Salicylate enhances the response of prostate cancer to radiotherapy.
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Abstract

Background: Radiotherapy (RT) is a key therapeutic modality for prostate cancer (PrCa), but RT
resistance necessitates dose-escalation, often causing bladder and rectal toxicity. Aspirin, a
prodrug of salicylate (SAL), has been associated with improved RT response in clinical PrCa
cases, but the potential mechanism mediating this effect is unknown. SAL activates the
metabolic stress sensor AMP-activated protein kinase (AMPK), which inhibits de novo
lipogenesis, and protein synthesis via inhibition of Acetyl-CoA Carboxylase (ACC), and the
mammalian Target of Rapamycin (mTOR), respectively. RT also activates AMPK through a
mechanism distinctly different from SAL. Therefore, combining these two therapies may have
synergistic effects on suppressing PrCa. Here, we examined the potential of SAL to enhance the
response of human PrCa cells and tumors to RT.

Methods: Androgen-insensitive (PC3) and -sensitive (LNCaP) PrCa cells were subjected to
proliferation and clonogenic survival assays after treatment with clinically relevant doses of SAL
and RT. Balb/c nude mice with PC3 xenografts were fed standard chow diet or chow diet
supplemented with 2.5g/kg salsalate (SAL pro-drug dimer) one week prior to a single dose of 0
or 10Gy RT. Immunoblotting analysis of signaling events in the DNA repair and AMPK-mTOR
pathways and lipogenesis were assessed in cells treated with SAL and RT.

Results: SAL inhibited proliferation and clonogenic survival in PrCa cells and enhanced the
inhibition mediated by RT. Salsalate, added to diet, enhanced the anti-tumor effects of RT in
PC3 tumor xenografts. RT activated genotoxic stress markers and the activity of mTOR pathway
and AMPK and mediated inhibitory phosphorylation of ACC. Interestingly, SAL enhanced the

effects of RT on AMPK and ACC but blocked markers of mTOR activation.
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Conclusions: Our results show that SAL can enhance RT responses in PrCa. Salsalate is a
promising agent to investigate this concept in prospective clinical trials of PrCa in combination
with RT.

Introduction

Radiotherapy (RT) is key therapeutic modality for all stages of prostate cancer (PrCa),
but these tumors are radio-resistant and require escalating RT doses to improve local control*2,
This imposes a therapeutic challenge since dose-escalation leads to increased bladder and rectal
toxicities™2. There is need to improve the therapeutic ratio of RT in PrCa. Ideal therapies would
be well-tolerated agents that could improve the local control achieved with RT and may allow
dose de-escalation.

A significant body of retrospective data suggests that aspirin (acetyl-salicylate), the most
widely used anti-inflammatory agent, is associated with reduced risk for PrCa®'°, PrCa-related
death2 and improved outcomes in patients treated with RT'3%4, Analysis of about six thousand
men participating in the Cancer of the Prostate Strategic Urologic Research Endeavor
(CaPSURE), showed that aspirin was associated with reduced PrCa mortality in men treated with
RT or prostatectomy*®. In smaller retrospective studies, aspirin, and other anti-coagulants, were
associated with improved biochemical control (assessed via Prostate Specific Antigen; PSA) and
reduced risk for distant metastasis at 4 years after curative RT3, Jacobs et al. (2014) observed
that aspirin and anti-coagulants were associated with improved freedom from biochemical failure
in African Americans with high risk (Gleason 9-10) PrCa treated with curative RT. Similarly,
Osbon et al. (2016)* found that aspirin was associated with reduction in biochemical recurrence
and distant metastasis-free survival at 7 years, in patients treated with curative RT. In localized

early-stage PrCa treated with RT alone, lack of aspirin use was associated with shorter interval to
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biochemical failure (<18 months)*8. Finally, aspirin was associated with improved health-related
quality of life in patients treated with RT but, unfortunately, it was also associated with increased
risk for rectal bleeding®®.

Upon ingestion of aspirin (acetyl-salicylate) the acetyl-group is cleaved by
carboxyesterases and it is this acetyl group which inhibits prostaglandin synthesis and is vital for
its anticoagulant activity (for review see 2°). However, this does not occur with the ingestion of
salsalate?!, a dimer of salicylate (SAL), which has been used extensively for the treatment of
rheumatoid arthritis and is currently in clinical testing for type 2 diabetes and cardiovascular
disease?!. Given the absence of anti-platelet effects, salsalate can be delivered at much higher
concentrations (4-5g/day) leading to SAL serum concentrations of approximately 1mM,
compared to approximately 10uM in patients on ‘baby’ (75mg) aspirin therapy (for review see
20y, Importantly, at serum concentrations achievable with therapeutic salsalate doses (>500uM),
SAL directly binds to and increases the activity of the metabolic stress sensor AMP-activated
protein kinase (AMPK)?, an enzyme that is associated with decreased cancer growth in multiple
cancer types and is a potential target for cancer therapy?. AMPK is a heterotrimeric enzyme
comprised of a-catalytic and - and y- regulatory subunits?*?°, Salicylate binds to the AMPK {1-
subunit leading to allosteric activation of the catalytic a-subunit?>2, The tumor suppressor Liver
Kinase B1 (LKB1), also activates AMPK through phosphorylation of the a-subunit at Thr1722°,

Activated AMPK may suppress cancer cell growth through multiple pathways. This
includes inhibiting MTOR complex 1 (mMTORC1) through phosphorylation of Tuberous Sclerosis
2 (TSC2) and Raptor (Ser792), which suppresses the ribosomal activity and translation initiation

via inhibition of p70 S6 kinase (p705K) and the eukaryotic initiation factor 4E binding protein 1
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(4EBP1)%, respectively. In addition, AMPK inhibits de novo lipogenesis (DNL), which is vital
for membrane biosynthesis and proliferation. This occurs through phosphorylation-mediated
blockade of the rate-limiting enzymes of fatty acid and cholesterol synthesis pathways Acetyl-
CoA carboxylase 1 and 2 (ACCL/2) and p-Hydroxy- -Methylglutaryl-CoA Reductase
(HMGCR), respectively?>%,

Further, during metabolic stress, AMPK suppresses metabolic gene expression and the
cell cycle through phosphorylation (Serl5) and activation of p53%. Interestingly, AMPK also
responds to genotoxic stress downstream of DNA Damage Response (DDR) signals initiated by
Ataxia Telengiectasia Mutated (ATM), to induce p53 and mediate the ionizing radiation-induced
G2-M checkpoint and suppression of survival®.

Previously, we found that SAL suppresses clonogenic survival of PrCa cells in vitro,
effects associated with activation of AMPK and suppression of mTOR and DNL?. With the
clinical observations of aspirin benefiting PrCa patients treated with RT and the ability of SAL to
activate AMPK, inhibit DNL, and suppress PrCa growth led us to conduct our present study. The
aims of the this work were to: 1) investigate the effects of salicylate in combination with RT in
PrCa cells (LNCaP and PC3) in vitro and 2) examine whether salicylate delivered orally in the

form of salsalate could enhance the effects of RT in vivo in PC3 PrCa xenografts.

Materials and Methods
Cell lines and treatments. PrCa cells (PC3, LNCaP) were from the American Type Culture
Collection (ATCC). The normal human prostate epithelial PNT1A cells were a kind gift from Dr.

Gurmit Singh, McMaster University. Cells were grown in Roswell Park Memorial Institute
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(RPMI) medium with 1% antibiotic—anti-mycotic (Gibco) and 10 % FBS (Gibco), at 37°C. Cells
were treated with sodium-salicylate (SAL) (Sigma) and/or RT as indicated.

Proliferation assays. Cells were seeded in 96-well plates and allowed to adhere overnight. SAL
treatments were applied after 24h and RT or sham treatments 24-hours later. Cells were allowed
to grow for 5 days, washed and stained with 0.5% crystal violet stain (Sigma). Plates were dried
overnight, cells were solubilized in 0.05M NaH2POs in 50% ethanol and optical density was
analyzed.

Clonogenic assays. Cells were seeded into 12-well plates, allowed to adhere overnight. SAL pre-
treatment occurred 24-hours prior to RT, and cells grew for 7 (PC3) or 14 (LNCaP and PNT1A)
days. Cells were then fixed and stained with crystal violet. Colonies >50 cells were counted, and
colony counts were normalized to untreated controls.

Lipogenesis assay. Cells were pretreated without or with SAL for 24-hours followed by RT (0 or
2Gy). 48-hours later cells were incubated with radio-labeled *H-sodium acetate (10pCi/ml,
PerkinElmer) and unlabeled sodium acetate (0.5mM) for 4-hours, were washed with cold PBS,
scraped and subjected to chloroform-methanol lipid extraction. Radio-labelled lipids were
counted in a scintillator, as described?.

Xenograft experiments. 5-week old male BALB/c-Nude mice (Charles-River: Mississauga, ON)
were housed in a pathogen-free facility with ad libitum access to radiated chow and water, under
a 12-hour light/dark cycle. PC3 cells (1x10°) in warm PBS were grafted subcutaneously into the
flank. When tumor volumes approached 100 mm?3, animals were randomly divided into four
groups: (1) chow, (2) salsalate (2.5g/kg in chow diet), (3) RT-chow, (4) RT-salsalate, six animals
per group. One week after starting diet treatments, mice were subjected to isoflurane anesthesia,

transferred to HEPA filter Plexiglas tubes and were treated with a single fraction of 0 or 10 Gy of
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RT using clinical Linear Accelerators and an established conformal technique and dosimetry3!.
Non-RT treated mice and RT-treated mice were sacrificed after 7 or 8 weeks, respectively.
Actual tumor volumes were measured at euthanasia. Harvested tumors were Formalin Fixed
Paraffin Embedded (FFPE), cross-sectioned and stained with H+E. All animal procedures were
approved by McMaster University Animal Research Ethics Board.

Immunoblotting. Cells grown in 6-well plates were treated with SAL and/or RT as indicated.
One-hour or 48-hours after treatments, cells were washed, lysed in protease and phosphatase
inhibitor containing buffer. Protein levels were evaluated and lysates were subjected to SDS-
PAGE and immunoblotting, as described?®3!, using specific primary antibodies and horseradish
peroxidase (HRP)-conjugated secondary antibodies. All antibodies were from Cell Signaling
(New England Biolabs, Mississauga, ON). Blots were imaged using Clarity Wester ECL
(BioRad) and quantified using ImageJ Software (NIH). All blots are normalized to B-actin
loading controls for each gel.

Statistical analysis. Results are expressed as a mean with standard error of the mean (SEM).
p<0.05 was considered significant. Prism-6 statistical software was used to run two-way
ANOVA, and Fisher LSD multiple comparisons test. Quadratic linear curve fitting was used to
describe dose-response relationships. Inhibitory (50%) concentration (ICso) values were
calculated using this data transformed to log(x) and the variable slope nonlinear fit calculation in
Prism. Combination Index (CI) analysis was pursued with the Chou-Talalay method, using the

CompuSyn software, as described!-33,
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Results
Salicylate enhances RT-mediated inhibition of PrCa proliferation and clonogenic survival.

We began this work with evaluation of effects of SAL on proliferation rates. Increasing
doses of SAL suppressed proliferation in control and irradiated PC3 cells. Importantly, SAL
inhibited proliferation at clinically achievable high uM doses?® and RT fractions of 2-4 Gy
(Fig.1A-B). ICso values for SAL, RT, and SAL with 2 Gy RT were calculated to be 972.5uM
(SAL), 2.56 Gy (RT) and 192.6uM (SAL on 2 Gy background). Combination index (ClI) analysis
of SAL (125-2500uM) and RT (0-16 Gy) (Fig.1C) showed additivity of the actions of SAL and
RT at low doses of the two agents (see Table S1 in supplemental results, for details). SAL
induced a synergistic suppression of proliferation with 2-8 Gy of RT, with 1ImM SAL + 4 Gy
RT being an optimal combination (see CI values, Table s1). Synergy between the two agents is
lost at very high doses of either SAL or RT.

Next, we aimed to analyze the effects of SAL on clonogenic (oncogenic) capacity of
androgen-insensitive PC3 and androgen-sensitive LNCaP cells, without or with combined
treatment with RT. However, control clonogenic experiments were performed first with the
human normal prostate epithelial line PNT1A. In PNT1A cells low (50uM) or high (500 and
1000uM) SAL doses did not affect significantly clonogenic survival (Fig.sl). A trend for
suppression of survival (mean 15% inhibition) was detected at 1000uM but this did not reach
significance. This lack of efficacy of SAL on PNT1A clonogenic survival, even at doses that
block PrCa cell proliferation, indicated the expected very low cytotoxic capacity of this drug
against non-cancer tissue. For that, no further experiments were performed with those cells.

However, in both PC3 and LNCap cells, SAL inhibited clonogenic survival alone and in

This article is protected by copyright. All rights reserved



combination with RT (2 Gy). Effects of SAL alone became statistically significant at 100uM.
Survival was inhibited at lower drug doses compared to proliferation (Fig.1A-E). PC3 cells were
less sensitive to SAL alone and in combination with RT compared to LNCaP cells, with 1Cso
values of 506.6uM (0 Gy) and 315.8uM (2 Gy) in PC3 cells and 306uM (0 Gy) and 73.1uM (2
Gy) in LNCaP cells. RT (2 Gy) suppressed survival in both PC3 and LNCaP cells (46% and 41%
of untreated controls) and SAL enhanced the response to 2 Gy RT in both cell lines. Finally, we
examined low dose SAL in combination with increasing RT doses. PC3 cells were more resistant
to RT compared to LNCaP but both cell lines showed consistent trends for improved RT

response when they were pretreated with 50uM SAL (Fig.1F).

Salsalate enhances the anti-tumor effects of RT in vivo.

Effects of the salicylate dimer, salsalate, and RT in vivo were examined in PC3
xenografts. Grafted animals were provided chow diet without or with 2.5g/kg salsalate
(achieving circulating salicylate levels of 900uM3#) and/or treated with RT (10 Gy) (Fig.2A). In
non-irradiated tumors, salsalate did not alter tumor growth kinetics (Fig.2B). RT alone reduced
tumor volume compared to controls (average 311.1mm?3 vs 1478.8mm?, respectively) (Fig.2B,C).
Importantly, salsalate enhanced the growth inhibitory effects of RT (97.5mm?3 vs 311.1mm?3,
respectively) (Fig.2C). RT reduced significantly PC3 tumor volumes. Recovery took place 5
weeks later, while in salsalate-fed animals, tumor volume remained low until endpoint (Fig.2C).
Consistent with in-vivo evaluations, ex-vivo direct measurement of tumor volumes, at time of

euthanasia, also showed suppression of tumor growth with addition of salsalate diet to RT
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treatment (Fig.2D). Representative tumor cross sections of FFPE tumors, stained with H+E, are

shown (Fig.2E).

Salicylate and RT affects regulation of AMPK-mTOR signaling events.

AMPK, a negative regulator of mTOR signaling, is activated by RT downstream of
ATM?0_1n PC3 cells, we observed an acute (1-hour) activation of the ATM-AMPK axis by RT
alone, which was sustained for 48-hours, as measured by elevated ACC phosphorylation
(Fig.3A-C). RT also led to sustained activation of the mTOR pathway, detected as p705°K
activation (S6 phosphorylation) and phosphorylation of 4EBP1, suggesting enhanced protein
synthesis for cell repair (Fig.3D-E). SAL treatment elevated levels of inhibitory phosphorylation
of ACC in non-irradiated PC3 cells (Fig.3F,G). Importantly, SAL treatment enhanced AMPK
activation and, although it did not further increase ACC phosphorylation, it almost completely
blocked p705®% and 4EBP1 phosphorylation (Fig.3H,1). These effects were sustained chronically
(48h) with enhanced AMPKa (T172) phosphorylation, inhibitory phosphorylation of ACC and

Raptor and inhibition of p705%K in control and irradiated cells (Fig.3J-L).

Salicylate inhibits de novo lipogenesis (DNL) in PC3 cells.

To analyze the impact of ACC1/2 (Ser79/212) phosphorylation, DNL was examined.
SAL (500puM and 1mM) caused dose-dependent inhibition of DNL in both non-irradiated cells
and irradiated cells, albeit to a lesser extent (Fig.3M). However, we could not demonstrate

increased suppression of DNL by the drug in irradiated cells.
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Discussion

Despite the extensive body of retrospective clinical evidence suggesting an association of
aspirin with improved PrCa outcomes, very few preclinical studies examined the effects of
aspirin in PrCa models and even fewer focused specifically on SAL. High dose SAL (0.5-
20mM) was shown to suppress growth in PrCa cell models®®® and block endothelial to
mesenchymal transition (EMT) in PC3 cells®’. In cervical cancer SAL was shown to enhance the
anti-proliferative and pro-apoptotic effects of RT® but, to date, SAL has not been investigated in

combination with RT in pre-clinical models of PrCa.

SAL enhances RT response in PrCa cells

Here, we show that SAL inhibits proliferation and survival of PC3 and LNCaP PrCa cells
at clinically achievable doses (125-1000uM) and enhances the cytotoxicity of RT (Fig.1).
Importantly, SAL mediates this anti-tumor action without significant activity on normal human
prostate epithelial cells (Fig. s1), indicating a potential of this drug to provide an improved
therapeutic ratio. In PrCa cells, we demonstrate additivity and synergy in the anti-proliferative
effects of SAL and RT indicating a strong potential for combined SAL+RT treatment to improve
the clinical outcomes of RT (see CI values Fig.1C, Table S1). The inhibitory effect of SAL on
PrCa cell proliferation diminished at higher doses of RT (>8 Gy) (Fig.1B). Similarly, the anti-
proliferative action of RT was limited at higher SAL doses (Fig.1A), indicating that the two
agents may engage some overlapping mechanisms. SAL (1mM) showed similar anti-
proliferative efficacy with that of 2 Gy RT indicating a potential for RT dose reduction with

combined therapy. The enhanced synergy of SAL with 4 Gy radiotherapy (CI=0.51, Fig.1C,
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Table s1) suggests that the optimal drug use may be the combination of SAL with hypo-
fractionated RT, which is a new standard of care for PrCa. Importantly, the efficacy of SAL to
suppress clonogenic survival in irradiated cells with 1Cso values of 73.1uM (LNCaP) to 315.8uM
(PC3) (Figs.1D-E), illustrates the potential of significantly lower, well-tolerated, drug levels to
improve the response of PrCa to RT. This is supported by our observation that drug
concentrations as low as 50uM show trends for PrCa sensitization to increasing fractions of RT

(Fig.1F).

Salsalate enhaces prostate tumor response to RT.

Since clinical trials showed that serum SAL levels of approximately 1mM can be
achieved in human circulation with well-tolerated oral doses of salsalate*®*?, we fed
immunocompromised animals grafted with PC3 tumors with salsalate-supplemented chow diet
(2.59/Kg), known to achieve in mice serum SAL levels of 900uM?**.

Despite the observed inhibition of proliferation and clonogenic survival of PrCa cells in-
vitro by SAL treatment alone, we could not observe suppression of PC3 xenograft growth in
animals treated with salsalate diet alone. Currently, we do not have an explanation for this
observation. It is possible that the tumor micro-environment provides mechanisms of resistance
to salicylate action, which are inhibited or blocked by RT treatment allowing uncovering of the
salicylate anti-tumor activity in irradiated tumors only. These may involve tumor vascular supply
and levels of hypoxia, which can be investigated in future studies.

Salsalate diet enhanced tumor response to RT (Fig. 2C). Irradiated tumors sustained

growth inhibition but showed resistance to RT and recovery of growth 5 weeks later. This
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resistance of PrCa tumors to RT was largerly abolished with salsalate diet. Currently, the exact
mechanism of cell death in tumors receiving combined treatment is unclear. We hypothesized
that salsalate diet may mediate additional tumor suppression in irradiated tumors through
induction of necrosis. Detailed analysis of 2-dimentional images, obtained with microscopy of
H+E stained sections from all extracted tumors at end-point, was performed. Interestingly,
although some necrosis was detected in tumors from untreated and salsalate treated animals, this
was reduced in irradiated tumors and those treated with salsalate + RT (Fig. s2). The proportion
of high and normal cellular density increased slightly with RT and SAL treatment. In addition to
major reduction in the overall size and cross-sectional area, tumors from RT and salsalate + RT
treated animals showed proportional reduction in areas of fibrosis and necrosis and were
populated with dense pyknotic nuclei (Fig. s2). Such tumor morphology would not be
unexpected at end-point after RT and salsalate treatment when phagocytosis is expected to have
cleared necrotic cells. Pycknotic cellular appearance may indicate that residual tumors cells may
have undergone senescence or destined for apoptosis.

Overall, the above results show that salsalate is a promising agent that may be able to
abolish RT resistance in human PrCa and it should be investigated clinically in prospective trials

in combination with RT.

Mechanism of action of SAL.

Earlier studies with aspirin observed that suppression of PrCa proliferation was
associated with inhibition of the survival pathways of Stat3 and Erk1/2%. We found no
significant modulation of Erk1/2 phosphorylation by SAL in our studies (Fig. s3A). Earlier work

from our group provided convincing evidence that SAL, i) binds directly to Ser108 of the AMPK
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B1 subunit leading to allosteric activation of the AMPK enzymatic complex?? and ii) suppresses
PrCa survival through a mechanism that requires AMPK1 and involves suppression of DNL%,
In this study we demonstrate once again that SAL, i) activates AMPK, ii) mediates inhibitory
phosphorylation of ACC and suppression of DNL and ii) blocks the mTORC1 pathway,
indicated by, inhibitory phosphorylation of Raptor (S792) and blockade of the activating Thr389
phosphorylation on p70%°K (Fig.3F,J). These effects are observed early (within 1h) and are
sustained in the long term (48h), indicating that SAL mediates an effective suppression of DNL
and mTORC1-mediated growth. The specific phosphorylation sites of Ser79/212 on ACC and
Ser792 on Raptor are established targets of AMPK?,4, Therefore, these results are consistent
with our earlier observations?® and point to the central role of AMPK in the regulation of

metabolic events by SAL in PrCa cells.

Effects in irradiated cells

Similar to earlier work?*#4, this study found that RT activates ATM and AMPK but also
enhances acutely the activity of the mTORCL1 pathway (Fig.3). However, SAL induced a robust
suppression of RT-mediated stimulation of the mTORCL1 pathway, inhibiting phosphorylation of
p705K S6, and 4EBP1 in irradiated cells (Fig.3F,H,1). These effects of SAL were also sustained
in the long term. At 48h after RT, SAL pre-treated cells maintained enhanced inhibitory
phosphorylation of S792 on Raptor and reduced T389 phosphorylation of p70¢ (Fig.3J). Now,
there is solid evidence that mTORC1 regulates Cap-dependent translation, ribosomal biogenesis
and expression of cell cycle, DNL and glycolysis genes, leading to a tight control of protein

synthesis, cellular growth and survival®*, Many of these key functions of mTORC1 are
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mediated through p70%% and 4EBP1%>6, Our observations that SAL mediates an effective
blockade on p705% and 4EBP1 regulation in non-irradiated and irradiated PrCa cells and that it
eliminates the activation of mMTORCL effectors by RT (Fig.3F-L), indicates the strong potential
of this drug to effectively down-regulate ribosomal function and protein synthesis*’ in PrCa
treated with RT. This effect of SAL could indeed lead to improved clinical outcomes of RT in
this disease.

SAL also induced sustained inhibitory phosphorylation of ACC1/2 (Ser79/212) and
suppression of DNL in irradiated cells (Fig.3J-M). We have shown that the SAL-mediated
suppression of DNL is responsible for the suppression of PrCa cell survival, since fatty acid add
back experiments produced a significant reversal of the effects of the drug?®. However, RT had
no measurable effect on lipogenic rates in cells pre-treated with SAL. These results suggest that
the additional inhibition of proliferation and clonogenic survival mediated by RT in SAL-treated
cells is mediated mainly by DNL-independent mechanisms.

Since p53 is a key regulator of cell cycle progression, apoptosis and survival, we
examined its regulation by SAL in untreated and irradiated LNCaP cells expressing wild-type
p53. In these cells, RT induced acute (1h) phosphorylation of ATM and p53 (Serl5) (Fig.s3B).
However, SAL was not able to increase this activity beyond the effect of RT, indicating that
modulation of p53 is likely not a key pathway for the SAL-induced enhancement of RT toxicity.

Taken together, the findings of this study point that the mTORCL1 pathway, an established
driver of growth, survival and resistance to cytotoxic therapies, is suppressed by SAL in PrCa

cells to mediate the enhanced response of these cells to RT.
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Conclusions

The current study shows that SAL, a metabolite of salsalate, decreases proliferation and
clonogenic survival of PrCa and enhances the anti-tumor activity of RT in vitro and in vivo. This
is accomplished with concentrations of SAL that can be achieved safely in human serum with
oral administration of the pro-drug salsalate. Our findings suggest that in irradiated cells SAL
triggers a mechanism of action that involves activation of AMPK and suppression of ACC and
the mTORC1 pathway leading to an observed enhancement of RT cytotoxicity. This is illustrated
in the model of Figure 3N. These observations support strongly investigation of salsalate in
combination with RT in randomized clinical trials in localized PrCa, where there is a need for

improvement of the therapeutic ratio of RT.
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Figure Legends

Figure 1. Dose-Response effects of salicylate, RT and combined treatments on prostate
cancer cell proliferation and clonogenic survival. A, B) Proliferation of PC3 cells seeded at
500 cells/well, expressed as fraction of control. Cells were pre-treated with SAL for 24-hours
prior to treatment with indicated doses of RT. Results of 3 independent experiments (6 replicates
each) are shown. The same set of data is plotted as a function of RT (A) or SAL (B) dose. C)
Combination index analysis was conducted with the proliferation data shown in A and B, using
the Chou-Talalay method and the CompuSyn software. Combination indexes (CI) are plotted
against effect size (Fa: the calculated level of inhibition) for the range of RT dose (indicated in
legend) and SAL doses (written above/below respective data point). CI>1 represents
antagonistic, Cl=1 additive, CI<1 synergistic relationships. D-E) Clonogenic survival of PC3 (D)
and LNCaP (E) cells. Cells (PC3: 500/well) or (LNCaP:1500/well) were seeded in 12-well
plates, allowed to adhere overnight and treated with indicated SAL doses for 24-hours prior to
RT. Cells grew for 7 (PC3) or 14 (LNCaP) days, and stained with crystal violet stain. Colonies
greater than 50 cells were counted as viable. F) Effects of low-dose SAL (50 uM) on a range of
RT doses, was examined with clonogenic assays. Increasing seeding density of cells were used
for increasing doses of RT; PC3 (500-8000/well) and LNCaP (1500-8000/well) were seeded in
12-well plates, allowed to adhere overnight and treated with indicated SAL doses for 24-hours
prior to RT. Colony counts were normalized to number of cells seeded per well, and then to
untreated control conditions. Statistical analysis of proliferation and clonogenic data was carried

out with Prism6, 2-way ANOVA with Fisher-LSD to test for significance at p<0.05(*).
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Figure 2: Effects of salsalate on in vivo prostate cancer tumor growth. PC3 xenograft
response to 2.5g/kg salsalate (dimerized SAL pro-drug) in chow diet and a RT (single fraction of
10Gy). Balb/c-nude mice (n=6/group) were injected subcutaneously in the flank with 1x10° PC3
cells suspended in 100uL of warm PBS, and allowed to engraft and grow. A) Study timeline and
interventions. When tumors reached an average volume of 100mm?® (5wks), measured using a
hand caliper and the ellipsoid volume calculation V=0.5(L*W?), animals were randomized into
control (chow) or salsalate diet (Chow + 2.5g/kg Salsalate). After 1 week on diet, mice were
further randomized into Control (sham RT) or RT (10 Gy) treatment. RT was delivered with
conformal parallel opposed pair (POP) fields using established dosimetric methods (30). B,C)
Tumor volume was measured over time in non-RT mice (B) and RT mice (C). D) Exact ex-vivo
endpoint tumor volumes were measured after tumors were excised. E) FFPE cross-sections of
PC3 xenografts were stained with hematoxylin and eosin stain. Statistical analysis was carried

out with Prism6, 2-way ANOVA with Fisher-LSD to test for significance at p<0.05 (*).

Figure 3: Modulation of the ATM-AMPK/ACC-mTOR pathway by SAL and RT.

A-E) Acute (1-hour, in blue) and chronic (48-hour, in red) signaling responses to RT were
assessed in PC3 cells. PC3 cells were seeded in 6-well plates, allowed to adhere for 24h,
followed by RT treatment (2 Gy or 8 Gy). Cells were allowed to grow for the indicated times (1
or 48 h), lysed, snap frozen, and prepared for electrophoresis and immunoblotting for markers in
the ATM, AMPK and mTOR pathways. F-1) Acute 1-hour response of PC3 cells to 8 Gy RT
after 24-hour SAL pre-treatment (in red) compared to 0 Gy control (in blue) was assessed by

immunoblotting. J-L) Chronic, 48-hour response of PC3 cells to SAL with 0 Gy control (in blue)
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or 2 Gy (in red) RT was assessed by immunoblotting to examine modulation of AMPK, mTOR,
and Erk signaling. M) De novo lipogenesis was evaluated 48h after treatments (matching
immunoblotting in J-L), using radiolabelled 3H-acetate uptake in PC3 cells treated with SAL and
RT (2 Gy), as indicated above. N) Proposed model of signaling and metabolic events activated
by SAL and RT in PrCa cells. All densitometry of immunoblotting experiments were normalized
to untreated controls, analyzed using Image J software, and represent n=3-5 independent
experiments. 2-way ANOVA was used to test for significance with Fisher LSD testing, and

significance was considered at p<0.05.* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

Figure s1. Clonogenic survival of PNT1A cells. Normal human prostate epithelial PNT1A
cells we subjected to clonogenic survival assays, as indicated in Materials and Methods, while
treated with the indicated concentrations of salicylate (SAL). Normalized average + SE values

of 3 independent experiments are shown.

Figure s2. Assessment of proportion of surviving tumor tissue with high and low cellular
density and necrosis or fibrosis, in tumors assessed at end point. Formalin Fixed Paraffin
Embedded tumors were cross-sectioned, mounted on to glass slides and stained with H+E. Three
to four cross-sectional area slides were obtained from each tumor treated with SAL, RT, both or
neither, scanned and quantified with Image J software for areas of live tumor, necrosis and
fibrosis, as indicated in A. Results from calculated areas were normalized against the total tumor

area in each slide (B and C).
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Figure s3. Effects of salicylate (SAL) and radiotherapy (RT) on Erk, ATM and p53
phosphorylation or total levels in PC3 and LNCaP prostate cancer cells. Cells were pre-
incubated with the indicated concentrations of SAL for 24h before treatment with indicated
doses of RT. Subsequently, cells were incubated for either 1 h (B) or 48 h (A) before lysis.
Immunoblotting analysis was pursued with the indicated antibodies, as described in Methods.

Representative results of 2-3 experiments are shown.
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