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mpomb6oyumos anbha u 6ema (PDGFRA u PDGFRB)
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nocne pagukanbHOU npocmamagkmomuu
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Expression of platelet-derived growth factor alpha and beta genes PDGFRA and PDGFRB associated with biochemical recurrence
of prostate cancer after radical prostatectomy
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We performed genome-wide transcriptome meta-analysis of prostate cancer samples after radical prostatectomy of patients without lymph
node metastasis. Significant associations were determined between expression of platelet-derived growth factor alpha and beta genes
(PDGFRA and PDGFRB) and probability and time of onset of biochemical recurrence.
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Lymph node (LN) metastasis in prostate cancer (PC)
is considered an unfavorable prognostic factor [1].
Approximately 75% of patients with LN metastases develop
bone metastases within five years regardless of treatment
[2].

The high rate of false-negative histological findings in
LN metastases is primarily associated with inability to
perform comprehensive examination of LNs [3]. Extensive
assessment of LNs using serial step sectioning and
immunohistochemical staining increases the detection rate
of LN metastases and/or isolated tumor cells (TCs).
However, this approach is associated with additional
expenses and relatively small increase in diagnostic
accuracy [4].

Metastasis is a complex process that involves TCs
escaping from the primary tumor, entering the systemic
circulation, and invading distant organs (usually liver or
lungs) or LN, resulting in the establishment of new tumors.
Several mechanisms of TC dissemination are currently
being discussed: invasion into surrounding tissues,

metastasis to distant organs through the tumor-induced
capillary network, and spreading to regional LNs and then
to distant LNs (with subsequent invasion to distant organs)
through tumor-associated lymphatic vessels. Despite the
clinical importance of LN metastasis [1], the molecular
mechanisms underlying the dissemination of TCs to
regional and distant LNs through lymphatics remain poorly
understood. Traditionally, lymphatics have been assigned a
passive role in LN metastasis. TCs are believed to be carried
into the lymphatics with the interstitial fluid [5] due to their
higher permeability compared to blood capillaries and the
absence of a continuous basal membrane [6]. The discovery
of vascular endothelial growth factors C and D (VEGF-C
and VEGF-D) and their VEGFR-3 receptor on the surface
of lymphatic endothelial cells allowed to revise the
mechanisms underlying lymphogenic metastasis [7].
VEGF-C and VEGF-D were shown to be involved in
tumor-induced lymphangiogenesis (in xenografts and
mouse tumor models) and ultimately promote regional LN
metastasis [8—11]. The expression of VEGF-C in PC cells
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correlates with LN metastasis. Moreover, high VEGF-C
expression in PC cells is associated with increased
lymphatic vessel density in the surrounding tumor stroma
[11]. However, downregulation of both VEGF-C and
VEGFR-3 expression in a mouse model of human PC leads
to a more than 10-fold decrease in lymphatic vessel density
in the stroma, but does not reduce the number of LN
metastases. This finding indicates that pre-existing
lymphatics are enough for lymphatic tumor dissemination
[12].

Objective: to assess the correlation between the
expression of genes associated with lymphogenous
metastasis and biochemical recurrence (BCR) of PC in
patients after radical prostatectomy without LN
involvement.

Tabmma 1. Kaunuueckue xapakmepucmuku nayueHmos

Table 1. Clinical characteristics of the patients

OOyuaomas BEIOOpKa

XapakrepucTuka

0e3 BXP (n = 14)

Bo3pacr, net

? 61,9+5,2
Age, years
[Mepuon HaGIOMEHST/BpeMs HACTYTIIICHUST
BXP, net 5,0£ 1,6
Follow-up duration/time of BR, years
[NpenonepalilioOHHbBIN YPOBEHb IMTPOCTATAYEC-
KOTro crelM(uIecKoro aHTUreHa, Hr/mi 12,0 £ 5,1
Preoperative prostate-specific antigen level, ng/ml
CymMma 0aJi1oB 110 1Kaie [nmcoHa:
Total Gleeson score:
4 1
5 5
6 6
7 1
8 0
9 1
10 0
Cranusi:
Stage:
pT2a 3
pT2c 10
pT3a 1
pT3b 0
pTxN*t 0
Kpaii pesexumu:
Resection margin:
OTpHULIATENbHbIN 12
negative
TIOJIOXKUTEIbHBIN 2
p()SllIVC

Ilpumeuanue. bXP — 6uoxumuueckuii peuuous; H/0 — Hem OAHHbIX.

Note. BR — biochemical recurrence; n/a — data not available.

Materials and methods

We assessed cumulative prognostic value of genes
associated with lymphangiogenesis using support vector
machine (SVM) analysis [13]. Using publicly available
microarray data sets, we generated a metasample that
included the GSE46 602 data set [14] as a training sample
and the GSE10 645 [15] data set as a control sample.
Affymetrix GeneChip Human Genome U133 Plus 2.0
Array was used to evaluate levels of gene expression in the
training sample, whereas in the control sample it was
assessed using the Illumina DASL Assay. None of the
patients in the training sample had LN metastases. In the
test sample, the proportion of individuals with LN
metastases was < 20% and did not differ among patients
with BCR and without BCR. Clinical characteristics of
patients are shown in Table 1.

KontpoJsbHas BbIOOpKA
¢ BXP (n =22) 0e3 BXP (n =195) ¢ BXP (n=200)
62,4+6,3 65,3+ 6,4 65,6+ 6,4
2,0+ 1,9 11,6 £ 3,1 2,7+2,1
22,1 +10,6 11,9 £ 13,3 18,8 £ 22,5

0 2 7

2 44 72

3 110 27

14 16 87

3 22 7

0 1 7

0 2 72

0 111 54

6 111 54

7 43 45

9 20 54

0 21 47

8 H/1 H/I
n/a n/a

14 H/I H/I
n/a n/a
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Tabmmua 2. Cmamucmuyeckue XapaKmepucmuky AyHuUxX KAaccugukamopoes 6 obyuaroujeii 6bl00pke

Table 2. Statistic characteristics of the best classifiers in the training sample

Ten 1 Ten 2 YyBCTBUTEILHOCTD Crnemugnynoctb AUC
PDGFRB IGF2 0,71 0,95 0,89
PDGFRB TEK 0,86 0,86 0,89
PDGFRB FLT4 0,86 0,86 0,87
PDGFB IGFIR 0,86 0,86 0,87
PDGFRB PDGFRA 0,50 0,95 0,87
PDGFRB PDGFB 0,64 0,91 0,87
PDGFRB IGFIR 0,79 0,86 0,86
PDGFRB IGF1 0,71 0,86 0,86
PDGFRB KDR 0,64 0,86 0,86
IGFIR TEK 0,79 0,82 0,84
FLT4 IGFIR 0,64 0,86 0,82
PDGFB FLT4 0,64 0,77 0,82
KDR IGFIR 0,36 0,95 0,80
PDGFB IGF2 0,43 0,95 0,80

Ilpumenanue. AUC — naowjads nod ROC-kpusoii.
Note. AUC — area under the ROC-curve.

The list of lymphogenous metastasis-associated genes
was based on the analysis of previous publications and
included the following genes: VEGFC, VEGFD, VEGFR3,
VEGFR2, NRP2, VEGFA, NRPI, IGF1, IGF2, IGFIR,
HGE, KIT, ANGPTI1, ANGPT2, TEK, IL7, IL7R,
EFNB2, EFNB4, PDGFB, PDGFRA, PDGFRB, GH1,
GHR, ADM, and FGFR3.

To assess cumulative prognostic value of gene pairs, we
constructed a binary linear SVM classifier on the training
sample [21] (see more details in [13]). We used the area
under the receiver operating characteristics (ROC) curve
(AUQ) to evaluate the performance of the classifier. The
performance of the classifier in the training sample was
considered satisfactory if the AUC is 0.8 or greater, in the
control sample—0.6 and greater.

At the final stage of the analysis, we evaluated classifier
performance in the test sample, which was not used in
constructing the SVM classifier. For the test sample, we
plotted Kaplan—Meier survival curves and assessed their
divergence using log-rank test (p-values are two-sided).

Results

Analyzing the discriminative ability of each individual
gene in the training sample, we found that only PDGFRB
gene had AUC > 0.8 (sensitivity 0.77; specificity 0.93).

Building a gene-pair classifier allowed to identify 14 gene
pairs with AUC > 0.8. The most informative gene pairs are
shown in Table 2.

The analysis of the control sample demonstrated rather
low discriminative ability of lymphangiogenesis-associated
genes. The expression of the PDGFRA gene was found to
have the highest discriminative power in predicting BCR
(sensitivity 0.5; specificity 0.7; AUC 0.61) (Figure 1).

Two out of 14 gene pairs from the training sample had
AUC > 0.6. Four gene pairs demonstrated significant
divergence of Kaplan-Meier curves for relapse-free survival
(Table 3, Figure 2).

Discussion

Among all lymphangiogenesis-associated genes, the
highest discriminative ability for BCR in the training
sample was demonstrated by the PDGFRB gene. However,
in the testing sample, this gene showed the lowest
discriminative power, whereas the PDGFRA gene was the
most informative. The receptors encoded by these genes as
well as their ligands play a key role in regulating cell growth
and proliferation and have a significant impact on cancer
cells and tumor environments. In PC, PDGF-D is likely to
be involved in osteoclastic differentiation and establishment
of bone metastasis. High levels of PDGFR-B in the tumor
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Fig. 1. PDGFRA gene expression in the control sample
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Fig. 2. Kaplan—Meier curves plotted based on PDGFRA and PDGFRB genes
expression in the samples of the control sample

Tabmua 3. Cmamucmuyeckue XapaKmepucmuku AyHuUx KAaccupuKkamopos 8 KOHMpoAbHOU 8blOOpKe

Table 3. Statistical characteristics of the best classifiers in the control sample

Ten 1 Ten 2 LT
HOCTb
PDGFRA PDGFRB 0,53
PDGFRB IGFI 0,58
PDGFB FLT4 0,60
IGFIR PDGFB 0,69
PDGFB IGF2 0,65
IGFIR FLT4 0,62

stroma and non-tumor prostate tissue in PC were associated
with shorter tumor-specific survival [23]. Although the use
PDGFR inhibitors did not improve survival of patients with
PC (and in some cases even triggered the development of
advanced PC) [24], we should not entirely ignore these
markers for choosing an appropriate treatment strategy for
patients with PC.

Nordby et al. investigated the prognostic impact of
PDGEFR-B and its ligands (PDGF-B and PDGF-D) in
a cohort of 535 patients after prostatectomy. The
expression of ligands PDGF-B and PDGF-D was
assessed in neoplastic tissue and tumor-associated
stroma. The expression of PDGFR-B was observed in
benign hyperplastic tissue and tumor-associated stroma,
but not in epithelium. High stromal expression of
PDGFR-B was associated with clinical relapse (hazard
ratio (HR)=2.17, p=0.010) and BCR (HR=1.58,

4

p uis KpuBbix Kannana—

Crnenudnisocts AUC Maiiepa
0,64 0,63 0,0003
0,61 0,60 0,0002
0,53 0,60 0,01
0,44 0,58 0,01
0,46 0,57 0,05
0,49 0,56 0,04

p=0.002) [25]. However, our results suggest that
simultaneous evaluation of PDGFRA and PDGFRB
expression ensures higher AUC values than the analysis
of individual gene expression. In a two-variable model,
higher PDGFRB expression and lower PDGFRA
expression correlate with a higher risk of relapse. Despite
the fact that both receptors are involved in the
transduction of mitogenic signals, PDGFR-B seems to
be much more closely associated with cell transformation
than PDGFR-A [26]. Since PDGFR-A and PDGFR-B
can form homo- and heterodimeric complexes when
conducting signals from their ligands, higher expression
of PDGFRB along with lower expression PDGFRA
probably ensures the formation of a larger number of
homodimeric PDGFR-B due to their enhanced
transformation potential, which presumably explains the
observed predictive trends in this gene pair.
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The PDGFRB/IGF1 gene pair also demonstrated high
discriminative power in predicting BCR. Trevino et al. has
earlier described probable interaction between IGF1 and
PDGF-BB in PC [27]. The IGF1 gene encodes the insu-
lin-like growth factor 1, which signaling pathway is associ-
ated with glucose metabolism and homeostasis, cell growth,
proliferation and differentiation, and apoptosis. Moreover,
the IGF axis is likely to be involved in the development of
certain tumors, including PC [28].

It was found that several single nucleotide polymor-
phisms in the IGF1 gene correlated with more advanced
PC and higher risk of BCR [29]. Patients with Gleason
score (GS) 3 + 4 PC demonstrated significantly increased
expression of the IGF1 receptor (IGF1R) in cancerous
versus benign tissue; however, in patients with GS 5, the
difference was non-significant. Furthermore, both IGF1R
and its ligand (IGF1) failed to predict biochemical recur-
rence in PC [28]. However, this study analyzed the levels

of IGF1 and IGF1R proteins, whereas we evaluated levels
of gene expression by measuring messenger RNAs. In the
testing sample, the IGF1 gene was included into a gene
pair with AUC > 0.6. Higher levels of PDGFRB expres-
sion and lower levels of IGF1 expression were associated
with an increased risk of relapse. Simultaneous changes in
the expression of these genes probably lead to certain
changes in activation of signaling pathways and result in
BCR.

Conclusion

LN metastasis is an unfavorable prognostic factor in
PC. Histological examination of LNs is associated with a
high probability of false-negative results. Our findings sug-
gest a correlation between the expression of lymphogenous
metastasis-associated genes PDGFRA and PDGFRB and
the probability and time of PC BCR in patients without LN
involvement after radical prostatectomy.
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