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VALIDATION OF PROSTATE CANCER  
MOLECULAR SUBTYPING APPROACH, BASED  
ON THE CLUSTER ANALYSIS OF CANCER CELL AND TUMOR 
MICROENVIRONMENT GENE EXPRESSION PATTERNS

Aim. To verify the previously studied gene sets associated with cancer, tumor microenvironment, and lipid metabolism 
to identify molecular subtypes of prostate cancer by analyzing the prostate cancer gene expression data from the TCGA 
database. Methods. Analysis of TCGA RNA-sequencing based gene expression data of 490 prostate cancer samples of 
55 previously studied genes. Statistical and K-means clustering methods were used for molecular subtyping of prostate 
cancer samples. Results. Cluster analysis revealed two and three potentially significant clusters of prostate cancer 
samples based on the expression levels of three gene groups which is 27 cancer-associated genes, 23 tumor microenvi-
ronment related genes and 5 lipid metabolism genes. Among three clusters, the first one has the most aggressive pros-
tate cancer samples and has elevated levels of mesenchymal markers and high levels of inflammation markers and tumor 
microenvironment elements. The second and third clusters of prostate cancer samples showed signs of presumably lu-
minal and basal subtypes with lower levels of inflammation markers. The highest level of correlation in the distribution 
of samples across clusters was found for cancer-associated and tumor microenvironment-related gene groups. Conclu-
sions. The results revealed correlations and a high degree of dispersion in the expression of the studied genes, which 
made it possible to identify several molecular clusters. A more detailed statistical analysis is needed to determine clini-
caly relevant molecular subtypes and to establish the most significant expression markers in biological modules of the 
studied genes for the diagnosis, prognosis, and effective treatment of prostate cancer.
Keywords: prostate cancer, gene expression patterns, TCGA, cluster analysis, molecular subtypes, prostate cancer-
associated genes, tumor microenvironment-related genes, lipid metabolism genes.
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Introduction

The assessment of the expression pattern of tumor-
associated genes plays an important role in the treat-
ment of patients with prostate cancer, in particular, 
in the diagnosis of various tumors, predicting the 
course of the disease, assessing tumor aggressive-
ness, predicting patient survival, the risk of disease 
recurrence, predicting resistance to therapy, etc. [1, 
2].These fundamental and clinical tasks are relevant 
to prostate cancer, which is one of the most common 
types of cancer among men worldwide [3].

Currently, a significant number of studies were 
aimed at prostate tumors molecular characterizing 
and subtyping at the genetic, epigenetic, and tran-
scriptomic levels using modern technologies such 
as microchips and next-generation sequencing [4, 
5]. This revealed several different molecular clas-
sifications of prostate cancer based on the genomic 
and transcriptomic characteristics of prostate can-
cer cells [6, 7].

The current findings indicate that carcinogenesis 
is influenced by the molecular properties of tumor 
cells as well as the characteristics of normal epithe-
lial, stromal, and immune cells of the host. These 
characteristics are reflected in the specific compo-
sition of the tumor microenvironment and the state 
of the immune system [8, 9, 10]. Our hypothesis for 
analyzing gene expression and the tumor transcrip-
tome is to identify genes that are specifically ex-
pressed in different types of tumor cells (marker 
genes) and cancer metabolic pathways.

We previously conducted a relative expression 
study of more than 60 genes/transcripts using 
qPCR. The gene groups included genes associated 
with epithelial-mesenchymal transition, genes as-
sociated with prostate cancer, markers of fibro-
blasts and tumor-associated fibroblasts, markers of 
lymphocytes and inflammation, markers of mac-
rophages and tumor-associated macrophages, and 
lipid metabolism genes for molecular profiling of 
prostate cancer samples and the identification of 
some molecular clusters [11—15]. The objective of 
this study is to validate the obtained data on a lar
ger group of prostate cancer samples.

Materials and Methods
RNA-Seq data analysis

Normalized gene expression levels (NGE) of 490 
prostate cancer samples and 52 paired conventionally 
normal tissues were brought from TCGA data for 
which RNA-Seq data were available for representa-
tive Prostate adenocarcinomas (TCGA-PRAD) sam-
ple set. https://portal.gdc.cancer.gov/ and https://
www.cell.com/cell/fulltext/S0092-8674 (15)01339-2. 
The sample was selected randomly to reflect elements 
of the general population. The data were processed 
with a modified version of CrossHub (https://source-
forge.net/projects/crosshub/),  a tool for the multi-
way analysis of TCGA transcriptomic and genomic 
data. Read counts data were downloaded from the 
TCGA data portal (https://portal.gdc.cancer.gov/) 
and normalized using the TMM method and then 
recalculated for 1 million library size.

Statistical analysis
The Kolmogorov-Smirnov test was used to analyze 
the normality of distribution. Descriptive statistics 
methods were used to calculate group statistical 
parameters. To identify correlations between the 
expression of the studied genes, the Spearman rank 
correlation test was used. Numiqo statistics calcu-
lator were used to generate the Elbow plot for ini-
tial identification of cluster numbers (https://numi
qo.com/statistics-calculator/cluster). The K-Mean 
clustering was applied for prostate cancer subtyp-
ing and statistical analysis were performed by 
STASISTICA 10 as describe earlier [13, 14]. The 
Benjamini-Hochberg procedure with false disco
very rate (FDR) 0.10—0.25 was used when multi-
ple comparisons were performed [16]. A differen
ce with p < 0.05 was considered significant.

Results and Discussion
Our previous studies of the relative expression of 
more than 60 gene transcripts in tumors, condition-
ally normal tissues, and prostate adenomas were 
performed using quantitative PCR [11—15]. In this 
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study, normalized gene expressions of 55 genes were 
utilized, as some transcripts were absent in TCGA-
PRAD database, including some non-coding RNAs 
and the TMPRSS2-ERG fusion transcript. Instead, 
the normalized expression le  vels of two genes, 
TMPRSS2 and ERG, were analyzed. The studied 
genes were divided into three big groups: tumor-
associated genes, tumor microenvironment-related 
genes, and lipid metabolism genes.

As demonstrated by the analysis of descriptive 
statistics of 490 prostate cancer samples, most genes 
exhibited high level of dispersion in prostate tu-
mors. These findings are consistent with those from 
our previous studies. An assessment of Spearman's 
correlation coefficients between normalized gene 
expression levels in TCGA-PRAD samples, adjus
ted for multiple comparisons using FDR, revealed a 
number of significant correlations between the ex-
pressions of the studied genes with p < 0.001 and 
q < 0.001. Specifically, the strongest positive correla-

tions were identified between the expressions of the 
VIM-MMP2 (rs = 0.811), MMP2-S100A4 (rs = 
= 0.681), CD68-CD163 (rs = 0.780), CD163-IL2RA 
(rs = 0.783), CCR4-IL2RA (rs = 0.694), and CCL22-
CTLA4 (rs = 0.688). This supports the feasibility of 
further analysis at the level of individual genes and 
as a set of functional modules reflecting the tumor-
epithelial, stromal-immune, and metabolic compo-
nents of TCGA-PRAD samples.

The analysis conducted to select the optimal 
number of clusters using the Elbow plot demon-
strated a distortion point at two clusters and minor 
changes as the number increased for all three gene 
groups. We performed K-Means clustering of 
490  prostate cancer samples for two clusters and 
found no significant difference in expression for 
one-third of the genes in each group. The subse-
quent decision was made to implement clustering 
for three distinct clusters, aligning with the app
roach employed in prior studies.
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Fig. 1. Expression patterns of cancer-associated genes in three clusters of prostate cancer samples: 1 — AR; 2 — PSA; 
3 — PCA3; 4 — NKX3-1; 5 — KRT18; 6 — CDH1; 7 — PTEN; 8 — GCR; 9 — ESR1; 10 — ESR2; 11 — VIM; 12 — FN1; 
13 — OCLN; 14 —PRLR; 15 — XIAP; 16 — MKI67; 17 — MMP9; 18 — MMP2; 19 — PRL; 20 — HOTAIR; 21 — IGF1R; 
22 — INSR; 23 — CASP3; 24 — VDR; 25 — TMPRSS2; 26 — ERG; 27 — CDH2
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K-mean clustering was performed for maximal 
initial distances measured by Euclidean distances. 
Two categorical variables from clinical pathologi-
cal characteristics of prostate cancer samples — 
stages and Gleason scores were used for clustering 
analysis. As a result of the clustering analysis of the 
normalized expression levels of 27 tumor-associa
ted genes in prostate cancer samples, three distinct 
clusters with the highest cluster cost and maximal 
initial distances were identified (Fig. 1). The first 
gene cluster included the samples with predomi-
nantly Gleason scores of 8—9, while the second 
and third clusters included the samples with pre-
dominantly Gleason scores of 6—7. It is important 
to note that in this group, genes exhibit significan
tly different levels of expression. The analysis re-
vealed the presence of both highly expressed genes, 
including CDH1, PTEN, PSA, PCA3, TMPRSS2, 
and genes with low expression, such as PRL and 
HOTAIR.

The analysis included both ANOVA for contin-
uous variables and Kruskal-Wallis and Dunn-
Bonferroni post hoc tests. These analyses revealed 
significant differences between at least two of the 
three clusters (p < 0.05), with the exception of only 
the PRL and MMP9 genes.

The cluster analysis of a group of 23 tumor mi-
croenvironment-related genes of 490 prostate can-
cer samples also revealed three clusters of prostate 
cancer samples (Fig. 2). The distribution of samples 
by clusters demonstrated a similar outcome to that 
observed in the group of tumor-associated genes: 
cluster 1 included samples with a Gleason score 
predominantly of 8—9, while clusters 2—3 inclu
ded samples with a Gleason score of 6—7. ANOVA 
analysis for continuous variables and Kruskal-Wal-
lis and Dunn-Bonferroni post hoc tests revealed 
significant differences (p < 0.05) between at least 
two clusters for all genes except HLA-G. Spear-
man’s test for correlations between gene expression 
levels in this group in prostate cancer samples also 
revealed a large number of significant positive and 
negative correlations with p < 0.01.

Cluster analysis of a group of five lipid metabo-
lism genes also revealed three clusters of prostate 
cancer samples (Fig. 3). The first cluster included 
samples with predominantly Gleason scores of 
8—9, while the second and third clusters included 
samples with predominantly Gleason scores of 
6—7. ANOVA analysis for continuous variables 
and Kruskal-Wallis and Dunn-Bonferroni post 
hoc tests revealed significant differences (p < 0.05) 
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Fig. 2. Expression patterns of tumor microenvironment genes in three clusters of prostate cancer samples: 1 — ACTA2; 
2 — CXCL12; 3 — CXCL14; 4 — CTGF; 5 — FAP; 6 — HIF1A; 7 — THY1; 8 — S100A4; 9 — CD68; 10 — CD163; 11 — 
CCR4; 12 — CCL17; 13 — CCL22; 14 —NOS2; 15 — CIAS1; 16 — CTLA4; 17 — IL2RA; 18 — HLA-G; 19 — IRF1; 20 — 
IL1R1; 21 — IL1RL1; 22 — KLRK1; 23 — MSMB
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between at least two clusters for four of the five 
genes, with the exception of FASN.

Spearman’s correlation analysis between three 
groups of genes based on the distribution of tumor 
samples across three identified clusters (Table 1) re-
vealed moderate positive significant correlations 
(rs = 0.46279 and rs = 0.41887, p < 0.001) for the 
lipid metabolism and cancer-associated and tu-
mor  microenvironment group genes, respectively. 
Meanwhile, for the cancer-associated and tumor 
microenvironment gene groups, a high positive 
correlation of sample distribution (rs = 0.76737, 
p < 0.0001) was found between the three identified 
molecular clusters of gene expression indicators.

While these groups exhibit a high degree of cor-
relation with one another, some prostate cancer 
samples exhibit different molecular characteristics 
across various gene groups. This could be critical 
for diagnosis and treatment.

The results of the clustering analysis presented in 
this study, which was conducted on a more repre-
sentative sample of prostate cancer cases, also ena-
bled the identification of three tumor clusters for 
each gene group. The prostate cancer samples from 
cluster 1 exhibited higher Gleason scores, indica
ting a higher degree of aggression. This is con-
firmed by lower expression value for several epithe-
lial cell markers, particularly PSA, PCA3, NKX3-1. 
Conversely, these samples showed high expression 
levels of mesenchymal markers, including VIM, 
MMP9, MMP2 and CDH2. In addition, the pros-
tate cancer samples of cluster 1 are characterized by 
high expression levels of the tumor microenviron-
ment markers characteristic of  cancer-associated 
fibroblasts, tumor-associated macrophages, and 
pro-inflammatory markers of immune cells, in 
particular FAP, THY1, HIF1A, CTLA4, CIAS1, 
CCR4 and others. The low levels of expression of 
the lipid metabolism genes COX2, LDLR and 
HMGCR in prostate cancer samples from cluster 1 
may indicate reduced sensitivity of tumors to in-
hibitors of these proteins [17].

The second and third clusters of prostate cancer 
samples, which generally have lower Gleason scores, 
showed a more pronounced difference in the ex-
pression of tumor-associated genes, in particular 
AR, KRT18, GCR, OCLN, PRLR, XIAP, IGF1R and 
ERG. Meanwhile, the expression patterns of tumor 
microenvironment genes have similar profiles to 
those of lipid metabolism genes.

The variation in the expression of epithelial and 
stromal cell marker genes across different clusters, 
notably clusters 2 and 3, could suggest the presence 
of distinct cancer subtypes, such as luminal and ba-
sal, which may require different treatment approac
hes. The research has indicated that distinguishing 
between Luminal and Basal subtypes of prostate 
cancer can impact a patient’s prognosis and response 
to therapy [18]. With regard to the initial group of 
samples exhibiting the most aggressive tumors, it is 
challenging to discuss these subtypes (basal or lumi-
nal) due to the elevated levels of expression observed 
in tumor microenvironment genes and pro-inflam-
matory markers [19]. Although this cluster is closer 

Table 1. Spearman rank correlations coefficients (rs) 
for three sample Clusters of three gene groups

Groups PrCaAssoc TM

PrCaAssoc 1.00000  
TM 0.76737 1.00000
LipidMet 0.46279 0.41887

Note: PrCaAssoc — cancer-associated genes, TM — tumor mi-
croenvironment genes, LipidMet — genes of lipid metabolism; 
p < 0.001 — italics; p < 0.0001 — bold
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Fig. 3. Expression patterns of lipid metabolism genes in 
three molecular profiles of prostate cancer samples
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to the basal subtype in terms of tumor-associated 
gene expression characteristics, further analysis is 
necessary to determine the implications of this fin
ding. It is important to note that the K-means clus-
tering method, like any other analytical method, has 
certain limitations that prevent the identification of 
both the most relevant and significant markers 
among the analyzed genes and the insignificant mar
kers that may introduce so-called noise into the 
analysis. Therefore, a more in-depth analysis of the 
results is needed to identify the strongest and most 
significant markers for molecular tumor subtyping.

Conclusion
Analysis of normalized expression data of 490 pro
state cancer samples from the TCGA database of the 
set of cancer-associated, tumor microenvironment-
related, and lipid metabolism genes we previously 
studied by qPCR in small sample number of Ukrai
nian patients showed significant levels of expression 
dispersion for many genes. The cluster analysis of 

these gene groups revealed two and three clusters, 
which are potential molecular subtypes of prostate 
cancer, with high levels of correlation between these 
gene groups. A more detailed bioinformatic, statisti-
cal, and molecular biological analysis of the results is 
necessary to characterize the identified molecular 
subtypes and their potential clinical significance. It is 
also necessary to establish the most significant fea-
tures and biological gene modules of the expression 
of the studied genes for the diagnosis, prognosis, and 
effective treatment of prostate cancer.
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ВАЛІДАЦІЯ ПІДХОДУ МОЛЕКУЛЯРНОГО СУБТИПУВАННЯ РАКУ  
ПЕРЕДМІХУРОВОЇ ЗАЛОЗИ НА ОСНОВІ КЛАСТЕРНОГО АНАЛІЗУ ПАТЕРНІВ  
ЕКСПРЕСІЇ ГЕНІВ РАКОВИХ КЛІТИН ТА ПУХЛИННОГО МІКРООТОЧЕННЯ

Мета. Перевірити раніше вивчені набори генів, пов›язаних з раком, мікрооточенням пухлини та метаболізмом 
ліпідів, для можливості ідентифікації молекулярних підтипів раку передміхурової залози шляхом аналізу да-
них експресії генів раку передміхурової залози, отриманих з бази TCGA. Методи. Аналіз даних експресії генів 
490 зразків раку передміхурової залози на основі РНК-секвенування з бази TCGA для 55 раніше досліджених 
генів. Для молекулярного субтипування зразків раку передміхурової залози було використано статистичні та 
кластеризаційні методи. Результати. За допомогою кластерного аналізу виявлено 2 та 3 потенційно значущі 
кластери зразків раку передміхурової залози як за рівнями відносної експресії груп рак-асоційованих (27 ге-
нів), маркерів пухлинного мікрооточення (23 гени) та генів ліпідного метаболізму (5 генів). Серед трьох клас-
терів, перший містить зразки з найбільш агресивними пухлинами, має підвищені рівні експресії маркерів ме-
зенхімальних клітин та високий рівень маркерів запалення та елементів пухлинного мікрооточення. Другий та 
третій кластери зразків пухлин мають ознаки вірогідно люмінального та базального підтипів з нижчими рівня-
ми маркерів запалення. Найвищий рівень кореляції у розподілі зразків по кластерах було виявлено для груп 
генів, пов’язаних з раком та мікрооточенням пухлини. Висновки. Отримані результати показали наявність ко-
реляцій та високого рівня дисперсії експресії досліджуваних генів, що дозволило виявити кілька молекулярних 
кластерів. Небхідно провести більш глибокий аналіз для визначення клінічно значущих молекулярних підтипів 
та встановлення найбільш важливих маркерів експресії в біологічних модулях досліджуваних генів для діа-
гностики, прогнозування та ефективного лікування раку передміхурової залози.
Ключові слова: рак передміхурової залози, патерни експресії генів, TCGA, кластерний аналіз, молекулярні під-
типи, гени, пов›язані з раком передміхурової залози, гени, пов›язані з мікрооточенням пухлини, гени ліпідного 
метаболізму.


