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Abstract:

Increased treatment of metastatic castration resistant prostate cancer (mCRPC) with second-generation
anti-androgen therapies (ADT) has coincided with a greater incidence of lethal, aggressive variant prostate
cancer (AVPC) tumors that have lost androgen receptor (AR) signaling. AVPC tumors may also express
neuroendocrine markers, termed neuroendocrine prostate cancer (NEPC). Recent evidence suggests
kinase signaling may be an important driver of NEPC. To identify targetable kinases in NEPC, we performed
global phosphoproteomics comparing AR-negative to AR-positive prostate cancer cell lines and identified
multiple altered signaling pathways, including enrichment of RET kinase activity in the AR-negative cell
lines. Clinical NEPC and NEPC patient derived xenografts displayed upregulated RET transcript and RET
pathway activity. Pharmacologically inhibiting RET kinase in NEPC models dramatically reduced tumor
growth and cell viability in mouse and human NEPC models. Our results suggest that targeting RET in NEPC

tumors with high RET expression and may be a novel treatment option.

Statement of Significance:
There are limited treatment options for patients with metastatic aggressive variant prostate cancer and
none are curative. Here we identified aberrantly activated RET kinase signaling in multiple models of

NEPC. Inhibiting RET restricted tumor growth, providing a novel approach for treating NEPC.
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Introduction

Second-generation ADT, such as abiraterone acetate and enzalutamide, have provided much
needed life-extending therapies for recurrent or mCRPC patients. However, the utilization of these more
effective ADT therapies has coincided with an increase in the development of AVPC (1). This subset of
mCRPC is characterized by poor prognosis and loss of AR signaling (2). The absence of AR signaling in AVPC
renders the existing hormone targeting treatments ineffective and remaining approved therapies,
including platinum-based chemotherapy, offer only limited therapeutic benefits (3). A subset of AVPC
tumors are classified as NEPC because they express neuroendocrine genes which are not typically
expressed in prostate adenocarcinoma (AdCa). Recent work has implicated the loss of RB1 and TP53
mutations as key alterations in the development of NEPC, and inhibition of kinases such as Aurora A kinase
(AURKA), MAPK, or FGFR could provide therapeutic opportunities if selected in the right patient subsets
(1,4-6). Even with these new developments, there still remains a critical need to understand the molecular
characteristics and kinase signaling pathways of NEPC tumors to identify and validate effective treatment
options.

Receptor tyrosine kinases link the extracellular environment to intracellular responses through
multiple signaling cascades. These signaling cascades regulate numerous pathways that are frequently
altered in transformed cells, including cell growth, metabolism, proliferation, differentiation, invasion,
motility, and cell death (7). RET is a receptor tyrosine kinase that is essential for neural crest development
and is frequently mutated or translocated in subsets of endocrine tumors such as multiple endocrine
neoplasia 2 (MEN2) and papillary thyroid carcinomas, respectively (8). RET can be therapeutically targeted
with some success in these tumor types. Recently, RET kinase was identified to be tyrosine phosphorylated
in a CRPC patient with small cell neuroendocrine pathology (9) and as an enriched cell surface marker in
NEPC (10). Further, RET knockdown restricted invasion and proliferation of prostate adenocarcinoma in
vivo (11). However, it remains unclear whether RET kinase contributes to the growth of NEPC tumors and
whether RET inhibition could be exploited as a therapeutic target in this setting.

Here, we evaluated the phosphoproteome of multiple AR negative and AdCa prostate cancer cell
lines to identify altered kinase signaling pathways unique to AR negative prostate cancers. Several
downstream signaling networks of RET kinase, and RET kinase itself, were enriched and activated in the
AR negative cell lines when compared to AdCa cell lines. Additionally, RET kinase was overexpressed in
NEPC tumors in multiple clinical datasets. We evaluated the ability of a novel RET pathway inhibitor, AD80,
to block cell growth and reduce cell viability in multiple prostate cancer cell lines and observed that it was

more potent than current RET-directed FDA approved therapies, cabozantinib and vandetanib (12,13).
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75 Finally, we found that AD80 was effective in blocking tumor growth and reducing tumor viability of NEPC
76  xenograft tumor models as well as organoid models. These results indicate that RET kinase is active in
77 NEPC, contributes to the survival of NEPC tumors, and inhibiting RET induces cell death in neuroendocrine
78  prostate cancer cells that are resistant to current hormonal therapies. These results ultimately nominate
79 RET as a key candidate to test further in the development and effective treatment of NEPC.
80
81  Results
82 AR negative cell lines have altered phosphotyrosine and phosphoserine/threonine kinase signaling
83 pathways. To identify the unique kinase signaling pathways required for growth and proliferation of AR
84 negative, we performed phosphoproteomic profiling to compare androgen responsive, AR-full length
85 positive, AdCa cell lines (LNCaP, VCaP, C4-2, and 22Rv1), to AR low/null cell lines that are resistant to ADT
86 and harbor mutations commonly found in NEPC tumor samples (DU145, PC3, NCI-H660, cMyc/myrAKT,
87 LASCPC-01, EF-1, and PARCB-1,-2,-3, and -5) (Supplemental Table 1). Supervised hierarchical clustering
88  between the AdCa and AR negative groups revealed distinct patterns in phosphoserine/threonine (pS/T)
89  and phosphotyrosine (pY) (Figure 1A and 1B, respectively and Supplemental Tables 2 and 3). Kinase
90  substrate enrichment analysis (KSEA) identified AURKA as the most highly enriched pS/T kinase (Figure
91 1C) that has been previously reported to be significantly upregulated in NEPC (4). Interestingly, among
92  the tyrosine kinases, RET kinase was also significantly enriched (Figure 1D), suggesting that RET kinase is
93  activated in AVPC cell lines (full pS/T and pY KSEA results are in Supplemental Tables 4 and 5, respectively).
94  We confirmed RET protein to be upregulated in the NEPC subset of AVPC cell lines compared to AdCa and
95  confirmed the loss of full length AR (Supplemental Figure 1). Further investigation into the RET pathway
96  via our cell line-derived and our previously published mCRPC rapid autopsy phosphoproteomic datasets
97 (9) (expanded phosphoproteome data set in Supplemental Table 6, see methods) identified hyper-
98 phosphorylation and, in some cases, activation, of several RET pathway targets including MAPK, AKT, and
99  STAT3 (Figure 1E, 1F), further confirming RET pathway activity in AVPC cell lines and tumors.

100

101 RET kinase expression is upregulated in patients with neuroendocrine prostate cancer. We took

102 advantage of several clinical prostate cancer gene expression datasets to determine whether RET kinase

103 was overexpressed along with known markers of NEPC. Analysis of the University of Washington rapid

104  autopsy dataset (14) which contains multiple metastatic tumors from CRPC patients revealed that the

105 NEPC (AR negative, neuroendocrine positive) subset had enrichment of RET kinase expression

106 concomitant with increased ASCL1 and chromogranin A (CHGA) and decreased AR, NKX3-1, and KLK3
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107  expression (Figure 2A). Among patients with an AR-negative, NE-positive pathology, there was a strong
108  correlation between levels of RET and ASCL1, while there was no correlation in the other groups (Figure
109  2B). Additional transcript datasets comparing metastatic NEPC to metastatic AdCa (Figure 2C and
110  Supplemental Figure 2A) (6,15) or LuCaP neuroendocrine prostate cancer patient-derived xenografts
111 (PDXs) with AdCa PDXs (Figure 2D) (16) both showed similar trends of increased RET kinase expression
112 along with upregulation of CHGA and SYP in the NEPC samples. Transcripts from biopsies of progressive,
113 mCRPC samples that followed patients through disease progression revealed clusters of high RET and
114  ASCL1 expression with a strong downregulation of AR regulated genes (Supplemental Figure 2B) (17).
115 Overall, these independent datasets demonstrate that RET kinase is overexpressed in clinical NEPC tumors
116 and support our cell line phosphoproteomic and KSEA analyses, suggesting enhanced RET activity and
117  nominating RET as a candidate therapeutic target for NEPC tumors.

118

119  AD80 reduces tumor growth in RET expression high NCI-H660 xenograft tumors by increasing cell death.
120  ADS8O0 s a novel, more selective inhibitor of the RET pathway than previous multi tyrosine kinase inhibitors
121  such as cabozantinib or vandetanib (13). We found that the NEPC cell line, NCI-H660, was among the most
122  sensitive to AD80 treatment (Supplemental Figure 3) and expressed high levels of RET protein
123 (Supplemental Figure 1). To test the effect of AD80 in an in vivo model system of NEPC, we generated NCI-
124 H660 xenograft tumors in NOD-SCID mice. Once tumors reached 100-200 mm?3, mice were randomized
125  and placed into one of three treatment groups: Control (DMSO), 20 mg/kg enzalutamide, or 10 mg/kg
126  ADS8O (Figure 3A). Over the course of the 22-day treatment, AD80 treated tumors showed a significant
127  reduction in overall tumor volume (Figure 3B) without a significant effect on animal weight (Figure 3C).
128  This experiment was repeated in a second cohort of mice with 24 days of treatment and higher dose of
129  ADS8O0 (20 mg/kg). The higher dose of AD80 was associated with increased toxicity, but showed similar
130 inhibition of tumor growth throughout the 24-day treatment (Supplemental Figure 4).

131 Following treatment, the AD80 treated tumors appeared smaller and displayed less
132 vascularization (Figure 3D and Supplemental Figure 4C), suggesting that AD80 treatment restricted tumor
133 progression possibly via reduction of angiogenesis which has been reported in other neuroendocrine
134  tumor types treated with RET inhibitors (18). To interrogate the molecular characteristics of the different
135 treatments, the tumors were fixed and sectioned for staining. Sections stained with hematoxylin & eosin
136 (H&E) or IHC staining for RET kinase showed similar tumor morphology and expression and localization of
137 RET kinase (Figure 3E, F and Supplemental Figure 4 D, E). To determine if AD80 treatment reduced

138  angiogenesis, tumor sections from the xenograft tumors were stained with a CD31 antibody (Figure 3E).
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139  The AD8O treated group had a statistically significant reduction in elongated CD31 positive cells compared
140  to the control or enzalutamide treated groups (Figure 3G). The reduction in CD31 staining was not
141  observed in the second cohort of mice, but the tumors were collected at a point when they were growing
142  at similar rate to the control group (Supplemental Figure 4A, D, and F). There was no difference in
143 proliferation as assayed by Ki67 staining among the treatment groups in either cohort of mice (Figure 3E,
144 H, and Supplemental Figure 4D and G). However, TUNEL staining showed large regions of positive staining
145 the percentage of total tumor area that stained positive trended higher in the AD80 treated groups (Figure
146 3E, | and supplemental Figure 4D and H). Taken together, the staining suggests that AD80 treatment is
147 effective in limiting tumor growth by restricting angiogenesis and inducing death in neuroendocrine cells
148  with high RET expression.

149

150 AD8O0 induces cell death in NEPC organoid models. We next extended our AD80 treatment to a mouse
151  organoid model of NEPC (5). Tumors derived from the PTEN7"Rb”- (DKO) mice express higher levels of RET
152 mRNA than PTEN7 (SKO) or wild type (WT) animals (Figure 4A) (5). Immunofluorescence staining also
153  confirmed an increase of RET kinase protein in the DKO organoids and low to absent RET kinase in the SKO
154  organoids (Figure 4B). The DKO organoids were resistant to enzalutamide treatment, mimicking the ADT
155 resistant characteristic of NEPC prostate cancer cells that express high levels of RET (Figure 4C). Treating
156  the DKO organoids with increasing concentrations of AD80 induced a dose-dependent increase in cell
157  death, as assayed by live-dead Pl staining of the organoids with a calculated LDso of 8.3uM for AD80 (Figure
158 4D, E). High RET expressing NCI-H660 cells cultured as organoids showed a similar sensitivity to AD80
159  treatment (Supplemental Figure 5). Thus, inhibiting RET kinase with AD80 in an in vitro organoid system
160  of NEPC induced cell death and suggests that the specific population of patients that have high RET
161  expression, are refractory to ADT, and have few remaining therapeutic options, may benefit from RET
162 kinase inhibitor therapies.

163

164  Discussion

165 Increasing evidence points to the activation of kinase pathways as possible key mechanisms that
166 bypass AR-targeted therapies and allow the tumors to continue to survive such a harsh therapeutic
167 environment (1,4,19,20). Utilizing phosphoproteomics, we showed that AR-negative cell lines have
168 altered kinase signaling pathways compared to AR-driven adenocarcinomas, which includes activation of
169 RET kinase. Multiple proteins downstream of the RET kinase pathway were phosphorylated on activating

170  residues in both the cell line and in mCRPC autopsy patient samples. RET mutations or activating
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171 rearrangements are drivers of tumor development and growth in MEN2, medullary thyroid cancer and
172 small cell and non-small cell lung cancers, and drugs targeting RET can extend survival of these patients
173 (21-23). Cabozantinib, which inhibits RET kinase and other receptor tyrosine kinases including VEGR1/2,
174  has extended survival in certain cancers with activating RET mutations (24,25). In prostate cancer
175 cabozantinib showed promising phase Il clinical trials but failed to meet the endpoint criteria in phase Il
176  trials (NCT00940225). However, this was tested in a non-stratified patient population and did not focus
177 on NEPC (26). A retrospective evaluation of post-docetaxel patients with CRPC in the COMET-1 and
178 COMET-2 phase lll clinical trials where cabozantinib was compared with prednisone and prednisone plus
179 mitoxantrone suggest that a sub population may benefit from cabozantinib treatment, highlighting the
180 importance of molecular stratification of patients for individualized treatments (27-29). Recently, RET
181 knockdown in a prostate AdCa cell line, LNCaP, was reported to restrict tumor growth, but it remains
182 unclear if and how RET contributes to tumor progression in NEPC (11).

183 We found that overall RET expression in prostate cancer patient samples is highly variable, but
184  that RET kinase expression correlated very strongly with NEPC. Although, there were examples of
185 metastatic and treatment induced NEPC tumors (based on molecular and pathological features) that lack
186 RET gene expression and inversely there were also patients classified as AR-positive adenocarcinomas
187  that had high levels of RET gene expression, but low gene expression of other neuroendocrine markers
188  (Figure 2A and Supplemental Figure 2A). It is important to note that the transition from AdCa to NEPC may
189  be dynamic (5) and RET expression in AR positive tumors may suggest that these tumors are either a
190 heterogeneous phenotype or are transitioning from AdCa to NEPC. Currently, little is known about the
191 regulation of RET gene expression in prostate cancer. Several key epigenetic regulators (such as CBX2,
192 EZH2, BRN2, and SOX2) have been identified as possible modulators that can switch tumors between an
193  AdCaand NEPCstate (5,30-32). Alterations in DNA methylation or transcriptional regulation resulting from
194  the loss of proteins such as Rb may further alter RET expression and activity. Therefore, it remains how
195 robust RET expression is gained during the transition from mCRPC to a NEPC phenotype. In small cell lung
196 cancer, ASCL1 was shown to induce RET gene expression and this mechanism of regulation may hold true
197  in NEPC, but has not been validated (33).

198 Regardless of the dynamics of RET expression in disease progression, we showed that the RET
199 kinase pathway inhibitor AD80 effectively restricted growth in the Rb/PTEN knockout organoids and the
200 NCI-H660 cell line and organoids in vitro, as well as NCI-H660 tumors in vivo. Inhibiting RET kinase induced
201  cell death suggesting that RET kinase signaling may be important for tumor survival. In order to identify

202 patients that could benefit from treatment including RET inhibition, it will be important to generate assays
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203  or validate markers of RET activity in NEPC. Pathology, loss of AR signaling, or expression of
204  neuroendocrine genes are not sufficient alone to identify all patients with high levels of RET expression
205  that may benefit from RET targeted therapies. Moving forward, it will be important to identify the subset
206  of patients that would benefit from inhibition of RET kinase. Development of biomarkers for
207 transcriptional activators, RET protein, or markers of RET activity will enable pre-selection of individuals
208 who would benefit from RET inhibitors. Understanding the regulation of RET gene expression, correlation
209 of RET expression and activity and disease progression, as well as the contribution of RET kinase to mCRPC
210  tumor progression could inform better treatment strategies.

211

212 Material and Methods

213 Phosphoproteomics of Prostate Cancer Cell Lines

214 Cultured prostate cancer cells were scraped, pelleted, and snap frozen. Phosphopeptide
215  enrichment and trypsin digestion were performed as previously described (34). Briefly, cells were lysed in
216  6M guanidium hydrochloride buffer (6M Guanidinium chloride, 100mM Tris pH8.5, 10mM Tris (2-
217  carboxyethyl) phosphine, 40mM 2-chloroacetamide, 2mM Vanadate, 2.5mM Sodium Pyrophosphate,
218 1mM Beta-glycerophosphate, 10 mg/ml N-octyl-glycoside), sonicated, and cleared. 5mg of total protein
219  was digested with trypsin and a 4G10 antibody-based immunoprecipitation (IP) was used to enrich
220 phosphotyrosine peptides. The IP supernatant containing the phosphoserine/threonine (pS/T) peptides
221 (2.5mg) were de-salted on C18 columns and separated via strong cation exchange chromatography. In
222  separate, parallel reactions the pY and pS/T peptides were enriched from non-phosphorylated peptides
223 using titanium dioxide columns. Finally, the pY and pS/T peptides were each de-salted with C18 tips prior
224  to mass spectrometer analysis (LC-MS/MS with a dual pump nanoRSLC system (Dionex, Sunnyvale CA)
225 interfaced with a Q Exactive HF (ThermoFisher, San Jose, CA) (35)). Technical duplicates were run for all
226 samples and data were analyzed using MaxQuant Andromeda version 1.5.3.30 (parameter settings in (36))
227 against the Uniprot human reference proteome database with canonical and isoform sequences
228 (downloaded September 2016 from http://uniprot.org). Datasets are accessible through
229  dataset identifiers PXD012970 and PXD012971 (37) through the ProteomeXchange Consortium via the
230 PRIDE partner repository. We expanded upon our previously published mCRPC dataset by decreasing the
231 phosphosite localization probability cutoff from 0.99 to 0.75 (34). This increased our identifications nearly

232 50% and have now reported those extra identifications in this manuscript as Supplemental Table 6.

233 Phosphoproteome MS data analysis was performed as previously described (20). For supervised

234  clustering, pY and pS/T data were filtered using a 4-fold change cutoff comparing NEPC vs AdCa from the
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235  original excel tables (See Supplemental Tables 2 and 3). Hierarchical clustering was performed using the
236  Cluster version 3.0 with the Pearson correlation and pairwise complete linkage analysis (38). Java

237  TreeView version 1.1.6r4 was used to visualize clustering results (39).

238  Kinase Substrate Enrichment Analysis

239 KSEA was performed as previously described (19). Briefly, phosphopeptides were rank-ordered
240 by average fold change between AR negative (AVPC) vs AR positive (AdCa) prostate cancer cell lines. An
241  enrichment score was calculated using the Kolmogorov-Smirnov statistic and statistical significance was
242  calculated via permutation analysis. The normalized enrichment score (NES) was calculated by taking the
243 enrichment score and dividing by the mean of the absolute values of all enrichment scores from the
244 permutation analysis. The Benjamini-Hochberg procedure was utilized to calculate false discovery rate for
245 each kinase. For pY analyses, cutoffs of FDR<0.05, hits>4, and NES>1.3 were used. For pS/T analyses,
246 cutoffs of FDR<0.02, hits>5, and NES>2 were used.

247

248  Tissue Culture

249 Human prostate cancer cell lines LNCaP, VCaP, C4-2, 22Rv1, DU-145, PC3 and NCI-H660 cells were
250 obtained from ATCC. LNCaP, VCaP, C4-2, 22Rv1, DU145, and PC3 cells were grown in appropriate media
251  asrecommended by ATCC (Life Technologies) supplemented with 10% fetal bovine serum (Sigma Aldrich)
252  and 1% penicillin-streptomycin (Life Technologies). NCI-H660 cells were grown in RPMI-HITES medium:
253 RPMI, 5% FBS, 10 nM hydrocortisone (Sigma), 10 nM beta-estradiol (Sigma), insulin-transferrin-selenium
254  (Life Technologies), 1% penicillin-streptomycin, and Glutamax (Life Technologies). LASCPC-01,
255 cMyc/myrAKT, PARCB2 and PARCB5, and EF1 cell lines were obtained from Dr. Owen Witte at UCLA and
256  cultured as described (10,40,41). H660 organoids were cultured as described in (42). LNCaP95 cells were
257  cultured in RPMI 1640 with no phenol red supplemented with 10% charcoal-stripped serum, Glutamax,
258 and 1% penicillin-streptomycin. Mouse organoids were established by enzymatic digestion of GEMM
259  primary prostate tumor tissue in 5 mg/ml Collagenase type Il (Gibco) in adDMEM/F12 (Gibco) media with
260 10 uM Y-27632 dihydrochloride (Tocris Bioscience). Digested cells were seeded into 100% Matrigel and
261  cultured as described by Drost et. al 2016. NCI-H660 organoids were seeded into Prostate 18 QGel 3D
262 Matrix (QGel) according to manufacturer’s instructions and cultured in RPMI-HITES media with B27
263  supplement (Gibco), 1.25 mM N-acetylcysteine (Sigma), 5 ng/mL EGF (PeproTech), 500 nM A83-01 (Tocris
264  Bioscience), 5 ng/mL FGF2 (PeproTech), 10 ng/mL FGF10 (PeproTech), 10 mM Nicotinamide (Sigma), and
265 1 uM Prostaglandin E2 (Tocris Bioscience). Culture media was replenished every 4 days and organoids

266  were passaged by sequential digestion in 1 mg/mL Dispase Il (Gibco) followed by TrypLE Express (Gibco)
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267  and mechanical disruption through a needle to dissociate to single cells before re-suspension as a 3D
268  culture. All cell lines were grown and maintained in a humidified incubator at 37°C and 5% CO..

269

270  Antibodies

271 The following antibodies were used for IHC and IF: RET (Cell Signaling Technology, EIN8X, IF:
272 1:100 IHC 1:500), CD31 (Cell Signaling Technology, D8V9E, 1:100), and Ki67 (Cell Signaling Technology,
273 D2H10 1:400).

274

275 In vivo study

276 Experiments were carried out on 8 week old male NOD-SCID mice in accordance with IACUC
277  approved protocols. Xenografts were generated via subcutaneous injection of 1x10° NCI-H660 cells per
278  animal mixed at a 1:1 ratio with Corning Matrigel Matrix into the right flank. Tumors were allowed to grow
279  to approximately 100-200mm? before mice were randomly allocated into vehicle (5% DMSO), ENZA
280  (20mg/kg/day), and AD80 (10 mg/kg/day or 20mg/kg/day) treatment groups. Treatment proceeded once
281  daily, 5 days a week for 22 days by oral gavage. Tumor volume and animal weight were measured every
282  two days. Tumors volume was measured by caliper and expressed in mm? (Tumor Volume = 0.5 a x b?,
283  where a and b represents long and short diameter respectively).

284

285  Immunohistochemistry

286 Xenograft tumors were formalin fixed paraffin embedded and sectioned following standard
287  procedure. To stain, sections were deparaffinized by baking at 65°C for one hour and hydrated with
288 sequential washes in xylenes, 100% ethanol, 95% ethanol, 70% ethanol and 1xPBS, prior to citrate buffer
289 pH 6.0 antigen retrieval. To stain, tissues were washed with 0.1%TBST, blocked with 2.5% normal horse
290 serum for one hour at room temperature before incubating in primary antibody overnight at 4°C in a
291 humidified slide box. Slides were washed with 0.1%TBST and incubated in HRP-conjugated secondary
292 antibody (Vector Laboratories, MP-7500-15) for one hour at room temperature and developed using a
293 DAB peroxidase substrate kit (Vector Laboratories, NC9567138). Reaction was stopped with water before
294 proceeding to counterstaining with hematoxylin for one minute. Slides were de-stained in tap water,
295 dehydrated with ethanol and xylenes and mounted.

296

297  Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
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298 The Click-iT™ Plus TUNEL Assay for In Situ Apoptosis Detection, Alexa Fluor™ 488 Kit was used
299  according to the manufacturer's protocol (Invitrogen). Nuclei were counterstained with Hoechst 33342
300 (ThermoFisher). A DNase treated positive control section was incubated in 1 U of DNase | diluted into 1X
301 DNase | Reaction Buffer (20 mM Tris-HCI, pH 8.4, 2 mM MgCl,, 50 mM KCl) for 30 minutes at room
302 temperature (Invitrogen). The TUNEL-positive cells in tissue sample slides were identified by comparing
303  tothe DNase treated positive control and the no-TdT enzyme negative control.

304

305 Image analysis and quantification of immunohistochemistry

306 Tumor sections were imaged on a Zeiss Axiovert A2. Average RET or KI67 staining was determined
307 by color deconvolution followed by measurement of the mean gray value in the DAB channel in Fiji (43).
308 Mean gray value was converted to optical density with the following equation: OD=Log(Max gray
309 value/Mean gray value). Values for images from five distinct fields of view were averaged to create a single
310 data point for each tumor in each tumor group. CD31 positive microvessels were identified after color
311  deconvolution and analysis of particles greater than 200 pixels with a circularity between 0.00-0.45 in Fiji.
312  Values from 4-10 distinct 10x fields of healthy CD31 stained tissue were analyzed and averaged to create
313  avalue for each tumor in each treatment group. Percent TUNEL positive area was determined by using
314  Fiji to measure the TUNEL positive area divided by total tumor area x100 for each tumor.

315
316 Organoid dose response

317 For assays, organoids were seeded as single cells in 40 pL of 33% Matrigel (mouse organoids) or Prostate
318 18 QGel 3D Matrix (NCI-H660 organoids) in 96-well tissue culture plates and cultured for 2 days at 37°C to
319 allow organoid formation. Once formed, organoids were treated with AD80 (at concentrations of ranging
320 from 0.1 uM to 30 puM), or DMSO, with 10 uM Enzalutamide (MedchemExpress) for 72 hours. After
321 treatment, cells were stained with 10 pL ReadyProbes Cell Viability Imaging Kit Blue/Red (Invitrogen) per
322  well for 30 minutes at room temperature and z-stack images of stained cells were taken using an EVOS FL
323  Auto 2 Cell Imaging System (Invitrogen). The percentage of cell death was calculated by identifying the
324  percentage of Pl-positive cells per organoid in at least 10 organoids for each treatment condition.

325

326  Statistical Analysis

327 For xenograft tumor volume experiments, means and confidence intervals (Cls) were calculated
328 onthe log scale due to skew and reported in terms of geometric means after exponentiation. Geometric

329 mean tumor volumes were compared on the final day by treatment group using a linear regression model
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330  adjusted for baseline log tumor volume. When there was a significant overall treatment effect, post-hoc
331 pairwise comparisons of the treatment groups were made with p-values adjusted using the multcomp
332 package in R. All other statistical analyses were performed using GraphPad Prism 7 with the tests indicated
333 in the figure legends. P<0.05 was considered to indicate a statistically significant difference. P values were
334  determined with significance indicated as follows; *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
335
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483 Figure Legends

484  Figure 1. Global phosphorylation and kinase signaling pathways are differentially regulated in AVPC cell
485 lines compared to AdCa cell lines. A and B. Supervised hierarchical clustering heatmap of 4,235 unique
486  phosphoserine/threonine (pS/T) enriched peptides (A) and 115 unique phosphotyrosine (pY) enriched
487  peptides (B) from AdCa cell lines (Blue: C4-2, 22Rvl, LNCaP, and VCaP) and AVPC cell lines (Red:
488 cMyc/myrAKT, LASCPC-01, EF-1, PARCB-1, PARCB-2, PARCB-3, PARCB-5, NCI-H660, DU145, and PC3).
489 Yellow = hyperphosphorylation; Blue = hypophosphorylation. C and D. Kinase substrate enrichment
490 analysis (KSEA) performed on the 10 AVPC and 4 AdCa cell lines in A and B, showed multiple alterations
491 to kinase signaling. (C) KSEA for pS/T analysis used a false discovery rate (FDR) <0.05, substrate hits > 5,
492 and normalized K score >2.0. (D) KSEA for pY analysis used an FDR <0.1, substrate hits >4, and normalized
493 K score >1.1. E. Phosphorylated residues identified in the global phosphoproteomics (from A and B) or F.
494  human phosphoproteome data (19) were mapped onto signaling pathways downstream of RET kinase.
495 Yellow = Enriched in AVPC relative to AdCa; Blue = Reduced in AVPC relative to AdCa. Thick black outline
496 = activating phosphorylation; white outline = inactivating phosphorylation; thin outline = no defined
497  function.

498

499  Figure 2. RET kinase along with other neuroendocrine transcripts are upregulated in NEPC relative to
500 AdCa patient samples. A. Microarray data from the University of Washington rapid autopsy data of
501 metastatic prostate cancer biopsies published in Kumar et al. 2016. Nature Medicine. (14) were clustered
502 based on gene expression of RET, neuroendocrine markers: CHGA and ASCL1, as well as androgen
503 regulated genes: KLK3, AR, and NKX3-1. Upregulation of expression is represented by yellow, while
504  downregulated genes are represented by blue. Patient samples were classified by AR and NE markers as
505  AR+NE- (green, n=134), AR-NE- (blue, n=10), AR-NE+ (red, n=20), and AR+NE+ (purple, n=7). B. Scatter
506 plot of relative RET expression values plotted versus relative ASCL1 expression values. Patient samples
507 classifications (as designated in 2A) were plotted individually and analyzed by linear regression. Only the
508  AR-NE+ group had a significant correlation with an R? value of 0.5852. C. Whole-exome sequencing of
509 CRPC patient samples from with AdCa (CRPC-Adeno, n=34) or neuroendocrine (CRPC-NE, n=15)
510 phenotype published in Beltran et al. 2016. Nature Medicine. (15) show an upregulation of CHGA, SYP,
511 and RET kinase. D. Agilent oligo array expression analysis of four neuroendocrine AR-negative LuCaP
512 patient derived xenografts (PDX) and 20 LuCaP adenocarcinoma PDX published in Zhang et al. 2015.
513 Clinical Cancer Research. (16) shows an upregulation in CHGA, SYP, and RET kinase. C and D. Data

514  represented in Tukey plots and expression values were analyzed by Student’s t test.
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515

516  Figure 3. AD80 treatment effectively reduces tumor growth in an NCI-H660 xenograft model by reducing
517  angiogenesis and inducing cell death but has no effect on proliferation. A. Schematic of in vivo study in
518  which NCI-H660 cells were injected subcutaneously into the right flank of NOD-SCID mice and tumors
519  were allowed to grow to approximately 100 to 200mm? before being randomly assigned into one of three
520 treatment groups: Control (DMSO alone, n=6), ENZA (20mg/kg/day, n=5), or AD80 (10mg/kg/day, n=6). B.
521  The fold change in tumor volume by treatment group was plotted as a function of the number of days of
522 treatment. Means and confidence intervals (Cls) were calculated on the log scale and reported in terms
523  of geometric means after exponentiation with error bars = 95% confidence interval. There was evidence
524  of an overall treatment effect on tumor growth rate (p<0.001) and post-hoc pairwise comparison of the
525  ADS8O treated group to DMSO or enzalutamide at day 22 revealed a reduction in mean tumor volume
526  (p<0.01) C. Average animal weights were measured at the same time as tumor volumes and no differences
527 in average animal weight between treatment groups was observed over the duration of the study.
528  Symbols represent means with error bars + standard error. D. Following the termination of the study,
529  tumors were excised from animals and photographed with a centimeter scale ruler. Separate images from
530 the same group are divided by a white line. E. Representative 20X images of H&E and IHC for total RET,
531  CD31,Ki67, and IF for TUNEL (20x and 2.5X) stained sections of tumors from each experimental arm. Black
532  scale bars are 50um. White scale bars are 500um. Yellow scale bars are 50um. F-H. Quantification of the
533  average RET staining intensity (F), quantification of CD31 positive microvessels in a field of view (G), and
534  average Ki67 staining intensity (H) were analyzed by one-way ANOVA. Quantification of the average
535  TUNEL positive area was analyzed with the Kruskal-Wallis test (4X). Symbols represent averages for
536 individual tumors with a horizontal line representing the mean. Bars represent the mean with error bars
537 represent * standard error.

538

539 Figure 4. PTEN and Rb KO mouse organoids express high levels of RET and are susceptible to AD80
540 induced cell death. A. RNAseq data of RET gene expression from wild type (WT), PTEN” and Rb”" double
541 knockout (DKO), or PTEN”" single knockout (SKO) mouse prostate epithelium organoids. RET FKPM values
542  were normalized to WT prostate tissue and expressed as fold change and analyzed by Student’s t test. B.
543 RET immunofluorescence staining in PTEN”- and Rb”-DKO derived organoids and PTEN”- SKO organoids or
544 IgG antibody control. DAPI staining of nuclear DNA is used to identify organoids. C. Percentage of PI
545 positive cells in DKO organoids treated with DMSO or 10uM enzalutamide. Circles represent values from

546 individual organoids. Horizontal bar represents the mean with error bars * standard error. D. Dose
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547  response curve of DKO organoids treated with increasing concentrations of AD80. The LD50 for AD80
548  alone was calculated to be 8.3uM. Circles represent mean and error bars * standard error. E. Bright field
549  images and corresponding fluorescence images of GFP labeled-DKO organoids treated with the indicated
550 concentrations of AD80. Blue=DAPI staining of nuclei, Red=Propidium iodide staining of dead cells. Scale
551 bar =100pm.

552

553

554

555 Supplemental Materials and Methods

556

557  Western Blot Analysis

558 The following antibodies were used for western blot analysis: Total RET (Cell Signaling Technologies
559 EIN8X, 1:1000), AR (Santa Cruz sc-7305, 1:500) and a-Tubulin (Santa Cruz sc32233, 1:1000). Cells were
560  lysed with 1% SDS/2% B-ME and boiled for 10 minutes following a freeze thaw after lysis. The protein
561  concentration was determined using BioRad Quick Start Bradford Protein Assay Kit following
562 manufacturer’s protocol. 20ug of protein per lane was loaded into GenScript SurePage 4-12% gel,
563 transferred to a nitrocellulose membrane, blocked in 5% BSA in 1xTBST for one hour at room temperature
564  beforeincubating in primary antibodies (diluted in block) overnight at 4°C. Membranes were washed with
565 1XTBST before incubating in Licor IR-conjugated secondary antibodies (diluted 1:5000 in block) for one
566  hour at room temperature, washed again and imaged using the Licor Odyssey System and adjusted with
567  the Licor Image Studio Lite software (v5.2).

568

569  ICso value measurement

570  Cell viability was measured using the WST reagent (Takara) following manufacturer’s protocol.
571 Cabozantinib, vandetanib and AD80 were all obtained from Selleckchem. All compounds were tested
572 against human prostate cancer cell lines: LNCaP, DU145, C4-2, 22Rv1, PC3, NCI-H660. Only AD80 was
573 tested against VCaP, LNCaP95, and EF1 cell. Cell densities were determined for 96-well plates prior to
574 performing the assay. Cells were treated with drug for 72 hours prior to the WST assay. Each concentration
575 data point was conducted in triplicate. Each compound was tested at a minimum of ten dose levels,
576 separated by three-fold dilution concentration intervals, ICso values were calculated using GraphPad Prism
577 7. Reported values were calculated from a single WST assay, but were confirmed by repeating the entire

578  assay in duplicate.
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579

580  Supplemental Figure Legends

581  Supplemental Figure 1. RET expression is higher in prostate cancer lines that have lost androgen
582 receptor signaling. Cell lines used in the global phosphoproteomic analysis were analyzed by western blot
583 for expression of total RET kinase, AR, and a-Tubulin as a loading control. LNCaP, VCaP, C4-2, and 22Rv1
584 cells were classified as AR-positive (blue bar), while the remaining cell lines were AR-negative (red bar).
585  The AR-negative cell lines can further be broken down into double negative castration resistant prostate
586  cancer (DN-CRPC, white bar) or neuroendocrine prostate cancer (NEPC, black bar).

587

588  Supplemental Figure 2. RET gene expression is higher in patient samples with pure/mixed phenotype
589  or primary NEPC samples, along with other neuroendocrine markers. A. Next generation sequencing
590 data of 30 adenocarcinoma and seven NEPC patient samples from Beltran et al. 2011. Cancer Discov. (6)
591 shows an upregulation in neuroendocrine markers chromogranin A (CHGA) and synaptophysin (SYP) and
592 also RET kinase. B. mCRPC patient samples collected by the Stand Up To Cancer/West Coast Dream team
593 (17) were sorted by ASCL1 gene expression and clustered based on selected neuroendocrine and AR
594 responsive genes. Yellow represents upregulated genes, while blue represents downregulated genes.
595 Pathology classifications are designated by colored squares above patient samples (Black: not small cell;
596 Red: Pure small cell; Pink: Mixed small cell; White: no pathology classification).

597

598  Supplemental Figure 3. NEPC cells show greater relative sensitivity to AD80, a potent RET inhibitor,
599  compared to other multi kinase inhibitors than AdCa or AVPC cell lines. A. ICso dose response curves of
600  AdCa (LNCaP, C4-2, and 22Rv1), AVPC (DU145 and PC3), and NEPC (NCI-H660) cell lines treated with
601 varying concentrations of multi-tyrosine kinase inhibitors vandetanib, cabozantinib, AD80. Error bars
602 represent + SD. B. Table of the calculated ICso values (UM) for each of the cell lines and three drugs. ND is
603  not determined.

604

605  Supplemental Figure 4. A higher dose replicate of AD80 treatment of NCI-H660 xenograft tumors shows
606  a similar effect of restricting tumor growth. Animals were assigned to the following treatment groups:
607  Control (DMSO alone, n=5), ENZA (20mg/kg/day, n=6), and AD80 (20mg/kg/day, n=3). A. The fold change
608 intumorvolume by treatment group was plotted as a function of the number of days of treatment. Means
609 and confidence intervals (Cls) were calculated on the log scale and reported in terms of geometric means

610 after exponentiation. Error bars £ 95% confidence interval. Over the 24 day treatment course AD80
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611 reduced the overall growth rate of the tumors (p<0.05) but there was no difference in the mean tumor
612  volumes at the 24 day time point. B. Animal weights were measured at the same time as tumor volumes
613 and represented as an average for the treatment group. Symbols represent mean with error bars +
614 standard error. C. Following the termination of the study, tumors were excised and photographed with a
615 1cm scale ruler. D. Representative 20X images of H&E and IHC for total RET, CD31, Ki67, and IF for TUNEL
616  (20x and 2.5X) stained sections of tumors from each experimental arm. Black scale bars are 50um. White
617  scalebarsare 500um. Yellow scale bars are 50um. E-H. Quantification of the average RET staining intensity
618  (E), quantification of CD31 positive microvessels in a field of view (G), and average number of Ki67 positive
619  stained cells from 3 distinct 20X fields of view for each tumor (H) were analyzed by one-way ANOVA.
620  Quantification of the average TUNEL positive area was analyzed with the Kruskal-Wallis test (4X). Symbols
621 represent averages for individual tumors with a horizontal line representing the mean. Bars represent the
622  mean with error bars t standard error.

623

624  Supplemental Figure 5. AD80 treatment induces cell death in NCI-H660 cells cultured as organoids. Dose
625 response curve of DKO organoids treated with increasing concentrations of AD80. The IC50 for AD80 was
626  calculated to be 1.4uM. Circles represent the mean with error bars + standard error.

627
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