MRTs to
393  ponatinib (30). Mechanistically, our work supports data reported in SMARCB1-mutant MRTS, in
394  which loss of the core SWI/SNF subunit SMARCBL resultsin elevated FGFR or PDGFR

395  expression (26,30). We similarly observed sensitivity of SCCOHT cell lines to ponatinib, a broad
396 RTKi. Multiple methods were integrated in an attempt to functionally identify a common target
397  of ponatinib responsible for efficacy of this drugin SCCOHT. Criteria considered included: 1)
398 expression in SCCOHT primary tumors, 2) requirement of expression for cell growth, and 3)
399 functional inhibition in the presence of ponatinib. Using these criteria, however, no common

400 target wasidentified, both between the extensive methods described here and the two SCCOHT
401  cel lines. Furthermore, the sensitivity of SCCOHT cells to other RTKi isinversely related to the
402  specificity of the RTKi to itsintended target. Together, this evidence suggests general reliance of
403  SCCOHT on multiple kinases such that a broad kinase inhibitor such as ponatinib is effective.
404 When taken in combination with similar findings in MRTs (26,27,30) and the sensitivity
405  observed in other SWI/SNF mutant lung cancer cell lines reported here, we believe drug

406  sensitivity findingsin the SCCOHT and MRT models might be more broadly applicableto a
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407  larger set of “SWI/SNF-omas’, or cancers with mutations in the SWI/SNF complex. This group
408  accounts for up to 20% of all cancers, and therefore has potential for broader translational

409 relevance. Our work also demonstrates the efficacy of ponatinib in SCCOHT preclinical animal
410 models. Ponatinib isaclinically approved agent used in the treatment of leukemias, and is being
411  assessed for efficacy in anumber of other cancers, including solid tumors, in ongoing clinical
412  trias. Thiswork demonstrates promise for ponatinib in improving outcome for SCCOHT

413 patientsaswell.
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424  FigurelLegends
425

426 Table 1. Top pathwaysenriched in SRNA screen gene hits using ReactomeF| (Cytoscape).

Gensse oo NP PrOGITON e FOR
PIP3 activates AKT signaling(R) 0.0093 95 8 156E-06  2.72E-04
Signaling by FGFR4(R) 0.0269 275 12 349E06  2.72E-04
Signaling by FGFR3(R) 0.0269 275 12 349E06  272E-04
Signaling by FGFR2(R) 0.027 276 12 362606  2.72E-04
Signaling by FGFR1(R) 0.027 276 12 362E06  2.72E-04
Signaling by ERBB2(R) 0.0272 278 12 389E-06  2.72E-04
Signaling by Interleukins(R) 0.0274 280 12 419E-06  2.72E-04
Signaling by EGFR(R) 0.029 296 12 7.32E06  3.91E-04
DAP12 interactions(R) 0.0292 298 12 783E06  3.91E-04
Signaling by PDGF(R) 0.0296 302 12 8.94E-06  4.02E-04
Regulation of actin cytoskeleton(K) 0.021 214 10 1.35E-05 5.54E-04
Signaling by SCF-KIT(R) 0.0259 265 1 146E-05  5.55E-04
Signaling by ERBB4(R) 0.0263 269 1 168E-05  5.87E-04
Browthgy o for neurite aut: 0.0218 223 10 192605  6.15E-04
Calcium signaling pathway(K) 0.0175 179 9 2.13E-05 6.38E-04
Signalling by NGF(R) 0.0382 390 13 234E05  6.54E-04
RAF/MAP kinase cascade(R) 0.0184 188 9 311E-06  8.09E-04
ﬁ;gcqglrlqg@cgﬁr1(@3?2{;{%9 Growth 0.0236 241 10 369E05  9.23E-04

427
428
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429  Figure l. High-throughput screen network analysis. (A) Protein interaction network

430 constructed for RNAI validated screen hits using ReactomeF| network resources. Edges

431  connected to nodes represent evidence for an association between two nodes, which represent the
432  validated RNAI gene hits. Nodes with no edges are not pictured here (full validated hit listin
433  Supplemental Table 3). (B) Chemical hit entity association network for verified chemical hits
434  and their targets and associated biological conceptsin SCCOHT cell ling, BING67. RTK

435  associated hitsare highlighted in box.
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437  Figure 2. Sensitivity of SCCOHT and other SWI/SNF mutant cell linesto RTK inhibition.
438 (A) DDR curvesfor various RTKi in BIN67 cdlls. Cell viability was assayed after 72 hours

439  treatment. (B) Summary of I1Cso values for RTKi tested in SCCOHT cdll lines, along with

440  selected agentstested in SWI/SNF-mutant MRT cell lines (G401 and G402) and lung cancer cell
441  lines (A427 and H522). Conditions not tested are in gray. (C) Cell viability of BIN67 cells

442  following knockdown of ponatinib target genes. Known ponatinib target genes that were initial
443  hitsinthe SIRNA screen (FGFR4, PDGFRA, and PDGFRB) were validated in a secondary

444  sSIRNA screen. Data shown is mean cell viability of 3 independent replicates of 4 distinct SRNAS
445  relativeto internal GFP-targeting SSRNA control. All three target genes were considered

446  validated hits based on criteria described in methods.
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449 Figure 3. RTK expressionin SCCOHT primary tumorsand downstream RTK signaling
450 inhibited by ponatinib in SCCOHT cells. (A) Expression of all RTK genesin 4 SCCOHT
451  primary tumors from RNA-Seq. Expression is displayed in FPKM, and genes are hierarchically
452  clustered. The 6 most highly expressed RTKs are in inset. (B) Phosphorylation of signaling

453  components downstream of RTKs are inhibited by ponatinib within 30 min treatment in BIN67

454  cdls.
] L
A 0 20 40 60 80 100 B o =
FPKM S T
RET :
e T O
= > o

S phospho-p38

"
)
>,
2
N
]
(A
0

838532
I =
Rgaik

D phospho-Akt T308
phospho-Akt 5473

e total-Akt

[ EbB3 GAPDH
. EPHA5
T / PDGFRA

ﬁ

[

E
E FGFR1
= CSF1R

§CC0_002 5CCO_013 SCCO_016 8CCO 017

455
456


https://doi.org/10.1101/159905

bioRxiv preprint doi: https://doi.org/10.1101/159905; this version posted July 6, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 27

457  Figure4. RTK signaling inhibited by ponatinib in SCCOHT cells. (A) Phospho-RTK array
458 performed on lysates from BING67 cells treated with ponatinib for 1 hour. Background-

459  normalized spot intensity relative to vehicle-treated control is represented as a heatmap, where
460  blueindicates an increase in phosphorylation and red indicates adecrease. RTKs are arranged
461  from top to bottom based on mean basal dot intensity. Known ponatinib targets are highlighted in
462  yelow, kinasesinhibited in both cdll lines are outlined in orange and kinases inhibited in one cell
463 lineonly are outlined in green. (B and C) Kinasesidentified from MIB-M S assay (B) and (C)
464  ABPP assay in SCCOHT-1 cdls (bluecircles, 2uM, biological triplicates) and BIN67 cells (red
465  circles, ICs, technical replicates) or in both cell lines (yellow circles) mapped to kinase

466  dendrogram. The genelists are color-coded based on corresponding kinase family in the

467  dendrogram. Atypical protein kinases are listed in black. Differentially expressed kinases are
468  shown in lighter shaded circles. Uniquely expressed kinases are shown in darker shaded circles

469 and are marked with an asterisk in the gene list.
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472  Figureb. Efficacy of ponatinib in animal models of SCCOHT. (A) SCCOHT-1 xenograft
473  growth with treatment with vehicle or ponatinib. (B) Survival of SCCOHT-1 xenograft-bearing
474  micefollowing treatment with vehicle or ponatinib. (C and D) Tumor volumes of SCCOHT
475 PDX mode ‘465 (C) or ‘040 (D) growth with treatment with vehicle or ponatinib. Insetsin (C)

476  and (D) show tumor volumes at day 30.
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