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ABSTRACT

Purpose: Prostate-specific membrane antigen-targeted radioligand therapy (PSMA-RLT) is
effective against prostate cancer (PCa), but all patients relapse eventually. Poor understanding
of the underlying resistance mechanisms represents a key barrier to development of more
effective RLT. We investigate the proteome and phosphoproteome in a mouse model of PCa to

identify signaling adaptations triggered by PSMA-RLT.

Experimental Design: Therapeutic efficacy of PSMA-RLT was assessed by tumor volume
measurements, time to progression, and survival in C4-2 or C4-2 TP53-knockout tumor-bearing
Nod scid gamma mice. Two days post-RLT, the (phospho)proteome was analyzed by mass

spectrometry.

Results: PSMA-RLT significantly improved disease control in a dose-dependent manner.
(Phospho)proteomic datasets revealed activation of genotoxic stress response pathways,
including deregulation of DNA damage/replication stress response, TP53, androgen receptor,
PI3K/AKT, and MYC signaling. C4-2 TP53-knockout tumors were less sensitive to PSMA-RLT

than parental counterparts, supporting a role for TP53 in mediating RLT responsiveness.

Conclusions: We identified signaling alterations that may mediate resistance to PSMA-RLT in a
PCa mouse model. Our data enable the development of rational synergistic RLT-combination

therapies to improve outcomes for PCa patients.
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INTRODUCTION

Prostate specific membrane antigen-targeted radioligand therapy (PSMA-RLT) with the beta-
particle emitter lutetium-177 (e.g., ['""Lu]Lu-PSMA-617) yields responses (>50% prostate specific
antigen decline) in 57-66% of prostate cancer (PCa) patient; however, remissions are short-lived
(7). Alpha-particle emitters (e.g., actinium-225) may be superior to ['""’Lu]Lu-PSMA-RLT due to
their higher energy radiation delivery per injected activity and increased density of ionizations
responsible for DNA damage (2). Response to [??°Ac]Ac-PSMA-RLT have been reported in 63-
76% of PCa patients (2). However, neither [?2°Ac]Ac- nor ["7Lu]Lu-PSMA-RLT is curative and
relapse occurs invariably.

lonizing radiation, as delivered by RLT, induces DNA damage. This, in turn, engages the
DNA damage response/replication stress response (DDR/RSR) pathway which is a critical
compensatory mechanism to cytotoxic stress in tumor cells and initiates either DNA repair or
triggers cell death (3). This pathway consists of an extensive signaling cascade coordinated by
the serine threonine kinases ataxia telangiectasia-mutated (ATM) and ataxia telangiectasia-and-
rad3-related protein (ATR) and their downstream effectors checkpoint kinases CHEK2, CHEK1
and WEE1. A similarly important mediator of DDR/RSR-induced cell cycle arrest is TP53 which
induces the cyclin-dependent kinase (CDK) inhibitor p21 following cytotoxic stress.

Defects in DDR/RSR genes are common in cancer and increase the reliance on parallel DNA
repair pathways (such as ATR-, ATM-, and TP53-signaling) for survival following genotoxic stress
(4). In PCa, TP53 (43% of metastatic PCa patients) together with androgen receptor (AR; 57%),
phosphatase and tensin homolog (PTEN; 35%), ETS genes (e.g., TMPRSS2:ERG fusion, ~30%),
and MYC (21%) are among the most frequently mutated genes (5). TP53 loss-of-function has
been linked to radio-resistance and tumor cell survival (6). Inactivating mutations in ATM, ATR
and BRCA1/2 (which are known ATR substrates) have been linked to PCa. The mutation rates of
BRCA1/2 (15% combined), ATR (9%) and ATM (7%) in PCa patients are significantly higher in

lethal compared with localized disease and are associated with earlier age at death and shorter

4
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survival time (5,7). While recent clinical data have associated mutations in DDR genes with
response (8) or resistance (9) to alpha-particle therapy, the roles of DDR/RSR and TP53
pathways in modulating responses to RLT in PCa have not been investigated systematically.
Here, we investigate the biological responses of a PCa mouse model to PSMA-RLT with the
goal to identify actionable mechanisms potentially underlying resistance to PSMA-RLT in PCa.
We profiled RLT-induced proteomic and phosphoproteomic changes in tumors to elucidate
compensatory cellular stress responses and identify potential liabilities that could be exploited by
novel RLT-based combination therapies. Lastly, we demonstrated that TP53 loss-of-function

decreases sensitivity to PSMA-RLT in our PCa model.
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METHODS
Cell Culture

C4-2 cells were provided by Dr. G. Thalmann (Department of Urology, Inselspital Bern). C4-
2TP537 cells were generated by Crispr/Cas9-knockout of tp53 using a tp53 guide RNA
(GTGTAATAGCTCCTGCATGG (10)) in the lentiCRISPRv2 backbone (# 52961, addgene; the full
targeting vector was a gift of Dr. D. Nathanson, UCLA) and validated as shown in Supplemental
Figure 1. Cells were maintained in Rosewell Park Memorial Institute 1640 medium/10% fetal
bovine serum at 37°C, 5%CO2, monitored for mycoplasma contamination using the Venor GeM
mycoplasma detection kit (Sigma Aldrich), and authenticated by short tandem repeat sequencing

(August 2019; Laragen).

Therapy Studies

The UCLA Animal Research Committee approved all animal studies (# 2005-090). Male, 6-
8 weeks (wk) old Nod Scid gamma mice (UCLA Radiation Oncology Animal Core) were housed
under pathogen-free conditions, food/water ad libitum, 12-12 hour light-dark cycle. Mice were
observed daily to ensure animal welfare and determine if humane endpoints were reached (e.g.,
decreasing body condition score including severe weight loss, hunched, ruffled appearance,

apathy, ulceration, tumor burden impeding with normal movement or tumor volume 23cm3).

In vivo PSMA expression was verified by 8Ga-PSMA-11 PET/CT (Supplemental Figures 1C,

2) (11).

To optimize therapeutic acitivity of [*2°Ac]Ac- and ['7Lu]Lu-PSMA-RLT in mice with
subcutaneous C4-2 tumors (5x108 cells, 100% matrigel), mice were randomized based on tumor
volume into the following groups: Study 1, untreated, 30MBq or 120MBq ['"7Lu]Lu-PSMA-617 (11)
(n=6 mice/group); Study 2, untreated, 20kBq, 40kBq, or 100kBq [*?°Ac]Ac-PSMA-617

(intravenously) (72) (n=8 mice/group). Therapeutic efficacy was assessed by caliper (vol =
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%(length x width?); study 1) or computed tomography (CT; study 2), time to progression to half-

maximal tumor volume (TTP), and survival.

To investigate the impact of TP53-status on RLT efficacy, mice bearing subcutaneous C4-2
or C4-2TP537 tumors were randomized into vehicle (0.9% saline) or ['’Lu]Lu-PSMA-617
(15MBq, intravenously) groups (n=8-10 mice/group). Therapeutic efficacy was assessed by CT,

TTP and survival.
Radiochemical Synthesis

PSMA-617 precursor (ABX GmbH) was stored in aliquots (1mg/mL) in 0.1% aqueous
trifluoroacetic acid until use. No-carrier-added "7LuCl; was obtained from Spectron MRC.
Actinium-225 was supplied by the Isotope Program within the Office of Nuclear Physics in the
Department of Energy’s Office of Science. Radiolabeling was performed at the UCLA Biomedical
Cyclotron Facility as previously described, resulting in molar activities of 84GBg/umol and

130MBg/pumol for ['77Lu]Lu-PSMA-617 and [*5Ac]Ac-PSMA-617, respectively (73).
Immunoblot

TP53 (#2527; all antibodies Cell Signaling), phospho-Chk2 (Thr68; #2197), p21 (#2947),
phospho-Histone H2A.X (Ser139; #9718), and B-actin (#3700) were detected as previously

published (714).
PSMA expression and radiosensitivity

PSMA expression was flow cytometrically quantified using an anti-hPSMA-APC antibody; in
vitro radiosensitivity of tumor cells was assessed by propidium iodide staining (flow cytometry)

and as days to confluence following irradiation (13).
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Mass Spectrometry (MS)

Tandem mass tagging and normal phase liquid chromatography-MS/MS was used to quantify
the total proteome and phosphoproteome of C4-2 tumors 48h after treatment with 40kBq
[?*°Ac]Ac-PSMA-617 or 120MBq ['7Lu]Lu-PSMA-617 (n=3-5 tumors/group). MS data were
processed using Elucidata’s Polly software packages (www.elucidata.io, Elucidata, Cambridge,
MA). The complete proteomic and phosphoproteomic datasets can be accessed on MassIVE
(University of California San Diego; https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp),

identifier: MSV000086408. A detailed description is provided in the supplement.

Statistics

Statistical analysis of data was performed using GraphPad Prism 8. Statistical significance
was set to p<0.05. The Log-rank (Mantel-Cox) test was used for survival and TTP analyses.
Therapeutic efficacy data were analyzed with one-way ANOVA with Bonferroni correction. For
analysis of MS data, differential expression events were defined by identifying
proteins/phosphopeptides with between-treatment variance significantly larger than within-
replicate variance using one-way ANOVA. Significantly altered proteins/phosphopeptides were
filtered using Benjamini-Hochberg procedure at 5% false discovery rate (FDR). All statistical
analyses of proteomic/phosphoproteomic MS data were performed using Python. Nucleotide pool

measurements in RLT vs. control tumors were compared with two-tailed unpaired t-tests.
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RESULTS
Optimizing PSMA-RLT in the C4-2 PCa model

To identify the treatment acitivity resulting in the best anti-tumor effects without toxicity, mice were
treated with varying activites of [??°Ac]Ac- or [V7Lu]Lu-PSMA-RLT. PSMA-RLT induced
significant, dose-dependent tumor shrinkage, and increased TTP and survival (Figure 1).
[??°Ac]Ac-PSMA-RLT with 100kBq achieved the best tumor control, but mice experienced toxicity
as evidenced by deteriorating mouse condition leading to a humane endpoint explaining their
shorter survival. No severe weight loss was observed following [7Lu]Lu-PSMA-RLT
(Supplemental Figure 3). Comparing the efficacy of 40kBq [*°Ac]Ac-PSMA-RLT vs. 30MBq
['"7Lu]Lu-PSMA-RLT, [?2°Ac]Ac-PSMA-RLT resulted in longer survival (p=0.0019), but not TTP
(p=0.147) (the treatment activities of 30MBq and 40kBq were chosen for comparison because
they most are comparable in terms of energy deposition and tumor dose; our unpublished

observations).

PSMA-RLT Induces DDR/RSR, Cell Cycle Arrest, and TP53 Signaling

To investigate the molecular alterations in tumors induced by PSMA-RLT, we used global
proteomics/phosphoproteomics. [22°Ac]Ac-PSMA-RLT altered 3.3% of the proteome and 2.8% of
the phosphoproteome; in ["""Lu]Lu-PSMA-RLT treated tumors, 2.5% of the total identified
proteome and phosphoproteome exhibited significant differences between control and RLT
groups (Figure 2A). The difference in the number of significant alterations in [*°Ac]Ac- vs.
['"7Lu]Lu-PSMA-RLT samples most likely reflects technical improvements of the MS methodology
that were made in the time between the lutetium-177 and the actinium-225 studies, e.g., a transfer
from manual to semi-automatic tissue homogenization that improved sample quality. Because of
this technical development we focused on the alterations common to [??°Ac]Ac- and ['77Lu]Lu-

PSMA-RLT. However, it cannot be excluded that [>25Ac]Ac- vs. ['’Lu]Lu-PSMA-RLT can induce
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different alterations in the proteome/phosphoproteome due to differences in energy deposition to

the surrounding tissue and the resultant differences in biological effect.

Differential regulation of DDR/RSR signaling, accompanied by cell cycle arrest, was one of
the most significant alterations in PCa following PSMA-RLT (Figure 2C). RLT enhanced ATM,
ATR and casein kinase 2A.1 (CSNK2A1) and suppressed CDK activity by increasing
phosphorylation of ATM at Ser2996, and of known ATM, ATR and CSNK2A1 substrates (e.g.,
BRCA1), while decreasing the phosphorylation of CDK substrates (e.g., ribonucleotide reductase
regulatory subunit M2; RRM2) (Figure 3). Upregulation of p21 and the TP53-inducible subunit
RRM2B indicated enhanced TP53 activity. RLT modulated the activity of additional transcription
factors involved in responses to genotoxic stress and cell cycle progression: GATA1 (15) and
REST corepressor 1 (16) were upregulated, while BRCA1, MYC and E2F family members were

downregulated (Figure 2D).

Supporting the notion of RLT-induced replication stress and consistent with alterations in
nucleotide metabolism pathways in response to RLT (Figure 2C), nucleotide levels and

expression of RRM2 and thymidine kinase 1 (TK1) were decreased by PSMA-RLT (Figure 4).

RLT deregulated AR (diminished phosphorylation of AR Ser310) and proteins regulated by
or regulating AR, such as CSNK2A1, heat shock protein 90 AB (HSP90AB), and RAC-alpha

serine/threonine-protein kinase (AKT1) (Figure 3) (17-19).

TP53-loss renders tumors less responsive to PSMA-RLT

Based on the proteomic/phosphoproteomic analyses (Figure 2C), and the observation that
TP53 alterations are among the most common mutations in metastatic PCa, we tested if TP53-
status impacts RLT responsiveness in PCa. RLT resulted in excellent disease control in parental
C4-2 tumors with significantly reduced tumor burden (p<0.0376), and increased TTP (NT, 27d;

RLT, not reached; p=0.016) and survival (NT, 38d; RLT, not reached; p=0.044) (Figure 5B). Mice

10
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with C4-2TP537 tumors were less responsive to RLT than those with C4-2 tumors; neither tumor
growth, nor TTP (NT, 14d; RLT, 30.5d; p=0.3250) or survival (NT, 21d; RLT, 42d; p=0.3939) were

significantly reduced) (Figure 5C).

11
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DISCUSSION

Using proteomic/phosphoprotemic analysis, we identified compensatory tumor cell
mechanisms that may mitigate the cytotoxic effects of RLT to confer treatment resistance, and

that could be exploited for synergistic RLT-combination therapies.

Unbiased investigation of adaptive tumor cell mechanisms in response to PSMA-RLT
revealed that PSMA-RLT was associated with activation of genotoxic stress response pathways
and TP53-dependent cell cycle checkpoints. To our knowledge, the current study is the first
systematic evaluation of the effect of RLT on DDR/RSR pathways. The relevance of DDR/RSR
signaling for RLT efficacy is supported by first clinical data showing aberrations in the DDR/RSR
system in 6/7 patients resistant to [?2Ac]Ac-PSMA-RLT (9), and in 28 (out of 93) PCa patients
responding to radium-223 treatment (8). The exact consequence of defects in or de-regulation of
the DDR/RSR are likely context-dependent. DDR/RSR de-regulation can drive tumor evolution
and progression due to increased genomic instability, and might contribute to mitigating the
cytotoxicity from RLT to facilitate tumor cell survival. At the same time, these defects create
vulnerabilities, for example by enhancing the reliance on parallel DNA repair pathways for survival
following genotoxic stress (4); these pathways could be targeted to trigger excessive DNA
damage and thus, cell death. In addition, high DNA damage levels and disturbance of the
DDR/RSR pathway might lead to a more error-prone DNA repair, which might support tumor

immunogenicity by increasing tumor mutational burden.

Clinical stage inhibitors of ATM, ATR and poly (ADP-ribose) polymerase (PARP) are
synthetically lethal in DNA repair-compromising settings (20,27) and have radio-sensitizing
properties (3). Two studies demonstrated synergistic efficacy of thorium-227 radioimmunotherapy
and inhibition of ATR or PARP (22,23), and the combination of [""’Lu]Lu-PSMA-RLT with the
PARP inhibitor Olaparib is being investigated for the treatment of (genetically unselected)

metastatic PCa (NCT03874884). ['"Lu]Lu-DOTA-octreotate combined with Talazoparib

12
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improved disease control and survival compared to RLT alone in murine neuroendocrine tumors
(24). In this context, the deregulation of ATM, ATR, CHEK2 and BRCA1 following PSMA-RLT
observed in the current study supports integration of ATR (e.g., AZD6738, BAY1895344), ATM
(e.g., AZD1390), and PARP (e.g., Olaparib, Talazoparib) inhibitors as radiosensitizers into RLT

regimens.

TPS53 is another key-effector of the DDR/RSR and mediates cell cycle arrest to allow for
repair of damaged DNA. Conversely, TP53 aberrations have been linked to radio-resistance and
proliferation despite severe DNA damage (6,25), and TP53-knockout rendered PCa less
responsive to PSMA-RLT than their TP53-wildtype counterparts (Figure 5). This finding validates
our proteomic/phosphoproteomic approach to elucidate potential RLT resistance mechanisms
and suggests that TP53-status is one factor impacting the outcome of PSMA-RLT. Drugging
mutant TP53 to restore TP53-wildtype function has proven difficult due to the multitude of TP53
mutations with different properties (26); only one compound, APR-246, is currently being tested
in clinical trials and has achieved FDA breakthrough therapy designation. However, TP53-mutant
PCa exposed to RLT may particularly depend on ATM and ATR for survival (27). Future studies

will investigate if inhibition of these kinases sensitizes TP53-mutant (and -wildtype) PCa to RLT.

In agreement with the activation of DDR/RSR signaling, RLT impacted nucleotide metabolism
in our PCa model. Synthesis of nucleotides is essential for DNA repair as cellular nucleotide pools
are limited and produced on demand (28). The two major nucleotide biosynthesis pathways are
the de novo pathway, which relies on glucose and amino acids, and the salvage pathway in which
preformed nucleosides are recycled (29). RLT downregulated key-effectors in de novo (RRM2,
carbamoyl-phosphate synthetase 2) and salvage nucleotide biosynthesis (TK1), and decreased
nucleotide levels. However, expression of deoxycytidine kinase, the second key effector in the
nucleotide salvage pathway next to TK1, was not impacted by RLT. This finding suggests that

deoxycytidine kinase-mediated nucleotide salvage might contribute to RLT resistance in PCa by

13
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enabling cells to sustain nucleoside salvage biosynthesis following RLT, thereby avoiding severe

nucleotide depletion which may impair DNA repair capacity.

Further analysis of the proteome/phosphoproteome revealed targetable signaling alterations
beyond canonical DDR/RSR signaling, including deregulation of AR, AKT1, MYC, and HSP90.
AR transcriptional activity was enhanced following RLT, possibly due to reduced phosphorylation
of AR Ser310 (30). RLT-induced AR activation may have important consequences as AR has
been associated with regulation of the DDR and suppression of PSMA expression (37). Thus, AR
might confer resistance to PSMA-RLT by facilitating DNA repair and reducing target expression.
However, inhibition of AR signaling, which is widely used in PCa, could be exploited to upregulate
PSMA expression before [¢8Ga]Ga-PSMA-PET/CT and PSMA-RLT with the aim to improve tumor
detection, targeting and radiation dose delivery (NCT04419402, NCT04279561, NCT03977610).

The phosphatidylinositol-3-kinase (PI3K)/AKT/mammalian target of rapamycine (mTOR)
pathway is a complex pathway of special interest in PCa because of its extensive crosstalk with
AR signaling, and PTEN aberrations in ~35% of metastatic PCa render AKT constitutively active
(5). These characteristics have been associated with radio-resistance, regulation of TP53-
signaling, aggressive PCa phenotypes, and resistance to AR-targeted therapies (32). While
PI3K/AKT/mTOR inhibitors have shown promising in vitro and in vivo anti-PCa efficacy (33,34),
only the mTOR inhibitor Everolimus has undergone clinical testing in combination with
radiotherapy (NCT01548807) (35). However, combined inhibition of AR and PI3K/AKT signaling
is being explored (e.g., NCT01485861, NCT02525068) as AR inhibition can upregulate PI3K/AKT
signaling (and vice versa) to maintain tumor cell survival and promote resistance. Given the
radiosensitizing properties of both, AR and PI3K/AKT inhibition (36) this treatment combination
might sensitize PCa to RLT while preventing the development of resistance associated with either

inhibitor alone.

MYC is an important PCa driver that has been associated with numerous pro-tumorigenic

14
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signaling and metabolic alterations resulting in e.g., (androgen-independent) proliferation,
metastasis, genomic instability, and, importantly, transition to neuroendocrine PCa (37,38).
Compounds reducing MYC expression or activity have shown promise for the treatment of PCa
(39) and may radio-sensitize PCa (36), which supports their exploration in RLT combination
therapies. Among those compounds are inhibitors of bromodomain proteins, CDKs, and HSP90.
Interestingly, RLT increased the activity of HSP90AB1, a molecular chaperone for many proteins
implicated in DNA repair signaling cascades, including AR (40). HSP90 is an emerging target in
PCa, and its inhibition can upregulate PSMA expression on PCa cells (Supplemental Figure 1G),

and synergize with [""’Lu]Lu-DOTATATE in murine neuroendocrine tumors (41,42).

CONCLUSION

Causes of RLT resistance are not well understood, respresenting a major barrier to urgently
needed, more effective RLT approaches. While the generalizability of our findings is limited by
use of a single immunocompromised mouse model, our study identifies tumor cell intrinsic
mechanisms that might allow PCa cells to survive RLT, and key-effectors of these mechanisms
that represent attractive targets for synergistic RLT-combination therapies (e.g., DDR/RSR, AR,
MYC, PISBK/AKT/mTOR pathways). In ongoing studies, we are exploring these combination
therapies with the aim to provide rationales for clinical studies. Association of PSMA-RLT (43)
and identified key-effectors with tumor immunogenicity, including the upregulation of PD-L1 on
tumor cells by radiation-induced ATR activation (44), supports the combination of RLT with
DDR/RSR inhibitors and immunotherapies. Lastly, our data advocate for the systematic molecular
profiling of PCa patients eligible for RLT with the goal to identify determinants and predictors of
RLT-responsiveness that will guide patient stratification and the selection of RLT combination

therapies.
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Key Points

Question: Which signaling mechanisms mediate resistance to PSMA-RLT, and could be targeted

to increase RLT efficacy?

Pertinent Findings: PSMA-RLT induced alterations in the prostate cancer
proteome/phosphoproteome, including deregulation of compensatory DNA damage and

replication stress response pathways. TP53-status impacted response to PSMA-RLT in vivo.

Implications for Patient Care: Our results elucidate mechanisms underlying RLT-resistance and

facilitate development of rational synergistic combination therapies.
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[2°Ac]Ac- and ["’Lu]Lu-PSMA-RLT. (A)

Individual tumor growth curves following ['"7Lu]Lu-PSMA (n=12 tumors, 6 mice/group; NT vs.

RLT, p<0.0018 [7wk];, 30MBq vs. 120MBq, p>0.99 [7wk], p=0.032 [16wk]). (B) top: Survival:

4.8wk (NT), 15wk (30MBq), not reached (120MBq) (n=6 mice/group: all p<0.001). bottom: TTP:

6.6wk (NT), not reached (30MBq, 120MBq) (n=6 mice/group; NT vs. 30MBq, p=0.153; all other

p<0.014). (C) Individual tumor growth curves following [?2°Ac]Ac-PSMA-RLT (n=8 mice/group; NT

vs. RLT, p<0.027 [6wk]; 20kBq vs. 40kBq or 100kBq, p<0.023 [15wk], 40kBq vs. 100kBq, p>0.99).

(D) top: Survival: 4.5wk (NT), 16wk (20kBq), 30wk (40kBq), 19wk (100kBq) (n=8 mice/group;

p<0.0137, except 40kBq vs. 100kBq, p=0.0783; 20kBqg vs. 100 kBq, p=0.6203). bottom: TTP:

3.5wk (NT), 15wk (20kBq), not reached (40kBq, 100kBq) (n=8 mice/group; p<0.0012, except

40kBq vs. 100kBq, p=0.679). NT = non-treated.
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Figure 2. Proteomic analyses of PCa tumors reveal PSMA-RLT induced alterations. (A)
Experimental workflow (also applies to Figure 3). (B) Volcano plots highlighting changes in protein
levels relative to the untreated groups (n=188 significant proteins for ['"7Lu]Lu-PSMA-RLT, 241
for [#5Ac]Ac-PSMA-RLT). (C) Gene ontology analysis of the two datasets reveals commonly
activated pathways. (D) Transcription factor enrichment analysis on differentially expressed
proteins. Identified transcription factors have at least 4 associated targets. Graphs represent data

from 3 tumors/group for ['77Lu]Lu-PSMA-RLT and 5 tumors/group for [?2°Ac]Ac-PSMA-RLT.
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Figure 3. Phosphoproteomic analyses of PCa tumors reveal PSMA-RLT induced
alterations. (A) Volcano plots of the identified phosphopeptides (n=512 significant
phosphopeptides for ['7Lu]Lu-PSMA-RLT and 405 for [??°Ac]Ac-PSMA-RLT). (B) Kinase-
substrate enrichment analysis identifying kinases with at least 5 substrates. Graphs represent

data from 3 tumors/group for ['"’Lu]Lu-PSMA-RLT and 5 tumors/group for [>2°Ac]Ac-PSMA-RLT.
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Figure 4. Nucleotide levels. Nucleotides are significantly altered by [*2°Ac]Ac-PSMA-RLT

compared to untreated controls (p<0.0499). Mean fold-changetstandard deviation is shown,

normalized to non-treated (NT) (n=5 tumors/group). Significant differences are indicated by

asterixes. dAMP - deoxyadenosine monophosphate, dADP - deoxyadenosine diphosphate, dATP

- deoxyadenosine triphosphate, dGTP - deoxyguanosine triphosphate, dCMP - deoxycytidine

monophosphate.
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Figure 5. TP53-loss renders PCa resistant to PSMA-RLT. (A) Tumor growth of C4-2 (left)
and C4-2 TP53" (right) tumors treated with 15MBq ['""Lu]Lu-PSMA-RLT. Geometric mean and
95% confidence interval (n=8-10 mice/group) are shown. Asterixes indicate significance. (B)
TTP: C4-2: NT, 27d; RLT, undefined (p=0.0016); C4-2 TP53": NT 14d; RLT, 30.5d (p=0.3250).
(C) Survival: C4-2: NT, 38d; RLT, undefined (p=0.0044); C4-2 TP537:NT, 21d; RLT, 42d

(p=0.33939). NT - no treatment.
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This study identifies signaling alterations induced by PSMA-RLT in prostate cancer that mediate resistance to RLT and could be exploited for
synergistic RLT-combination therapies.
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Mass Spectrometry
A. Protein extraction, digestion, labeling and pooling

Tumors resected 48hr after treatment were snap-frozen in liquid nitrogen and homogenized
using a bead mill (Omni Bead Ruptor 24) with 10 cycles of 30 s on 30 s off, power level 8, and
chilled to 4°C with liquid nitrogen. One milliliter ice-cold, fresh lysis buffer (50 mM
triethylammonium bicarbonate, pH 8.5, 0.5% deoxycholate, 12 mM sodium lauroyl sarcosine,
protease inhibitor cocktail (Sigma) and phosphatase inhibitor cocktail containing 10 mM sodium
pyrophosphate, 50 mM sodium fluoride, 1 mM sodium orthovanadate, and 50 mM beta-
glycerophosphate) was used for tumor homogenization. Tumor homogenates were centrifuged at
450 xg for 5 min at 4°C and supernatants were sonicated for 10 min, 30 s on 30 s off, at 4°C using
Bioruptor Pico (Diagenode) followed by heating at 95 °C for 5 min. Protein concentrations of
lysates were quantified by the BCA protein assay (Thermo Fisher Scientific), and 1 mg total
protein from each sample was carried through the rest of the sample preparation. Protein
disulfides were reduced with 5 mM dithiothreitol (final concentration) for 30 min at 37°C, followed
by alkylation with 10 mM chloroacetamide (final concentration) for 30 min at room temperature in
the dark. Excess alkylating agent was quenched by adding the same amount of dithiothreitol as
in the previous step and incubating for 5 min at room temperature. Each sample was then diluted
1:5 using 50 mM triethylammonium bicarbonate, pH 8.5, containing 10 ug trypsin (Promega) and
digested at 37 °C for 4 h. A second aliquot of 10 ug trypsin was spiked into the samples and
digested overnight at 37 °C. The reaction was quenched and detergents were extracted with 1:1
(v:v) ethyl acetate containing 1% trifluoroacetic acid. The samples were vortexed vigorously and
centrifuged at 16,000xg for 5 min. The lower aqueous phase was transferred to new
microcentrifuge tubes and dried using a SpeedVac vacuum concentrator. The samples were
reconstituted in 2% acetonitrile with 0.1% trifluoroacetic acid, desalted on Oasis HLB 10 mg

cartridges (Waters), and dried using a SpeedVac. Samples were resuspended in 200 mM EPPS,
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pH 8.5, and peptide concentration was obtained using the Pierce Quantitative Colorimetric
Peptide Assay. Four hundred microgram peptides were labeled with 10-plex TMT reagents at a
1:2 reagent : peptide concentration following the manufacturer’s instruction, and dried by
SpeedVac. Samples were reconstituted in 2% acetonitrile with 0.1% trifluoroacetic acid, and 1 ug
total peptides from each sample were pooled and desalted using SDB StageTips. The pooled
sample is used to assess the TMT ratios for fine adjustments to the TMT reagent and sample
volume to achieve better uniform ratios among the samples. One microgram of total peptide from
this pooled sample was acquired via nanoLC-MS/MS on a QExactive Plus (Thermo) using a 3h
gradient. The raw data were processed using Proteome Discoverer v2.2 (Thermo) (see E.). Each
sample was normalized to the protein median fold change compared to the 126 m/z TMT channel
and ~300 ug of each sample was pooled accordingly. The pooled peptide sample was desalted

on an Oasis HLB 200 mg cartridge (Waters) and dried by SpeedVac.

B. Phosphopeptide enrichment by immobilized metal affinity chromatography

For phosphopeptide enrichment using Fe-IMAC 3 mg of dried peptides were solubilized in
900 uL of phosphopeptide binding solution (80% acetonitrile and 0.1% TFA). One hundred fifty
microliters peptide aliquots were mixed with 165 uL of Fe-IMAC beads and incubated at room
temperature for 30 min with shaking. The supernatant and all washes were collected, dried by
SpeedVac, desalted on an Oasis HLB 200 mg cartridge (Waters) and used for peptide
fractionation and total protein quantification via nanoLC-MS/MS (see D.). The phosphopeptides
were quickly eluted from beads with 100 pL of phosphopeptide elution solution (70% acetonitrile
and 1% ammonium hydroxide), passed through C8 StageTip and acidified with 30 yL 10% formic

acid. The phosphopeptide eluents were dried by SpeedVac and desalted using SDB StageTips.

C. Offline basic pH reverse phase liquid chromatography
The complete phosphopeptide-enriched sample and 70 pg of the non-phosphopeptide

sample were each solubilized in 3 pL buffer A (10 mM ammonium bicarbonate, pH 10, and 2%
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acetonitrile) and separated on a Zorbax 300Extend-C18 column (3.5 ym particle size, 0.3 mm x
150 mm, Agilent) using an Agilent 1260 capillary pump and yWPS autosampler equipped with an
8 pL sample loop. Ninety-six fractions were collected with a 60 min gradient from 5-60% buffer B
(90% acetonitrile, 10 mM ammonium bicarbonate, pH 10, flow rate of 6 uL/min) into pre-deposited
20 pL of 5% formic acid. The samples were concatenated with an interval of 24 to form 24 final
fractions (e.g., fractions 1, 25, 49, and 73 combined, fractions 2, 26, 50 and 74 combined, and so

on). The concatenated fractions were desalted using SDB StageTips and dried by SpeedVac.

D. Acidic pH reverse phase liquid chromatography coupled with tandem MS

The dried peptide fractions for whole proteome analysis were reconstituted in 11 uL of 2%
acetonitrile and 0.15% formic acid. For phosphopeptide analysis, the dried peptide fractions were
reconstituted in 6 uL of 2% acetonitrile and 0.15% formic acid. Five microliters of sample were
loaded on a laser-pulled reverse phase column (150 um % 20 cm, 1.8 ym C18 resin with 0.5 cm
of 5 ym C4 resin at the laser-pulled end, Acutech Scientific, San Diego, CA) interfaced with an
Eksigent 2D nanoLC, Phoenix S&T dual column source, and QExactive Plus MS (Thermo).
Peptides were eluted using 5-40% buffer B gradient in 3h (buffer A: 2% acetonitrile, 0.15% formic
acid; buffer B: 98% acetonitrile, 0.15% formic acid, flow rate of 0.5 pyl/min). The column was heated
to 60°C by a butterfly portfolio heater (Phoenix S&T) to reduce backpressure. The mass
spectrometer was operated in data-dependent mode with a survey scan from 350-1500 m/z
(70,000 resolution, 3 x 10 6 AGC target and 100 ms maximal ion time) and 10 MS/MS scans with
starting fixed m/z of 100 (35,000 resolution, 2 x 10 5 AGC target, 120 ms maximal ion time, 32

normalized collision energy, 1.2 m/z isolation window, and 30 s dynamic exclusion).

E. Identification and quantitation of peptides using Proteome Discoverer v 2.2
The acquired MS/MS raw files were searched by the Sequest algorithm against a forward
and reverse target/decoy database to estimate FDR. The target protein database was

downloaded from the Uniprot human database (reference and additional sequences, 93,320
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protein entries; downloaded in March 2018) and the decoy protein database was generated by
reversing all target protein sequences. A contaminate protein database was included in the
searches (244 protein entries; downloaded from MaxQuant 1.6.0.16). Spectra were searched with
+ 10 ppm for precursor ion and £ 0.02 Da product ion mass tolerance, fully tryptic restriction, static
mass shift for TMT-tagged N-terminus and lysine (+229.16293), carbamidomethylation on the
cysteine (+57.021), dynamic mass shift for oxidation of methionine (+15.995), deamidation of
asparagine and glutamine (+0.984), acetylation of protein N-terminus (+42.011), phosphorylation
of serine, threonine and tyrosine (+79.96633, only for phosphopeptide-enriched fractions), two
maximal missed cleavages, three maximal modification sites, and the assignment of b and y ions.
Putative peptide spectra matches were filtered by Percolator using 1% FDR. Post-translational
modifications were site localized using ptmRS software. TMT reporter ions were quantified using

the most confident centroid with reporter ion mass tolerance at 20 ppm.

F. Differential expression analysis of the proteome and phosphoproteome

Differential expression events were defined by identifying proteins/phosphopeptides with
between-treatment variance significantly larger than within-replicate variance using one-way
ANOVA (analysis of variance). Significantly altered proteins/phosphopeptides were filtered using
Benjamini-Hochberg (BH) procedure at 5% FDR. All statistical analysis, principle component
analysis, and unsupervised hierarchical clustering was performed using Python. Kinase-substrate
enrichment analysis (KSEA) was performed using the KSEA App (https://
casecpb.shinyapps.io’ksea/). Briefly, the significantly-altered phosphopeptides were submitted
and respective kinases were assigned using the PhosphositePlus database and NetworKin.
Kinases were filtered with 5% FDR (n=512 significant phosphopeptides for "’Lu and 405 for

2250c).
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Supplemental Figure 1. Functional validation of C4-2 TP53” cells. (a) Confirmation of
Crispr/CAS9 mediated {p53 deletion in C4-2 cells by immunoblot (anti-p53, 7F5, dilution 1:1,000,
#2527; anti-p-actin, 8H10D10, 1:10,000, #3700; Cell Signaling) (n=1). (b, ¢) Comparable PSMA
expression levels in wt (red) and ko (green) cells as assessed by flow cytometry using an anti-
hPSMA-APC antibody (1:10 dilution, REA408, Miltenyi; BD LSR Il flow cytometer). Filled red
curve: unstained control (n=1) (b), or by ®Ga-PSMA PET/CT images (1 representative mouse
out of 5 is shown per group) (c). (d-f) Loss of TP53 increases resistance of C4-2 cells to radiation
in vitro. (d) Immunoblot analysis of DNA damage response activation in vitro following irradiation
with 5 Gy using antibodies detecting phospho-Chk2 (Thr68; C13C1, 1:1,000, #2197), p21 (12D1;
1:1,000, #2947), phospho-Histone H2A.X (Ser139; 20E3, 1:2,500, #9718), and B-actin (8H10D10,
1:10,000, #3700; all antibodies Cell Signaling) (n=1). (e) Cell death following irradiation with 5 Gy
was quantified by flow cytometry (propidium iodide). Data were normalized to untreated controls.
(F) Cells were seeded on 6-well plates (100,000 cells/well) and irradiated with 2 Gy or 5 Gy. The

days it took cells to reach confluence was recorded. (g) Flow cytometric quantification of PSMA
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expression following treatment with HSP90 inhibitors for 72h. Data were normalized to untreated
controls. In (e-g), meanzstandard deviation are shown for 3 individual experiments. Significant

differences are indicated by asterixes. ko - C4-2 TP537; wt - C4-2 (parental); NT - not treated.
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Supplemental Figure 2. C4-2 murine model validation. [?®Ga]Ga-PSMA-11 PET/CT confirms
PSMA expression of C4-2 tumors one day before treatment. HU = Hounsfield Unit; %lA/g =

injected activity per gram
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Supplemental Figure 3. Mouse weights. (A) ['"’Lu-JLUPSMA-RLT study (n=6 mice/group). (B)

[°Ac]Ac-PSMA-RLT study (n=8 mice/group). Data represent mean and standard deviation.



