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Abstract

Background: Both changes in circulating lipids represented by a validated poor prognostic 3-lipid signature (3LS)
and somatic tumour genetic aberrations are individually associated with worse clinical outcomes in men with
metastatic castration-resistant prostate cancer (mCRPC). A key question is how the lipid environment and the cancer
genome are interrelated in order to exploit this therapeutically. We assessed the association between the poor prog-
nostic 3-lipid signature (3LS), somatic genetic aberrations and clinical outcomes in mCRPC.

Methods: We performed plasma lipidomic analysis and cell-free DNA (cfDNA) sequencing on 106 men with mCRPC
commencing docetaxel, cabazitaxel, abiraterone or enzalutamide (discovery cohort) and 94 men with mCRPC com-
mencing docetaxel (validation cohort). Differences in lipid levels between men 4 somatic genetic aberrations were
assessed with t-tests. Associations between the 3LS and genetic aberrations with overall survival (OS) were examined
using Kaplan-Meier methods and Cox proportional hazard models.

Results: The 3LS was associated with shorter OS in the discovery (hazard ratio [HR] 2.15, 95% confidence interval

[Cl] 1.4-3.3,p < 0.001) and validation cohorts (HR 2.32,95% Cl 1.59-3.38, p < 0.001). Elevated plasma sphingolipids
were associated with AR, TP53, RBT and PI3K aberrations (p < 0.05). Men with both the 3LS and aberrations in AR, TP53,
RBT or PI3K had shorter OS than men with neither in both cohorts (p < 0.001). The presence of 3LS and/or genetic
aberration was independently associated with shorter OS for men with AR, TP53, RBT and PI3K aberrations (p < 0.02).
Furthermore, aggressive-variant prostate cancer (AVPC), defined as 2 or more aberrations in TP53, RBT and/or PTEN,
was associated with elevated sphingolipids. The combination of AVPC and 3LS predicted for a median survival of ~12
months. The relatively small sample size of the cohorts limits clinical applicability and warrants future studies.

Conclusions: Elevated circulating sphingolipids were associated with AR, TP53, RB1, PI3K and AVPC aberrations in
mCRPC, and the combination of lipid and genetic abnormalities conferred a worse prognosis. These findings suggest
that certain genotypes in mCRPC may benefit from metabolic therapies.
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Background

Prostate cancer (PC) is the second most frequent can-
cer and fifth leading cause of cancer death in men
worldwide [1]. Therapies such as taxanes, androgen
receptor signalling inhibitors (ARSI), poly-ADP ribose
polymerase inhibitors (PARPi) and targeted radio-
isotopes have significantly increased survival in meta-
static castration-resistant prostate cancer (mCRPC);
however, treatments driven by molecular subtyping
are currently limited to PARPi in the setting of DNA
repair gene aberrations and pembrolizumab in men
with microsatellite instability [2]. Moreover, long-term
control of mCRPC requires a combined approach tar-
geting multiple hallmarks of cancer, encompassing the
cancer genome, the immune system and metabolic fac-
tors including lipid metabolism, all of which contribute
to cancer progression and treatment resistance [3].

The genomic landscape of mCRPC is well character-
ised [4], with numerous somatic genetic aberrations
linked to poor clinical outcomes. Androgen receptor
(AR) aberrations (50-70%), TP53 aberrations (50%),
PTEN deletion (30%) and RBI deletion (20%) are all
associated with shorter time on ARSI [4-7]. RBI dele-
tion is also correlated with shorter overall survival
(OS) in mCRPC [6]. Aggressive-variant prostate cancer
(AVPC), a subset of mCRPC which is rapidly progres-
sive with a poor prognosis, is morphologically heter-
ogenous, but has been shown to correlate with genetic
aberrations in two or more of TP53, RB1 and/or PTEN
[8].

Altered lipid metabolism and its impact on PC
is increasingly recognised through epidemiologi-
cal [9-11] and molecular [12, 13] studies. Lipidomic
profiling of plasma from men with PC has demon-
strated that the plasma lipid profiles including elevated
sphingolipids are associated with a poorer prognosis
[14-17]. Ceramide, a key sphingolipid, can be metab-
olised into sphingosine-1-phosphate (S1P) or sphin-
gomyelin to promote cancer cell growth, tumour
metastasis and treatment resistance [18—20]. Elevated
circulating sphingolipids, in particular ceramides, are
associated with poorer clinical outcomes across the
natural history of PC, including metastatic relapse
in localised PC, earlier androgen deprivation failure
in metastatic hormone-sensitive PC, and shorter OS
and radiographic progression-free survival (rPES) in
mCRPC [14-17]. We have derived and validated a
poor prognostic 3-lipid signature (3LS) consisting of
ceramide(d18:1/24:1), sphingomyelin(d18:2/16:0) and

phosphatidylcholine(16:0/16:0) to represent the poor
prognostic lipidomic profile [14]. The 3LS is indepen-
dently associated with shorter OS in men with mCRPC
commencing docetaxel in internal and external valida-
tion cohorts [14, 15].

A key question arises from lipidomic profiling stud-
ies—how do circulating lipid aberrations relate to the
genomic landscape of prostate cancer? Genetic altera-
tions can lead to metabolic reprogramming in cancer,
and conversely, metabolic dysregulation can be an initia-
tor of malignant cellular transformation [21]. The cur-
rent study is uniquely placed to address this question and
provide insights into new potential therapeutic strategies
due to the multidisciplinary approach of parallel meta-
bolic and genomic profiling. Thus, we aimed to assess the
relationship between the poor prognostic 3-lipid signa-
ture, somatic genetic aberrations and clinical outcomes
in mCRPC.

Methods

Study population and sample collection

The discovery cohort consisted of 149 men with mCRPC
commencing taxanes (docetaxel or cabazitaxel) or ARSI
(abiraterone or enzalutamide) at seven sites in New
South Wales and Victoria, Australia, who were prospec-
tively enrolled between June 2016 and February 2020.
All participants provided written informed consent, with
ethics approval obtained from Monash Health Institu-
tional Review Board (15571X) and Royal Prince Alfred
Hospital Human Research Ethics Committee (X19-
0320). Plasma samples were collected prior to starting
treatment according to a standardised blood collection
protocol [22].

The validation cohort comprised of 142 men with
mCRPC commencing docetaxel at a single US tertiary
cancer centre (Mayo Clinic), who were prospectively
enrolled between September 2009 to August 2013.
Details of ethics approval and sample collection for this
cohort have been published previously [23].

Plasma lipidomic analysis

Lipidomic profiling of plasma samples was performed
by liquid chromatography-mass spectrometry as pre-
viously described [24]. Data was normalised using
the Probabilistic Quotient Normalisation method as
outlined previously [15], with final lipid levels trans-
formed to logarithm-2 of pmol/mL for statistical
analysis. More detail is provided in Additional File 1:
Section S1 [14, 15, 24-26].
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Targeted cfDNA sequencing

Plasma cfDNA extraction, next-generation sequencing
and bioinformatics analysis was performed as previously
reported [22, 27]. Briefly, extracted cfDNA underwent
library preparation, panel-based hybridisation (Predicine,
Inc.) and enrichment, followed by paired-end sequencing
on the Illumina HiSeq XTen. Somatic point mutations,
insertions/deletions and copy number alterations were
identified using Predicine’s proprietary GeneRADAR
technology and DeepSea machine learning bioinformat-
ics algorithm. Circulating tumour DNA (ctDNA) fraction
was calculated as previously described [22]. More detail
is included in Additional File 1: Section S2 [7, 22, 23, 27].

Statistical analysis

Time to rPFS and OS were calculated from the date
of treatment commencement to event and censored
at date of last follow-up if the event had not occurred.
Data regarding rPFS was not available for the validation
cohort.

Statistical analyses were performed with R version 4.0.2
and SPSS version 27. Principal components analysis of base-
line lipidomic profiles was used to assess whether there were
any underlying baseline metabolic differences that could con-
found our subsequent survival analyses. To determine the
presence of the circulating 3LS of poor prognosis, lipidomic
datasets were aligned to the original cohort in Lin et al [14]
from which the 3LS was derived using the ComBat algorithm
(R package sva, v3.34.0) and then calculated as previously
described (Additional File 1: Section S1.5) [14, 15]. Somatic
gene aberrations were defined as copy number variations or
mutations.

Differences in lipid levels between men with or without
genetic aberrations were assessed with ¢-tests (R package
rstatix, v0.7.0). Survival analyses were performed using
Kaplan-Meier methods (R package survival, v3.2-10). Cox
regression was used to determine associations between
the combined presence of 3LS and genetic aberrations,
established clinicopathologic factors (Tables 2 and 3)
and OS. Men with mCRPC were grouped according to
the biomarker combination of 3LS and genetic aberra-
tion in the Cox regression analyses as follows: Group 0 =
absence of both 3LS and the genetic aberration, Group 1
= presence of one abnormality (either 3LS or the genetic
aberration), and Group 2 = presence of both 3LS and the
genetic aberration. P-values < 0.05 were considered sta-
tistically significant.

Results

Study cohorts

In the discovery cohort, 149 men with mCRPC com-
mencing taxanes (27%) or ARSI (73%) underwent plasma
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lipidomic analysis. Their baseline plasma lipidomic pro-
files did not show major variations between treatment
type (taxane vs ARSI) or line of treatment (first vs sec-
ond) according to principal components analysis (Addi-
tional File 1: Fig S3.1-S3.2).

A subset of the discovery cohort (n = 106) had availa-
ble cfDNA for genomic sequencing (Additional File 1: Fig
S4). In the validation cohort, 142 men with mCRPC com-
mencing docetaxel underwent plasma lipidomic analysis.
cfDNA for genomic sequencing was available from 94
participants (Additional File 1: Fig S4). The clinical char-
acteristics were consistent between the full cohorts and
the subsets with lipidomic and genomic analyses (Addi-
tional File 1: Table S5).

Clinical outcomes by 3-lipid signature

The 3LS was present in 41% of men in both cohorts. Con-
sistent with our previous studies [14, 15], the 3LS was
associated with shorter rPFS (hazard ratio [HR] 1.71,
95% confidence interval [CI] 1.09-2.66, p = 0.019) and
OS (HR 2.15, 95% CI 1.4-3.3, p < 0.001) in the discov-
ery cohort (Fig. 1A, B). The association with shorter OS
remained significant in both the taxane subset (HR 3.29,
95% CI 1.44-7.54, p = 0.005; Fig. 1C) and ARSI subset
(HR 1.99, 95% CI 1.19-3.34, p = 0.009; Fig. 1D). Further-
more, the 3LS was associated with shorter OS (HR 2.32,
95% CI 1.59-3.38, p < 0.001) in the validation cohort
(Fig. 1E).

Clinical outcomes by genetic aberrations

The four most common genetic aberrations seen in both
cohorts of men with mCRPC were AR aberrations (dis-
covery 46%; validation 41%), TP53 aberrations (discov-
ery 46%, validation 41%), RB1 deletion (discovery 25%,
validation 29%) and phosphatidylinositol-3-kinase (PI3K)
pathway aberrations (discovery 55%, validation 35%)
(Fig. 2). All four of these aberrations were associated with
shorter OS in the discovery and validation cohorts and
with shorter rPFS in the discovery cohort (Table 1).

The 3-lipid signature and genetic aberrations

The overall frequency of somatic aberrations within the
AR, TP53, cell cycle, PI3K, DNA repair, mismatch repair
(MMR) and WNT pathways was increased in men with
the 3LS (Fig. 2). In the discovery cohort, 88% of men with
the 3LS had > 1 genetic aberration, compared to 75% of
men without the 3LS. In total 40% of men with the 3LS
had > 5 aberrations, compared to 21% of men without
the 3LS. In the validation cohort, 85% of men with the
3LS had > 1 genetic aberration, compared to 69% of men
without the 3LS. In total, 26% of men with the 3LS had >
5 aberrations, compared to 15% of men without the 3LS.
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Fig. 1 Kaplan-Meier analysis according to 3-lipid signature status in the discovery and validation cohorts. Using A radiographic progression-free
survival (rPFS) in the discovery cohort, B overall survival (OS) in the discovery cohort, C OS in the taxane subset of the discovery cohort, D OS in the
androgen receptor signalling inhibitor (ARSI) subset of the discovery cohort and E OS in the validation cohort
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Fig. 2 Landscape of somatic aberrations in the A discovery cohort and B validation cohort

In both cohorts, increased genomic heterogeneity was
associated with the presence of the 3LS.

Plasma sphingolipids and genetic aberrations

Elevated circulating sphingolipids were associated with
AR aberrations, TP53 aberrations, RBI deletion and PI3K
pathway aberrations in both cohorts. In the discovery
cohort, 22 sphingolipids were significantly elevated in
men with any AR aberration compared to men without (p
< 0.05), including ceramide(d18:1/24:1), a key component

of the 3LS (Fig. 3A, Additional File 1: Table $6.1). Twenty
of these sphingolipids were also elevated in the validation
cohort (Fig. 3A, Additional File 1: Table S6.1). Similarly,
17-31 sphingolipids were significantly elevated in men
with TP53 aberrations, RBI deletion or PI3K aberrations
(p < 0.05), with a proportion of these also elevated in the
validation cohort (Fig. 3B-D, Additional File 1: Tables
$6.2-6.4).

Aberrations in the DNA repair pathway (BRCA1/2,
ATM, CHEK2), MMR genes (MLHI, MSH2, MSH6) or
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Table 1 Univariable Cox proportional hazards analysis of survival based on genetic aberration in the two cohorts

Genetic aberration Overall survival in discovery cohort

Overall survival in validation cohort

Radiographic progression-free
survival in discovery cohort

HR (95% ClI) P-value HR (95% Cl) P-value HR (95% Cl) P-value
AR aberration 3.87(221-6.77) <0.001 2.26(1.43-3.58) <0.001 86 (1.07-3. 24) 0.028
TP53 aberration 3.55(2.07-6.08) < 0.001 2.18(1.37-3.47) 0.001 80 (1.0 13) 0.039
B1 deletion 410(233-7.22) < 0.001 1.79 (1.09-2.94) 0.021 3.08 (1.64-5. 79) <0.001
PI3K aberration 2.66 (1.55-4.58) < 0.001 (1.33-3.34) 0.002 2.53 (1.42-4.49) 0.001

All p-values < 0.05 are highlighted in bold

Data regarding radiographic progression-free survival was not available for the validation cohort

Cl confidence interval, HR hazard ratio, PI3K phosphatidylinositol-3-kinase

WNT pathway (APC, CTNNBI) were not significantly
associated with elevated circulating sphingolipids in
either cohort (Additional File 1: Tables S6.5-6.7). This
demonstrates that not all genotypes are associated with
the poor prognostic metabolic profile.

3-lipid signature and genetic aberrations as a biomarker
combination

The combined presence of the 3LS with aberrations in
AR, TP53, RBI1 or PI3K in men with mCRPC was asso-
ciated with poorer prognosis. Men with the 3LS and
a genetic aberration (AR, TP53, RBI or PI3K) (Group
2) had worse OS than men with neither characteristic
(Group 0) in both cohorts (p < 0.001; Fig. 4).

In multivariable analysis with clinicopathologic factors,
presence of an AR aberration and/or the 3LS (Groups 1
and 2) was independently associated with worse OS com-
pared to men with neither characteristic (Group 0) in
the discovery cohort (p = 0.005; Table 2) and validation
cohort (p = 0.001; Table 3). The association with shorter
OS was also seen with the TP53 aberration and/or 3LS
combination (discovery p = 0.001; validation p < 0.001)),
the RBI deletion and/or the 3LS combination (discovery
p = 0.019; validation p < 0.001) and the PI3K and 3LS
combination (discovery p = 0.009; validation p = 0.396)
(Tables 2 and 3).

3-lipid signature and aggressive-variant prostate cancer
AVPC, as defined by the presence of genetic aberrations
in two or more of TP53, RBI and/ or PTEN [8], was pre-
sent in 35% of men in the discovery cohort and 27% of
men in the validation cohort. As expected, men with the
molecular AVPC signature had shorter OS (discovery:
HR 3.57, 95% CI 2.12-6.00, p < 0.001; validation: HR
2.40, 95% CI 1.44-3.98, p < 0.001). Elevated circulating
sphingolipids were associated with AVPC in both cohorts
(Fig. 5A).

Men with the combination of 3LS and AVPC had
significantly shorter OS in both cohorts, with median

survival of ~12 months compared to > 2 years for
men with neither signature (discovery 11.6 months vs
32.3 months, p < 0.001; validation 13.5 months vs 44.4
months, p < 0.001) (Fig. 5B, C). The genetic aberrations
of AVPC are the main drivers of poor prognosis in these
men, as men with AVPC (regardless of the presence of
3LS) have shorter OS than non-AVPC men with 3LS
(Additional File 1: Fig S7.5). However, in both cohorts,
a higher proportion of men with AVPC have the 3LS
compared to men without AVPC (52% versus 35—-39%).
The molecular AVPC signature and/or 3LS was indepen-
dently associated with shorter OS in multivariable analy-
sis with clinicopathological features (Additional File 1:
Tables S8.1-S8.2).

Discussion
This study provides new insights into the correlation
between circulating lipids and tumour genotypes in
mCRPC. Elevated circulating sphingolipids were cor-
related with AR, RBI and PI3K aberrations in two
independent cohorts and associated with TP53 aberra-
tions in the discovery cohort, but not with DNA repair,
MMR or WNT pathway aberrations. The presence
of a somatic aberration (AR, TP53, RB1, PI3K) and/
or the 3LS was independently associated with shorter
OS in multivariable analysis in both cohorts. In addi-
tion, AVPC was associated with elevated sphingolipids
and the combination of AVPC and 3LS predicted for a
shorter median survival of ~12 months. Taken together,
these findings provide the first understanding into the
correlation between circulating lipid and somatic gene
alterations in mCRPC and suggest that men with AR,
TPS53, RB1, PI3K and AVPC aberrations are more likely
to benefit from therapies targeting sphingolipid metab-
olism than men with DNA repair, MMR or WN'T path-
way anomalies.

A key question arising from this data is how the
genomic and lipidomic changes are related biologically.
Not all genotypes are associated with the sphingolipid
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Hex2Cer(d18:1/20:0) HexCer(d18:1/24:1)
S1P(d18:1) h S1P(d18:0)
SM(38:3) (a) SM(d18:1/17:0)

I| SM(38:3) (b) I“lh I||I Ill | Sph(d18:1)
SM(40:3) (a) | | I Sph(d18:2)
SM(43:2) (b)
SM(44:2) log 2 I B | *Elevated in validation cohort
SM(44:3) <=2 0 =22 **Significantly elevated in validation cohort
SM(d18:1/17:0)
SM(d18:1/18:0)
SM(d18:1/24:1)
SM(d19:1/24:1) Abbreviations:
Sph(d16:1) Cer = ceramide; GM3 = GM3 ganglioside; HexCer = monohexosylceramide;
Sph(d18:1) Hex2Cer = dihexosylceramide; Hex3Cer = trihexosylceramide;

| Sph(d18:2) SM = sphingomyelin; Sph = sphingosine; S1P = sphingosine-1-phosphate.
1 Cer(d20:1/24:1)
| S1P(d18:0)
|I S1P(d18:2)
| | 1l sm(d18:2/18:0)

Fig. 3 Significantly elevated sphingolipids in men with genetic aberrations in the discovery cohort. Heatmaps show elevated sphingolipids in men
with A AR aberration, B TP53 aberration, C RB1 deletion, and D PI3K aberration; compared to men without the aberration. Sphingolipids which are
also elevated in the validation cohort are asterisked. Cer(d18:1/24:1), which is a component of the 3-lipid signature, is bolded

profiles, suggesting that certain genetic aberrations
(AR, TP53, RBI, P13K) are more likely to be dysregulat-
ing lipid metabolism. Bivariate analysis of the genotypes

with the 3LS was inconclusive regarding whether the
genetics was driving the lipid metabolism or vice versa
(Additional File 1: Tables $9.1-9.4).
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A Overall survival by AR aberration and 3-lipid signature B Overall survival by AR aberration and 3-lipid signature
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C Overall survival by TP53 aberration and 3-lipid signature D Overall survival by TP53 aberration and 3-lipid signature
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44 32 14 4 0 0 42 33 21 14 10 6 3 0 0 O 0
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E Overall survival by RB7 deletion and 3-lipid signature F  Overall survival by RB7 deletion and 3-lipid signature
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Months since start of treatment Months since start of treatment
Number at risk Number at risk
0 52 49 29 1 2 0 0 42 38 31 26 21 15 12 8 3 1 0
39 26 13 6 1 0 39 30 20 8 6 4 3 0 0 0 O
2 15 7 2 0 0 0 2 13 7 4 3 2 1 0O 0 0 0 O
G Overall survival by PI3K aberration and 3-lipid signature H Overall survival by PI3K aberration and 3-lipid signature
Discovery cohort . » Validation cohort
PI3K / 3-lipid Median PI3K / 3-lipid Median
Group aberration / signature (o) Group aberration / signature 0s
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Fig. 4 Kaplan-Meier analysis of overall survival (OS) by genetic aberration and 3-lipid signature. OS by AR aberration and 3-lipid signature in the A
discovery and B validation cohorts. OS by TP53 aberration and 3-lipid signature in the C discovery and D validation cohorts. OS by RBT deletion and
3-lipid signature in the E discovery and F validation cohorts. OS by PI3K aberration and 3-lipid signature in the G discovery and H validation cohorts
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A Plasma sphingolipid levels - AVPC signature vs none, p<0.05
Discovery cohort

No AVPC signature ~ AVPC signature

T

| cer(d18:1/16:0)
| GM3(d18:1/16:0)
| HexCer(d18:1/16:0) | |*
HexCer(d18:1/24:1)
SM(43:2) (b)
SM(d18:1/24:1)
Cer(d17:1/18:0)
Cer(d18:1/14:0)
Cer(d18:1/18:0)
Cer(d18:1/19:0)
Cer(d18:1/20:0)
Cer(d18:1/21:0)

|
|I I I Cer(d18:1/24:1)
| [ B cer(a18:2/18:0) *
| 1 Cer(d18:2/20:0)

—_—

Cer(d19:1/16:0)
Cer(d19:1/18:0)
Cer(d19:1/20:0)
|I GM3(d18:1/20:0)
GM3(d18:1/24:1)

I |
Hi | I| HexCer(d18:1/20:0)
| | S1P(d18:1)
| | SM(38:3) (b)
| SM(d18:1/17:0)

Sph(d18:1)

Sph(d18:2)
Cer(d20:1/24: 1)

|1 S1P(d17 1)
I S1P(d18:0)
J |I1 S1P(d18:2)

Sph(d16:1)

*Elevated in validation cohort
**Significantly elevated in validation cohort

Abbreviations:

AVPC = aggressive-variant prostate cancer; Cer = ceramide;
GM3 = GM3 ganglioside; HexCer = monohexosylceramide;
SM = sphingomyelin; Sph = sphingosine;

S1P = sphingosine-1-phosphate.

B Overall survival by AVPC signature
and 3-lipid signature

Discovery cohort

AVPC / 3-lipid  Median
Group  signature / signature oS
+0 -/ - 32.3 mo
-/+OR+/- 19 mo
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Fig. 5 Association between elevated sphingolipids and aggressive-variant prostate cancer (AVPC), and their combined impact on clinical
outcomes. A Heatmap of sphingolipids with significantly elevated levels in men with the AVPC signature, compared to men without. Sphingolipids
which are also elevated in the validation cohort are asterisked. Cer(d18:1/24:1), which is a component of the 3-lipid signature, is bolded.
Kaplan-Meier analysis of overall survival by molecular AVPC signature and 3-lipid signature in B the discovery cohort and C the validation cohort

There is emerging evidence of a biological link between
lipid metabolism and genetic aberrations including AR,
RB1 and PI3K on PC growth. Enhanced ceramide-S1P
signalling may be mediating ARSI resistance induced by
AR gain, as men with mCRPC had significantly shorter
ARSI treatment duration if their tumours had AR gain
in combination with increased expression of sphin-
golipid genes (involved in ceramide-S1P signalling) [16].
Furthermore, de novo resistance to enzalutamide in

androgen-independent cells can be reversed with sphin-
gosine kinase inhibitors in vitro [16]. A recent study
demonstrated that a novel fatty acid synthase inhibitor
antagonised CRPC growth through metabolic repro-
gramming and inhibited expression of AR and its vari-
ants, including AR-V7 [28]. Another study found that
3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR),
a key enzyme in the cholesterol synthesis pathway, was
elevated in enzalutamide-resistant PC cell lines and that
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simvastatin, a HMGCR inhibitor, blocked AR synthesis
and inhibited growth in vitro and in vivo [29]. There is
also recent evidence suggesting a role for RBI in regu-
lating sphingolipid metabolism in advanced PC. In an
in vitro model of mCRPC with RBI deletion utilising the
androgen-independent PC cell line C4-2 after RB knock-
down, 27% of upregulated genes were involved in meta-
bolic pathways, including sphingolipid metabolism [30].
In addition, ceramide and its metabolite SIP play key
roles in the PI3K pathway, as a negative regulator and
activator respectively [31]. Overall, these studies sug-
gest that lipid metabolism may play a biological and pos-
sibly clinically relevant role in some of these molecular
pathways.

These findings raise the question of whether manipu-
lation of the lipidome might be an effective therapeutic
strategy in addition to existing drugs, particularly for
patients with unfavourable lipidomic and somatic genetic
aberrations. For example in the IPATential150 study, men
with mCRPC with PTEN-loss tumours had improved
rPFS on treatment with abiraterone and an AKT inhibitor
versus abiraterone alone (18.5 months vs 16.5 months, p
= 0.034) [32]. Our data supports the hypothesis that the
addition of a metabolic modifier in men with both a PI3K
aberration and 3LS may increase the efficacy of the AKT
inhibitor, and this warrants further investigation.

Metabolic therapies are currently not the standard of
care for PC, but are used in the treatment of other dis-
eases such as cardiovascular disease and diabetes. Non-
pharmacological interventions such as exercise and diet
can reduce ceramides [33, 34]. The cholesterol lowering
drugs statins and PCSK9 inhibitors reduce levels of cir-
culating ceramides and other sphingolipids in patients
with dyslipidaemia [35, 36]. Several studies have already
indicated that statin therapy is associated with improved
OS in PC [37-40]; however, blood cholesterol levels were
not associated with prognosis in prostate cancer [41-43].
Therefore, the beneficial effects of statin therapy may be
related to other lipids such as ceramides given that statin
can lower the circulating levels of these lipids.

Drugs specifically targeting sphingolipid metabolism
are mostly in pre-clinical development in cancer [18],
but a specific inhibitor of sphingosine kinase 2, Opa-
ganib (ABC294640), has been tested in patients with
solid tumours [44]. Recently, we showed that Opaganib
can overcome de novo enzalutamide resistance in andro-
gen-independent PC cells in vitro [16]. Opaganib is cur-
rently undergoing a Phase 2 study in combination with
AR inhibitors in patients with mCRPC (NCT04207255).
Clinical trials are required to determine if repurpos-
ing statins or other sphingolipid-targeting therapies for
prostate cancer in combination with standard of care can
improve clinical outcomes.
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Furthermore, plasma lipidomic signatures predicting
for high-risk patients in cardiovascular disease already
exist [45] and have been translated into a rapid-turnover
plasma ceramide test by the Mayo Clinic Laboratories
[46]. Overall, the availability of metabolic therapies that
can target sphingolipid metabolism in combination with
genotyping and lipidomic analysis for patient selection,
demonstrates the feasibility of personalised metabolic
therapy in a clinical setting for men with mCRPC.

A strength of this study is the analysis of two inde-
pendent cohorts of prospectively enrolled men with
mCRPC using the previously validated 3LS [14, 15],
with similar observations in both the discovery and
validation cohorts. This study was limited by exclusion
of men without available cfDNA for sequencing (29% of
discovery cohort, 34% of validation cohort). High lev-
els of ctDNA are associated with poorer clinical out-
comes and likely to represent a higher tumour burden
[7]. Therefore, the exclusion of men with undetectable/
low cfDNA from our cohorts may have resulted in the
cohorts having worse clinical outcomes compared to
the average population of men with mCRPC. Inadvert-
ent skewing of the cohort characteristics might account
for differences between the discovery and validation
cohorts (e.g. less significant differences in sphingolipid
levels between men with and without genetic aberra-
tions in the validation cohort). The cohorts also had dif-
ferences in baseline PSA levels and Gleason grade—the
median PSA levels were two times higher in the discov-
ery cohort (30 vs 14 ng/mL), and a higher proportion
of the discovery cohort had Gleason Grade >9 (49%
vs 32%). Overall, the relatively small sample size of the
cohorts limits clinical applicability and will need to be
addressed in the future with studies of larger cohorts.
Another potential confounder was the presence of co-
occurring genetic aberrations.

Conclusion

Elevated circulating sphingolipids, especially ceramides,
were associated with AR, TP53, RB1, PI3K and AVPC
aberrations in mCRPC, and the combination of lipid
and genetic abnormalities conferred a worse progno-
sis. This suggests that approaches targeting the aberrant
lipid metabolism defined by the 3LS should be consid-
ered in men with these mCRPC genotypes in prospec-
tive clinical trials.

Abbreviations

AR: Androgen receptor; ARSI: Androgen receptor signalling inhibitors; AVPC:
Aggressive-variant prostate cancer; cfDNA: Cell-free DNA; ctDNA: Circulating
tumour DNA; Cl: Confidence interval; HMGCR: 3-Hydroxy-3-methyl-glutaryl-
CoA reductase; HR: Hazard ratio; mCRPC: Metastatic castration-resistant pros-
tate cancer; MMR: Mismatch repair; OS: Overall survival; PARPi: Poly-ADP ribose
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