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BACKGROUND: Despite nearly 100% 5-year survival for localised prostate cancer, the survival rate for metastatic prostate cancer
significantly declines to 32%. Thus, it is crucial to identify molecular indicators that reflect the progression from localised disease to

metastatic prostate cancer.

METHODS: To search for molecular indicators associated with prostate cancer metastasis, we performed proteomic analysis of
rapid autopsy tissue samples from metastatic prostate cancer (N = 8) and localised prostate cancer (N = 2). Then, we utilised
multiple independent, publicly available prostate cancer patient datasets to select candidates that also correlate with worse

prostate cancer clinical prognosis.

RESULTS: We identified 154 proteins with increased expressions in metastases relative to localised prostate cancer through
proteomic analysis. From the subset of these candidates that correlate with prostate cancer recurrence (N = 28) and shorter
disease-free survival (N = 37), we identified a 5-gene signature panel with improved performance in predicting worse clinical

prognosis relative to individual candidates.

CONCLUSIONS: Our study presents a new 5-gene signature panel that is associated with worse clinical prognosis and is elevated in
prostate cancer metastasis on both protein and mRNA levels. Our 5-gene signature panel represents a potential modality for the
prediction of prostate cancer progression towards the onset of metastasis.

British Journal of Cancer (2024) 131:1748-1761; https://doi.org/10.1038/541416-024-02854-w

INTRODUCTION

In 2024, there will be an estimated 299,010 new prostate cancer
cases in the United States, making it the most common cancer
among men [1]. Prostate cancer alone accounts for 29% of cancer
incident cases in men, and 1 in 8 men are predicted to develop
prostate cancer during their lifetime [1]. While 5-year relative
survival for localised prostate cancer is as high as >99%, the 5-year
relative survival for patients with metastatic prostate cancer is only
32% despite extensive research and new therapies [1, 2]. This
suggests that metastatic prostate cancer accounts for approxi-
mately 35,250 deaths in the United States in 2024 alone, making
prostate cancer one of the three leading causes of cancer-
associated deaths amongst men despite the favourable prognosis
for localised disease [1]. Statistical analysis also demonstrates a
shift towards higher grade, higher stage prostate cancer, and an
increased incidence of metastasis, most likely due to changes in
screening guidelines [1, 3]. This increased prevalence of metastatic
prostate cancer and the worse prognosis of these cases highlights

the significant need to identify new predictors, drivers, and
treatment strategies for these cancers.

Currently, radical prostatectomy, radiation therapy, active
surveillance, and androgen deprivation therapy are the first line
of treatment for localised prostate cancer [4, 5]. However, for
patients with metastatic prostate cancer, the standard of care can
also include second-generation anti-androgens, radiation therapy,
and chemotherapies [4, 5]. The role of genetic alterations during
the onset and progression of prostate cancer has been suggested
in many studies [6-9]. Tests such as PCA3, SelectMDx, Decipher,
and ConfirmMDx can also be used consecutively to assess the risk
of prostate cancer [10-12]. However, with an increased incidence
of prostate cancer metastasis-driven mortality, it is important to
identify new markers that reflect metastasis progression, which
can effectively identify patients who are at risk of faster
progression and worse outcome. Therefore, the goal of this study
is to identify new candidates that are associated with prostate
cancer metastasis and disease outcome on both protein and
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MRNA levels so patients who most need escalated care can be
identified expeditiously.

To identify candidates associated with prostate cancer metas-
tasis, we performed proteomic analysis on rapid autopsy samples
from localised prostate cancer tumours and prostate cancer
metastases. Then, we utilised publicly available patient datasets to
find the subset of these candidates that also correlate with worse
clinical prognosis, including biochemical recurrence, reduced
disease-free survival, and metastasis onset on the mRNA level.
We discovered a new 5-gene signature panel that correlates with
worse clinical prognosis and is elevated in prostate cancer
metastasis. With the discovery of new protein and mRNA
candidates that are associated with worse clinical prognosis and
metastasis in prostate cancer, new therapeutic targets and
prognostic predictors may arise to benefit prostate cancer patients
with an increased risk of metastasis to reach optimal therapy
selection.

METHODS

Rapid autopsy samples

The rapid, “warm,” autopsy samples utilised in this study were collected from
patients who died of androgen-independent, metastatic CRPC at the
University of Michigan. Due to the short intervals between patient death
and sample collection (average interval < 3 h), these tissue samples were
characterised as “warm” or “rapid” autopsies. The sample collection was a
part of the radical prostatectomy series under the Rapid Autopsy Program at
the University of Michigan, which has been described previously [13, 14]. The
protocol for the rapid autopsy programme was conducted with informed
consent from the patient’s family or guardian and approved by the
University of Michigan Institutional Review Board. This study utilised two
samples of localised prostate tumours from patient R40 and eight prostate
cancer metastasis samples from various sites of collection (Fig. 1a). One
sample from the right lung, one sample from the peritoneal lymph node, and
two samples from the mediastinal lymph node were collected from patient
R43. One sample from the liver and one sample from the kidney were
collected from patient R45. One sample from the periaortic lymph node and
one sample from the dura were collected from patient R55 (Fig. 1a). Our
sample size for localised prostate tumours is limited since localised prostate
cancer samples are rare in rapid autopsy patients who died of metastatic
CRPC. Clinical information for the four patients, including age at diagnosis,
Gleason, and treatment exposure, are included in Table 1.

Sample preparation and proteomics
Optimal-Cutting-Temperature-Compound (OCT) was removed from the
tissue samples by scraping, and samples were placed in pre-labelled 5 mL
round bottom falcon tubes. Then, 1.0mL of lysis buffer consisting of
12.5 mM Tris pH 8.0 (Fisher Scientific), 0.5 mM EDTA (EMD Inc.), 7.5 M urea
(Sigma-Aldrich), and 1X protease inhibitor (Sigma-Aldrich) was added to
the tissue samples and homogenised using a PRO-250 (ProScientific)
Homogeniser probe on ice, followed by sonication using a Branson probe
sonicator (Fisher Scientific). The insoluble fraction was pelleted by
centrifuging tissue lysates at 14,000xg for 10 min at 4 °C. The supernatant
was collected for protein quantification using a BCA protein assay kit
(Thermo Scientific). An aliquot of 50 ug of protein from each tissue sample
was processed for LC-MS-MS analysis. Tissue samples were prepared as
follows: proteins were reduced with 2 uL of 200 MM Tris (2carboxyethyl)
phosphine (TCEP) (Sigma-Aldrich) at a final concentration of 10 mM TCEP
in solution, incubated at room temperature for 1h, and vortexed
occasionally. Then, free thiols on Cysteine residues were alkylated with
iodoacetamide (Acros Organics) using a 1.5-fold molar excess of TCEP
followed by incubation for 45 min at room temperature in the dark. Urea
concentration was diluted to 300 mM using 50 MM ammonium bicarbo-
nate (Sigma-Aldrich). Proteins were digested with sequencing-grade
modified trypsin enzyme (Promega) in a 1:30 (enzyme: protein) ratio
followed by incubation at 37 °C overnight. The resulting tryptic peptides
were dried using a speed vacuum (LabConco) and desalted using Millipore
ZipTip pipette tips (Millipore Sigma). Samples were dried and reconstituted
in 50 pL of 0.1% formic acid (Fisher Scientific) in HPLC grade water (Fisher
Scientific) for LC-MS analysis.

Two pg of tryptic peptides were loaded into a 20 uL sample loop and
subsequently loaded onto an Acclaim PepMap C18 trap column (Thermo
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Fisher Scientific) in tandem using a Dionex Ultimate Rapid Separation
Liquid Chromatography system (Thermo Fisher Scientific) at a rate of 5 pL/
min for 10 min. Tryptic peptides were separated by reversed-phase
chromatography on a 25 cm long C18 analytical column (New Objective)
packed with Magic C18 AQ resin (Michrom Bioresources). Eluted peptides
were ionised using a Nanospray flex ion source (Thermo Fisher Scientific)
with 1.8kV and introduced to an LTQ-Orbitrap Elite mass spectrometer
(Thermo Fisher Scientific). The flow rate for the chromatography gradient
was set at 0.6 uL/min with mobile phase A (consisting of 0.1% formic acid
in water) set at 98% and mobile phase B (0.1% formic acid in acetonitrile)
at 2% B for the first 10 min, slowly ramped up to 35% B over 100 min,
followed by an increase to 85% B over 7 min with a 5-min hold. The
analytical column was re-equilibrated before the next sample injection.
Each sample was analysed in triplicate. The top 10 most abundant ions per
MS1 scan were selected for higher energy collision-induced dissociation
(35eV) in a data-dependent fashion. MS1 resolution was set at 60,000, FT
AGC target was set at 1e6, and the m/z scan range was set from m/
z=400-1800. MS2 AGC target at 3e4 and dynamic exclusion was enabled
for 30s.

Proteomic statistical analysis

The resulting raw data files were searched using Byonic 2.11.0 (Protein
Metrics) against the Swiss-prot reference human proteome databases
(2017; 20,484 entries). The search setting included trypsin as the digestive
enzyme, allowing up to two missed cleavages, and a precursor mass
tolerance set at 10 parts per million (ppm). The search parameters also
defined fixed modification of cysteine by carbamidomethylation and
variable modifications for methionine oxidation and asparagine deamina-
tion. Peptide identifications were filtered with a 1% false discovery rate
(FDR). Quantitative analysis was conducted on the MS1 level of all
identified peptides using a custom R script, built upon the MSnbase
package [15]. The relative protein quantities were initially computed
relative to the average of the localised prostates group, followed by
normalisation and standardisation. This process was performed using the
Generic Integration Algorithm at the spectrum level, in line with the WSPP
model [16]. Final statistical analysis was carried out using the Student'’s t-
test, and the adjusted P-values were computed using the
Benjamini-Hochberg (BH) procedure. Only proteins with a P-value less
than 0.05 and a fold change (FC) greater than [1.5] were considered for
further analysis.

Prostate cancer patient datasets for candidate screening

For the screening of proteomic-derived signature candidates, three
independent and publicly available datasets were used. The mRNA
expression z-scores of all 154 signature candidates whose proteomic
expressions increased in metastases relative to localised prostate cancer
were downloaded from the BS Taylor, Cancer Cell [17] and the TCGA,
Firehose Legacy [18] datasets through cBioPortal (https://
www.cbioportal.org/). The available sample-matched patient information,
including biochemical recurrence status and patient disease-free survival,
was also downloaded from the same datasets. After assessing the
association with biochemical recurrence and disease-free survival out-
come, 11 candidates were advanced to the next round of selection
(Supplementary Fig. S1A, B). These 11 candidates advanced because they
positively associated with prostate cancer biochemical recurrence and
worse disease-free survival outcomes in at least one dataset with P-values
of <0.01, or because their positive correlations (P < 0.05) with biochemical
recurrence and worse disease-free survival are consistent in both datasets
in either biochemical recurrence or worse disease-free survival (Supple-
mentary Fig. S1B). The expression levels (in counts) of the 11 candidates
were downloaded from the Chandran UR, BMC Cancer, [19] dataset
(GDS2545, GSE6919 on Gene Expression Omnibus). The samples are then
grouped based on the tissue of origin, including normal prostate tissues,
benign prostate tissue that is adjacent to the tumour, localised prostate
cancer tumour, and prostate cancer metastasis. The seven candidates that
were highly expressed in metastasis relative to localised and normal
prostate tissues were selected as the final candidates. Samples with
missing expression data or clinical information were excluded from the
analysis. Python code was utilised to systematically screen the 154
candidates, and selected candidates were inputted into the GraphPad
Prism 10.0 software for plot generation. The Python code can be accessed
via the GitHub repository (https://github.com/shen-michelle/5-gene-
Metastasis.git).
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Fig. 1 Proteomic analysis of rapid autopsy samples reveals candidates associated with prostate cancer metastasis. a Sketch represents
the location from which the rapid autopsy samples were harvested. The patient ID and the corresponding location where the samples were
collected are also labelled on the sketch. More information about the samples and the Rapid Autopsy Program can be found in Rubin et al.,
Mebhra et al. and Drake et al. [14, 56, 57]. Created with BioRender.com (https://biorender.com). b The outline of the processing steps the rapid
autopsy samples underwent, from tissue extraction, sample preparation for liquid chromatography-mass spectrometry (LC-MS) to the
downstream bioinformatic analysis. ¢ Volcano plot demonstrates the statistical significance (BH adjusted P-value) and fold change relative to
localised prostate cancer. The FDR < 0.05 and fold change > |1.5] thresholds are plotted accordingly. Red represents proteins whose expression
increased in the metastasis group relative to localised prostate cancer, and blue represents proteins whose expression decreased in the
metastasis group relative to localised prostate cancer. The proteomic analysis revealed 154 candidates with increased expression in metastasis,
and these candidates are analysed in publicly available datasets to characterise their association with worse clinical prognosis, including
biochemical recurrence and disease-free survival. This discovered 12 candidates with positive correlations with the onset biochemical
recurrence and worse patient disease-free survival outcome. Only the 7 proteins that also displayed elevated expression in prostate cancer
metastasis relative to localised and normal prostate tissues were selected as candidates for the prostate cancer metastasis signature panel.
d Heat map that shows the result of the proteomic analysis that compares localised prostate cancer tissues (N = 2) to tissues from prostate
cancer metastasis (N = 8). Three injections are performed for each sample. Threshold of FDR < 0.05 and fold change > |1.5] are applied to
reduce background noise of the analysis. The minimum and maximum levels of normalised expressions are labelled.
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Table 1. Summary of the patient information.
Case no. Age at Gleason Number Treatment®
diagnosis score of
samples
RA40 72 10 2 H, C
RA43 47 9 4 P R
RA45 66 N/A 2 N/A
RA55 73 9 2 H, C

Rubin et al. [14]; Mehra et al. [23].
H hormone ablation, C chemotherapy, R radiation, P radical prostatectomy.
*Treatment regimens.

Kaplan-Meier survival curve

The Taylor BS et al., 2010, Cancer Cell [17] and the TCGA, Firehose Legacy
[18] dataset were selected due to their large sample size (>100 samples per
arm) and inclusivity of disease-free survival data. The mRNA z-scores of the
signature candidates and the clinical information of patient disease-free
outcome were obtained from previously published cBioPortal datasets
(https://www.cbioportal.org/). Samples were grouped into high and low-
expression groups using the median mRNA z-score expression as the
cutoff. While screening the 154 proteomic-derived candidates,
Kaplan-Meier curves were generated using the kaplanmeier-0.1.9 Python
package. After screening, the Kaplan-Meier Survival Curves of the selected
candidates were plotted using the GraphPad Prism 10.0 software, and the
Log-rank P-value was computed to compare the disease-free survival
outcome of the high and low-expression groups. To assess the association
between the expression of the pooled signature panel and prostate cancer
patient disease-free survival, a pooled expression value was computed
assuming equal contributions of the normalised z-score expressions of all
genes in the panel. For weighted models, the signature score was
computed using coefficients for each of the 5 genes that are derived from
elastic net model fitting. Then, the samples from the 2 datasets were
separated into high and low-expression groups using the median
cumulative expression score as the cutoff threshold. The Log-rank P-value,
the hazard ratio (HR) with confidence interval, and the x? were all
computed via GraphPad Prism 10.0.

Principal component analysis (PCA)

Expression profiles (mMRNA z-score) of the 7 candidates were downloaded
from the TCGA Firehose Legacy dataset via cBioPortal (https:/
www.cbioportal.org/) [18]. Samples with missing expression information
were excluded. Then, the data were compiled into a .csv file. The
sklearn.preprocessing.StandardScaler Python package was used to stan-
dardise the data and the sklearn.decomposition.PCA Python package was
used to perform the PCA analysis. The code is available in the GitHub
repository (https://github.com/shen-michelle/5-gene-Metatasis-PCA.git).

Assessment of the combined 5-gene signature panel in
prostate cancer patient datasets

After screening, two additional analyses were performed to assess the
expression profile of the 5-gene signature panel across various stages of
prostate cancer. Grasso CS et al, Nature, 2012 (GSE35988) [20] and
Varambally S et al.,, Cancer Cell, 2005 (GSE3325) [21] were accessed via
Gene Expression Omnibus. The mRNA z-scores of the five genes that
comprise the 5-gene signature panel were obtained from the two datasets,
and the expression of the combined 5-gene panel was calculated
assuming equal contributions from each gene. The relevant patient
information was also downloaded from the datasets, and the samples were
grouped based on the tissue of origin, including benign prostate, localised
prostate cancer, and prostate cancer metastasis. Samples with missing
expression data or clinical information were excluded from the analysis,
and two-tailed Student's t-tests were performed for the comparison of two
groups, and plots display mean + SD. In addition, the 5-gene signature
panel was also assessed in the Gerhauser, Cancer Cell, 2018 dataset to test
its association with biochemical recurrence [22]. Clinical information
regarding biochemical recurrence and mRNA profiles were downloaded
from cBioPortal (https://www.cbioportal.org/). This dataset contains 81
non-recurrent and 24 recurrent prostate cancer samples.
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Receiver-operating characteristic (ROC) and area under the
curve (AUC)

Using the independent Grasso CS, Nature, 2012 dataset (GSE35988), the
expression profiles (z-score) of the genes in the signature panel were
downloaded via Gene Expression Omnibus. The combined 5-gene
expression is calculated by averaging the expressions of the single
candidates. The expressions of the single candidates and the combined
5-gene panel were used to generate ROC plots using the GraphPad Prism
10.0 software. Prostate cancer patients with metastasis (N=39) are
compared against prostate cancer patients with localised diseases (N = 59).
Samples with missing expression data (N = 2 for RUVBL1, N = 41 for FABP4,
and N =4 for POSTN) were treated as zeros in the combined expression
profile. The AUC and P-values for each plot were computed using the
GraphPad Prism 10.0 software.

Expression pattern across various Gleason scores

The mRNA expression z-scores of the candidates were obtained from the TCGA
Firehose Legacy dataset via cBioPortal (https://www.cbioportal.org/) [18]. The
sample-matched patient Gleason scores at radical prostatectomy were also
obtained from the same dataset. The expression profiles of all candidates were
then plotted across the various Gleason scores, and Gleason scores of 9 and 10
were grouped into Gleason score 9+ due to the limited sample size. Then,
Student'’s t-tests were performed to compare the expression of the candidate
genes across each group of Gleason scores. Samples with missing Gleason
score information or gene expression information were excluded from the
analysis. The P-values were computed using GraphPad Prism 10.0.

Elastic net model fitting for weighted signature score

The glmnet package in R was used to perform elastic net model fitting
using the five signature genes (U2AF2, RUVBL1, HDGF, FABP4, and STMN1)
as variables. Three elastic net models were generated. Model 1 was trained
on the TCGA, Firehose Legacy dataset (with 400 non-recurrent and 91
recurrent prostate cancer samples). Model 2 was trained on the BS Taylor,
Cancer Cell, 2010 dataset (with 104 non-recurrent and 36 recurrent prostate
cancer samples). Model 3 was trained on the two datasets combined. The
area under the curve (AUC) was computed, and the coefficients for each of
the five signature genes were obtained from the final models. For Model 1,
AUC=65.5 and the coefficients are 0.21995 for U2AF2, 0.11618 for
RUVBL1, —0.06077 for HDGF, 0 for FABP4, and 0.31602 for STMN1. For
Model 2, AUC=79.89 and the coefficients are —0.41372 for U2AF2,
0.15510 for RUVBL1, 0.20957 for HDGF, 0.31032 for FABP4, and 0.45953 for
STMN1. For Model 3, the AUC = 67.64 and the coefficients are 0.04864 for
U2AF2, 0.09297 for RUVBL1, —0.02813 for HDGF, 0.06348 for FABP4, and
0.41772 for STMN1. The code created for this model fitting can be accessed
via the GitHub repository (https:/github.com/shen-michelle/5-gene-
Metastasis-Weights).

Statistical analysis

Student'’s t-tests were performed using the GraphPad Prism 10.0 software to
compare the means of the two groups. Equal variance was assumed
between comparison groups. The plots display the mean + SD, and the
corresponding P-values were labelled accordingly. The Log-rank (Mantel-
Cox) test was performed for all Kaplan-Meier analyses using the GraphPad
Prism 10.0 software. The Chi-square (x?) statistic and the P-value were
calculated from the Log-rank test to assess the statistical significance of the
outcome prediction. The hazard ratios (HR) with 95% confidence intervals
were computed using the Mantel-Haenszel method to compare the risk of
worse disease-free survival outcomes in the high-expression groups relative
to the low-expression groups. For the receiver-operating characteristic (ROC)
analyses, the GraphPad Prism 10.0 software was used to compute the curves
and calculate the area under the curve (AUC). For all plots generated, ns =
non-significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

RESULTS

Proteomic profiling of rapid autopsy patient samples reveals
candidates associated with prostate cancer metastasis

To identify a signature panel that characterises prostate cancer
metastasis, we performed proteomic analysis on rapid autopsy
samples (two localised prostate cancer and eight prostate cancer
metastasis samples). These samples were obtained from four
patients who were diagnosed with androgen-independent
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metastatic castration-resistant prostate cancer (mCRPC) [14, 23]. The
clinical information of these four patients is described in Table 1 and
includes age at diagnosis, Gleason score, and treatment history. The
samples utilised in this study were part of the Rapid Autopsy
Program at the University of Michigan. The eight samples of
prostate cancer metastases were collected from various metastatic
sites, including one sample from the right lung, one sample from
the peritoneal lymph node, two samples from the mediastinal
lymph node, one sample from liver, one sample from kidney, one
sample from the periaortic lymph node, and one sample from the
dura (Fig. 1a). Samples were subjected to flash freezing and
prepared for liquid chromatography-mass spectrometry (LC-MS)
(Fig. 1b). Each of the ten rapid autopsy samples were analysed in
triplicate by LC-MS, and the protein expression profiles of the
metastasis samples were compared to the protein profile of the
localised prostate cancer group. The adjusted P-values were
computed using the Benjamini-Hochberg (BH) procedure.

To reduce the background signal of the proteomic results and
to increase the relevance of the proteomic analysis, a threshold
false discovery rate (FDR) of P < 0.05 and a threshold fold change
(FO) of FC > |1.5| were applied to the proteomic results, revealing
154 protein candidates with increased levels in the metastasis
group relative to the localised prostate group, and 129 candidates
with decreased levels in the metastasis group (Fig. 1c, d). To select
metastasis candidates that capture the worse clinical prognosis of
prostate cancer metastasis, we utilised multiple publicly available
prostate cancer patient datasets to further screen the 154 proteins
with increased expression in the metastasis group (Supplementary
Fig. S1A). We assessed these 154 proteins in the TCGA Firehose
Legacy dataset and the BS Taylor, Cancer Cell, [17, 18] dataset to
search for candidates that correlate with prostate cancer
biochemical recurrence and predict shorter time of disease-free
survival (Supplementary Fig. S1A). Elevated levels of 28 candidates
from the 154 proteins were identified to correlate with prostate
cancer recurrence in at least one of the two datasets, and
increased levels of 37 protein candidates correlate with worse
disease-free survival in at least one of the two datasets (Fig. 1c).
This identified 12 candidates that positively correlated with
biochemical recurrence and shorter disease-free survival in at
least one dataset (Fig. 1c). To reduce dataset-specific candidates, a
selection criterion was set to include candidates that displayed at
least one set of consistent positive correlations (P < 0.05) in both
datasets (RUVBL1, HDGF, POSTN, STMN1, ASPN, CA2, H2AC1)
(Supplementary Fig. S1B). Candidates that were implicated in a
single dataset (U2AF2, FABP4, XPO1, DDX39B) were only included
in further analyses if they satisfied a more stringent FDR of P < 0.01
in their association with biochemical recurrence and worse
disease-free survival (Supplementary Fig. S1B).

Then, these 11 candidates were further analysed in the
Chandran UR, BMC Cancer, [19] dataset to discover candidates
associated with metastasis relative to localised prostate cancer
and normal samples in these datasets [17, 19] (Supplementary
Fig. S1A, B). This led to the identification of 7 genes that fit these
criteria (U2AF2, RUVBL1, HDGF, FABP4, XPO1, POSTN, and STMNT1)
(Fig. 1c, d). These 7-gene candidates were chosen due to their
elevated levels in metastatic prostate cancer in both protein and
MRNA levels and their association with worse clinical prognosis in
terms of increased risk of biochemical recurrence and worse
patient disease-free survival outcome (Supplementary Fig. S1A, B).

Elevated levels of the 7-gene candidates, U2AF2, RUVBL1,
HDGF, FABP4, XPO1, POSTN, and STMN1, correlate with
prostate cancer biochemical recurrence and worse patient
disease-free survival

The 7-gene candidates we identified demonstrated a positive
correlation with recurrent prostate cancer in at least one of the two
datasets with clinical information of biochemical recurrence (Fig. 2).
In the TCGA Firehose Legacy dataset, U2AF2 (P = 0.0045), RUVBL1

(P=0.0038), HDGF (P=0.042), XPO1 (P=0.0021), POSTN
(P=0.044), and STMN1 (P = 0.0008) were elevated in the recurrent
group (N = 58) relative to the non-recurrent group (N = 371) (Fig. 2a,
b-left, c, e, f-left, g-left). In the BS Taylor, Cancer Cell, 2010 dataset,
RUVBL1 (P =0.013), FABP4 (P =0.0005), POSTN (P = 0.0073), and
STMN1 (P < 0.0001) were significantly elevated in recurrent prostate
cancer (N = 36) relative to non-recurrent prostate cancer (N = 104)
(Fig. 2b-right, d, f-right, g-right). There was no difference in FABP4
levels between the non-recurrent and recurrent groups in the TCGA
Firehose Legacy dataset (Supplementary Fig. S2A). There was also
no significant difference in U2AF2, HDGF, and XPOT1 levels between
the non-recurrent and recurrent groups in the BS Taylor, Cancer Cell,
2010 dataset, potentially due to a smaller sample size (Supplemen-
tary Fig. S2B-D).

In addition, increased expression of these 7-gene candidates
was also associated with worse prostate cancer disease-free
survival in either the TCGA Firehose Legacy dataset and/or the BS
Taylor, Cancer Cell, 2010 dataset (Fig. 3) [17, 18]. Patient disease-
free survival was selected as an inclusion criteria since metastasis
is the major contributor to prostate cancer-driven mortality. Our
results identified that an increased level of U2AF2 was associated
with worse disease-free survival in the TCGA, Firehose Legacy
dataset with P=0.0015 (Fig. 3a). The median expression of U2AF2
was used as the cutoff threshold to determine the U2AF2 high
(N = 246) and U2AF2 low (N = 245) groups. HDGF, RUVBL1, XPOT1,
POSTN, and STMNT1 also displayed the same trend with P=0.0157,
0.0005, 0.0025, 0.0116, and 0.0001 respectively (Fig. 3b-left, c-e,
f-left). In the BS Taylor, Cancer Cell, 2010 dataset, elevated levels of
HDGF, STMN1, and FABP4 correlated with worse disease-free
survival with P =0.0429, 0.0016, and 0.0079 respectively (Fig. 3b-
right, f-right, g). The median expression levels of each candidate
were also used as the cutoff threshold, and 70 samples were
included in each of the high and low-expression groups. Due to
variations between datasets, FABP4 expression did not predict
patient disease-free survival in the TCGA Firehose Legacy dataset,
while U2AF2, RUVBL1, XPO1, and POSTN did not predict disease-
free survival in the BS Taylor, Cancer Cell, 2010 dataset
(Supplementary Fig. S2E-I). In addition, six of the seven candidates
(all except FABP4) were also associated with higher Gleason scores
when assessed in the TCGA Firehose Legacy dataset (Supplemen-
tary Fig. S3). Notably, U2AF2 and STMN1 could differentiate
between all Gleason scores ranging from 6 to 9+ (Supplementary
Fig. S3A, G). This further suggests an association between
increased expression of the candidates and worse clinical risks
and prognosis. The statistically significant correlation between
these 7-gene candidates and clinical prognostic factors such as
biochemical recurrence and patient disease-free survival suggests
their clinical potential as prognosis indicators for worse outcomes.

The 7-gene candidates are elevated in metastatic

prostate cancer

In addition, the levels of the 7-gene candidates were increased in
metastasis samples relative to localised prostate cancer, benign
prostate tissue adjacent to cancer, and normal prostate tissues
(Fig. 4). The Chandran UR, BMC Cancer, 2007 dataset included 18
normal prostate tissues, 63 benign prostate tissues adjacent to
tumour, 65 localised prostate cancer, and 25 prostate cancer
metastasis [19]. In this dataset, all the 7-gene candidates exhibited
a significant increase of mMRNA expression in the metastasis group
relative to localised tumours, with RUVBL1 exhibiting near
statistical significance (U2AF2 P =0.0106, RUVBL1 P =0.051, HDGF
P <0.0001, FABP4 P = 0.0005, and STMN1 P = 0.032) (Fig. 4a-g). In
addition to differentiating between metastasis and localised
groups, the candidates also demonstrated the ability to stratify
between normal and metastatic groups and between begin
adjacent to tumour tissues and metastatic groups. The expressions
of U2AF2 (P=0.014, P=0.0001), RUVBL1 (P =0.005, P<0.0001),
HDGF (P=0.0038, P<0.0001), XPO1 (P<0.0001, P<0.0001),
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Fig. 2 The 7 candidates, U2AF2, RUVBL1, HDGF, FABP4, XPO1, POSTN, and STMN1, are highly expressed in recurrent prostate cancer
relative to non-recurrent prostate cancer. a Scatter dot plot shows the mRNA expression of U2AF2 in recurrent prostate cancer (N = 58) and
non-recurrent prostate cancer (N =371) from the TCGA Firehose Legacy dataset. b Scatter dot plots show the mRNA expression of RUVBL1 in
recurrent vs non-recurrent prostate cancer from the TCGA Firehose Legacy dataset (left) and the BS Taylor, Cancer Cell, 2010 dataset (right). In
the BS Taylor, Cancer Cell, 2010 dataset, N = 36 for recurrent prostate cancer and N = 104 for non-recurrent prostate cancer. ¢ Scatter dot plot of
HDGF mRNA expression profile in recurrent vs non-recurrent prostate cancer from the TCGA Firehose Legacy dataset. d Scatter dot plot of
FABP4 mRNA expression profile in recurrent vs non-recurrent prostate cancer from the BS Taylor, Cancer Cell, 2010 dataset. e Scatter dot plot of
XPO1 mRNA expression profile in recurrent vs non-recurrent prostate cancer from the TCGA Firehose Legacy dataset. f Scatter dot plots of
POSTN mRNA expression levels in recurrent vs non-recurrent prostate cancer in the TCGA Firehose Legacy dataset (left) and the BS Taylor,
Cancer Cell, 2010 dataset (right). g Scatter dot plots of STMN1 mRNA expressions in recurrent and non-recurrent prostate cancer in the TCGA
Firehose Legacy dataset (left) and the BS Taylor, Cancer Cell, 2010 dataset (right). The Student’s t-test was performed with *P < 0.05, **P < 0.01,
***¥P < 0.001, and ****P < 0.0001 for all comparisons between the two groups. The P-values are labelled correspondingly on each of the scatter
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POSTN (P=0.0068, P=0.0002), and STMN1 (P=0.0058, To further assess the positive association between the 7-gene
P <0.0001) were all significantly elevated in the metastasis group candidates and prostate cancer metastasis, we also compared their
relative to both normal prostate and benign adjacent to tumour expressions in the BS Taylor, Cancer Cell, 2010 (N = 131 for localised
groups (Fig. 4a-g). However, while the increased expression of prostate cancer samples and N = 19 for metastasis samples). In the
FABP4 was statistically significant between metastasis and benign analysis of this dataset, five of the seven candidates displayed

tissues adjacent to the tumour (P = 0.0004), this difference was increased expression in the metastasis group relative to localised
not statistically significant between the metastasis and the normal prostate cancer with U2AF2 P =0.0007, RUVBL1 P < 0.0001, HDGF
group (P =0.088) (Fig. 4d). P =0.0237, FABP4 P < 0.0001, and STMN1 P < 0.0001 (Fig. 4h-I) [17].
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Fig. 3 High expressions of the 7 candidates correspond with worse patient disease-free survival in prostate cancer patients.
a Kaplan-Meier plot of prostate cancer disease-free survival outcomes based on high and low U2AF2 expressions in the TCGA Firehose Legacy
dataset. The high (N =246) and low (N = 245) groups were determined using the median expression level of U2AF2 as the cutoff threshold.
b Kaplan—-Meier plots of HDGF expressions and patient disease-free survival outcome in the TCGA Firehose Legacy dataset (left) and the BS
Taylor, Cancer Cell, 2010 dataset (right). In the BS Taylor, Cancer Cell, 2010 dataset, N =70 for both HDGF high and HDGF low groups. The
groups were determined using the median HDGF expression level as cutoff. ¢ Kaplan-Meier plot of RUVBL1 expression and prostate cancer
patient disease-free survival outcome in the TCGA Firehose Legacy dataset. d Kaplan-Meier plot of XPO1 expression and prostate cancer
patient disease-free survival outcome in the TCGA Firehose Legacy dataset. e Kaplan-Meier plot shows the correlation between POSTN
expression and patient disease-free survival outcome in the TCGA Firehose Legacy dataset. f Kaplan-Meier plots show the correlation
between STMN1 expression and prostate cancer patient disease-free survival outcome in both the TCGA Firehose Legacy dataset (left) and BS
Taylor, Cancer Cell, 2010 dataset (right). g Kaplan-Meier plot of FABP4 expression and prostate cancer patient disease-free survival outcome in
the BS Taylor, Cancer Cell, 2010 dataset. For all Kaplan—Meier plots, the Log-rank P-values are computed and labelled on the corresponding
plots. *P < 0.05, **P < 0.01, and ***P < 0.001.

The difference in expression levels of XPO1 and POSTN did not
reach statistical significance, likely due to the relatively small sample
size of the metastasis group (N=19) (Supplementary Fig. S2J-K).
These results indicate that the 7-gene candidates selected have the
potential to distinguish metastatic prostate cancer from localised
prostate cancer. This, coupled with their association with worse
clinical prognosis, suggests their clinical potential to assist in
prognosis prediction and therapy selection.

Novel 5-gene signature panel predicts worse patient disease-
free survival relative to individual candidates

To develop a metastasis signature panel to best predict patient
outcome, we further assessed whether different combinations of

the seven candidates would achieve improved prediction of worse
outcome relative to individual candidates. To determine the best
combinations, we first performed principal component analysis on
the expression profiles of the seven candidates in the TCGA
Firehose Legacy dataset (Fig. 5a). We illustrated that four of the
seven candidates (U2AF2, RUVBL1, STMN1, HDGF) have expression
profiles in a cluster, suggesting that these candidates exhibit
similar profiles that associate with similar features (Fig. 5a). To
identify metastasis signature panel, we assessed the hazard ratios
and statistical significance captured by a variety of combinations
using Kaplan-Meier plots in the TCGA Firehose Legacy and the BS
Taylor, Cancer Cell, 2010 datasets (Fig. 5b-e, Supplementary
Fig. S4, S5). We identified that the 4-gene panel (U2AF2, RUVBLI,
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STMN1, HDGF) achieved an improved prediction in the TCGA (P=0.0016, HR=2.879 [1.493-5.552]) and FABP4 (P=0.0079,
Firehose Legacy dataset relative to individual candidates (Figs. 3, HR = 2.434 [1.263-4.69]) achieved better statistical significance
5c-left). However, this 4-gene panel did not improve prediction in and hazard ratios relative to the combined panel (P=0.01,
the BS Taylor, Cancer Cell, 2010 dataset since both STMN1 HR =2.374 [1.23-4.584]) (Figs. 3f-right, g-right, 5b, c-right). To
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Fig. 4 The 7 candidates are highly expressed in prostate cancer metastasis relative to localised prostate cancer and normal prostate
tissues. a Expression profiles of U2AF2 in the Chandran, BMC Cancer, 2007 dataset (N = 18 for normal prostate tissues, N =63 for normal
prostate tissues adjacent to tumour, N = 65 for localised prostate cancer tumours, and N = 25 for metastatic prostate cancer). b—g Expression
profiles of RUVBL1 (b), HDGF (c), FABP4 (d), XPO1 (e), POSTN (f), and STMN1 g in the Chandran, BMC Cancer, 2007 dataset described in (a).
h Expression levels of U2AF2 in localised prostate cancer tumours vs prostate cancer metastases using the BS Taylor, Cancer Cell, 2010 dataset
(N =131 for localised prostate cancer samples and N =19 for prostate cancer metastasis samples). i-1 The expression levels of RUVBL1 (i),
HDGF (j), FABP4 (k), and STMN1 (l) in localised prostate tumours vs prostate cancer metastases as described in (h). For all comparisons
between the two groups, Student’s t-test was performed with ns = non-significant, *P < 0.05, **P <0.01, ***P < 0.001, and ****P < 0.0001.

improve the separation between patient survival outcomes, we
combined all 7 genes to capture more relative risk by including
more features (Fig. 5b, d). However, the 7-gene panel only
improved outcome prediction in the BS Taylor, Cancer Cell, 2010
dataset and is not consistent in the TCGA Firehose Legacy dataset
(Fig. 5b, d). To prevent adding additional features that are
subtractive for the prediction, we added features from the
additional three candidates, FABP4, XPO1, and POSTN, to the
4-gene panel to find the optimal combination that best captures
patient disease-free survival outcomes. After assessing all 5-gene
and 6-gene panels, we discovered a combination that consistently
improved disease-free survival outcome prediction in both TCGA
Firehose Legacy and BS Taylor, Cancer Cell, 2010 (Fig. 5b-e,
Supplementary Fig. S4, S5). The combination that demonstrated
the best disease-free survival prediction was the 5-gene panel
comprised of U2AF2, RUVBL1, STMN1, HDGF, and FABP4 (Fig. 5e).
In both datasets, this combination achieved a separation with
smaller P-values relative to all individual candidates, suggesting its
ability to achieve a lower false positive rate in outcome prediction
(Figs. 3a—c, f, g, 5e). The improvement of the statistical significance
of this 5-gene signature panel relative to all single candidates in
terms of P-values and x? statistics was also the most consistent
across the two datasets when compared to all other combinations
(Fig. 5c—e, Supplementary Fig. S4, S5). Additionally, this 5-gene
panel also consistently captured more relative risks in its hazard
ratios relative to all other combinations in both datasets,
suggesting not only more confident, statistically significant
predictions, but also increased risks association with an elevation
in its expression (Fig. 5b—e, Supplementary Fig. S4, S5).

We then attempted to improve this 5-gene signature by using
elastic net model to find weighted coefficients for the signature
genes. We used the glmnet package in R to generate three elastic
net models. Model 1 was trained in the TCGA Firehose Legacy
dataset. Model 2 was trained in the BS Taylor, Cancer Cell, 2010
dataset, and model 3 was trained on the two datasets combined.
However, we did not observe significant improvement in the
weighted models relative to the original equally weighted 5-gene
signature panel (Fig. 5e, Supplementary Fig. S6). Models 1 and 2
only significantly improved prediction in the datasets that they
were trained in, which suggests overfitting to their training datasets
(Supplementary Fig. S6A, B, Fig. 5e). Model 3 generated comparable
results as the original 5-gene signature panel in both TCGA Firehose
Legacy (model 3 HR = 2.52, unweighted HR = 2.37) and BS Taylor,
Cancer Cell, 2010 datasets (model 3 HR =3.28, unweighted HR =
3.01) (Supplementary Fig. S6C, Fig. 5e). However, the original
unweighted signature demonstrates a better separation between
high and lor groups in the Kaplan-Meier plots. Thus, the
unweighted 5-gene signature panel is selected for further analyses.

The 5-gene signature panel also correlates with metastatic
prostate cancer in additional patient datasets

With the 5-gene prostate cancer metastasis signature panel
comprised of U2AF2, RUVBL1, STMN1, HDGF, and FABP4, we
further assessed the power of prediction of this gene signature
panel in two different, independent public patient datasets
(Grasso CS, Nature, 2012; Varambally S CS, Cancer Cell, 2005)
[20, 21]. The Grasso CS, Nature, 2012 dataset included 28 benign

prostate tissues, 59 localised prostate cancer tissues, and 35
metastatic castration-resistant prostate cancer (mCPRC) tissues
[20]. In this dataset, 4 of the 5 signature genes (except FABP4)
displayed a positive association with the onset of mCRPC relative
to benign prostate and localised prostate cancer groups (U2AF2
P=171x 107 875 x 107'% RUVBL1 P=1.13 x 1072, 4.15 X
10"% HDGF P=2.06 x 10 2,336 x 10" ""; STMN1 P=3.89 x 10/,
249 x 10~ ""; FABP4 P = 0.0606, 0.1268) (Supplementary Fig. 7A-E).
The Varambally S CS, Cancer Cell, 2005 dataset included six benign
prostate, seven localised prostate cancer, and six metastatic
prostate cancer samples [21]. The increased expression of the
metastasis group relative to localised prostate cancer did not
reach statistical significance in U2AF2 (P=0.090), STMNI1
(P=0.087), and FABP4 (P = 0.093), potentially due to small sample
sizes (Supplementary Fig. S7F-H). However, we still observed a
statistically significant increase in the expressions of RUVBL1
(P=10.0073, 0.012) and HDGF (P =0.025, 0.025) when comparing
the metastasis group to both benign and localised groups
(Supplementary Fig. S7I, J). In addition, while the elevation of
FABP4 in metastasis relative to benign prostate tissues did not
reach statistical significance (P=0.15), the expression of U2AF2
(P=10.013) and STMN1 (P=0.011) was significantly increased in
the metastasis group relative to the benign group (Supplementary
Fig. S7F-H).

After characterising the expression profiles of the individual
signature candidates in different stages of prostate cancer
progression, we also tested the ability of the 5-gene signature
panel to separate the metastatic group from the benign and
localised groups (Fig. 6a, b). In both datasets, the 5-gene signature
panel achieved improved separation between the metastasis and
the localised groups relative to all individual candidates (Fig. 6a, b,
Supplementary Fig. S7A-J). In the Grasso CS, Nature, 2012 dataset,
the 5-gene signature panel displayed improved statistical
significance when comparing the metastasis group to both
benign (5-gene P=1.88 x 10~ "; single gene U2AF2 P=1.71 x
107°, RUVBL1 P=1.13 x 10 "%, HDGF P=2.06 x 10 %, STMN1
P=3.89 x 10/, FABP4 P=10.061) and localised groups (5-gene
P=6.17 x 107? single gene U2AF2 P=8.75 x 10" '%, RUVBL1
P=4.15x 10"°, HDGF P=336 x 10~ ', STMN1 P=249 x 10" "',
FABP4 P =0.1268) (Fig. 6a, Supplementary Fig. S7A-E). Similarly,
analysis in the Varambally S CS, Cancer Cell, 2005 dataset revealed
the same improvement when comparing the mean of the
metastasis group to that of the benign (5-gene P =0.0035; single
gene U2AF2 P=0.0132, STMN1 P=0.0111, FABP4 P=0.1475,
RUVBL1 P = 0.0073, and HDGF P = 0.0247) and localised groups (5-
gene P=0.0071; single gene U2AF2 P=0.0899, STMNI1
P=0.0868, FABP4 P=0.0932, RUVBL1T P=0.0124, HDGF
P=0.0246) (Fig. 6b, Supplementary Fig. S7F-J). These results
suggest that the 5-gene signature panel displays a more reliable
association with prostate cancer metastasis than any single
candidate by outperforming all single candidates across datasets.

In addition, we performed Receiver-Operating Characteristic
(ROQ) analysis in the Grasso CS, Nature, 2012 dataset (Fig. 6¢c-h).
Our results demonstrated that the 5-gene signature panel displays
an area under the curve (AUC) of 97.38% (P < 0.0001) relative to
that of the single candidates (U2AF2 87.17%, P < 0.0001; RUVBL1
81.74%, P<0.0001; HDGF 83.73%, P<0.0001; FABP4 59.68%,
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Fig. 5 The 5-gene signature panel demonstrates improved ability to capture prostate cancer patient disease-free survival outcome.
a Principal component analysis of the expression profiles of the seven candidates (U2AF2, RUVBL1, STMN1, HDGF, FABP4, XPO1, and POSTN) in
the TCGA Firehose Legacy dataset. b Comparison of the hazard ratios of patient disease-free survival outcomes (with confidence intervals)
using the seven individual candidates, the 4-gene panel (U2AF2, RUVBL1, STMN1, HDGF), the 7-gene panel, and the 5-gene signature panel
(U2AF2, RUVBL1, STMN1, HDGF, and FABP4). The left panel shows the hazard ratios from the TCGA Firehose Legacy dataset, and the right
panel compares the hazard ratios from the BS Taylor, Cancer Cell, 2010 dataset. ¢ Kaplan-Meier plots that show the association between the
expression levels of the 4-gene panel (U2AF2, RUVBL1, STMN1, and HDGF) and patient disease-free survival outcomes in the TCGA Firehose
Legacy dataset (left) and the BS Taylor, Cancer Cell, 2010 dataset (right). For the right panel, N = 245 for the low-expression group and N = 246
for the high-expression group. For the left panel, N=70 for both the high- and low-risk groups. The high and low-expression groups are
determined assuming equal contributions of the four genes, and the median level was used as the cutoff threshold. The Log-rank P-value,
hazard ratio (HR) with confidence intervals, and the chi-square statistics (x2) are labelled correspondingly. d Kaplan-Meier using the same
datasets as (c) but with the 7-gene panel (U2AF2, RUVBL1, STMN1, HDGF, FABP4, XPO1, and POSTN). e Kaplan-Meier plots using the same
datasets as (c) but with the 5-gene signature panel (U2AF2, RUVBL1, STMN1, HDGF, and FABP4). For all, *P < 0.05, **P < 0.01, ***P < 0.001, and
***¥p < 0.0001.
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Fig.6 The 5-gene signature panel also displays improved ability to predict prostate cancer progression and the onset of prostate cancer
metastasis in other independent datasets. a Box and whisker plot that shows the mRNA expression profile (z-score) of the 5-gene signature
panel in the Grasso CS, Nature, 2012 dataset. This dataset is composed of 28 benign prostate samples, 59 localised prostate cancer samples,
and 35 metastatic prostate cancer samples. The combined 5-gene expressions are calculated assuming equal contributions from the five
signature genes. b Box and whisker plot that shows the mRNA expression profile of the 5-gene signature using the Varambally S CS, Cancer
Cell, 2005 dataset. This dataset includes six benign prostate samples, seven localised prostate cancer tumours, and 6 metastatic prostate
cancer samples. For all comparisons between the means of the two groups, Student'’s t-test is performed with ns = non-significant, *P < 0.05,
**P <0.01, ***P <0.001, and ****P <0.0001. The corresponding P-values are labelled accordingly. ¢ Receiver-operating characteristic (ROC)
analysis of the 5-gene signature panel in the Grasso CS, Nature, 2012 dataset. In this analysis, N=35 for patients with prostate cancer
metastasis and N = 59 for patients with localised prostate cancer. The area under the curve (AUC) and the P-value are labelled. d-h Receiver-
operating characteristic (ROC) analysis using each of the 5 single signature genes.

P=0.25; and STMN1 86.1%, P <0.0001) (Fig. 6c-h). The 5-gene predictions by reducing the variation and enhancing the statistical
signature panel also associates with biochemical recurrence in the significance of the risks associated with its expression.

TCGA Firehose Legacy dataset (P=0.0002) and an independent

dataset, Gerhauser, Cancer Cell, 2018 (P=0.019) (Supplementary

Fig. SBA-C) [22]. The 5-gene signature demonstrates improved DISCUSSION

statistical significance relative to all single candidates in the TCGA Our proteomic profiling and transcript-level analysis revealed a
dataset (Supplementary Fig. S8A, B). While the 5-gene signature 5-gene signature panel associated with a worse clinical course and
panel is not the most statistically significant in the Gerhhauser, the onset of metastasis. The components of this 5-gene signature
Cancer Cell, 2018 dataset, it demonstrates the smallest 95% panel include U2AF2, RUVBL1, HDGF, FABP4, and STMN1. U2 Small
confidence interval (Supplementary Fig. S8A, 8D-H). With its Nuclear RNA Auxiliary Factor 2 (U2AF2) is a heterodimer
consistent association with worse patient outcomes and the comprised of U2AF65 and U2AF35 that serves as an essential
metastatic phenotype across multiple datasets, the 5-gene pre-mRNA splicing factor critical for spliccosome assembly to the
signature can assist in making more reliable prognostic pre-mRNA branch site [24, 25]. Previous studies demonstrated the
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role of U2AF2 in alternative splicing, which can foster a variety of
diseases, including cancer [26, 27]. Our study reveals that U2AF2 is
highly expressed in prostate cancer patients with biochemical
recurrence and worse disease-free survival. We also demonstrate
that U2AF2 mRNA and protein are both elevated in prostate cancer
metastasis relative to localised and benign prostate tissues.
However, while U2AF2 has been implicated in some solid tumours,
such as non-small cell lung cancer and glioma, its associations with
prostate cancer and metastasis have yet to be elucidated [28, 29].
Further assessment of the role of U2AF2 in advanced, metastatic
prostate cancers is needed to test its functional role in prostate
cancer metastasis. RuvB like AAA ATPase 1 (RUVBL1) is an ATPase
that can associate with various complexes and participate in various
cellular processes, including chromatin remodelling and transcrip-
tional regulation [30]. RUVBL1 has been reported to promote the
invasion of breast and pancreatic cancers and increased prolifera-
tion and resistance in various solid tumours, including lung cancer
and colorectal cancers [31-36]. In prostate cancer, RUVBL1 has been
associated with Enzalutamide resistance [37]. A genome-wide
association study also suggests that elevated RUVBL1 increases cell
proliferation and tumour growth, further suggesting an association
between RUVBL1 expression and prostate cancer progression [38].
HDGF, also known as hepatoma-derived growth factor, is a growth
factor with both mitogenic and DNA-binding activity. HDGF has
been implicated in angiogenesis, tumorigenesis, and worse disease
prognosis in oral, bladder, and lung cancers [39-43]. While the
prognostic value of HDGF has not yet been evaluated before,
previous studies have shown that downregulation of HDGF
inhibited migration and invasion of prostate cancer cells, and
HDGF activated the MAPK/ERK pathway via KRAS and RhoA
mediation in cell line models of prostate cancer [44-46]. Fatty acid
binding protein 4 (FABP4) is an intracellular lipid-binding protein
that regulates lipid trafficking and metabolism [47]. FABP4 is a
biomarker for metabolic diseases and has been shown to promote
proliferation, resistance, and metastasis in ovarian cancer, breast
cancer, and prostate cancer [47, 48]. FABP4 can exert endocrine and
exocrine effects as it is secreted from adipocytes and macrophages,
and its association with prostate cancer supports further assessment
of the regulatory relationships between these cells and prostate
cancer progression and metastasis [49-51]. Lastly, stathmin
(STMN1) is the best-performing single candidate in our signature
panel with its highly significant association with biochemical
recurrence, patient disease-free survival, and prostate cancer
progression. While the function and targeting of STMN1 have been
characterised in a variety of cancers ranging from lung and breast
cancers to leukaemia, the functional role of STMN1 in prostate
cancer metastasis remains unknown [52-55]. Our results warrant
further assessment of the mechanism of action behind these
candidates. In addition, this study only included candidates that
associate with prostate cancer metastasis on both protein and
MRNA levels to enable a wider application across various clinical
platforms that utilise protein or RNA detection. However, there
could be genes that were not chosen in this study that are only
deregulated at the protein level, not at the RNA level and vice versa.
As a result, further assessment of other candidates from our
proteomic analysis, as well as the other RNA candidates implied in
the transcript-level analyses, is needed for additional biomarker
identification.

Our study reports a new 5-gene metastasis signature panel that
correlates with an increased risk of worse patient disease-free survival.
This suggests that this combined 5-gene signature panel can be used
in prognosis prediction to identify patients who are likely to
experience poor survival outcomes. This 5-gene metastasis signature
panel also correlates with prostate cancer metastasis relative to
localised prostate cancer and benign prostate tissues. Compared to
the expression profiles of individual candidates, the combined 5-gene
panel separates the metastasis prostate cancer group from localised,
primary prostate cancers with improved statistical significance. This

British Journal of Cancer (2024) 131:1748-1761

M. Shen et al.

suggests that an increase in the expression of the 5-gene panel
represents a higher risk of metastasis with a reduced probability of
false positives relative to an increase in any single candidate. Further
assessment of this 5-gene panel as predictors and effectors of
prostate cancer metastasis in additional large, independent prostate
cancer patient cohorts is warranted.

DATA AVAILABILITY

All patient datasets used in this study can be accessed via cBioPortal (https:/
www.cbioportal.org/) or on Gene Expression Omnibus (GDS2545/ GSE6919,
GSE35988, and GSE3325). Proteomic data have been deposited at PRIDE and are
publicly available with the identifier PXD056300. Any additional information required
to reanalyze the data reported in this paper is available from the corresponding
author upon request.

CODE AVAILABILITY

All Python and R codes utilised in this study can be accessed through the following
three GitHub repositories: https://github.com/shen-michelle/5-gene-Metastasis.qgit,
https://github.com/shen-michelle/5-gene-Metatasis-PCA.git, https://github.com/
shen-michelle/5-gene-Metastasis-Weights.

REFERENCES

1. Siegel RL, Giaquinto AN, Jemal A. Cancer statistics, 2024. CA Cancer J Clin.
2024;74:12-49.

2. American Cancer Society. Survival rates for prostate cancer. Atlanta: American Cancer
Society; 2023. Available from: https://www.cancer.org/cancer/types/prostate-cancer/
detection-diagnosis-staging/survival-rates.html. Accessed 1 Mar 2023.

3. Borregales LD, DeMeo G, Gu X, Cheng E, Dudley V, Schaeffer EM, et al. Grade
migration of prostate cancer in the United States during the last decade. J Natl
Cancer Inst. 2022;114:1012-9.

4. American Cancer Society. Initial treatment of prostate cancer, by stage and risk group.
Atlanta: American Cancer Society; 2022. Available from: https://www.cancer.org/
cancer/types/prostate-cancer/treating/by-stage.html. Accessed 9 Aug 2022.

5. Wei JT, Barocas D, Carlsson S, Coakley F, Eggener S, Etzioni R, et al. Early detection
of prostate cancer: AUA/SUO guideline Part I: Prostate cancer screening. J Urol.
2023;210:46-53.

6. Ren S, Wei GH, Liu D, Wang L, Hou Y, Zhu S, et al. Whole-genome and tran-
scriptome sequencing of prostate cancer identify new genetic alterations driving
disease progression. Eur Urol. 2018;73:322-39.

7. Fontana F, Anselmi M, Limonta P. Molecular mechanisms and genetic alterations
in prostate cancer: from diagnosis to targeted therapy. Cancer Lett.
2022;534:215619.

8. Pritchard CC, Mateo J, Walsh MF, De Sarkar N, Abida W, Beltran H, et al. Inherited
DNA-repair gene mutations in men with metastatic prostate cancer. N Engl J
Med. 2016;375:443-53.

9. De Laere B, Oeyen S, Mayrhofer M, Whitington T, van Dam PJ, Van Oyen P, et al.
TP53 outperforms other androgen receptor biomarkers to predict abiraterone or
enzalutamide outcome in metastatic castration-resistant prostate cancer. Clin
Cancer Res. 2019;25:1766-73.

10. Kohaar I, Chen Y, Banerjee S, Borbiev T, Kuo HC, Ali A, et al. A urine exosome gene
expression panel distinguishes between indolent and aggressive prostate can-
cers at biopsy. J Urol. 2021;205:420-5.

11. Visser WCH, de Jong H, Steyaert S, Melchers WJG, Mulders PFA, Schalken JA.
Clinical use of the mRNA urinary biomarker SelectMDx test for prostate cancer.
Prostate Cancer Prostatic Dis. 2022;25:583-9.

12. Waterhouse RL Jr,, Van Neste L, Moses KA, Barnswell C, Silberstein JL, Jalkut M,
et al. Evaluation of an epigenetic assay for predicting repeat prostate biopsy
outcome in African American men. Urology. 2019;128:62-5.

13. Shah RB, Mehra R, Chinnaiyan AM, Shen R, Ghosh D, Zhou M, et al. Androgen-
independent prostate cancer is a heterogeneous group of diseases: lessons from
a rapid autopsy program. Cancer Res. 2004;64:9209-16.

14. Rubin MA, Putzi M, Mucci N, Smith DC, Wojno K, Korenchuk S, et al. Rapid
(“warm”) autopsy study for procurement of metastatic prostate cancer. Clin
Cancer Res. 2000;6:1038-45.

15. Gatto L, Lilley KS. MSnbase-an R/Bioconductor package for isobaric tagged mass
spectrometry data visualization, processing and quantitation. Bioinformatics.
2012;28:288-9.

16. Garcia-Marques F, Trevisan-Herraz M, Martinez-Martinez S, Camafeita E, Jorge |, Lopez
JA, et al. A novel systems-biology algorithm for the analysis of coordinated protein
responses using quantitative proteomics. Mol Cell Proteomics. 2016;15:1740-60.


https://www.cbioportal.org/
https://www.cbioportal.org/
https://github.com/shen-michelle/5-gene-Metastasis.git
https://github.com/shen-michelle/5-gene-Metatasis-PCA.git
https://github.com/shen-michelle/5-gene-Metastasis-Weights
https://github.com/shen-michelle/5-gene-Metastasis-Weights
https://www.cancer.org/cancer/types/prostate-cancer/detection-diagnosis-staging/survival-rates.html
https://www.cancer.org/cancer/types/prostate-cancer/detection-diagnosis-staging/survival-rates.html
https://www.cancer.org/cancer/types/prostate-cancer/treating/by-stage.html
https://www.cancer.org/cancer/types/prostate-cancer/treating/by-stage.html

M. Shen et al.

1760

7

8

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

. Taylor BS, Schultz N, Hieronymus H, Gopalan A, Xiao Y, Carver BS, et al. Integrative
genomic profiling of human prostate cancer. Cancer Cell. 2010;18:11-22.

. Cancer Genome Atlas Research N. The molecular taxonomy of primary prostate
cancer. Cell. 2015;163:1011-25.

. Chandran UR, Ma C, Dhir R, Bisceglia M, Lyons-Weiler M, Liang W, et al. Gene

expression profiles of prostate cancer reveal involvement of multiple molecular

pathways in the metastatic process. BMC Cancer. 2007;7:64.

Grasso CS, Wu YM, Robinson DR, Cao X, Dhanasekaran SM, Khan AP, et al. The

mutational landscape of lethal castration-resistant prostate cancer. Nature.

2012;487:239-43.

Varambally S, Yu J, Laxman B, Rhodes DR, Mehra R, Tomlins SA, et al. Integrative

genomic and proteomic analysis of prostate cancer reveals signatures of meta-

static progression. Cancer Cell. 2005;8:393-406.

Gerhauser C, Favero F, Risch T, Simon R, Feuerbach L, Assenov Y, et al. Molecular

evolution of early-onset prostate cancer identifies molecular risk markers and

clinical trajectories. Cancer Cell. 2018;34:996-1011.e8.

Mehra R, Kumar-Sinha C, Shankar S, Lonigro RJ, Jing X, Philips NE, et al. Char-

acterization of bone metastases from rapid autopsies of prostate cancer patients.

Clin Cancer Res. 2011;17:3924-32.

van der Feltz C, Hoskins AA. Structural and functional modularity of the U2 snRNP

in pre-mRNA splicing. Crit Rev Biochem Mol Biol. 2019;54:443-65.

Gama-Carvalho M, Krauss RD, Chiang L, Valcarcel J, Green MR, Carmo-Fonseca M.

Targeting of U2AF65 to sites of active splicing in the nucleus. J Cell Biol.

1997;137:975-87.

Cho S, Moon H, Loh TJ, Jang HN, Liu Y, Zhou J, et al. Splicing inhibition of U2AF65

leads to alternative exon skipping. Proc Natl Acad Sci USA. 2015;112:9926-31.

Maiji D, Glasser E, Henderson S, Galardi J, Pulvino MJ, Jenkins JL, et al. Repre-

sentative cancer-associated U2AF2 mutations alter RNA interactions and splicing.

J Biol Chem. 2020;295:17148-57.

Li J, Cheng D, Zhu M, Yu H, Pan Z, Liu L, et al. OTUB2 stabilizes U2AF2 to promote

the Warburg effect and tumorigenesis via the AKT/mTOR signaling pathway in

non-small cell lung cancer. Theranostics. 2019;9:179-95.

Jiang Y, Zhou J, Zhao J, Zhang H, Li L, Li H, et al. The U2AF2 /circRNA ARF1/miR-

342-3p/ISL2 feedback loop regulates angiogenesis in glioma stem cells. J Exp Clin

Cancer Res. 2020;39:182.

Dauden M, Lopez-Perrote A, Llorca O. RUVBL1-RUVBL2 AAA-ATPase: a versatile

scaffold for multiple complexes and functions. Curr Opin Struct Biol.

2021;67:78-85.

Fan W, Xie J, Xia J, Zhang Y, Yang M, Wang H, et al. RUVBL1-ITFG1 interaction is

required for collective invasion in breast cancer. Biochim Biophys Acta Gen Subj.

2017;1861:1788-800.

Taniuchi K, Furihata M, Iwasaki S, Tanaka K, Shimizu T, Saito M, et al. RUVBL1

directly binds actin filaments and induces formation of cell protrusions to pro-

mote pancreatic cancer cell invasion. Int J Oncol. 2014;44:1945-54.

Yenerall P, Das AK, Wang S, Kollipara RK, Li LS, Villalobos P, et al. RUVBL1/RUVBL2

ATPase activity drives PAQosome maturation, DNA replication and radio-

resistance in lung cancer. Cell Chem Biol. 2020;27:105-21.e14.

Yuan XS, Wang ZT, Hu YJ, Bao FC, Yuan P, Zhang C, et al. Downregulation of

RUVBL1 inhibits proliferation of lung adenocarcinoma cells by G1/S phase cell

cycle arrest via multiple mechanisms. Tumour Biol. 2016;37:16015-27.

Li C, Lu K, Yang C, Du W, Liang Z. EIF3D promotes resistance to 5-fluorouracil in

colorectal cancer through upregulating RUVBL1. J Clin Lab Anal. 2023;37:¢24825.

Tang C, Ke M, Yu X, Sun S, Luo X, Liu X, et al. GART functions as a novel

methyltransferase in the RUVBL1/beta-catenin signaling pathway to promote

tumor stemness in colorectal cancer. Adv Sci. 2023;10:2301264.

Sun F, Wang X, Hu J, Liu J, Wang X, Jia W, et al. RUVBL1 promotes enzalutamide

resistance of prostate tumors through the PLXNA1-CRAF-MAPK pathway. Onco-

gene. 2022;41:3239-50.

Tian Y, Dong D, Wang Z, Wu L, Park JY, consortium, et al. Combined CRISPRi and

proteomics screening reveal a cohesin-CTCF-bound allele contributing to

increased expression of RUVBL1 and prostate cancer progression. Am J Hum

Genet. 2023;110:1289-303.

Lin YW, Huang ST, Wu JC, Chu TH, Huang SC, Lee CC, et al. Novel HDGF/HIF-

lalpha/VEGF axis in oral cancer impacts disease prognosis. BMC Cancer.

2019;19:1083.

Lin YW, Li CF, Chen HY, Yen CY, Lin LC, Huang CC, et al. The expression and

prognostic significance of hepatoma-derived growth factor in oral cancer. Oral

Oncol. 2012;48:629-35.

Zhang C, Chang X, Chen D, Yang F, Li Z, Li D, et al. Downregulation of HDGF

inhibits the tumorigenesis of bladder cancer cells by inactivating the PI3K-AKT

signaling pathway. Cancer Manag Res. 2019;11:7909-23.

Zhang G, Liu Z, Chen Y, Zhang Y. High serum HDGF levels are predictive of bone

metastasis and unfavorable prognosis in non-small cell lung cancer. Tohoku J Exp

Med. 2017;242:101-8.

43. Eguchi R, Wakabayashi I. HDGF enhances VEGF-dependent angiogenesis and
FGF-2 is a VEGF-independent angiogenic factor in non-small cell lung cancer.
Oncol Rep. 2020;44:14-28.

Guo Y, Xu H, Huang M, Ruan Y. BLM promotes malignancy in PCa by inducing

KRAS expression and RhoA suppression via its interaction with HDGF and acti-

vation of MAPK/ERK pathway. J Cell Commun Signal. 2023;17:757-72.

45. Wu D, Niu X, Pan H, Zhang Z, Zhou Y, Qu P, et al. MicroRNA-497 targets

hepatoma-derived growth factor and suppresses human prostate cancer cell

motility. Mol Med Rep. 2016;13:2287-92.

Yang F, Yu N, Wang H, Zhang C, Zhang Z, Li Y, et al. Downregulated expression of

hepatoma-derived growth factor inhibits migration and invasion of prostate

cancer cells by suppressing epithelial-mesenchymal transition and MMP2, MMP9.

PLoS ONE. 2018;13:e0190725.

Sun N, Zhao X. Therapeutic implications of FABP4 in cancer: an emerging target

to tackle cancer. Front Pharm. 2022;13:948610.

Guaita-Esteruelas S, Guma J, Masana L, Borras J. The peritumoural adipose tissue

microenvironment and cancer. The roles of fatty acid binding protein 4 and fatty

acid binding protein 5. Mol Cell Endocrinol. 2018;462:107-18.

Uehara H, Takahashi T, Oha M, Ogawa H, lzumi K. Exogenous fatty acid binding protein

4 promotes human prostate cancer cell progression. Int J Cancer. 2014;135:2558-68.

50. Huang M, Narita S, Inoue T, Koizumi A, Saito M, Tsuruta H, et al. Fatty acid binding
protein 4 enhances prostate cancer progression by upregulating matrix metallo-
proteinases and stromal cell cytokine production. Oncotarget. 2017;8:111780-94.

51. Uehara H, Kobayashi T, Matsumoto M, Watanabe S, Yoneda A, Bando Y. Adipose
tissue: critical contributor to the development of prostate cancer. J Med Invest.
2018;65:9-17.

52. Liao L, Zhang YL, Deng L, Chen C, Ma XY, Andriani L, et al. Protein phosphatase
1 subunit PPP1R14B stabilizes STMN1 to promote progression and paclitaxel
resistance in triple-negative breast cancer. Cancer Res. 2023;83:471-84.

53. Handa T, Yokobori T, Obayashi S, Fujii T, Shirabe K, Oyama T. Association between
high expression of phosphorylated-STMN1 and mesenchymal marker expression
and cancer stemness in breast cancer. Anticancer Res. 2023;43:5341-8.

54. Xun G, Hu W, Li B. PTEN loss promotes oncogenic function of STMN1 via PI3K/AKT
pathway in lung cancer. Sci Rep. 2021;11:14318.

55. Li M, Yang J, Zhou W, Ren Y, Wang X, Chen H, et al. Activation of an AKT/FOXM1/
STMN1 pathway drives resistance to tyrosine kinase inhibitors in lung cancer. Br J
Cancer. 2017;117:974-83.

56. Drake JM, Graham NA, Lee JK, Stoyanova T, Faltermeier CM, Sud S, et al. Metastatic
castration-resistant prostate cancer reveals intrapatient similarity and interpatient het-
erogeneity of therapeutic kinase targets. Proc Natl Acad Sci USA. 2013;110:E4762-9.

57. Mehra N, Zafeiriou Z, Lorente D, Terstappen LW, de Bono JS. CCR 20th Anni-
versary Commentary: Circulating tumor cells in prostate cancer. Clin Cancer Res.
2015;21:4992-5.

44,

46.

47.

48.

49.

ACKNOWLEDGEMENTS

We acknowledge the TCGA Research Network (https://www.cancer.gov/tcga) for the
generation of the TCGA, Firehose Legacy dataset utilised in this study. The authors
would also like to thank all the patients and their families for consenting to and
dedicating their samples to research since this study would not have been possible
without them. Project name: Identification of a 5-gene signature panel for the
prediction of prostate cancer progression. Project accession: PXD056300.

AUTHOR CONTRIBUTIONS

Sample and resource acquisition: Experimental design: MS, SL, SJP, TS. Experiment
execution: MS., FGM, AM, AB, MAR, KT, C-LC, C-NH, ZZ, THH. Data analysis: MS, FGM,
AM, JRW, AB, C-LC, C-NH, ZZ, THH. Manuscript writing and revising: MS, AM, SL, SJP.
Supervision: ML, SJP, KJP, TS. All authors have reviewed the manuscript.

FUNDING

TS is supported by the National Institutes of Health (NIH)/National Cancer Institute
(NCI) (R37CA240822, R0O1CA244281, ROT1CA274978, RO1CA287669 and P50CA092131)
and by the United States Department of Defense (Award Numbers HT9425-23-1-1034
and HT9425-24-1-0396). KP is supported by the National Institutes of Health (P50
CA69568 and PO1 CA093900), and SP is supported by the National Institutes of
Health (CA196387 and CA226051). SL is supported by the UCLA Jonsson
Comprehensive Cancer Center.

COMPETING INTERESTS

JRW is founder and owner of Resphera Biosciences LLC.

British Journal of Cancer (2024) 131:1748-1761


https://www.cancer.gov/tcga

ETHICS APPROVAL AND CONSENT TO PARTICIPATE

All patient samples collected through the rapid autopsy programme were approved
by the Institutional Review Board of the University of Michigan, as described
previously in Shah et al. [13]. All methods were performed in accordance with the
ethical guidelines and relevant regulations from the Regional Ethics Committee.

CONSENT FOR PUBLICATION

All authors have given read and given their approval for publication.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541416-024-02854-w.

Correspondence and requests for materials should be addressed to
Tanya Stoyanova.

Reprints and permission information is available at http://www.nature.com/
reprints

British Journal of Cancer (2024) 131:1748-1761

M. Shen et al.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024


https://doi.org/10.1038/s41416-024-02854-w
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Identification of a 5-gene signature panel for the prediction of prostate cancer progression
	Introduction
	Methods
	Rapid autopsy samples
	Sample preparation and proteomics
	Proteomic statistical analysis
	Prostate cancer patient datasets for candidate screening
	Kaplan–Meier survival curve
	Principal component analysis (PCA)
	Assessment of the combined 5-gene signature panel in prostate cancer patient datasets
	Receiver-operating characteristic (ROC) and area under the curve (AUC)
	Expression pattern across various Gleason scores
	Elastic net model fitting for weighted signature score
	Statistical analysis

	Results
	Proteomic profiling of rapid autopsy patient samples reveals candidates associated with prostate cancer metastasis
	Elevated levels of the 7-gene candidates, U2AF2, RUVBL1, HDGF, FABP4, XPO1, POSTN, and STMN1, correlate with prostate cancer biochemical recurrence and worse patient disease-free survival
	The 7-gene candidates are elevated in metastatic prostate cancer
	Novel 5-gene signature panel predicts worse patient disease-free survival relative to individual candidates
	The 5-gene signature panel also correlates with metastatic prostate cancer in additional patient datasets

	Discussion
	References
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ACKNOWLEDGMENTS
	Ethics approval and consent to participate
	Consent for publication
	ADDITIONAL INFORMATION




