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Abstract:
Hyperleptinemia is a well-established therapeutic side-effect of drugs inhibiting the androgen axis in
prostate cancer (PCa), including main stay androgen deprivation therapy (ADT) and androgen
targeted therapies (ATT). Given significant crossover between the adipokine hormone signalling of
leptin and multiple cancer-promoting hallmark pathways, including growth, proliferation, migration,
angiogenesis, metabolism and inflammation, targeting the leptin axis is therapeutically appealing,
especially in advanced PCa where current therapies fail to be curative. In this study we uncover leptin
as a novel universal target in PCa, and are the first to highlight increased intratumoural leptin and
leptin receptor (LEPR) expression in PCa cells and patient tumours exposed to androgen deprivation,
as is observed in patient tumours of metastatic and castrate resistant (CRPC) PCa. We also reveal
world-first preclinical evidence that demonstrates marked efficacy of targeted leptin signalling
blockade, using Allo-aca, a potent, specific, and safe LEPR peptide antagonist. Allo-aca suppressed
tumour growth and delayed progression to CRPC in mice bearing LNCaP xenografts, with reduced
tumour vascularity and altered pathways of apoptosis, transcription/translation, and energetics in
tumours determined as potential mechanisms underpinning anti-tumour efficacy. We highlight LEPR
blockade in combination with androgen axis inhibition represents a promising new therapeutic
strategy vital in advanced PCa treatment.

Introduction:
Prostate cancer (PCa) is androgen-dependent and consequently drugs inhibiting multiple facets of the
androgen axis are used as therapeutics (Harris et al., 2009). However, in advanced PCa, tumours
develop mechanisms to escape the pressure of androgen receptor (AR) targeting (Tilki et al., 2016,
Sharifi, 2013). Treatment failure through reactivation of AR is one of the greatest challenges faced in
treating advanced PCa, ultimately contributing to the development of castration resistant PCa (CRPC).
Additionally, androgen deprivation/targeted therapies (ADT/ATT) lead to patient development of
Metabolic Syndrome-like symptoms, including sarcopenic adiposity and raised circulating lipids and
metabolic hormones, insulin and leptin (Basaria et al., 2006, Faris and Smith, 2010). Adipokine leptin,

primarily secreted from adipose tissue, is best known for its role in obesity, satiety and in regulating
energy homeostasis; however evidence suggests a critical adverse role in cancer (Otvos et al., 2011,
Vansaun, 2013). Circulating leptin is increased 2-fold in PCa patients compared to healthy individuals,
and elevated a further 2-fold in those patients undergoing ADT (Basaria et al., 2006). Hyperleptinemia
in PCa is of concern as leptin exposure has been linked to increased proliferation of androgen-dependent
and -independent PCa in vitro (Habib et al., 2015, Noda et al., 2015, Sarmento-Cabral et al., 2017,
Somasundar et al., 2003, Xu et al., 2020, Gorrab et al., 2020). Conversely, suppression of leptin
signalling by leptin receptor (LEPR, OBR) knockdown elicited anti-proliferative effects in vitro (Noda
et al., 2015). In addition to promoting cell growth, leptin has been demonstrated to suppress apoptosis,
promote migration, and increase cellular angiogenic and invasive factors in PCa cell lines (SarmentoCabral et al., 2017, Frankenberry et al., 2004, Gorrab et al., 2020, Somasundar et al., 2004, Xu et al.,
2020); all of which are factors that contribute to the cellular survival, tumour burden and more rapid
progression of PCa. To date all studies have assessed the impact of leptin in a purely androgen-rich in
vitro environment. However, given circulating leptin is highest in PCa following anti-androgens
(Basaria et al., 2006), and leptin alone can raise PSA secretion in androgen-sensitive PCa cells
(Sarmento-Cabral et al., 2017), understanding the role of leptin in PCa progression following antiandrogen treatment, and in regards to therapy resistance, is of critical importance. As is studying leptin
and androgen axis in vivo, due to the complexities inherent to these two endocrine signalling axes and
their potential for both systemic and intratumoural impacts.
Our study is the first to assess the impact of leptin in PCa under androgen-deprived conditions and the
consequences of LEPR signalling blockade using a selective and potent LEPR antagonist Allo-aca
(Otvos et al., 2014, Otvos et al., 2011) in preventing hallmarks of PCa progression in vivo. In this study
we demonstrated, in addition to hyperleptinemia (Basaria et al., 2006), intratumoural leptin and its
receptor are increased following androgen deprivation. We report pharmacological blockade of leptin
signalling was efficacious in significantly reducing tumour burden and delaying progression to CRPC
in vivo. Strong anti-tumour efficacy in mice provides rationale for further investigation and
development of Allo-aca as a potential ADT/ATT co-therapeutic with real translational potential.

Methodology:
Ethics statement
The use of animals was approved by the University of Queensland and Queensland University of
Technology (QUT) Animal Ethics Committees (QUT/TRI-353-17). Animal studies were conducted in
accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific
Purposes, institutional and ARRIVE guidelines. Cell line use was approved by QUT Human Research
Ethics Committee.

LEP and LEPR expression in public patient datasets
Expression (log2 median-centred intensity; log2 copy number units) were assessed using Oncomine
(ThermoFisher Scientific, Seventeen Mile Rocks, AUS), or cBioPortal (https://www.cbioportal.org/).

AR ChIPseq peak analysis
Analysis of ChIPseq data, accessed via Cistrome, identified AR ChIPseq peaks enriched in regions 5KB
upstream and also in a 25KB window around Genecode transcripts, undertakenas described in
(Tousignant et al., 2019).

In vitro cell culture and treatments
LNCaP (CVCL_0395), VCaP (CVCL_2235), LAPC4 (CVCL_4744) and C4-2B (CVCL_4784) cells
were sourced from American Type Culture Collection (Manassas, USA); DuCaP cells were generously
donated by Dr Matthias Nees (Turku University, Finland). Cell lines were regularly mycoplasma tested
and authenticated by short tandem repeat DNA profiling (Dec-2017, Mar-2018, Dec-2020; Genomics
Research Centre (Brisbane, AUS)). Growth media (phenol-red free) was RPMI supplemented with fetal
bovine serum (FBS) (5%FBS: LNCaP, C4-2B; 10%FBS VCaP, DuCaP) or Iscove's Modified
Dulbecco's Medium + 5%FBS + dihydrotestosterone (DHT; 10nM) (LAPC4) (Life Technologies,
Mulgrave, AUS)).
To model acute androgen deprivation (ADT) cells were seeded in growth media (72hr) before switching
to media containing charcoal-stripped serum (CSS) or serum-free media (SFM) plus 0.2% bovine serum

albumin (BSA) (Sigma-Aldrich, St Louis, USA). ATT enzalutamide (ENZ; 10µM) was provided for
48hr (Selleck Chemicals, Houston, USA). Androgen-replete conditions were achieved by
supplementing ADT-media with DHT or R1881 (1nM) for 48hr. Long-term ADT was achieved over
10d with CSS-media (refreshed every second day); from which, media was supplemented daily with
DHT or Vehicle (Veh) for 6d.
Induction/repression of leptin signalling was achieved using human recombinant leptin (R&D Systems,
Minneapolis, USA) and LEPR antagonist, Allo-aca (generously provided by Profs Laszlo Otvos and
John Wade; also known as ARV-1802), respectively (Veh: sterile saline (0.9%)).

In vitro AR knockdown
Doxycycline-inducible AR and control non-targeting (NT) shRNA lentiviral vectors were purchased
from Dharmacon Inc (Millennium Science, Musgrave, AUS; shAR-6 [V2THS_149847]). shAR and
shNT LNCaP were generated as described (Tevz et al., 2016). shRNA induction was performed using
1µg/mL doxycycline (Dox; Sigma-Aldrich). LEP and LEPR were assessed by RNAseq. Efficient AR
mRNA knockdown (+Dox) is demonstrated in Fig2.

Cell growth
Growth was assessed using 2-hourly live imaging (IncuCyte FLR (Essen Bioscience, Ann Arbor, USA)
and poly-L-ornithine pre-coated Essen ImageLock plates (Sadowski et al., 2014)). Cells were seeded in
ADT-media and after 48hrs treated (leptin ± Allo-aca in ADT-media). Data are represented as
confluence relative to pre-treatment. CyQUANT Proliferation Assays (ThermoFisher) determined
cellular number post-treatment and were expressed relative to pre-treatment.

Transwell migration
Cells were seeded in growth media (72hr) in T25 flasks, subjected to 48hr CSS-media, then
supplemented with leptin ± Allo-aca (24hr). Cells were dissociated, resuspended in SFM ± treatments
and 100,000 cells seeded onto a transwell insert (Millipore, Merck, Germany) in a 24-well plate above
FBS-chemoattractant. Cells were allowed migration time based on migratory capacity (20hr, C4-2B;

42hr, LNCaP); then fixed, Quickdip stained (ScyTek Laboratories, Logan, USA) and captured by light
microscopy (5 fields-of-view) with migrating cells counted.

Alpha screen
Cells were treated as above and subjected to leptin ± Allo-aca, vehicle (DMSO) or ERK inhibition
(UO126) control. Lysates were assayed by alpha screen for cellular quantitation of phosphorylation of
ERK1/2 as per instructions (PerkinElmer, Waltham, USA).

Measurement of LEPR by Immunofluorescence
In 96-well format (Cellvis optical plate), LNCaP cells pre-subjected to androgen deplete (CSS-media)
or enriched (growth media) conditions, were treated with 10nM leptin ± 100nM Allo-aca (30min). Cells
were then washed, fixed (10% neutral buffered formalin, 6min) and permeabilised (PBS +0.1% TritonX-100, 10min). Cells were blocked (30min) in PBS containing 1%BSA, 0.1%Tween-20 and 22mg/mL
glycine and subjected to primary antibody (1:200) in blocking buffer (Santa Cruz ObR sc8391; 45min).
After washing, cells were incubated with secondary antibody (Alexa-Fluor-488 1:2000) and DNA
counterstained using DAPI (ThermoFisher Scientific). Primary antibody omission served as a negative
control. >500 cells/well were imaged using confocal InCell 6500HS High Content Analysis system
(Cytiva). Quantitative analysis was undertaken using CellProfiler Software (v4.07, Broad Institute;
~1,500 cells/treatment (triplicate wells)).

Prostate Cancer Progression Xenograft Model
6-week-old male BALB/c-Foxn1nu/Arc mice (Animal Resource Centre (Murdoch, AUS)) were group
housed and fed standard chow (Specialty Feeds, Glen Forrest, AUS) and water ad libitum as described
previously (Philp et al., 2020). Anaesthetised (isoflurane) mice were injected subcutaneously (s.c.;
right-flank) with 1x106 LNCaP cells (p31(+6)) as described by Philp and colleagues (Philp et al., 2020).
Body weight and tumour volume (digital callipers) were monitored thrice weekly and weekly values
averaged. Weekly isolated serum (submandibular bleed <0.5% weight) tracked PCa progression
biomarker, human prostate specific antigen (PSA), secreted solely by xenografts. At PSA ~30-

50ng/mL, anaesthetised mice were castrated and carprofen analgesic (4µg/g) administered pre- and
post-surgery. One-week post-castration, mice were randomised to drug; receiving either 1) 1mg/kg
Allo-aca or 2) Veh (saline) s.c. daily. Treatment continued until endpoint, determined by 1) maximum
tumour volume 1000 mm3 or 2) AEC-approved welfare score deeming condition required euthanasia
necessary (Maugham et al., 2017), whichever was soonest. Tumour volume and doubling time were
calculated as previously described (Philp et al., 2020). At endpoint, anaesthetised mice underwent
terminal cardiac bleeds. Xenografts and key organs of toxicopathological and metabolic interest were
rapidly dissected and weighed post-mortem. Halved tissues were snap frozen (LN2; stored at -80°C) or
formalin-fixed. Formalin-fixed tissues were processed and embedded in paraffin (FFPE).

Live ultrasound-based tumour imaging.
Anaesthetised mice were secured in a lateral position with the right flank facing upward for
perpendicular imaging of the tumour. The entire tumour was imaged (0.197mm step size) in 3D using
B-mode ultrahigh-resolution ultrasound (US) with a frequency of 30MHz. Photoacoustic (PA) imaging
was also performed using the Vevo2100 High Resolution Imaging System (680-970nm wavelength
range), LZ400 probe (30 MHz) and LAZRTight unit (VisualSonics, Toronto, Canada) and Oxy-Hemo
mode to assess tumour oxygen saturation (sO2) acquired at wavelength 750 nM (Wang et al., 2020).
Contrast-enhanced ultrasound US imaging was performed as described previously (Wang et al., 2020)
following intravenous bolus of non-targeted microbubbles (VisualSonics) and destruction
replenishment perfusion modelling assessed using VevoCQ tool (VevoLab software). Tumour heat
maps represent replenishment according to mean transit time (smTT).

ELISA
Total human PSA (GenWay, San Diego, USA), and endpoint adipokines (mouse Leptin and
Adiponectin (Millipore, Vienna, Austria)) were assayed in sera as per instructions.

Immunohistochemistry (IHC)

FFPE sections were haematoxylin and eosin (H&E) stained for morphology. IHC of tumours was
performed as described by Philp et al (Philp et al., 2016), with variations; blocking using CAS-Block
(Invitrogen, Paisley, UK); protein visualization by Dako EnVision+ Dual Link System-HRP and Dako
Liquid DAB+. Sections were subjected to 4°C overnight incubation with Ki-67 antibody (1:150 (MIB1; Agilent, Santa Clara, USA)) or primary antibody omission on a serial section (negative control,
Matching -1°). Sections were scanned (40x) by Olympus VS120 Slidescanner Microscope (Shinjukuku, Japan).
IHC scoring was performed blinded in 8 random regions of interest (ROI) per tumour. Detection
thresholds were programmed in QuPath software (Bankhead et al., 2017) to identify cells by staining
intensity, with intense (3+), moderate (2+) and low (1+) staining, as well as cells weak/negative for
DAB. Area of ROI covered by each intensity was calculated and represented relative to the total ROI
area (RA). IHC score was calculated using: [RA weak/negative] + [2*RA low] + [3*RA moderate] +
[4*RA intense] and scores across 8 tumour ROIs averaged.

RNA extraction
~20mg xenograft was homogenized by pre-cooled TissueLyser (Qiagen, Germantown, USA; stainlesssteel beads, 2-3min, ~20Hz). Homogenate was centrifuged (1min, 10000rpm, 4°C) and supernatant
subjected to total RNA extraction (Total RNA Purification Plus; RNase-Free DNase I Kits (Norgen
Biotek, Thorold, Canada)). Eluted RNA quality and quantity was assessed NanoDrop. Cells were
similarly extracted minus TissueLyser homogenisation.

mRNA sequencing (RNAseq)
Total RNA was further assessed for quality and quantity by Agilent-2100 Bioanalyzer and Qubit®.2.0
Fluorometer, with quality cut-off at RNA integrity number>8. Kinghorn Centre for Clinical Genomics
(KCCG, Darlinghurst, AUS) performed library preparation (1µg RNA; Illumina TruSeq Stranded
mRNA kit) and RNAseq using paired-end sequencing on an Illumina HiSeq2500 v4.0, multiplexing 6
samples/lane, yielding ~49M reads/sample. Raw data was processed and analysed for differential
expression (DE) between treatments as described (Tousignant et al., 2019, Philp et al., 2020), defined

by an absolute fold change of ≥1.5 and a false-discovery rate (FDR) corrected P-value ≤0.05. Suppl
Fig1 demonstrates the separation of Allo-aca- and Vehicle-treated human tumour transcripts, clustered
by PCA and COA plot. Functional annotation and gene network analysis of DE transcripts was
performed using Ingenuity Pathway Analysis (Qiagen) or MetaboAnalyst (www.metaboanalyst.ca). A
significance cut-off was used for Z-score>2 and <-2 and –logP>1.3. Variation between samples and
associations scores between the transcriptome of each treatment was assessed by Partial Least Squares
Discriminant Analysis (PLS-DA; mixOmics). Xenograft cell deconvolution was performed using CTen
(Shoemaker et al., 2012) and gene set signature scoring (GSVA Rpackage; ssGSEA algorithm) using
prostate adenocarcinoma-specific ConsensusTME gene set converted to mouse gene symbols.
Heatmaps were created in Morpheus (https://software.broadinstitute.org/morpheus).

Microarray gene expression
RNA from a past mouse xenograft model of LNCaP CRPC progression (Locke et al., 2008) was
subjected to microarray profiling using a custom 180K Agilent oligo microarray (VPCv3, ID032034,
GEO:GPL16604) (Sieh et al., 2012). DE probes between groups were defined as above.

qRT-PCR
Total RNA (1μg) was subjected to cDNA synthesis (SensiFast kit (Bioline, Eveleigh, AUS). qRT-PCR
was performed using Applied Biosystems SYBR-Green Master Mix and ViiA-7 Real-Time PCR system
(Foster City, US). Relative mRNA levels were determined by comparative ΔΔCt, where expression was
normalized relative to housekeeping gene RPL32 and expressed as fold change relative to control.
Experiments validating LEPR expression post-ADT were performed in independent duplicates or
triplicates. Primer sequences were: LEPR-FWD “5’-CGTGGCATTATCCTTCAGTGG”, LEPR-REV
“5’-CCAATGTAACAAAACCACACAGAA”; RPL32-FWD “5’-GCACCAGTCAGACCGATATG“;
RPL32-REV “5’-ACTGGGCAGCATGTGCTTTG”.

Western blot

Tissue was TissueLyser homogenized and extracted as described (Philp et al., 2016, Philp et al., 2008),
but in ice-cold RIPA-buffer with Roche cOmplete Protease Inhibitor and PhosphoSTOP tablets (SigmaAldrich). 20-35µg total protein, assessed by Pierce BCA assay, was separated by SDS-PAGE using
Bolt 4-12%Bis-Tris Gels (ThermoFisher) as detailed by Philp et al ((Philp et al., 2020). Nitrocellulose
membrane was utilized for blotting transfer, membranes blocked and then probed overnight (4°C) in
primary antibody. Following washing, membranes were then incubated with secondary antibody and
fluorescent signal detected by Odyssey imaging following a final washing step. Signal quantification
was assessed relative to background using ImageStudio. Loading control Vinculin ((sc73614), Santa
Cruz Biotechnology (Dallas, US)) unchanged by treatment, was used to normalise target protein
abundance. Antibodies used were purchased from Santa Cruz or Cell Signaling (Danvers, USA)
(pERK1/2 sc23759, p44/42-MAPK (ERK1/2) 9120S; LEPR sc8391; cleaved caspase-3 9661S;
caspase-3 9662S; SREBP-1 sc366; AMPKα 2793; phospho-AMPKα 2535 and VEGF sc57496).

Statistics
Statistical analyses and graphics were performed using Graphpad Prism (v7.0; San Diego, USA) and/or
IBM SPSS (v23; Armonk, USA) and RStudio server (v1.1.456; Boston, USA). Unless stated, cell
experiments were the average of triplicate technical replicates performed over three biological repeats.
Data was checked for normality (Shapiro-wilk) and homogeneity of variance (Levene’s test).
Comparison of effects between two groups was determined by two-tailed T-test (± Welch’s correction
if non-homogenous variance); while effects between >two groups was assessed by One-way ANOVA
(Sidak post-hoc). If non-normally distributed, an appropriate non-parametric test was performed
(Kruskal-Wallis). Two-way ANOVA, with pairwise comparisons (Sidak/ Dunnett’s T3), was used to
determine the effect of treatment, time and their interaction in progression data. A Gehan-BreslowWilcoxon test was used to assess model progression and survival to ethical endpoint. Data are reported
as mean ± SEM, unless specified, and P≤0.05 considered significant.

Results:

LEP and LEPR expression in PCa: patient samples, androgen axis manipulation in vitro and in vivo
Both leptin (LEP) (Fig1A) and leptin receptor (LEPR) (Fig1B) are increased in patient samples of
primary PCa compared to non-malignant prostate, and their expression rises with increasing Gleason
score. LEP and LEPR are further increased in metastatic samples (vs localised disease), and in patients
experiencing PCa recurrence. Similarly, in locally advanced or metastatic patient tumours, ~22wks
ADT increased LEPR expression in all tumours sequenced (7/7), compared to pre-ADT levels (Fig1C).
LEPR was greatest in metastases of the bone and liver (Fig1D), and tended to be higher in aggressive
tumours with increasing NEPC (neuroendocrine PCa) score.
When assessed in multiple AR-positive human PCa cell lines subjected to ADT/ATT, LEPR was
upregulated through inhibition of the androgen axis (Fig2). A dramatic increase in LEPR mRNA was
observed following androgen depletion by CSS in LNCaP, DuCaP and VCaP cells (P<0.0001; Fig2A),
by ENZ in LNCaP cells (P<0.0001; Fig2B), and by inducible knockdown of the AR (shAR) in LNCaP
cells (P<0.05; Fig2C). Returning androgen-deprived cells to androgen-replete conditions (R1881 or
DHT) caused significant LEPR repression (P<0.05; Fig2A,B). Similarly, in vivo, subjecting LNCaP
xenografts to ADT by castration produced a marked increase in tumour LEPR, compared to intact mice
(Fig2D). Raised LEPR levels were highest in tumours corresponding to prostate specific antigen (PSA)
nadir (P<0.001; when androgen-regulated PCa biomarker PSA is at its lowest in circulation) but
remained significantly elevated into development of CRPC (P<0.05). ADT-induced transcriptomic
changes in LEPR expression were validated by qRT-PCR in two further LNCaP models (Fig2E). Acute
ADT increased LEPR mRNA 4-fold, compared to androgen-replete conditions; while chronic ADT
increased LEPR up to 9.2-fold, which was rapidly suppressed to 2.6-fold following reintroduction of
androgens. These observations were confirmed at the protein level in LNCaP cells subjected to acute
ADT, where LEPR abundance increased ~2-fold with ADT (Fig2F). When combined with LEPR
agonism (leptin) and/or LEPR antagonism (Allo-aca), LEPR abundance remained unchanged from
ADT-alone. This was echoed at the mRNA level, where LEPR expression was altered by targeting the
AR axis (as observed in Fig2A-E), with no statistically significant impact of LEPR agonism or
antagonism on LEPR in the androgen-deprived setting (Fig2G).

While androgen axis manipulation significantly influences LEPR expression in AR-positive PCa cell
lines, the field’s understanding of AR regulation of the leptin axis is limited in PCa. We therefore
undertook comprehensive analysis of AR binding sites within a 25kb window of the gene sequence and
a 5kb window upstream of the protein start codon of LEP and LEPR using AR ChIPseq data from
LNCaP cells treated with AR antagonist bicalutamide (Ramos-Montoya et al., 2014). As shown in Fig
3A, LEPR showed enrichment of AR ChIPseq peaks in the 5kb and 25kb windows, while LEP displayed
enrichment in the 25kb window alone, which were each abrogated by the presence of bicalutamide.
This is corroborated across multiple datasets assessed in Cistrome where AR displayed marked
regulatory potential of LEPR, as a promoter-type transcription factor and enhancer-type transcription
factor, through AR ChIPseq peak enrichment within 1kb and 10kb of LEPR transcription start,
respectively (Fig 3B). AR regulation of LEPR was further confirmed in the AR-positive androgensensitive VCaP cell line, where AR function was blocked using two novel small molecule AR
antagonists, compared to androgen (R1881) alone (Zhu et al., 2012). Here, AR antagonism reduced AR
ChIPseq peak height by approximately half, compared to androgen (Fig 3C). These data support a role
for AR in regulating the leptin signalling axis.

Targeting LEPR in PCa: Anti-tumour activity of Allo-aca in vivo
Given the rise in LEPR and LEP expression in tumours following ADT/ATT and with PCa progression;
alongside well-established systemic hyperleptinemia (Basaria et al., 2006), we investigated the impact
of targeting LEPR with Allo-aca in androgen-sensitive LNCaP xenografts. This model of PCa
progression was selected due to a well-defined consistent response to castration where PSA decreases
and nadirs a week post-castration, followed by a progressive increase 2-3wks later to castrate-resistance
(CRPC) in mice bearing subcutaneous LNCaP xenografts (Ettinger et al., 2004).
Allo-aca significantly slowed LNCaP xenograft growth, observed in a 4-fold increase in tumour
doubling time (P≤0.05; Fig4A), and 2-fold decrease in endpoint tumour volume and mass, compared
to Vehicle (Veh, P≤0.05; Fig4B,C). Matched time-points at 15wks post-castration, demonstrate a 6fold difference in tumour volume between Allo-aca and Veh. Concomitant lowering of serum PSA was

also observed with Allo-aca but failed to reach significance at ethical endpoint (P=0.07; Fig4D). Time
to PSA recurrence also tended to be delayed in Allo-aca-treated animals (vs Veh, P=0.07; Fig4E). Alloaca-treated mice demonstrated delayed tumour progression curves according to tumour volume and
serum PSA from castration (Suppl Fig 2A,B). In a subgroup of mice (50%), Allo-aca treatment elicited
tumour regression (Suppl Fig 2C) an effect not seen in Veh-treated LNCaP xenografts. In the mice
with Allo-aca-regressed tumours, serum PSA remained near nadir levels (Suppl Fig 2D). Complete
regression without recurrence was observed in 2 mice (20% of n=10). In both Veh and Allo-aca-treated
mice, as expected, PSA and tumour volume at endpoint was significantly correlated (Veh r2=0.44,
P=0.04; Allo r2=0.85, P=0.0004; Suppl Fig 2E). Allo-aca prolonged time to ethical endpoint, with time
on treatment increased (vs Veh, P≤0.05; Fig4F). This was confirmed by survival to ethical endpoint,
where Allo-aca-treated mice progressed to endpoint at a ~2-fold slower rate than Veh (P≤0.05; Fig4G).
Prior to treatment, groups exhibited matched time to castration (P=0.5; Fig4H); therefore, changes in
the tumour growth trajectory or prolonged time on treatment do not stem from variations in the model’s
initiation trajectory.

Allo-aca increased time on treatment without impacting physiology in vivo
As leptin inhibition may be predicted to have systemic effects on the physiology and organs, we
performed a detailed analysis. Body weight was unaffected by Allo-aca over chronic treatment (no
treatment-by-time effect, P=1.0;) and remained unchanged at endpoint (vs Veh, P=0.6; Fig5A).
Typically, weight peaked prior to castration, and in the weeks post-castration loss of body condition
was observed in all animals, eventually leading to ethical endpoint (delayed by Allo-aca, Fig3). Alloaca has previously been demonstrated to elicit no toxicological impact up to 50 mg/kg (acute bolus
(Otvos et al., 2011)). Similarly, chronic daily Allo-aca had no effect on the absolute weights of a panel
of major classical toxicological and metabolic organs (Fig5B), nor when expressed relative to body
weight (data not shown). H&E-stained tissues demonstrated no abnormal pathology with Allo-aca
(Fig5J). Endpoint serum leptin trended higher in Allo-aca compared to Veh (P=0.07; Fig5C), however
this may be consequential of the sex hormone-dependent nature of leptin (Jenks et al., 2017) or a
positive feedback loop in response to LEPR antagonism. In line with this, we found that endpoint leptin

correlated with time on treatment (R2=0.47, P≤0.001; Fig5D) and serum PSA at endpoint (R2=0.31,
P≤0.01; Fig5E). When corrected for time on treatment, serum leptin was unchanged from Veh (P=0.9;
Fig5F). However, based on linear regression analyses other factors are likely contributing to the
increased leptin levels observed and this warrants future investigation. Another adipokine, adiponectin,
which plays a major role in metabolism and maintaining insulin sensitivity was unaltered in serum
following Allo-aca (vs Veh, P=0.2; Fig5G) and was not correlated to time on treatment (R2=0.02,
P=0.5; Fig5H), nor serum PSA (R2=0.04, P=0.4; Fig5I).

Allo-aca treatment inhibits LNCaP xenograft growth: impacts cell survival and death
Given the tumour growth inhibition observed with Allo-aca, changes in cell cycle, survival or apoptotic
markers were investigated. RNAseq was used to assess Allo-aca impact on the tumour transcriptome to
identify deregulated molecular pathways that underpin phenotypic changes observed. 1448 human
transcripts were DE (521-downregulated, 927-upregulated) with Allo-aca . Apoptosis was a key
pathway identified by pathway analysis of Allo-aca DE transcripts (-logP=3.31, z=+1.94, Fig6A). A
generalized induction of pro- and suppression of anti-apoptotic genes with Allo-aca treatment was
observed; while hierarchical clustering of apoptotic genes effectively separated Allo-aca from Veh
(Fig6B). In keeping with increased apoptosis with Allo-aca treatment, gene set signatures associated
with apoptosis, and even cellular senescence, were positively enriched in the Allo-aca-treated tumour
transcriptome, compared to Veh (Fig6C). This too is supported by significant top IPA toxicological
pathways in Allo-aca-treated tumours featuring Necrosis and Cell Death (renal (P<0.00007, 51/550
molecule overlap); cardiac (P<0.0009, 29/294 overlap); data not shown). Pro-apoptotic induction was
validated at the protein level by assessing cleavage (activation) of apoptotic marker, Caspase-3.
Increased cleaved Caspase-3 was observed in Allo-aca-treated tumours, (vs Veh; P=0.009, Fig6D),
while Pro-Caspase-3 was unaffected (P=0.99). The ratio of activated cleaved to pro-form Caspase-3
was also greater with Allo-aca (P=0.018, Fig6D). Several other pathways impacting cell viability were
identified as significantly impacted by Allo-aca (Fig6E), including “Role of CHK proteins in Cell Cycle
Checkpoint Control” (-logP=2.56, z=+2.12) and “Cyclins and Cell Cycle Regulation” (-logP=2.98, z=1.00). Despite this, marker of cellular proliferation, Ki-67, was unchanged at the protein and RNA level

(P=0.6; Fig6F). However, this was assessed only using sizable tumours with adequate material for
FFPE and RNA extraction; failing to incorporate many of tumours demonstrating regression.
To further explore the impact of Allo-aca on PCa growth, we investigated impacts of leptin and Alloaca on growth using a panel of cell lines grown in ADT media in 2D-monoculture. Under two androgendeprived conditions, a dose escalation of 0.5-50nM leptin over 72h failed to alter the growth of ARpositive PCa cell lines with varying levels of androgen-sensitivity (LNCaP, DuCaP, LAPC4 and C42B; P=0.12-1.0; Fig7A). Likewise, antagonism with Allo-aca, alone or in combination with leptin, had
no effect on confluence in the escalating doses tested (P=0.35-1.0; Allo-aca 0.1-1000nM). Similarly,
cells subjected to Enzalutamide failed to demonstrate leptin- or Allo-aca-induced growth effects
(Fig7B). Cell number was also relatively unaffected by leptin and Allo-aca, however in some cases
leptin, but not Allo-aca, tended to increase relative cell number (Fig7C). While Allo-aca significantly
impacted tumour growth in vivo, little impact was observed on cell viability in vitro. Targeted LEPR
inhibition by Allo-aca, as described previously, was confirmed by measuring the impact of acute Alloaca exposure in the presence of leptin, compared to leptin alone, on cellular LEPR protein (Suppl Fig3)
and downstream leptin signalling (Fig7F) in LNCaP cells. Here, Allo-aca significantly lowered LEPR
cellular integrated intensity by immunofluorescence, compared to the increased LEPR intensity
observed with leptin treatment alone (Suppl Fig3). The Raf/MEK/ERK pathway is well-established as
critical in cell cycle progression and regulation of apoptosis (De Marinis et al., 2004). As ERK1/2
signalling is downstream of LEPR activation, we assessed ERK1/2 post-Allo-aca treatment. In Alloaca-treated tumours, “ERK/MAPK Signalling” was one of the top dysregulated pathways identified (logP=4.57, z=1.61; Fig7D). Western blot of ERK1/2 in endpoint tumours demonstrated a slighttrend to
decreased phospho-ERK1/2 (P=0.10) and reduced ratio of phospho:total ERK1/2 (P=0.12) with Alloaca, but failed to reach statistical significance, whilst total ERK1/2 was unchanged (P=0.76; Fig7E). In
vitro LNCaP cells exposed to Allo-aca, in the presence of leptin, demonstrated decreased phospho-ERK
by alpha screen in comparison to leptin alone, which conversely increased ERK phosphorylation
(P<0.01; Fig7F). The relatively weak response in ERK protein phosphorylation in vivo, as compared
to acute Allo-aca treatment in vitro, could be influenced by chronic responsiveness to Allo-aca with
extended treatment which ranged anywhere from 11-72 days dependent on when ethical endpoint was

met in vivo. These results suggest Allo-aca is effective at inhibiting LEPR downstream signalling,
through ERK, in LNCaP cells in vitro and a weak trend in vivo. These results would infer factors in a
more complex in vivo environment contribute further to the anti-tumour success of Allo-aca in mice.

Allo-aca and the tumour microenvironment: impacts on cell interactions and vascularisation
A common theme amongst canonical pathways analysed to exhibit predicted activation/inhibition with
Allo-aca treatment was intracellular signalling cascades and pathways impacting cell-cell
interaction/adhesion, and ultimately motility. This is evidenced in top significant canonical pathways
with predicted activation/inhibition including Ephrin receptor, Rac, Rho Family GTPases and PI3K/Akt
signalling (-logP/z= 1.8/+2.14; 1.47/+2.11; 3.02/+1.96; 2.67/-1.94, respectively) and Agrin interactions
at neuromuscular junction (1.74/+2.12). Other significant canonical pathways affected in response to
Allo-aca are represented in Table1 (top 40 of 152). Similarly, MetaboAnalyst gene-centric analysis
revealed four cell adhesion/motility pathways significantly impacted by Allo-aca, with Adherens
junction processes one of the most significant pathways identified (SupplFig4A). Allo-aca may
therefore impact cell adhesion, interaction and ultimately motility, processes integral to tumour growth
and metastases. While subcutaneous LNCaP xenografts are highly unlikely to metastasize, as was
confirmed by no metastatic growths in mice in this study, impacts of Allo-aca on cellular
motility/migration were explored in vitro. Migration of androgen-deprived LNCaP and C4-2B cells was
increased with leptin treatment and this was blunted by Allo-aca addition, especially when combined
with 10nM leptin (P<0.05, SupplFig4B). These in vitro observations combined with knowledge of
Allo-aca actions on cell interaction/adhesion in vivo support future testing of Allo-aca against metastatic
tumour growth and spread in an in vivo metastasis model.
While RNAseq elucidated some potential mechanisms through which Allo-aca slowed tumour growth;
clues were also inferred from tumour FFPE sections and from RNAseq data mapping to the mouse
genome. Tumour sections exhibited gross changes in vascularisation, with Allo-aca-treated tumours
appearing to have less blood cell infiltrate (Fig8A). Cell type enrichment analysis of top-expressed
mouse transcripts within tumours, demonstrated significant enrichment in blood-based and/or immune
cell types. When subjected to hierarchical clustering, 4 of 6 Allo-aca-treated tumours clustered as

having a greater immune cell component than other tumours; this was further confirmed by independent
transcriptomic profiling by Consensus TME gene signature analysis (data not shown). Beta
haemoglobin (Hbb) was observed in the top-15 highest expressed transcripts in 6 of 11 sequenced
tumours (SupplTable1), and alpha haemoglobin (Hba) in 3 of 11 tumours. When assessed for transcript
expression, Hbb was expressed at highest levels in the 5 Veh tumours, clustering with only 1 of 6 Alloaca-treated tumours; suggesting greater abundance of Hbb in Veh (Fig8B). Hba, however, was more
heterogeneous; though highest expressed Hba transcript Hba-a2, showed enrichment in 5 of 5 Veh
tumours and 3 of 6 Allo-aca-treated tumours. Increased blood infiltrate was also evident at the
macroscopic level (Fig8C). Tumour lysates probed for stimulator of angiogenesis VEGF, demonstrated
decreased total VEGF (P≤0.05) and lower abundance of VEGF 35kDa isoform (P≤0.01), but unchanged
VEGF 25kDa (P=0.9) and 10-15kDa (P=0.3; Fig8E) bands. In keeping with suppression of
angiogenesis by Allo-aca, gene set signatures associated with tumour angiogenesis and VEGF
signalling were negatively enriched in Allo-aca-treated tumours (vs Veh, Fig8D). Reduced vascularity
may in part be responsible for the increased Hypoxia-inducible Factor signalling (P<0.001, 11/70
overlap) identified as a significant top toxicological IPA pathway in Allo-aca-treated tumours. This was
supported by US/PA imaging of tumours; average sO2 content tended to be decreased at endpoint
compared to pre-treatment in Allo-aca-treated mice but not Veh (P=0.12, P=0.73, respectively; Fig8F).
Similarly, contrast-enhanced US of tumours showed delayed replenishment of blood volume following
microbubble destruction, indicative of lower tumour perfusion (Fig8G)
Furthermore, RNAseq identified 204 DE transcripts mapping to the mouse genome following Allo-aca
treatment, representing host-response to Allo-aca. Top significant canonical pathways were dominated
by pathways relating to immune, stress or inflammatory response, including top enriched IL-7
signalling (-logP=3.01 z=+2.24), (*Table2). Whilst other significant top pathways exhibited a
metabolism- or signalling-centric theme (^Table2). These pathways provided a limited snapshot into
the host-response to Allo-aca. Their theme suggests Allo-aca elicits an immune, stress or inflammatory
response within host cells of the tumour microenvironment.
Allo-aca alters the tumour bioenergetics, lipid biosynthesis and metabolism

Lipid metabolism networks were also identified as impacted by Allo-aca treatment, consistent with
leptin’s fundamental role in metabolism and energy homeostasis. Expression of SREBF1, a master
regulator of cholesterol and lipid synthesis (Horton et al., 2002), was increased in response to Allo-aca
(vs Veh), with network interactions including (1) increased ACLY, HMGCR, FADS1, NPC1, FDFT1,
G6PD expression and predicted activation of HMGCS, GYS, and (2) decreased INSIG2, FADS2
expression and predicted suppression of PEPCK (network of 28 molecules; Fig9A). Network changes
are predicted to increase lipid and/or cholesterol synthesis in response to LEPR antagonism and suggests
enhanced SREBF1 activity stem from suppressed AMPK (Li et al., 2011) (Fig9B, C). Western blot
analysis demonstrated a trend towards lower total-AMPKα protein in Allo-aca-treated tumours
(P=0.088, Fig9D), although abundance of phospho-AMPKα was unchanged (P=0.44), as was the ratio
of Phospho:total-AMPKα (P=0.34). In keeping with altered lipid metabolism, GO gene set signatures
associated with lipid synthesis and lipid transport/efflux were significantly positively and negatively
enriched, respectively, within the Allo-aca-treated tumour transcriptome (Fig9E), while SREBP1
protein was confirmed increased (P=0.027, Fig9F). Altered cellular energetics are likely in part
responsible for the increased Oxidative Stress (P<0.003, 9/57 overlap) identified as a significant top
toxicological

pathway

in

Allo-aca-treated

tumours.

Further

metabolism-focused

analysis

(MetaboAnalyst) uncovered numerous other tumour metabolic pathways altered by Allo-aca (Fig9G),
including riboflavin; purine; alanine, aspartate and glutamate; central carbon; pyrimidine;
glycosphingolipid; glutathione; and cysteine methionine metabolism; alongside pentose phosphate
pathway, TCA cycle; oxidative phosphorylation and insulin signalling changes. Cellular stresses,
including accumulation of lipid species and altered energetics, are well established to trigger EIF2α
signalling to attenuate global protein translation, which if sustained triggers apoptotic pathways (Wek,
2018). This is corroborated by the identification of EIF2 signalling as the most significantly deregulated
pathway in tumours subjected to Allo-aca treatment (Table1). In combination, these data suggest Alloaca impacts the catabolic/anabolic processes fuelling the tumour, with the potential to introduce
metabolic vulnerabilities, such as lipotoxicity from increased lipid load, that could contribute to the
observed tumour growth inhibition.

Ultimately our results suggest that primarily apoptotic, angiogenic and metabolic pathways are
mechanistically central to the tumour growth inhibition observed with Allo-aca treatment, as
summarised in Fig10.
Discussion:
Resistance to ADT/ATT is a leading cause of PCa mortality; consequently, therapies that target
pathways employed by the tumour to evade the pressure of a low-androgen environment are
therapeutically appealing. Hyperleptinemia is a well-established adaptive response to anti-androgens,
with serious consequences given leptin is reported to promote PCa growth and advancement, albeit in
an androgen-rich in vitro environment. Our study is the first to highlight a concomitant increase in both
leptin and LEPR at the tumour level, in addition to reported hyperleptinemia, in response to ADT/ATT.
We are also the first to demonstrate that pharmacological targeting of leptin signalling post-ADT is
efficacious in preventing PCa growth and progression to CRPC in a preclinical model of PCa
progression.
Several functional outcomes of leptin downstream signalling inherently overlap with multiple hallmarks
vital for cancer growth, including altering cellular energetics, survival and death; inducing angiogenesis
and migration/invasion; and promoting inflammation and an immune response (Vansaun, 2013). LEPR
blockade therefore has the potential to counteract multiple pro-oncogenic pathways and combat the
adaptive hyperleptinemia observed with anti-androgens. Allo-aca, a selective and potent peptide
antagonist with tight LEPR binding, has previously elicited anti-tumour effects in breast cancer in vivo
(Otvos et al., 2011); however, the impact of therapeutic LEPR blockade in PCa, and especially in an
ADT environment, until now remained unknown. Like in MCF-7 breast cancer xenografts, Allo-aca
inhibited growth and slowed progression in PCa xenografts, but interestingly in our study growth
regression and failure for progression to CRPC were observed in ~50% of cases. Combined
transcriptomic, protein and histopathological analytic approaches elucidated potential mechanistic
pathways of Allo-aca’s anti-tumour effect; however, were limited with tumour tissue in investigating
regressing cases. In tumours with adequate tissue, enhanced cell death pathways and pro-apoptotic
markers were observed with LEPR inhibition, in accordance with leptin’s anti-apoptotic actions in vitro

(Somasundar et al., 2004), and likely contribute Allo-aca anti-tumour action. Furthermore, Allo-aca
induced anti-angiogenic properties, evidenced through reduced vascularisation and lowered abundance
of angiogenic driver VEGF; this is in-keeping with previous reports of leptin and LEPR antagonist
action (Coroniti et al., 2016, Cao et al., 2001, Ferla et al., 2011, Gonzalez et al., 2006, Yang et al.,
2016). Interestingly, enrichment in toxicological pathways of necrosis and altered hypoxia signalling
were observed which could implicate an altered intratumoural environment mechanistically in the
observed growth effects; however, these will be the subject of further future investigation. Despite
lower vascularisation, Allo-aca appeared to boost the intratumoural immune cell recruitment, albeit in
the immunocompromised Nude mouse which was essential to ensure tumour take. Interpretation of this
finding is limited and warrants further investigation in an intact immune system. Though this is
consistent with reports of altered immune response in transgenic non-immunocompromised animals
lacking LEPR (db/db), where db/db mice exhibited increased innate immune-inflammatory factors, like
macrophage function and NK cell activity, without external stimulation (Lee et al., 2010) and in those
modelling atherosclerosis exhibited a regulatory T-cell immune response, protecting mice from
atherosclerotic lesions (Taleb et al., 2007).
Our results also point to Allo-aca altering tumour energetics, which has the potential to limit tumour
growth. AMPK signalling dysregulation in Allo-aca-treated tumours, predicted by gene set enrichment
analyses, and indicated by lowered AMPK protein, suggests impacted intratumoural ATP balance. This
is consistent with the observed increase in lipid synthesis pathways by functional enrichment analysis
and lipogenic mediator SREBP1 protein; suggesting the potential for higher tumour lipids to suppress
AMPK protein (Viollet et al., 2010). Increased lipid load within tumour cells may induce lipotoxicity,
which could contribute to enrichment of pathways for oxidative stress observed in RNAseq analysis
(Hauck and Bernlohr, 2016), potentially impacting tumour cell survival. Likewise, lipid-induced ER
stress may contribute to the top canonical pathway affected in Allo-aca-treated tumours, EIF2 signalling
(Han and Kaufman, 2016, Wek, 2018), alluding to reduced protein translation, which may also play a
role in tumour shrinkage. While Allo-aca showed clear efficacy in vivo, in vitro results in multiple
androgen-deprived AR-positive/androgen-sensitive cell lines were less clear-cut. The in vivo data
discussed above highlight the importance of Allo-aca eliciting multiple anti-cancer effects not only

within the tumour cells, but on the several cell types expressing the LEPR, that make up the tumour
microenvironment, including, but not limited to, immune cells, adipocytes and vasculature (Tartaglia
et al., 1995, Procaccini et al., 2017).
This study is the first rigorous investigation of the impacts of leptin, and inhibition of leptin signalling,
in androgen targeted PCa. While we elucidate potential mechanisms (Figure 10) for the anti-tumour
efficacy of LEPR antagonism, guided by in vitro PCa monoculture and in vivo prostate tumour
xenografts in immunocompromised mice, limitations exist inherent to these models as discussed
throughout. In future in vitro studies, LEP ± LEPR knockdown alongside leptin and Allo-aca treatment
in mono and co-culture systems could be used to further dissect the complex endocrine interplay of
leptin signalling and its blockade across cell types, e.g., PCa endothelial, adipocytes, PCa cell lines,
which are not observed in monoculture alone. Systemic impacts of Allo-aca blockade in combination
with ATTs should be explored in both animal models with an intact immune system and those
engineered to carry tumour-specific LEPR knockdown to further reveal the effects of Allo-aca specific
to the tumour or its microenvironment. These additional studies, beyond the scope of the current
investigation, are expected to provide further insight into this understudied complex hormone signalling
system in PCa with endocrine, paracrine and potential autocrine implications. Based on the complex
role of leptin in several cancer hallmark pathways and a hyper-leptin signalling environment in PCa in
an ATT environment, this study harnessed leptin signalling blockade, using selective LEPR
antagonism, to inhibit multiple cancer-inducing pathways. This is the first report in a PCa xenograft
combining LEPR antagonist with ADT, where Allo-aca significantly reduced tumour burden and
delayed progression to CRPC. Allo-aca’s in vivo efficacy may be related to apoptosis, increased
immune response, reduced tumour vascularity, induced stress through altered energetics and
lipotoxicity. This study suggests that novel leptin signalling blockade strategies should be investigated
in conjunction with ADT/ATTs as a novel treatment strategy for progression to CRPC.
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Figure Legends:
Figure 1 (A-D). Tumour leptin (LEP) and leptin receptor (LEPR) expression increases with PCa
progression and in treatment resistant disease in patient samples. (A-B) LEP and LEPR expression
evaluated in PCa patient samples using the Oncomine platform (transcriptomic and genomic datasets).
ata represents (A) increased LEP expression in the Arredouani, Glinksy, Taylor 3 and Nanni patient
datasets for primary vs non-malignant prostate, increasing Gleason score, metastatic vs localized PCa,
recurrence vs non-recurrent at 1 yrs, respectively; and (B) increased LEPR expression in the Liu, La
pointe, Chandran and Glinksy patient datasets for primary vs non-malignant prostate, increasing
Gleason score, metastatic vs localized PCa, and recurrence vs non-recurrent at 1 yrs, respectively.
Significant (*P<0.05) and trending (tP=0.055-0.07) P-values indicated. (C) LEPR expression evaluated
in the Rajan dataset in PCa biopsies profiled transcriptomically pre- and post-ADT (P<0.01). (D) LEPR
expression evaluated in metastases in the Abida dataset, presented according to primary or metastatic
tissue biopsy site and stratified according to NEPC score by color and neuroendocrine features by
symbol, at localized or metastatic sites.

Figure 2 (A-G). Leptin receptor (LEPR) expression increases in cell lines subjected to androgen
withdrawal in vitro and in vivo. (A) LEPR mRNA expression (by microarray) in LNCaP, DUCaP,
VCaP PCa cell lines in normal growth media (FBS) or androgen deplete (Charcoal stripped serum,
CSS) and replete (CSS + DHT) conditions. Significant: *P≤0.05. (B) LEPR mRNA expression (by
RNAseq) in LNCaP cells in androgen deplete media (CSS) or androgen replete media (+D) ± androgen
targeted (+ENZ) therapy. *P≤0.05. (C) LEPR mRNA expression (by RNAseq) in shAR LNCaP cells
grown in androgen deplete media (CSS) ±treatment with doxycycline (Dox) for knockdown induction
(shNT, shAR) and DHT for androgen replete conditions (upper panel). AR mRNA expression under
Dox-induction demonstrates successful AR knockdown by inducible shAR (lower panel, #P≤0.05
indicates validated knockdown in +Dox vs no Dox). Significant: *P≤0.05. (D) LEPR mRNA expression
(by microarray) in an LNCaP prostate cancer progression xenograft model in mice. Xenografts were
harvested from intact mice or mice that underwent castration with tumors collected at PSA progression

points (Regression (REGR); Nadir, Recurrence (RECUR) or Castrate Resistance (CRPC)) . Significant:
*P≤0.05, vs Intact; trend TP≤0.1 vs CRPC. Progression of serum PSA across model time points
indicated by schematic below. (E) Two independent experiments validating increased LEPR mRNA
expression in androgen deplete conditions by qRT-PCR. Relative LEPR mRNA in LNCaP cells
subjected to acute androgen deplete (CSS) or replete (CSS + DHT) conditions (n=1, mean ± SD) (left
panel). Relative LEPR mRNA expression in LNCaP cells subjected to either normal growth media
(FBS) (d0) or to chronic androgen deplete (CSS) conditions over up to 8 days. At day 8, cells were
either maintained in androgen deplete (CSS) conditions or androgens were re-introduced (+DHT) for
up to 6 days (n=1, mean ± SD) (right panel). (F) Human LEPR protein abundance measured in LNCaP
PCa cell lysates relative to γ-tubulin loading control; densitometry was performed to quantify
abundance from membrane total LEPR and background corrected. Cells were pretreated with ADT
(CSS) for 48h and then subjected to 48h leptin (L, 10 nM) ± Allo-aca (A, 100 nM). Western blot, n=2;
Lad = prestained protein ladder. Significant: *P≤0.05, vs FBS. (G) LEPR mRNA expression (by
RNAseq) in LNCaP cells subjected to 2d androgen deplete media (CSS) or androgen rich media (FBS),
followed by 48h (L, 10 nM) ± Allo-aca (A, 100 nM) treatment. Significant: *P≤0.05, vs FBS.

Figure 3 (A-C). Androgens regulate the expression of LEP and LEPR. (A) AR ChIPseq peak
enrichment analysis of LEP and LEPR in the Ramos-Montoya data set of LNCaP cells treated with
bicalutamide (BIC) compared with vehicle control. The number of peaks is highlighted by the bubble
size and the enrichment score by the gray scale. (B) Regulatory potential (RP) score of AR analysed
across datasets within the Cistrome database using AR ChIPseq peaks enriched within 1kb and 10kb
of LEPR transcription start. Graph demonstrating AR RP score across samples compared to that of
other transcription factors (y-axis) as a promoter-type transcription factor, within 1kb of LEPR
transcription start. Heatmap detailing AR RP score across samples as an enhancer-type transcription
factor, within 10kb of LEPR transcription start. (C). AR ChIPseq peaks displayed within and
surrounding LEPR in the Zhu data set of VCaP cells and changes associated with small compound
AR antagonist treatment (Compound 26, Compound 30) compared vehicle, androgen R1881 alone.

Figure 4 (A-H). Efficacious effects of Allo-aca in preventing tumour progression in LNCaP
xenograft progression model in castrate Nude mice. Impact of Allo-aca on tumor xenograft (A)
doubling time (^in cohort growth inhibition cohort n=5 Allo); (B) endpoint volume and (C) endpoint
mass. (D) Serum PSA at endpoint and (E) time to PSA recurrence post-castration (^in cohort growth
inhibition cohort n=5 Allo). (F) Time to ethical endpoint. (G) Progression to ethical endpoint by
survival analysis. (H) Time to castration. Statistics: versus Veh, significant *P≤0.05 and trending t
P=0.055-0.10; N/S, not significant; P-values indicated. n=11 vehicle (Veh), n=10 Allo-aca (Allo)
unless indicated.

Figure 5 (A-J). Allo-aca had no impact on normal physiology and was well-tolerated in the
LNCaP xenograft progression model in castrate Nude mice. Impact of Allo-aca (Allo) on mouse
(A) body weight at endpoint; (B) absolute organ weight; (C) absolute serum leptin, compared to
Vehicle (Veh). Assessment of correlation between serum leptin and (D) time on treatment, and (E)
serum PSA in all mice. Impact of Allo on (F) serum leptin corrected for time on treatment, and (G)
absolute serum adiponectin, compared to Veh. Assessment of correlation between serum adiponectin
and (H) time on treatment, and (I) serum PSA in all mice. Statistics: versus Veh, significant *P≤0.05
and trending t P=0.055-0.10; P-values indicated; N/S, not significant. n=11 vehicle (Veh), n=10 Alloaca (Allo) unless indicated. (j) Allo-aca has no effect on tissue pathology. Organ pathology by
hematoxylin and eosin staining of heart, genitourinary (GU) tract (prostate and seminal vesicles
indicated), brown (BAT) and white (WAT) adipose tissue, liver, kidney, pancreas, lymph node,
muscle (quads, quadricep), spleen, brain and lung (scale bar = 100μm).

Figure 6 (A-F). Allo-aca impacts tumor xenograft apoptotic processes..) Pathway of apoptosis
signalling, from IPA analysis of DE transcripts following tumor xenograft RNAseq. This map shows
that apoptosis is a significantly affected canonical pathway induced by Allo-aca treatment. (B)
Heatmap showing the expression of pro- and anti-apoptotic genes across tumor samples subjected to
RNAseq. (C) Significant enrichment of Curtois, ‘GO’ and Reactome molecular signatures within the
Allo-aca transcriptomic dataset (mapped to human) related to apoptosis and cellular senescence. Enr =

enrichment. Statistics: *P<0.05, trend T P=0.055-0.10, P-values indicated. (D) Protein abundance of
apoptotic marker, cleaved caspase 3 (active apoptosis) and pro-caspase 3, relative to vinculin loading
control in tumour xenograft lysates. Densitometry was performed to quantify abundance from
membrane; cleaved caspase detection of bands at ~17, 19 kDa and pro-caspase at ~35kDa was
expressed relative to vinculin (~125kDa) and background corrected. Western blot, n=11 Veh, n=5
Allo; Lad = prestained protein ladder. Statistics: *P<0.05, P-values indicated. (E) Cell viabilityassociated pathways detected as significantly altered by Z-score and -logP according to IPA analysis.
(F) Representative images of 3 tumors probed for Ki-67 proliferative marker by
immunohistochemistry. Ki-67 positive cells are stained brown (DAB), light counterstain with
hematoxylin (scale bar =50µm). Minus primary antibody (-1°) matching area for Ki-67 staining
provided above Ki-67 stained images to show specificity of Ki-67 staining. Ki-67 score, based on
intensity and positivity, derived from tumor sections probed by immunohistochemistry with antibody
raised against human Ki-67. Statistics, not significant (N/S); Veh (vehicle), n=10, Allo-aca (Allo)
n=7. Expression of human Ki-67 gene, MIK67, in RNAseq from Allo-aca and Vehicle-treated tumors
(fpkm); Statistics, not significant (N/S).

Figure 7 (A-F). Effect of leptin and Allo-aca on androgen-deprived PCa cell growth in vitro. (A)
Change in confluence following 72h treatment with leptin (0, 2.5, 10, 20 nM) ± Allo-aca (0, 1, 10,
100nM) in androgen-deprived conditions in LNCaP, LAPC4, DuCaP, and C4-2B cells that had been
pre-subjected to 48h androgen deprivation (media supplemented with charcoal stripped serum (CSS)
or serum free media supplemented with BSA). Confluence 72h post-drug treatment, measured by
IncuCyte, was represented relative to pretreatment confluence at time 0h. n=3; N/S, not significant.
(B) Change in confluence following 48h treatment with leptin (0, 10, 20 nM) ± Allo-aca (0, 10,
100nM) in FBS ± Enzalutamide conditions in LNCaP cells that had been pre-subjected to 48h ATT
(FBS media supplemented with Enzalutamide (10µM)). Confluence 48h post-drug treatment,
measured by IncuCyte, was represented relative to pretreatment confluence at time 0h. n=1; N/S, not
significant. (C) Cell number was assessed by DNA content using CyQuant (n=3) and expressed
relative to pre-treatment values. Data represent LNCaP, DuCaP, LAPC4 and C4-2B cell lines exposed

to 72h treatment with leptin (0, 0.5, 2.5, 5, 10, 20, 50 nM) ± Allo-aca (0, 1, 10, 100nM) in androgendeprived conditions (CSS), with cells subjected to 48h androgen deprivation (media supplemented
with charcoal stripped serum (CSS) prior to drug treatment. * P<0.05, vs CSS; # P<0.05, vs leptin
dose alone; t trend, P<0.1. (D) Heatmap showing significant changes to ERK/MAPK signalling genes
across tumor samples subjected to RNAseq. (E) Protein abundance of phospho (P-) ERK and total
ERK, relative to vinculin loading control in tumor xenograft lysates. Densitometry was performed to
quantify abundance from membrane; ERK detection of bands at 44/42 kDa (total, red channel; P-,
green channel) was expressed relative to vinculin (~125kDa) and background corrected. Western
blot, n=11 Veh, n=5 Allo; Lad = prestained protein ladder. Statistics: trend t P=0.055-0.10, P-values
indicated; N/S, not significant. (F) Alpha-screen assessment of ERK signaling in LNCaP cells treated
with leptin (20nM) ± Allo-aca (100nM) compared to controls (DMSO, U0126 (selective MEK1, 2
inhibitor, to inhibit the Ras/Raf/MEK/ERK signalling pathway)). Statistics: * P<0.05, vs DMSO; #
P<0.05, vs leptin dose alone.

Figure 8 (A-G). Effect of Allo-aca on tumor xenograft phenotype and host microenvironment.
(A) Tumor pathology by hematoxylin and eosin staining (scale bar: whole tumor = 1mm; magnified
view =100µm); (B) Abundance of mouse transcripts for hemoglobin (beta (Hbb); alpha (Hba)) across
tumor samples subjected to RNAseq; (C) Representative endpoint images showing Allo-aca altered
tumor xenograft phenotype compared to Vehicle (ruler ticks at 1mm intervals); (D) Significant
enrichment of molecular signatures within the Allo-aca transcriptomic dataset (mapped to human)
related to angiogenesis. (E) Human VEGF protein abundance measured in tumor xenograft lysates
relative to vinculin loading control; densitometry was performed to quantify abundance from
membrane VEGF detection of bands at 35kDa, 25 kDa and at ~ 10,15 kDa and the sum of all protein
(total). Vinculin (~125kDa) was used as a loading control. Lad = prestained protein ladder. Statistics:
versus Veh, significant *P≤0.05, **P<0.01. RNAseq, n=6 Allo-aca (Allo), n=5 Vehicle (Veh);
Western blot, n=11 Veh, n=4 Allo. (F) Average sO2 content at endpoint (compared to pretreatment)

by live longitudinal PA spectral imaging of tumours, n=9 Allo, n=11 Veh; trend tP=0.12. (G)
Perfusion in Veh and Allo-aca endpoint tumours (n=1) demonstrated using US contrast agent
replenishment (transit time (TT) (s), colour scale X = maximum TT for that image).

Figure 9(A-G). Effect of Allo-aca on cholesterol and lipid synthesis, and metabolic networks, in
tumor xenografts derived from gene function analysis of RNAseq data using IPA and
MetaboAnalyst. (A) “Lipid Metabolism, Small Molecule Biochemistry, Vitamin and Mineral
Metabolism” identified as a key network significantly affected by Allo-aca (as compared to Vehicle);
featuring upregulation of Master lipogenic regulator, SREBF1 and altered expression of several lipid
and glucose metabolism enzymes. (B) Predicted AMPK suppression within the “Lipid Metabolism,
Small Molecule Biochemistry, Vitamin and Mineral Metabolism” network; a potential mechanism for
enhanced SREBF1 expression and predicted activity. (C) Heatmap representing altered expression of
genes associated with lipid metabolism and AMPK signaling pathways from RNAseq analysis across
Allo-aca-treated tumors, vs Vehicle (Veh) control; as identified in IPA analysis shown in (A) and (B).
(A-C) Statistics: significant adjusted P-value P≤0.05, fold change (FC) cut off > +1.5, <-1.5. RNAseq,
n=6 Allo-aca (Allo), n=5 Veh. Legend – red = upregulated, green = downregulated, orange =
predicted upregulated based on pathway activation, blue = predicted downregulated based on pathway
activation. (D) Protein abundance of total AMPKα and phospho (P-) AMPKα, relative to vinculin
loading control in tumor xenograft lysates. Densitometry was performed to quantify abundance from
membrane; AMPK detection of bands at 62kDa (total, red channel; P-, green channel) was expressed
relative to vinculin (~117kDa) and background corrected. Western blot, n=11 Veh, n=4 Allo; Lad =
prestained protein ladder. Statistics: trend t P=0.055-0.10, P-values indicated; N/S, not significant.
(E) Significant enrichment of several ‘GO’ molecular signatures within the Allo-aca transcriptomic
dataset (mapped to human) related to lipid metabolism and transport. Listed pathway; enrichment
score. Statistics: *P<0.05, trend T P=0.055-0.10. (F) Protein abundance of SREBP1, relative to
vinculin loading control in tumor xenograft lysates. Densitometry was performed as above 122kDa
SREBP1 was expressed relative to vinculin (~117kDa) and background corrected. Western blot,

n=11 Veh, n=5 Allo. Statistics: P-values indicated. (G) Other metabolic pathways (not lipid centric)
that were also observed to be significantly enriched in MetaboAnalyst analyses of the Allo-aca-treated
tumour transcriptome. Highlighted metabolism (met.) pathways are indicated by numbers alongside
green circled nodes on the graph and details seen in the corresponding table. Node size corresponds to
impact score while node colour corresponds to -log10P significance.
Figure 10. Schematic of leptin impacts on tumor xenograft phenotype and microenvironment
and potential mechanisms highlighted to underlie anti-tumour efficacy of leptin signalling
blockade by Allo-aca. Our and previous research supports leptin eliciting effects on the tumour and
its microenvironment that are supportive of tumour growth and aggressiveness. This study has
informed potential mechanisms of the growth limiting actions of Allo-aca on prostate tumours, which
include induction of apoptosis, decreased tumour angiogenesis, altered tumour immune/inflammatory
environment and rewired metabolism.

Suppl Fig1. Human transcripts (tumour-specific) from Allo-aca (Allo) and Vehicle (Veh) treated
tumors cluster separately in PCA plots of normalized CPM of human transcripts, COA plots of
normalized CPM of human transcripts and PCA plots of normalized logCPM of differentially
expressed (DE) human transcripts. 1448 DE human transcripts were observed with Allo-aca
treatment.

Suppl Fig2(A-E). Allo-aca efficacy in LNCaP xenograft progression model in castrate Nude
mice. Progression over time of (A) tumor xenograft volume from day 0 and (B) serum PSA from
castration. Regression over time of (C) tumor volume and (D) serum PSA in the Allo regression
cohort n=5). (E) Correlation of endpoint tumor PSA and volume. Cx = castration.

Suppl Fig3. Impact of leptin and Allo-aca on LNCaP cell LEPR protein. Representative images of
LEPR (green) protein by immunofluorescence in LNCaP cells treated with acute leptin (10 nM) and
Allo-aca (100 nM) in vitro under androgen deplete (CSS) or rich (FBS) conditions. Graphically

represented as overall LEPR intensity of cells as calculated by Cell Profiler analysis. Statistics:
**P≤0.01, ***P≤0.001 vs vehicle; #P≤0.05, ###P≤0.001 vs leptin alone in that condition.

Suppl Figure 4 (A-B). Effect of Allo-aca on tumor xenograft phenotype and migration. (A)
MetaboAnalyst gene-centric pathway analysis showing significant enrichment of pathways associated
with cell adhesion/motility in Allo-aca treated tumours. Analysis was performed on differentially
expressed transcripts mapping to the human genome. Pathways are indicated by numbers alongside
green circled nodes on the graph and details seen in the corresponding table. Node size corresponds to
impact score while node colour corresponds to -log10P significance. (B) Effect of leptin and Allo-aca
on androgen-deprived PCa cell transwell migration in vitro. Relative number of migrating LNCaP
and C4-2B cells following androgen-deprivation and treatment with leptin doses (0, 2.5, 10 nM), and
leptin doses + Allo-aca (1, 10, 100nM); expressed relative to ADT vehicle control. n=3; Statistics:
*P<0.05, ***P<0.001, ****P<0.0001, vs ADT vehicle; tP=0.055-0.10, #P<0.05, ##P<0.01,
###P<0.001, vs leptin dose alone.

Table 1. Top 40 significantly represented canonical pathways, as assessed by IPA using
transcripts mapping only to the human genome, in Allo-aca-treated tumour xenografts (as
compared to Veh), based on –log(P).
Ingenuity Canonical Pathways
-log(P) z-score
EIF2 Signalling
6.78
1.15
Epithelial Adherens Junction Signalling
5.32
N/A
Molecular Mechanisms of Cancer
5.06
N/A
Integrin Signalling
4.84
1.23
Hereditary Breast Cancer Signalling
4.80
N/A
Role of BRCA1 in DNA Damage Response
4.79
1.13
Huntington's Disease Signalling
4.44
0.00
ATM Signalling
4.29
0.00
HIPPO Signalling
4.29
-0.71
Remodelling of Epithelial Adherens Junctions
4.26
1.00
Sertoli Cell-Sertoli Cell Junction Signalling
4.11
N/A
Germ Cell-Sertoli Cell Junction Signalling
4.04
N/A
Death Receptor Signalling
4.00
-0.78
Axonal Guidance Signalling
3.92
N/A
mTOR Signalling
3.82
-0.54
Pancreatic Adenocarcinoma Signalling
3.65
1.29
GADD45 Signalling
3.50
N/A
Amyloid Processing
3.48
0.00
B Cell Receptor Signalling
3.46
0.85
Calcium Signalling
3.39
0.50
Telomerase Signalling
3.37
-0.91
Apoptosis Signalling
3.31
1.94
Breast Cancer Regulation by Stathmin1
3.30
N/A
Regulation of eIF4 and p70S6K Signalling
3.29
-0.71
FAK Signalling
3.27
N/A
NRF2-mediated Oxidative Stress Response
3.08
-0.58
Signalling by Rho Family GTPases
3.02
1.96
Cyclins and Cell Cycle Regulation
2.98
-1.00
Tight Junction Signalling
2.88
N/A
ERK/MAPK Signalling
2.82
0.00
Actin Cytoskeleton Signalling
2.77
0.63
Hypoxia Signalling in the Cardiovascular System
2.74
0.45
Phospholipase C Signalling
2.74
-1.04
IL-6 Signalling
2.73
0.50
HGF Signalling
2.72
2.32
ILK Signalling
2.71
0.22
Production of Nitric Oxide and Reactive Oxygen Species in Macrophages
2.68
-0.22
PI3K/AKT Signalling
2.67
-1.94
Protein Kinase A Signalling
2.66
0.56
Chronic Myeloid Leukemia Signalling
2.64
N/A

Table 2. Top 30 of 71 significant canonical pathways, as assessed by IPA using transcripts
mapping only to the mouse genome, in Allo-aca-treated tumour xenografts (as compared to
Veh), based on –log(P). *Immune/stress/inflammation; ^Metabolism/signalling themes
Ingenuity Canonical Pathways
-log(P) z-score
IL-7 Signalling Pathway*
3.01
2.24
B Cell Receptor Signalling*
2.92
0.45
Role of Macrophages, Fibroblasts & Endothelial Cells- Rheumatoid Arthritis*
2.83
N/A
Cholecystokinin/Gastrin-mediated Signalling^
2.7
-0.45
Endocannabinoid Cancer Inhibition Pathway^
2.7
0.00
4-1BB Signalling in T Lymphocytes*
2.63
N/A
Remodelling of Epithelial Adherens Junctions
2.59
N/A
GNRH Signalling
2.51
0.45
BER Pathway*
2.37
N/A
Phospholipase C Signalling^
2.35
0.45
Phagosome Formation*
2.31
N/A
PI3K Signalling in B Lymphocytes*
2.25
0.45
ILK Signalling
2.21
-0.45
Haematopoiesis from Pluripotent Stem Cells
2.11
N/A
CCR5 Signalling in Macrophages*
2.09
N/A
Primary Immunodeficiency Signalling*
2.08
N/A
Glutamine Biosynthesis I^
2.08
N/A
Epithelial Adherens Junction Signalling
2.08
N/A
Communication between Innate and Adaptive Immune Cells*
2.08
N/A
Osteoarthritis Pathway*
2.06
-1.00
TR/RXR Activation
2.05
N/A
D-myo-inositol (1,4,5)-trisphosphate Degradation^
2.02
N/A
1D-myo-inositol Hexakisphosphate Biosynthesis II ^
1.97
N/A
D-myo-inositol (1,3,4)-trisphosphate Biosynthesis^
1.97
N/A
Gαq Signalling
1.95
-1.00
VEGF Signalling
1.89
0.00
SAPK/JNK Signalling*
1.88
2.00
Methionine Degradation I (to Homocysteine)^
1.81
N/A
Superpathway of D-myo-inositol (1,4,5)-trisphosphate Metabolism^
1.78
N/A
Cysteine Biosynthesis III^
1.74
N/A

Figures:

Figure 1 (A-D). Tumour leptin (LEP) and leptin receptor (LEPR) expression increases with PCa
progression and in treatment resistant disease in patient samples. (A-B) LEP and LEPR expression
evaluated in PCa patient samples using the Oncomine platform (transcriptomic and genomic datasets).
ata represents (A) increased LEP expression in the Arredouani, Glinksy, Taylor 3 and Nanni patient
datasets for primary vs non-malignant prostate, increasing Gleason score, metastatic vs localized PCa,
recurrence vs non-recurrent at 1 yrs, respectively; and (B) increased LEPR expression in the Liu, La
pointe, Chandran and Glinksy patient datasets for primary vs non-malignant prostate, increasing
Gleason score, metastatic vs localized PCa, and recurrence vs non-recurrent at 1 yrs, respectively.
Significant (*P<0.05) and trending (tP=0.055-0.07) P-values indicated. (C) LEPR expression evaluated

in the Rajan dataset in PCa biopsies profiled transcriptomically pre- and post-ADT (P<0.01). (D) LEPR
expression evaluated in metastases in the Abida dataset, presented according to primary or metastatic
tissue biopsy site and stratified according to NEPC score by color and neuroendocrine features by
symbol, at localized or metastatic sites.

Figure 2 (A-G). Leptin receptor (LEPR) expression increases in cell lines subjected to androgen
withdrawal in vitro and in vivo. (A) LEPR mRNA expression (by microarray) in LNCaP, DUCaP,
VCaP PCa cell lines in normal growth media (FBS) or androgen deplete (Charcoal stripped serum,
CSS) and replete (CSS + DHT) conditions. Significant: *P≤0.05. (B) LEPR mRNA expression (by
RNAseq) in LNCaP cells in androgen deplete media (CSS) or androgen replete media (+D) ±
androgen targeted (+ENZ) therapy. *P≤0.05. (C) LEPR mRNA expression (by RNAseq) in shAR
LNCaP cells grown in androgen deplete media (CSS) ±treatment with doxycycline (Dox) for
knockdown induction (shNT, shAR) and DHT for androgen replete conditions (upper panel). AR
mRNA expression under Dox-induction demonstrates successful AR knockdown by inducible shAR

(lower panel, #P≤0.05 indicates validated knockdown in +Dox vs no Dox). Significant: *P≤0.05. (D)
LEPR mRNA expression (by microarray) in an LNCaP prostate cancer progression xenograft model
in mice. Xenografts were harvested from intact mice or mice that underwent castration with tumors
collected at PSA progression points (Regression (REGR); Nadir, Recurrence (RECUR) orCastrate
Resistance (CRPC)) . Significant: *P≤0.05, vs Intact; trend TP≤0.1 vs CRPC. Progression of serum
PSA across model time points indicated by schematic below. (E) Two independent experiments
validating increased LEPR mRNA expression in androgen deplete conditions by qRT-PCR. Relative
LEPR mRNA in LNCaP cells subjected to acute androgen deplete (CSS) or replete (CSS + DHT)
conditions (n=1, mean ± SD) (left panel). Relative LEPR mRNA expression in LNCaP cells subjected
to either normal growth media (FBS) (d0) or to chronic androgen deplete (CSS) conditions over up to
8 days. At day 8, cells were either maintained in androgen deplete (CSS) conditions or androgens
were re-introduced (+DHT) for up to 6 days (n=1, mean ± SD) (right panel). (F) Human LEPR
protein abundance measured in LNCaP PCa cell lysates relative to -tubulin loading control;
densitometry was performed to quantify abundance from membrane total LEPR and background
corrected. Cells were pretreated with ADT (CSS) for 48h and then subjected to 48h leptin (L, 10 nM)
± Allo-aca (A, 100 nM). Western blot, n=2; Lad = prestained protein ladder. Significant: *P≤0.05, vs
FBS. (G) LEPR mRNA expression (by RNAseq) in LNCaP cells subjected to 2d androgen deplete
media (CSS) or androgen rich media (FBS), followed by 48h (L, 10 nM) ± Allo-aca (A, 100 nM)
treatment. Significant: *P≤0.05, vs FBS.

Figure 3 (A-C). Androgens regulate the expression of LEP and LEPR. (A) AR ChIPseq peak
enrichment analysis of LEP and LEPR in the Ramos-Montoya data set of LNCaP cells treated with
bicalutamide (BIC) compared with vehicle control. The number of peaks is highlighted by the bubble
size and the enrichment score by the gray scale. (B) Regulatory potential (RP) score of AR analysed
across datasets within the Cistrome database using AR ChIPseq peaks enriched within 1kb and 10kb
of LEPR transcription start. Graph demonstrating AR RP score across samples compared to that of
other transcription factors (y-axis) as a promoter-type transcription factor, within 1kb of LEPR
transcription start. Heatmap detailing AR RP score across samples as an enhancer-type transcription
factor, within 10kb of LEPR transcription start. (C). AR ChIPseq peaks displayed within and
surrounding LEPR in the Zhu data set of VCaP cells and changes associated with small compound
AR antagonist treatment (Compound 26, Compound 30) compared vehicle, androgen R1881 alone.

Figure 4 (A-H). Efficacious effects of Allo-aca in preventing tumour progression in LNCaP
xenograft progression model in castrate Nude mice. Impact of Allo-aca on tumor xenograft (A)
doubling time (^in cohort growth inhibition cohort n=5 Allo); (B) endpoint volume and (C) endpoint
mass. (D) Serum PSA at endpoint and (E) time to PSA recurrence post-castration (^in cohort growth
inhibition cohort n=5 Allo). (F) Time to ethical endpoint. (G) Progression to ethical endpoint by
survival analysis. (H) Time to castration. Statistics: versus Veh, significant *P≤0.05 and trending t
P=0.055-0.10; N/S, not significant; P-values indicated. n=11 vehicle (Veh), n=10 Allo-aca (Allo)
unless indicated.

Figure 5 (A-J). Allo-aca had no impact on normal physiology and was well-tolerated in the
LNCaP xenograft progression model in castrate Nude mice. Impact of Allo-aca (Allo) on mouse
(A) body weight at endpoint; (B) absolute organ weight; (C) absolute serum leptin, compared to
Vehicle (Veh). Assessment of correlation between serum leptin and (D) time on treatment, and (E)
serum PSA in all mice. Impact of Allo on (F) serum leptin corrected for time on treatment, and (G)
absolute serum adiponectin, compared to Veh. Assessment of correlation between serum adiponectin
and (H) time on treatment, and (I) serum PSA in all mice. Statistics: versus Veh, significant *P≤0.05
and trending t P=0.055-0.10; P-values indicated; N/S, not significant. n=11 vehicle (Veh), n=10 Allo-

aca (Allo) unless indicated. (j) Allo-aca has no effect on tissue pathology. Organ pathology by
hematoxylin and eosin staining of heart, genitourinary (GU) tract (prostate and seminal vesicles
indicated), brown (BAT) and white (WAT) adipose tissue, liver, kidney, pancreas, lymph node,
muscle (quads, quadricep), spleen, brain and lung (scale bar = 100μm).

Figure 6 (A-F). Allo-aca impacts tumor xenograft apoptotic processes..) Pathway of apoptosis
signalling, from IPA analysis of DE transcripts following tumor xenograft RNAseq. This map shows
that apoptosis is a significantly affected canonical pathway induced by Allo-aca treatment. (B)
Heatmap showing the expression of pro- and anti-apoptotic genes across tumor samples subjected to

RNAseq. (C) Significant enrichment of Curtois, ‘GO’ and Reactome molecular signatures within the
Allo-aca transcriptomic dataset (mapped to human) related to apoptosis and cellular senescence. Enr =
enrichment. Statistics: *P<0.05, trend T P=0.055-0.10, P-values indicated; n= 5 Veh, n=6 Allo. (D)
Protein abundance of apoptotic marker, cleaved caspase 3 (active apoptosis) and pro-caspase 3,
relative to vinculin loading control in tumour xenograft lysates. Densitometry was performed to
quantify abundance from membrane; cleaved caspase detection of bands at ~17, 19 kDa and procaspase at ~35kDa was expressed relative to vinculin (~125kDa) and background corrected. Western
blot, n=11 Veh, n=5 Allo; Lad = prestained protein ladder. Statistics: *P<0.05, P-values indicated.
(E) Cell viability-associated pathways detected as significantly altered by Z-score and -logP
according to IPA analysis. (F) Representative images of 3 tumors probed for Ki-67 proliferative
marker by immunohistochemistry. Ki-67 positive cells are stained brown (DAB), light counterstain
with hematoxylin (scale bar =50µm). Minus primary antibody (-1°) matching area for Ki-67 staining
provided above Ki-67 stained images to show specificity of Ki-67 staining. Ki-67 score, based on
intensity and positivity, derived from tumor sections probed by immunohistochemistry with antibody
raised against human Ki-67. Statistics, not significant (N/S); Veh (vehicle), n=10, Allo-aca (Allo)
n=7. Expression of human Ki-67 gene, MIK67, in RNAseq from Allo-aca and Vehicle-treated tumors
(fpkm); Statistics, not significant (N/S).

Figure 7 (A-F). Effect of leptin and Allo-aca on androgen-deprived PCa cell growth in vitro. (A)
Change in confluence following 72h treatment with leptin (0, 2.5, 10, 20 nM) ± Allo-aca (0, 1, 10,
100nM) in androgen-deprived conditions in LNCaP, LAPC4, DuCaP, and C4-2B cells that had been
pre-subjected to 48h androgen deprivation (media supplemented with charcoal stripped serum (CSS)
or serum free media supplemented with BSA). Confluence 72h post-drug treatment, measured by
IncuCyte, was represented relative to pretreatment confluence at time 0h. n=3; N/S, not significant.
(B) Change in confluence following 48h treatment with leptin (0, 10, 20 nM) ± Allo-aca (0, 10,
100nM) in FBS ± Enzalutamide conditions in LNCaP cells that had been pre-subjected to 48h ATT
(FBS media supplemented with Enzalutamide (10µM)). Confluence 48h post-drug treatment,
measured by IncuCyte, was represented relative to pretreatment confluence at time 0h. n=1; N/S, not
significant. (C) Cell number was assessed by DNA content using CyQuant (n=3) and expressed
relative to pre-treatment values. Data represent LNCaP, DuCaP, LAPC4 and C4-2B cell lines exposed
to 72h treatment with leptin (0, 0.5, 2.5, 5, 10, 20, 50 nM) ± Allo-aca (0, 1, 10, 100nM) in androgendeprived conditions (CSS), with cells subjected to 48h androgen deprivation (media supplemented
with charcoal stripped serum (CSS) prior to drug treatment. * P<0.05, vs CSS; # P<0.05, vs leptin
dose alone; t trend, P<0.1. (D) Heatmap showing significant changes to ERK/MAPK signalling genes
across tumor samples subjected to RNAseq. (E) Protein abundance of phospho (P-) ERK and total
ERK, relative to vinculin loading control in tumor xenograft lysates. Densitometry was performed to
quantify abundance from membrane; ERK detection of bands at 44/42 kDa (total, red channel; P-,
green channel) was expressed relative to vinculin (~125kDa) and background corrected. Western
blot, n=11 Veh, n=5 Allo; Lad = prestained protein ladder. Statistics: trend t P=0.055-0.10, P-values
indicated; N/S, not significant. (F) Alpha-screen assessment of ERK signaling in LNCaP cells treated
with leptin (20nM) ± Allo-aca (100nM) compared to controls (DMSO, U0126 (selective MEK1, 2
inhibitor, to inhibit the Ras/Raf/MEK/ERK signalling pathway)). Statistics: * P<0.05, vs DMSO; #
P<0.05, vs leptin dose alone.

Figure 8 (A-G). Effect of Allo-aca on tumor xenograft phenotype and host microenvironment.
(A) Tumor pathology by hematoxylin and eosin staining (scale bar: whole tumor = 1mm; magnified
view =100µm); (B) Abundance of mouse transcripts for hemoglobin (beta (Hbb); alpha (Hba)) across
tumor samples subjected to RNAseq; (C) Representative endpoint images showing Allo-aca altered
tumor xenograft phenotype compared to Vehicle (ruler ticks at 1mm intervals); (D) Significant
enrichment of molecular signatures within the Allo-aca transcriptomic dataset (mapped to human)
related to angiogenesis. (E) Human VEGF protein abundance measured in tumor xenograft lysates
relative to vinculin loading control; densitometry was performed to quantify abundance from
membrane VEGF detection of bands at 35kDa, 25 kDa and at ~ 10,15 kDa and the sum of all protein
(total). Vinculin (~125kDa) was used as a loading control. Lad = prestained protein ladder. Statistics:
versus Veh, significant *P≤0.05, **P<0.01. RNAseq, n=6 Allo-aca (Allo), n=5 Vehicle (Veh);
Western blot, n=11 Veh, n=4 Allo. (F) Average sO2 content at endpoint (compared to pretreatment)
by live longitudinal PA spectral imaging of tumours, n=9 Allo, n=11 Veh; trend tP=0.12. (G)
Perfusion in Veh and Allo-aca endpoint tumours (n=1) demonstrated using US contrast agent
replenishment (transit time (TT) (s), colour scale X = maximum TT for that image).

Figure 9(A-G). Effect of Allo-aca on cholesterol and lipid synthesis, and metabolic networks, in
tumor xenografts derived from gene function analysis of RNAseq data using IPA and
MetaboAnalyst. (A) “Lipid Metabolism, Small Molecule Biochemistry, Vitamin and Mineral
Metabolism” identified as a key network significantly affected by Allo-aca (as compared to Vehicle);
featuring upregulation of Master lipogenic regulator, SREBF1 and altered expression of several lipid
and glucose metabolism enzymes. (B) Predicted AMPK suppression within the “Lipid Metabolism,
Small Molecule Biochemistry, Vitamin and Mineral Metabolism” network; a potential mechanism for
enhanced SREBF1 expression and predicted activity. (C) Heatmap representing altered expression of
genes associated with lipid metabolism and AMPK signaling pathways from RNAseq analysis across
Allo-aca-treated tumors, vs Vehicle (Veh) control; as identified in IPA analysis shown in (A) and (B).
(A-C) Statistics: significant adjusted P-value P≤0.05, fold change (FC) cut off > +1.5, <-1.5. RNAseq,
n=6 Allo-aca (Allo), n=5 Veh. Legend – red = upregulated, green = downregulated, orange =
predicted upregulated based on pathway activation, blue = predicted downregulated based on pathway
activation. (D) Protein abundance of total AMPK and phospho (P-) AMPK, relative to vinculin
loading control in tumor xenograft lysates. Densitometry was performed to quantify abundance from
membrane; AMPK detection of bands at 62kDa (total, red channel; P-, green channel) was expressed
relative to vinculin (~117kDa) and background corrected. Western blot, n=11 Veh, n=4 Allo; Lad =
prestained protein ladder. Statistics: trend t P=0.055-0.10, P-values indicated; N/S, not significant.
(E) Significant enrichment of several ‘GO’ molecular signatures within the Allo-aca transcriptomic
dataset (mapped to human) related to lipid metabolism and transport. Listed pathway; enrichment
score. Statistics: *P<0.05, trend T P=0.055-0.10. (F) Protein abundance of SREBP1, relative to
vinculin loading control in tumor xenograft lysates. Densitometry was performed as above 122kDa
SREBP1 was expressed relative to vinculin (~117kDa) and background corrected. Western blot,
n=11 Veh, n=5 Allo. Statistics: P-values indicated. (G) Other metabolic pathways (not lipid centric)
that were also observed to be significantly enriched in MetaboAnalyst analyses of the Allo-aca-treated
tumour transcriptome. Highlighted metabolism (met.) pathways are indicated by numbers alongside
green circled nodes on the graph and details seen in the corresponding table. Node size corresponds to
impact score while node colour corresponds to -log10P significance.

Figure 10. Schematic of leptin impacts on tumor xenograft phenotype and microenvironment
and potential mechanisms highlighted to underlie anti-tumour efficacy of leptin signalling
blockade by Allo-aca. Our and previous research supports leptin eliciting effects on the tumour and
its microenvironment that are supportive of tumour growth and aggressiveness. This study has
informed potential mechanisms of the growth limiting actions of Allo-aca on prostate tumours, which
include induction of apoptosis, decreased tumour angiogenesis, altered tumour immune/inflammatory
environment and rewired metabolism.

Suppl Fig1. Human transcripts (tumour-specific) from Allo-aca (Allo) and Vehicle (Veh) treated
tumors cluster separately in PCA plots of normalized CPM of human transcripts, COA plots of
normalized CPM of human transcripts and PCA plots of normalized logCPM of differentially
expressed (DE) human transcripts. 1448 DE human transcripts were observed with Allo-aca
treatment.

Suppl Fig2(A-E). Allo-aca efficacy in LNCaP xenograft progression model in castrate Nude
mice. Progression over time of (A) tumor xenograft volume from day 0 and (B) serum PSA from
castration. Regression over time of (C) tumor volume and (D) serum PSA in the Allo regression
cohort n=5). (E) Correlation of endpoint tumor PSA and volume. Cx = castration.

Suppl Fig3. Impact of leptin and Allo-aca on LNCaP cell LEPR protein. Representative images of
LEPR (green) protein by immunofluorescence in LNCaP cells treated with acute leptin (10 nM) and
Allo-aca (100 nM) in vitro under androgen deplete (CSS) or rich (FBS) conditions. Graphically
represented as overall LEPR intensity of cells as calculated by Cell Profiler analysis. Statistics:
**P≤0.01, ***P≤0.001 vs vehicle; #P≤0.05, ###P≤0.001 vs leptin alone in that condition.

Suppl Figure 4 (A-B). Effect of Allo-aca on tumor xenograft phenotype and migration. (A)
MetaboAnalyst gene-centric pathway analysis showing significant enrichment of pathways associated
with cell adhesion/motility in Allo-aca treated tumours. Analysis was performed on differentially
expressed transcripts mapping to the human genome. Pathways are indicated by numbers alongside
green circled nodes on the graph and details seen in the corresponding table. Node size corresponds to
impact score while node colour corresponds to -log10P significance. (B) Effect of leptin and Allo-aca
on androgen-deprived PCa cell transwell migration in vitro. Relative number of migrating LNCaP
and C4-2B cells following androgen-deprivation and treatment with leptin doses (0, 2.5, 10 nM), and
leptin doses + Allo-aca (1, 10, 100nM); expressed relative to ADT vehicle control. n=3; Statistics:
*P<0.05, ***P<0.001, ****P<0.0001, vs ADT vehicle; tP=0.055-0.10, #P<0.05, ##P<0.01,
###P<0.001, vs leptin dose alone.

SupplTable1. Top 25 expressed transcripts (based on fpkm value from RNAseq) mapping to
the mouse genome expressed in tumour xenografts in Allo-aca (Allo) and Vehicle (Veh)
treated mice. Mitochondrial transcripts – cell shaded grey. Transcript ID in superscript following
gene symbol.
ALLO-ACA
Allo1
Allo2
Allo3
Allo4
Allo5
Allo6
-201
-201
-201
-201
-201
1
Co1
Co1
Co1
Co1
Hbb-bs
Co1-201
-201
-201
-201
-201
-201
2
Atp8
B2m
Atp8
B2m
Hba-a2
B2m-201
-201
-201
-201
-201
-201
3
Nd1
Fth1
Ftl1
Atp8
Co1
Atp8-201
4
Cytb-201
Atp8-201
Nd1-201
Nd1-201
Atp8-201
Fth1-201
-201
-201
-201
-201
-201
5
B2m
Lyz2
Fth1
Cytb
Hba-a1
Ftl1-201
-201
-201
-201
-201
-201
6
Nd4
Cd74
Cytb
Cd74
Ftl1
Nd1-201
-201
-201
-202
-201
-201
7
Nd2
Nd1
Apoe
Fth1
Nd1
Cd74-201
8
Cd74-201
Cytb-201
Hbb-bs-201
Nd4-201
Cytb-201
Cytb-201
-209
-209
-209
-201
-201
9
Apoe
Apoe
Apoe
Eef1a1
Fth1
Apoe-202
-201
-201
-201
-201
-202
10 Fth1
Ftl1
Nd4
Ftl1
Apoe
Hbb-bs-201
11 Nd5-201
Nd4-201
Selenop-201
Lyz2-201
Apoe-209
Nd4-201
-201
-201
-201
-201
-201
12 Ftl1
Eef1a1
Lyz2
Nd2
Nd4
Eef1a1-201
-201
-201
-201
-209
-201
13 Eef1a1
Nd5
Nd2
Apoe
Eef1a1
Apoe-209
-201
-202
-201
-201
-201
14 Atp6
Ctss
Eef1a1
Nd5
Nd2
Lyz2-201
15 Lyz2-201
Nd2-201
B2m-201
Apoe-202
B2m-201
Nd2-201
-201
-202
-201
-201
-201
16 Co3
Apoe
Hba-a2
Atp6
Lyz2
Hba-a2-201
-201
-203
-202
-201
-202
17 Fabp4
Psap
Sparc
Bgn
Sparc
Nd5-201
18 Col1a1-201
Ctsd-202
Nd5-201
Eef1a1-204
Ctsd-202
Psap-202
-209
-201
-201
-202
-201
19 Actb
H2-Ab1
Col3a1
Sparc
Nd5
Ctss-202
-202
-201
-202
-201
-201
20 Sparc
Jchain
Ctsd
Tmsb4x
Bgn
Ctsd-202
-201
-201
-201
-201
-201
21 Co2
Atp6
Bgn
Actb
Col1a1
Jchain-201
22 H2-Ab1-201
Psap-202
Col1a1-201
Co3-201
Col3a1-201
H2-Ab1-201
-204
-209
-201
-201
-201
23 Eef1a1
Actb
Col1a2
Col1a1
Selenop
C1qb-201
-201
-204
-201
-201
-201
24 Tmsb4x
Eef1a1
Hba-a1
Rps24
Col1a2
Hba-a1-201
25 Ctss-202
H2-Aa-201
Gpx3-201
Actb-209
Co3-201
Ly6e-215
VEHICLE
Veh1
Veh2
Veh3
Veh4
Veh5
1
Co1-201
Co1-201
Hbb-bs-201
Co1-201
Co1-201
2
Fth1-201
Hbb-bs-201
Fth1-201
Atp8-201
Atp8-201
-201
-201
-201
-201
3
Nd1
Atp8
Co1
Nd1
Nd1-201
-201
-201
-209
-201
4
Atp8
B2m
Apoe
Cytb
B2m-201
5
Cytb-201
Nd1-201
Ftl1-201
Nd4-201
Cytb-201
-201
-201
-201
-201
6
Ftl1
Cytb
Hba-a2
Fth1
Nd4-201
-209
-201
-201
-201
7
Apoe
Hba-a2
Atp8
Nd2
Apoe-209
-201
-201
-201
-201
8
Nd4
Nd4
Nd1
B2m
Fth1-201
9
B2m-201
Hba-a1-201
Cytb-201
Ftl1-201
Ftl1-201
-201
-201
-201
-201
10 Nd2
Fth1
Hba-a1
Nd5
Nd2-201
-201
-201
-201
-201
11 Lyz2
Nd5
Nd4
Atp6
Sparc-202
12 Hbb-bs-201
Nd2-201
Lyz2-201
Apoe-209
Col1a1-201
-201
-201
-201
-201
13 Eef1a1
Eef1a1
B2m
Lyz2
Col3a1-201
-201
-201
-202
-201
14 Col3a1
Atp6
Apoe
Eef1a1
Bgn-201
-202
-209
-201
-201
15 Sparc
Apoe
Eef1a1
Bgn
Eef1a1-201
16 Ctsd-202
Igfbp7-201
Nd2-201
Sparc-202
Apoe-202
-201
-201
-202
-201
17 Bgn
Ftl1
Ctsd
Col1a1
Nd5-201
-201
-209
-201
-201
18 Col1a1
Actb
Bgn
Co2
Hbb-bs-201
19 Hba-a2-201
Cd74-201
Sparc-202
Selenop-201
Col1a2-201

20
21
22
23
24
25

Apoe-203
Apoe-202
Nd5-201
Actb-209
Col1a2-201
Selenop-201

Sparc-202
Igfbp3-201
Eef1a1-204
Co2-201
Lyz2-201
Ctsd-202

Igfbp7-201
Apoe-203
Eef1a1-204
Hmox1-201
Actb-209
Col1a1-201

Actb-209
Col3a1-201
Co3-201
Hmox1-201
Ctsd-202
Eef1a1-204

Actb-209
Gpx3-201
Igfbp3-201
Selenop-201
Lyz2-201
Cd74-201

