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Introduction

The study of the molecular pathology of prostate cancer (PCa)
has significantly improved the understanding of PCa biology
[1, 2]. It has also aided the discovery of diagnostic, prognostic
and predictive biomarkers in PCa, all of which have promoted
the progress of the clinical management of PCa [1, 2]. In spite
of this progress, PCa remains the 4th most common cancer
diagnosed worldwide, after cancers of the female breast, lung and
colorectum. It is also the 8th commonest cause of cancer deaths,
in both genders combined, and the 5th most common cause of
cancer deaths in men [3, 4]. Therefore, a huge knowledge gap
in PCa biology still exists; thus, the pressing need to deepen our
understanding of PCa biology further is warranted.

In this study we investigated the clinicopathological and
biological correlates of KRAS expression in PCa. KRAS alterations,
in the form of somatic mutations and gene amplification, are
commonly found in carcinomas of the lung and digestive tract
(pancreas, gastric, colon and rectum). KRAS alterations especially
have therapeutic relevance in lung cancers in which they are
targets of therapy [5], and in gastrointestinal tract cancers in which
they are used as predictive biomarkers of anti-EGFR therapy [6-
8]. Although the much-valued KRAS somatic mutations are rare
in PCa [9-11], it has been demonstrated that breast, lung, gastric,
colorectal and prostate cancer with wild-type KRAS displayed
high RAS activation scores and exhibited upregulated RAS
signalling, evidence that KRAS activation can exist in the absence
of somatic KRAS gene mutations [12-14]. Interestingly, most of
the studies of KRAS alterations in PCa has been performed on
cell lines [15-23]. However, cell lines may not recapitulate all
aspects of tumour biology of any cancer type, inasmuch as culture
studies are usually limited to two to seven cell lines per study.
Under in vitro conditions, the survival and propagation of specific
cancer cell populations and certain cancer states are preferentially
supported. Furthermore, it has been observed that additional
genetic and epigenetic alterations are introduced in long-term
cell cultures, thereby creating systematic differences between
cell culture and patients’ tumour states [24-27]. For the above
reasons, it is pertinent to investigate KRAS expression in clinical
PCa to verify the findings from cell line studies. A few studies
have shown upregulation of KRAS signalling pathway in a clinical
cohort of primary and metastatic PCa cases [28]. However, the
clinicopathological and biological relevance of wild-type KRAS
expression have yet to be comprehensively interrogated in any
clinical PCa cohort.

The paucity of studies that utilize clinical PCa for KRAS studies,
and the curiosity of active wild-type KRAS signalling in cancer,
form the rationale for this study.

The aim of this study is to investigate the biological and
clinicopathological significance of wild-type KRAS expression
in clinical cohorts of PCa. The study objectives are to determine
(i) whether KRAS signalling is active in PCa in the absence of
KRAS coding mutations, (ii) whether any relationships between
wild-type KRAS expression and tumour biology indices (cellular
proliferation, invasion and apoptosis, etc.) exist in clinical PCa,
(iii) whether altered KRAS expression in the context of wild-type
KRAS can confer specific clinicopathological characteristics
on PCa, (iv) to define the mechanisms of KRAS deregulation in
PCa. The study hypothesis is that wild-type KRAS signalling is
active in clinical PCa cases, in which altered KRAS expression has
clinicopathological, molecular and biological significances.

Methods

Prostate cancer cohorts
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The study retrospectively analysed the clinicopathological and
genomic data of two PCa cohorts, TCGA Firehose [29, 30] and
the DKFZ, (or, German Cancer Research Centre) PCa cohorts
[31]. All the clinicopathological and genomic data were retrieved
from the Genome Data Commons and cBioPortal for Cancer
Genomics databases. The mRNA and miRNA quantification
were accomplished with RNASeq and miRNASeq, respectively,
while methylation data was obtained by methylation array on the
[llumina Human Methylation 450 platform. The masked copy
number segment data was generated using the Affymetrix SNP 6.0
genotyping array.

Online analyses of KRAS expression identified only about
0.3%-0.4% of PCa cases which harboured somatic mutations in
KRAS in both cohorts [29, 30]. These cases were excluded from
this study. Furthermore, while the gene expression dataset of the
TCGA PCa cohort contained 60660 records, the DFKZ cohort
had 20882. TCGA cohort comprised 500 primary PCa cases with
clinicopathological (including prognostic and therapy outcome),
RNASeq, chromosomal copy number segment, methylation,
and somatic mutation data. The following amount of data was
available for this cohort: clinicopathological (between 393 and
497 of the 500 cases for each clinicopathological indices; Table
1); mRNA expression (498/500 cases); chromosomal copy number
segment (497/500 cases); methylation (between 322 and 498 of
500 cases for individual methylation loci); microRNA expression
(498/500 cases) data. The DKFZ cohort included 118 PCa cases
with clinicopathological (including biochemical recurrence post-
therapy), and mRNA expression data. Data was available for
clinicopathological features (93 to 95 of 118 cases with RNASeq
data), and RNASeq (118/118 cases).

Bioinformatics analyses

Linux-based codes and scripts were written in the Window-based
Ubuntu 20.04 environment in order to retrieved the data of interest
from the downloaded materials. Linux-based scripts were also
used to prepare gene expression datasets (in txt and gct formats) as
per Gene Set Enrichment Analyses (GSEA) [32-34], and DeSeq2
Gene Ontology Enrichment Analyses requirements [35, 36],
while the phenotype and derivative gene set files (see below) were
prepared in Excel spreadsheet and converted to cls and grp files,
respectively.

Study approach

KRAS expression for either PCa cohorts was dichotomised
into low and high KRAS expression groups using the median
expression values as the threshold. This categorization was applied
to the GSEA, and to subsequent statistical analyses on SPSS. To
determine whether wild-type KRAS signalling is active in PCa, we
first explored the differential up-regulation of biological pathways
(cell proliferation signalling: cell cycle, KRAS, MAPK, PI3K-AKT-
MTOR, E2F and G2M checkpoint; tumour invasion signalling:
TGFB and the epithelial-mesenchymal transition (EMT)
signalling; and Apoptosis) between KRAS-high and KRAS-low
cases in the TCGA PCa cohort by using the Molecular Signature
Database (MSigDB) Hallmark (KRAS, PI3K-AKT-MTOR, and
G2M checkpoint, TGFB, EMT, and Apoptosis) and KEGG
(cell cycle and MAPK signalling) pathway gene sets [32-34].
Furthermore, we applied the RAS activation gene set described
by Barbie et al [37] to the TCGA PCa cohort to confirm KRAS
activation. Then, we validated the wild-type KRAS activation in
the DFKZ cohort. To achieve the aforementioned validation, gene
sets were created from the core enrichment set obtained from the
TCGA dataset analyses and used to examine the DFKZ expression
dataset, as per MSigDB recommendations, and to obtain core
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Figure 1. GSEA shows enrichment of KRAS signalling in KRAS-high prostate cancer subset. The upper panel displays enrichment of the MSigDB

hallmark KRAS signalling pathway in the KRAS-high subset of the prostate cancer subsets. The lower panel shows enrichment of the signature of
oncogenic KRAS-driven cancers. (GSEA for the DFKZ cohort shown here).

enrichment genes sets that were common to or shared by both PCa
cohorts.

Gene Ontology (GO) Enrichment Analysis (https:/www.
gencontology.org/) [35, 36] was used to confirm the biological
processes subserved by the genes in the common core enrichment
genes sets. Furthermore, to confirm the biological relevancies of the
GSEA results to the cohorts, we generated index scores for all the
pathways by using the geometric means [38, 39] of the expression
values of the enriched genes in the shared gene sets after filtering
out the genes that are duplicated in the shared core enrichment
gene sets (see Supplementary Materials 1: Core Enrichment
Genes). The generated index scores were then validated by
clinicopathological and prognostic features of the PCa cohorts.
Direct correlation of KRAS expression with clinicopathological
features such as age, race/ethnicity, pathological tumour, node
and metastases statuses, overall tumour stage, Gleason score,
prognostic grade groups, treatment outcomes, and follow-up
(overall and disease-free survival) profiles was also sought in
both the TCGA and DFKZ cohorts. Also, correlations between
KRAS expression and the expression of androgen deprivation
therapy (ADT)-resistance genes, AR (androgen receptor), NR3CI
(glucocorticoid receptor, GCR), and NR3C2 (mineralocorticoid
receptor, MLR) [40-44] were sought in both cohorts. The
mechanisms of altered KRAS expression — including copy number
alterations, promoter methylation/altered transcription factor
expression, and miRNA deregulation — were also investigated in
the TCGA PCa cohort. For the miRNA deregulation analyses,
differential enrichment of miRNA gene expression was sought
in the TCGA cohort using DeSeq2 module in the GenePattern
computing environment (https:/cloud.genepattern.org/) [45]. A
list of KRAS-relevant miRNA was retrieved from miRTarBase
(https:/mirtarbase.cuhk.edu.cn/~miRTarBase/miRTarBase 2022/

php/) [46] and used to compare the results of the miRNA gene
enrichment analysis. See Supplementary Materials 2: MirTbase
KRAS_targeting miRNAs. Furthermore, transcription factors
which have been experimentally demonstrated to bind to KRAS
promoter regions were retrieved from TF2DNA DB (https:/www.
fiserlab.org/tf2dna_db/search genes.html) [47]; their expression
values were incorporated into correlation and regression analyses
to test their relationships with KRAS expression, and infer their
roles in the deregulation of wild-type KRAS expression in PCa.

Statistical analyses

Gene set enrichment analyses were performed with permutations
set to 1000, and by using gene-set permutation type, weighted
enrichment statistics, and maximum and mini-mum gene-set
sizes of 500 and 15, respectively. The nominal P value and false
discovery rate (FDR) threshold were both set at 0.05 (or 5%). The
clinicopathological and genomic data of interest were output in
Excel spreadsheet from the Ubuntu environment and then input
into SPSS version 29. Chi square (or Fisher) test was used to
define associations between categorical variables, while bivariate
correlative analysis was used to test the correlations between
continuous variable. Independent Sample, Median k-sample
and one-way ANOVA tests were used to measure the mean or
median differences of continuous variables between discrete
groups. Multiple linear regression analysis was used to predict
the relationship between KRAS expression and the established
mechanisms of altered gene expression (KRAS copy number
alteration, KRAS promoter methylation, altered transcription
factor expression and KRAS-specific miRNA expression patterns).
Kaplan Meier and Cox regression analyses were used to define
the prognostic significance of the generated tumour biology
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signatures and of KRAS expression. A P value of <0.05 was used
as the threshold for significant test while the Benjamini-Hochberg
correction was used to correct for multiple testing at an FDR of
0.05.

Results
Wild-type KRAS signalling is active in PCa

TCGA and the DFKZ cohorts were probed for KRAS activation
using GSEA. The results showed that KRAS signalling was
upregulated in the KRAS-high relative to KRAS-low subsets in
both PCa cohorts (Supplementary Materials 2: GSEA Results).
Furthermore, differential enrichment of the Barbie et al RAS
activation gene set was observed in the KRA4S-high subsets of both
PCa cohorts (Figure 1), thereby validating the results obtained
with the KRAS signalling pathway enrichment analysis.

Differential expression of tumour biology pathways in KRAS
expression groups

Gene set enrichment analyses showed differential enrichment of
tumour biology pathways between the KRAS-high and KRAS-
low groups in both PCa cohorts. Differential enrichment was
observed in all the Hallmark and KEGG gene sets that were
interrogated (Figure 2 and Supplementary Materials 2: GSEA _
Results), at nominal P value and false discovery rate (FDR) of
less than 0.05. GO Enrichment Analysis confirmed that the core
enrichment genes common to both PCa expression datasets
included established members of the following pathways and
biological functions: G2M transition genes (CHEKI, RAD?21,

7

HUSI, BARDI, AURKA, FBXO5, CENPF, CDC7, CDKN3, STIL,
CUL3, CUL4A4, EZH2, PAFAHIBI, BRCA2), regulation of cell
cycles (RACGAPI, STIL, TPX2, SMARCCI, ATRX, TTK, PRPF4B,
BRCA2, EZH2, CDC27, KIF15, HNRNPU, AURKA, MAD2LI,
SMC4, KIF11, FBXO5, CENPE, CHEKI, DBF4, PAFAHIBI,
PLK4, BUB3, RAD21, BUBI, CENPF, SMC2, CUL3, DRI, CDC?7),
regulation of cell population proliferation (SMARCCI, TTK,
BRCA2, EZH2, HNRNPU, PDS5B, FBXO5, CHEK1, HIF1A, E2F3,
SOLE, CUL3, CDC7, CDKN3, NOLCI, SS18, KIF20B, CCNA2,
CUL4A), cell cycle and G1/S transition of mitotic cycle (RBI,
RBLI, CDK2, CDKNIB, CCNH, CDK1, CDK7, CDK6, TFDPI,
CCNBI), TGFB signalling genes (BMPR2, MAP3K7, BMPRIA,
TGFBRI1, SMURF2, ACVRI), PI3K signalling pathway (PDK]I,
PTEN, GSK3B), RAS and EGF signalling pathways (PAK2, SOS2,
MAP3KI, SOSI, MAPK 14, MAPKI, CDC42, RPS6KA6, MAP2K1,
NRAS, RPS6KA3, PAKI, ATF2, BRAF, MAPKY, RAFI, MAPKS,
MAP2K6, MAP2K4, AKT3), MAPK signalling (RRAS2, SOS2,
MAP3K1, MAP3KS, SOSI, NF1, MAPK 14, MAPK1, NRAS, RASAI,
RASA2, BRAF, MAPK9, MAP3K2, RAFI, MAPKS, MAP2K®6,
MAP2K4) and MAPK pathway-interacting genes (PAK2, CRK,
CHUK, ATF2, TRAF6, PAKI), Apoptosis signalling (BCL10,
CASP3, XIAP, FAS, CASPS, CASP2, CYLD, MCLI, BCL2L11,
CASP7, DAP3, BIRC3), and extracellular matrix pathways (/7GAV,
PFN2, PLOD2, ECM2, SGCB, TPM4, SPOCK1, GREM1, MATNS3,
TNFRSF11B, NT5E, ITGB1, PRRX1, CADMI, ITGA2, EDIL3,
COLI11Al, COL542, INHBA, VCAN, VEGFC, SNTBI, LAMCI,
MFAPS5, ADAM12, BASPI, TGFBR3, POSTN, DCN, SPPI,
VCAMI, COL3A1, CTHRCI, LUM, SERPINE2, COL4Al, IGFBP3)
and EMT pathway genes (CDH6, WNT54, ID2, NOTCH2)
(Supplementary Materials 2: GO_Analysis).
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Figure 3. KRAS-based Tumour Biology Signature Validation in the TCGA and DFKZ PCa cohorts. The correlation of the clinicopathological

features of the prostate cancer cohort with tumour biology validates the activation of wild-type KRAS signalling in prostate cancer.

Validation of GSEA results using tumour biology signatures and
clinicopathological indices

The Cell Cycle, Apoptosis and EMT/invasion index scores for the
PCa cohorts were generated by calculating the geometric means
of the expression values of the core enrichment gene sets common
to both PCa cohorts (Hallmark G2M_checkpoint, Apoptosis
and EMT gene sets; KRAS expression was excluded in the
generation of the tumour biology signatures). One-way ANOVA
test demonstrated that the KRAS expression-based tumour
biology signatures in the TCGA PCa cohort showed significant
correlation with Gleason score (Cell Cycle, EMT/invasion and
Apoptosis signatures), ISUP prognostic grade group (Cell Cycle
and EMT/invasion signatures), pathological T stage (Cell Cycle,
EMT/invasion and Apoptosis signatures), pathological metastasis
stage (EMT/invasion signatures), TNM stage (Cell Cycle and
EMT/invasion signatures), biochemical recurrence (Cell Cycle
signature), and treatment outcomes (Cell Cycle, EMT/invasion and
Apoptosis signatures). Cox regression analysis demonstrated that
the tumour biological processes predicted disease-free survival
(Cell Cycle and Apoptosis signatures), and 10 years overall
survival (Cell Cycle and Apoptosis signatures) (see Figure 3 and
Supplementary Materials 2: Signature Validation.TCGA). In
the DFKZ cohort, significant correlation was found between the
tumour biology signatures and pathological T stage (Cell Cycle,
EMT/Invasion and Apoptosis signatures), Gleason score (Cell
Cycle and EMT/Invasion signatures), ISUP Grade Group (Cell
Cycle and EMT/Invasion signatures), and pre-operative prostate-
Specific Antigen levels (Cell Cycle and EMT/Invasive signatures)
(see Figure 3 and Supplementary Materials 2: Signature
Validation.DFKZ). This is evidence that the KRAS expression-
based differential gene set enrichment observed with the GSEA

have biological relevancies in both PCa cohorts. It also validated
our hypothesis of an active wild-type KRAS signalling in PCa.

Clinicopathological correlates of wild-type KRAS expression

Having demonstrated wild-type KRAS activation in subsets of PCa
expressing high KRAS mRNA, we sought to directly examine the
clinicopathological significance of KRAS expression in PCa. The
relationships between KRAS expression and clinicopathological
indices such as age, race/ethnicity, pathological tumour, node
and metastases statuses, overall tumour stage, Gleason score,
prognostic grade groups, and follow-up (overall survival and
disease-free) profiles were sought in the PCa cohorts. One-way
ANOVA tests showed that KRAS expression showed significant
relationships with race/ethnicity, pathological tumour stage, overall
tumour stage, Gleason score, and Gleason prognostic grade groups
(Table 1). However, no significant relationships were found for
age, pathological node and metastasis statuses. Furthermore, no
relationships were found between KRAS expression and disease-
free or overall survival.

Therapy resistance correlates of wild-type KRAS expression

In both PCa cohorts a direct relationship was observed between
KRAS signalling and ex-pression of AR, GCR and MLR. High
levels of expression of these therapy resistance-associated genes
were found in PCa cases with high KRAS expression compared to
cases with low KRAS expression (Figure 4). The results suggested
that KRAS signalling may play a role in determining therapeutic
outcome through its interactions with these therapy resistance-
associated genes. Next, we compared the primary therapeutic
out-comes (TCGA cohort) and biochemical recurrences (TCGA
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Figure 4. Relationships between KRAS expression and steroid hormone receptor expression in PCa. High expression of KRAS is associated

with high expression of AR, GCR and MLR in TCGA and DFKZ cohorts.

and DFKZ cohorts) between cases with high and low KRAS
expression. Chi square test showed that patients with high KRAS
expression significantly exhibited less than complete outcomes
compared to those with low KRAS expression in the TCGA
cohort (Figure 5A). However, binary logistic regression analyses
showed that the relationship between KRAS expression levels
and therapeutic outcome was not independent of AR expression
in the TCGA cohort (data not shown). Moreover, Kaplan-Meier
test showed that no significant correlation exists be-tween time to
biochemical recurrence and KRAS or AR expression levels, even
though the pre-operative pSA levels were significantly higher in
the DFKZ patients with high KRAS expression (Figure 5B & 5C,
and Table 1).

Deregulation of KRAS expression in PCa

The TCGA PCa cohort was used to investigate the deregulation of
KRAS expression in PCa as it has comprehensive data on mRNA
expression, copy number segment, methylation and miRNA
expression. KRAS copy number alteration (CNA) status was
derived from the copy number segment data by using the segment
mean thresholds of -0.3 and 0.3. Based on these thresholds there
were 38/498, 456/498 and 6/498 losses/deletions, wild-types/
neutrals and gains/amplifications, respectively. There was a
significant KRAS copy number-expression correlation (one-way
ANOVA test: F=25.181, degree of freedom=2, P<0.001, Figure
6). Furthermore, we investigated the role of KRAS-targeting
transcription factors in the deregulation of KRAS expression in
PCa using known KRAS-targeting transcription factors obtained
via analysis from the transcription factor database TF2DNA_DB.
Seven transcription factors, including NKX3-1, HMGAI, NHLH],
SMAD2, MECP2, ZNF219, and ESRRB, were identified from
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recurrence status for TCGA (B) and DFKZ (C) cohorts showing that KRAS expression did not display significant associations with

biochemical recurrence.

TF2DNA_DB; their expression levels were incorporated into a
bivariate analysis which revealed that the expression of 4/7 of the
transcription factors displayed correlations with KRAS expression
(MECP2: R=0.290, P<0.001; NKX3-1: R=0.325, P<0.001;
SMAD2: R=0.395, P<0.001; ZNF219: R= -0.224, P<0.001).
Differential Expression Analysis using DeSeq?2 identified the
top 40 differentially expressed miRNAs between the KRAS-
high and KRAS-low PCa subsets. Bivariate correlation analysis
demonstrated that 28/40 of the miRNA exhibited direct and
indirect correlations with KRAS expression (see Supplementary
Materials 2: MicroRNA Enrichment Analyses and MicroRNA-
KRAS Correlation). However, only four of the miRNAs matched
the list of KRAS-relevant miRNAs retrieved from the miRTarBase
database (see Supplementary Materials 2: MirTbase KRAS

targeting miRNAs). Furthermore, bivariate correlation analysis
showed that 7/28 KRAS methylation loci, cg06891455, cg10569807,
cg13085893, cgl7197538, cg25763538, cg27174311, cg27550152,
correlated with KRAS expression (see Supplementary Materials
2: KRAS Methylation-Expression).

The KRAS copy number data, beta and expression values,
respectively, of the positive KRAS methylation loci and the
identified transcription factors and miRNAs from the bi-variate
analyses above were incorporated into a multiple linear regression
to test whether they independently predict KRAS expression.
The analysis identified MIR30C-1 (P=0.003), KRAS Copy
Number Alterations (P<0.001), MIR4664 (P<0.001), MIRLET7A43
(P=0.040), MIR5001 (P=0.027), MIR1224 (P=0.024), SMAD?2
(P<0.001), NKX3-1 (P<0.001), MECP2 (P=0.001), ZNF219
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(P<0.001) as independent predictors of KRAS expression in the
regression model (F=26.66, R2=0.383, P<0.001). The methylation
loci were also significant predictors of KRAS expression in
the regression analysis (cgl7197538, P=0.041 and cg25763538,
P=0.002), but in the absence of the transcription factors. This is
evidence that the transcription factors exhibited collinearity with
methylation loci, and thus may bind at those specific loci. Overall,
the results showed that KRAS expression in PCa is deregulated by
copy number changes, miRNA and epigenetic/altered transcription
factor-expression mechanisms.

Discussion

One of the motivations for this study is the paucity of research
that have utilized primary cohort to verify whether wild-type
KRAS signalling is active in clinical PCa cases, as it is in PCa
cell lines [15-23, 28, 48]. Researching clinical PCa for KRAS
activity is pertinent because cancer cell line biology, for the
reasons mentioned in the introduction, do not always recapitulate
the biology of clinical cancers [24-27]. This study demonstrated,
using GSEA, that the KRAS expression status has important
biological implications for clinical PCa. This study analysed two
prostate cancer (PCa) cohorts using a gene set associated with
RAS activation identified in a previous study [37]. Surprisingly, it
revealed that RAS activation occurs in clinical PCa even without
KRAS mutations. Moreover, gene sets enriched for genes related
to KRAS expression showed associations with clinicopathological
features in both cohorts, suggesting their potential relevance to
PCa tumour biology. The existence of active wild-type KRAS
signalling in clinical PCa has far-reaching implications for PCa
biology, clinicopathological presentations and drug response
profile.

This study validated previous cell line studies in two ways.
First, the enrichment of the KRAS activation gene sets in the PCa
cohorts confirmed that KRAS is activable in cancer in the absence

of KRAS somatic mutations. This is in consonance with the study
by Mita et al, which found that knockdown of KRAS in gastric cell
lines which overexpressed wild-type KRAS resulted in inhibition
of tumour growth and suppression of p44/42 MAP kinase
(MAPKI or ERK?2) and AKT activity [12]. It also concurs with the
Valtorta et al study which demonstrated resistance of anti-EGFR
therapy in a colorectal cancer cell line with KRAS overexpression
(via gene amplification) [13]. Furthermore, the Laboda et al study
demonstrated wild-type KRAS activation in breast cancer (which
have low frequency of somatic KRAS mutations), and in lung
and colorectal cancer subsets with wild-type KRAS expression,
providing evidence that even in cancer types with high rates of
somatic KRAS mutations, wild-type KRAS signalling can be active
[14]. Secondly, this study confirmed the results of cell line studies
which have demonstrated active wild-type KRAS signalling in PCa
cell lines, and upregulation of KRAS expression in primary PCa
[15-23, 28, 48-51]. According to these studies, KRAS expression
regulates the fundamental tumour biology of PCa, including cell
proliferation, EMT, metastasis and stem cell activities [12, 18-
23, 49, 50], and in cooperation with other signalling pathways
including PI3K, WNT, B-catenin, and hedgehog signalling [16, 18,
20, 21, 48, 51, 52]. In consonance with these previous results, this
study demonstrated enrichment of cell cycle and G1/S transition
of mitotic cycle, G2/M transition, regulation of cell population
proliferation, regulation of cell cycles, regulation of cell population
proliferation, RAS and EGF signalling pathways, MAPK signal-
ling, TGFB signalling, PI3K signalling, extracellular matrix
pathways, and EMT pathway genes in the KRAS-high subset of
both PCa cohorts.

In keeping with the patterns of enrichment of tumour-
promoting gene sets in the PCa cohorts, the study found adverse
clinicopathological features of the PCa in the KRAS-high subsets.
For example, the KRAS-high subsets displayed higher stage,
Gleason score, ISUP prognostic grade groups and poorer therapy
outcomes. There is paucity of studies which have investigated the
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clinicopathological features of KRAS in PCa, hence only a small
frame of reference for the clinicopathological relevance of KRAS
expression in PCa exists for comparison. However, Yin et al [19]
and Yang et al [50] showed that high KRAS expression is associated
with bone metastasis. Plus, cell line studies have demonstrated
some reverse correlation between KRAS expression and response
to therapy. Activation of the KRAS signalling is associated with
resistance to anti-androgen and other therapies in PCa sell lines
[16, 17, 51].

Further on therapy resistance, this study demonstrated a
significant relationship between KRAS expression and the
therapy-resistance markers AR, GCR and MLR [40-44] in both
PCa cohorts. However, no relationship could be established
between treatment outcomes and KRAS expression independent
of AR expression, a result that suggested that the relationship
between KRAS expression and clinical response to ADT may be
AR-dependent, at least in the TCGA PCa cohort. Barkin et al.
[13] demonstrated that attenuation of RAS signalling restored
sensitivity to hormone-refractory PCa cell lines. Also, an AR-
KRAS axis signalling, which mediates malignant transformation
and induction of stem cells characteristics, has been described
for PCa cells [52, 53]. The role of cancer stem cells in therapy
resistance is established in oncology [54]. It is therefore plausible
that KRAS signalling acts upstream of AR signalling in the
development of resistance to ADT, hence the relationship between
KRAS expression and therapy outcome would be dependent on
AR expression. Whilst this study did not find an independent link
between KRAS expression and treatment outcome, the fact of
high KRAS expression being associated with enrichment of PI3K
signalling in this and other studies [13, 18, 19, 20, 48, 51] suggests
an indirect association of KRAS expression with treatment
response. The prospect of targeting KRAS for the circumvention
of ADT resistance is an attractive one [13, 55]. Considering that
tumours can have RAS activation independent of KRAS somatic
mutations [12, 13], it is plausible that some therapies which are
designed to target KRAS mutation-driven tumours would also
find application in treating wild-type KRAS-driven tumours.
KRAS- and KRAS signalling-specific drugs, whose targets reside
outside the KRAS mutations hotspots, such as those that target
KRAS membrane association [40], inhibit KRAS processing and
activation [55-57], target downstream mediators of intracellular
signalling [56], and target KRAS synthetic lethal partnerships [56,
58], may find utility in the treatment of PCa cases with high KRAS
expression.

The study also showed that KRAS deregulation may be
predominantly transcriptional and/or translational via epigenetic
and miRNA mechanisms. This finding is supported by a previous
preclinical study which demonstrated transcriptional deregulation
of KRAS expression at the promoter site [50]. Copy number
alteration of KRAS has been demonstrated to be a mechanism
of KRAS deregulation in gastric, lung and colorectal cancers
[12, 13]. Therefore, testing KRAS promoter methylation, KRAS-
targeting microRNA expression or KRAS copy number changes
may be useful in the diagnosis of active KRAS signalling in PCa.
Furthermore, whilst structural variants such as KRAS fusions [59]
may lead to the upregulation of KRAS expression in PCa, as would
KRAS gain or amplification, no gene fusion data were available for
the TCGA or DFKZ PCa datasets utilized in this study. Hence, the
level of contribution of KRAS gene fusions to KRAS expression
levels in primary PCa could not be determined in this study.

Conclusions
In conclusion, this study has demonstrated evidences of active

wild-type KRAS signalling in clinical PCa, and the associations
of high KRAS expression with tumour biology and the adverse
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clinicopathological features of PCa. The study has also shown
that KRAS expression relationship with therapy response may
be dependent on AR signalling. The results from this study lend
credence to the findings from previous preclinical and translational
researches on KRAS in PCa. Furthermore, we propose that high
KRAS expression impacts PCa clinicopathological presentations,
and that targeting wild-type KRAS or its activation mechanisms
may be a suitable therapeutic strategy for circumventing drug
resistance in clinical PCa. The proposed relationships between
KRAS expression and therapy resistance in clinical PCa need
further validation.
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