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The aim of this investigation is to prove a modified algorithm for statistical approaches to develop gene expression
panels for the detection of prostate tumors. According to Classification and Regression tree models and RE diffe-
rences between adenocarcinoma (T) and adenoma (A) groups, we have chosen 31 transcripts for MDR analysis.
Among them, there were 15 transcripts of (epithelial-mesenchymal transition (EMT) and prostate-cancer associated
(PrCa-associated) genes and 16 transcripts of cancer-associated fibroblasts (CAF), tumor-associated macrophages
(TAM), immune-associated genes (IAG)), which have shown some datasets with high statistical parameters. The
highest diagnostic levels are manifested by expression panels developed from all 5 gene groups: PCA3, HOTAIR,
ESR1,IL1R1 (Se=0.97, Sp = 0.85, Ac=0.93, OR=204); CDH2, KRT18, PCA3, HOTAIR, ESR1, IL1R1 (Se = 1.0,
Sp=0.8, Ac=0.93, OR > 500). We propose an improved algorithm for the gene expression data analysis to develop
diagnostic panels with good and excellent diagnostic levels for the prostate tumor stratification in a group of pa-
tients from the Ukrainian population. Our data require a more detailed analysis and a larger cohort of patients with
prostate tumor.
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5 main functions of a biomarker/panels of biomarkers in clinical practice are known. They play
important roles in the diagnostics of different human and animal diseases, severity assessment,
risk assessment, prediction of drug effects and sensitivity to drugs and treatment response, the
last function is a monitoring of diseases or influences [1, 2]. The primary results which give bi-
omarkers or its panels correspond to data points, which are the basis of the Diagnostic Matrix.
Two of them give the presence of a disease: true positive (t+) and false negative (f-). The other
two values characterize the absence of a disease: true negative (t-) and false positive (f+). These
values form the contingency table. Several diagnostic parameters which characterize the diag-
nostic value of investigated biomarkers are derived from these four values. Among them are the
sensitivity (Se), specificity (Sp), accuracy (Ac), prevalence, predictive value [positive (PPV) and
negative (NPV)], likelihood ratio [positive (LHR+) and negative (LHR-)], receiver-operating
characteristics (ROC) curve and area under the ROC (AUCg, named also the ¢ index), diag-
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nostic odds ratio (OR), and others. Different investigators and different statistical approaches
use different combinations of these parameters in the evaluation of biomarkers. But the required
parameters of them are Se, Sp, Ac, and OR [1—3].

Nowadays, it is known several statistical tests, programs, and approaches which calculate
some of these diagnostic parameters for one potential biomarker or a panel of biomarkers [4—6].
Many of them aren’t free for researches; some of them are developed by bioinformatics centers
for specific tasks and couldn’t be used for other goals [7].

Last time, machine learning methods, like the MDR approach, are widely used for the mode-
ling and evaluation of genetic, epigenetic, and pharmacogenomics interactions in multifactor di-
seases [8—10]. The MDR approach contributes to dichotomy data. It compares 2 sample groups
and uses many statistical tests with combinatorial analysis of specified attributes. This configu-
ration corresponds to a diagnostic matrix in biomarker searching methods [1]. We will develop
an algorithm to adjust MDR analysis for the gene expression panel evaluation. As a result, we will
show a possibility of the development of gene expression panels by the MDR approach.

Materials and Methods. A collection of prostate tissues. Samples of prostate cancer tissues
and adenomas were collected, as described earlier [11—13].

Total RNA isolation and cDNA synthesis. 50—70 mg of frozen prostate tissues were used for
total RNA isolation by TRI-reagent (SIGMA), according to manufacturer’s protocol. All pro-
cedures of characterization of the total RNA quality and quantity, DNasel treatment and cDNA
synthesis were described earlier [11].

Quantitative PCR (qPCR). Relative gene expression (RE) levels of 57 transcripts were de-
tected by qPCR, using Maxima SYBR Green Master mix (Thermo Fisher Scientific, USA) on
Bio-Rad CFX96 Real-Time PCR Detection System (USA) under the following conditions:
95 °C — 10 min, following 40 cycles of 95 °C — 15 s, 60 °C — 30 s, elongation at 72 °C — 30 s.
Primers for genes were selected from gqPrimerDepot (https://primerdepot.nci.nih.gov/). Four
reference genes TBP, HPRT, ALAS1 and TUBA1B were used for the gene expression normaliza-
tion [11, 12]. Two main models for RE levels calculation were used. There were the Livak method
27" and the 272*“* method representing relative quantities and fold changes, accordingly [14].

Statistical analysis. The Kolmogorov—Smirnov test was used to analyze the normality of a
distribution. The Kruskal—Wallis test and the following Dunn—Bonferoni post hoc test were per-
formed to determine RE differences by multiple comparisons between experimental groups [11,
12]. The Benjamini—Hochberg procedure with false discovery rate (FDR) 0.10—0.25 was used,
when multiple comparisons were performed [15]. Classification methods in STATISTICA 10 soft-
ware were used to find possible predictor genes and rules for sample groups’ stratification. MDR
3.0.2 were used to develop gene expression panels and to analyze their diagnostic levels [8, 9].

Results and Discussion. We have detected RE of 57 transcripts from different groups:
EMT-related genes [11], prostate cancer-related genes [12], CAF-associated genes, TAM-rela-
ted genes, immune-associated genes (IAG) [13] in 37 prostate adenocarcinomas, paired con-
ventional tissues (CNT), and 20 adenomas. Very high RE dispersion into prostate conventional
normal tissue (CNT) groups from patients with different clinical characteristics couldn’t give
possibility to detect unchanged or normal RE levels. Therefore, RE of the adenoma group has
been decided to use as a control group for the expression panels development, despite that pros-
tate adenomas are the disease with its own mechanisms of development [11]. However, adeno-
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mas are a conventional norm or control group in many studies to investigate changes in malig-
nant prostate tumors [12].

To improve an algorithm of MDR analysis for the gene expression panel evaluation, it is nec-
essary to do next steps: to choose a group of potential genes predictors, to identify threshold RE
levels for dividing samples, to transfer continuous RE data to binary values. Then we will process
the obtained data, by using the MDR approach to analyze possible variants to choose the most
statistically significant variants of datasets, being the most appropriate for expression panels.

The first task of our work was to discover potential gene predictors, which could classify
adenocarcinomas and adenomas into groups by RE levels.

First Method for stratification of prostate adenomas and adenocarcinomas that we used
was discriminant-based univariative splits for categorical and ordered predictors. It chooses
the most appropriate group predictors with high importance for group discrimination and con-
structs Classification trees. Examples of them are given below.

RE of 20 EMT transcripts (19 genes) was investigated. Among them, there are genes/
transcripts with high predictor importance for T/A grouping: HOTAIR, KRT18, PCA3, AR,
PTEN, MMP9.

Next group of genes/transcripts is prostate cancer-associated genes (14 transcripts). It has
some genes with high predictor importance for the T/A group discrimination: SRD5A2, PRLR, ESR1.

Among 8 CAF genes, there are genes with high predictor importance for the T/A group dis-
crimination: CXCL12, CXCL14, THY1.

Table 1. Types of gene RE changes to determine the threshold level
for prostate adenocarcinoma group in comparison to adenoma group for MDR analysis

g(if)ﬁ(;) Gene RE changes ;EEE Gene RE changes
EMT CDH2 >2 times CAF CTGF >2 times
FN1 >2 times CXCL12 <2 times
KRT18 >2 times CXCL14 >2 times
MMP9 >2 times HIF1A <2 times
PTEN <2 times FAP >2 times
VIM >2 times S100A4 >2 times
PCA3 >2 times THY1 >2 times
HOTAIR >2 times TAM CD68 <2 times
SCHLAP1 >2 times CD163 >2 times
PrCa- ESR1 >2 times CCL17 >2 times
associated GCRins AG >2 times CCR4 <2 times
GCRins B >2 times CTLA4 >2 times
PRLR <2 times IAG HLA-G >2 times
PRL >2 times IL1R1 <2 times
VDR >2 times MSMB <2 times
SRD5A2 <2 times
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Genes from TAM group (6 genes) have shown a high predictor importance for the T/A
group discrimination for CCR4, CCL22, CCL17, CD68.

Discriminant-based univariative splits for the categorical and ordered predictors classifi-
cation method found no predictors in TAG gene group (9 genes), but the other Classification
and Regression tree models (C&RT) have shown the high predictor importance for all these
genes in the classification for the T/A group discrimination. The highest predictor levels were
shown by ILTR1, CTLA4, MSMB.

Classification RE analyses of investigated genes for group predictor identification have
shown several genes (near 20 genes) with a high predictor importance to stratify T/A groups.
All these genes have significant RE changes between adenocarcinoma and adenoma groups [11-
13]. We took these genes for the further analysis. As a result, among 57 transcripts from 5 gene
groups (EMT-related, PrCa-associated, CAF, TAM, IAG), we selected 30 genes (31 thanscripts)
with significant RE differences between A and T for expression panels development. Moreover,
we considered RE differences in T group with different stages and GS.

The next task after the gene selection for panel development is to determine the threshold RE
level, which divides samples with unchanged RE and changed RE for every gene. Based on our
previous studies, we have found that the 2-time (up or down) RE change is significant to identify
group differences [11, 12]. We chose it as the threshold RE level from adenomas as a control group
to transfer continuous RE values to binary values. These data are shown in Table 1.

We have found 22 genes/transcripts with increased RE in T group in comparison with A,
and 9 genes with decreased RE in T among 5 gene groups.

We have prepared RE data for MDR analysis to transfer data to binary values. Unchanged RE
levels mean “0”, changed (up or down) RE levels — mean “1”. Prostate samples have 2 classes: T and A.
We use the next parameters of an MDR program for analysis: Fisher’s exact test (p < 0.05), and
the attribute count range — all genes in the investigated group, Ambiguous cell assignment — Class 1
(T), Search method of configuration — Exhausted and Random, Filter selection — Chi square.

4 different diagnostic values of biomarker/panel of biomarkers are known: excellent, good,
poor, and no diagnostic value [1]. We are interested in excellent and good diagnostic values.

Table 2. EMT and PrCa-associated
gene combinations with the highest statistical
parameters of expression datasets

Table 3. CAF, TAM, IAG-associated gene
combinations with the highest statistical
parameters of expression datasets
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Gene MDR Dataset Gene MDR Dataset
panels Statistics panels Statistics
KRT18, Accuracy: 0.91 CXCL12, Accuracy: 0.89
HOTAIR, Sensitivity: 0.95 CXCL14, Sensitivity: 0.97
ESR1 Specificity: 0.85 HIF1A Specificity: 0.75
Odds Ratio: 99.17 Odds Ratio: 108.0
X% 37.01 (p <0.0001) X% 33.61 (p <0.0001)
KRT18, Accuracy: 0.91 CXCL12, Accuracy: 0.89
MMP9, PCA3, Sensitivity: 0.95 CXCL14, Sensitivity: 0.97
HOTAIR, ESR1 | Specificity: 0.85 HIF1A, Specificity: 0.75
Odds Ratio: 99.17 CD163 Odds Ratio: 108.0
X% 37.01 (p < 0.0001) X% 33.6083 (p < 0.0001)
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The highest one is the excellent diagnostic value, which has correspondence parameters of Ac-
curacy >0.9, Sensitivity and Specificity (>0.9 both), and Odds Ratio (>100). The good diagnos-
tic value has the next parameters: Accuracy >0.75—0.9, Sensitivity and Specificity >0.75—0.9,
and Odds Ratio 25—100.

In MDR analysis, we analyzed each of the 5 gene groups separately (EMT, PrCa-associated,
CAF, TAM, IAG), but we did not get high statistical values for expression panels. So, we decided
to combine the groups of genes. The first group is tumor-associated genes (EMT, PrCa-associ-
ated) — 16 transcripts. The second group is a host organism-associated or tumor microenviron-
ment-related genes (CAF, TAM, IAG) — 15 transcripts.

Combinatorial analysis between 16 (EMT and PrCa-associated) genes/transcripts has
revealed the combinations of genes with high values of statistical parameters shown in Table 2.

Thus, the diagnostic parameters of datasets arose from one to three genes in datasets. The
maximum of statistical data have panels with 3-5 genes. Their Accuracy and Sensitivity cor-
respond to the excellent diagnostic value, but Specificity and Odds Ration correspond to the
good diagnostic value.

It is necessary to increase the statistical parameters to reach an excellent diagnostic value,
by checking other genes with high predictor levels.

Combinatorial analysis of 15 genes (CAF, TAM, and IAG groups) has revealed the following
combinations of genes with high values of datasets statistical parameters of potential expression
panels (Table 3).

The highest levels of Accuracy, Sensitivity, Specificity, and Odds Ratio have datasets with 3-5
genes in panel in this gene group. Accuracy corresponds to the good diagnostic value, but Specificity
is too low, whereas Sensitivity and Odds Ratio correspond to the excellent diagnostic value.

Increasing the attributes (genes) quantity in
analyzed datasets by more than 5 times leads to
decreasing the statistical parameters in this gene

group.

Table 4. Gene combinations from group
of 31 transcripts with the highest statistical
parameters in potential expression panels

Gene oancls MDR Dataset According to our described results, we could
P Statistics suggest that MDR analysis into a large group of
genes could give better statistical parameters. The
PCA3, HOTAIR, | Accuracy: 0.9298 last variant of MDR analysis was performed with
ESR1, IL1R1 Sensitivity: 0.973 . ’ .
Specificity: 0.85 30 genes (31 transcripts) in one big group for T/A
Odds Ratio: 204.0 stratification. Table 4 shows gene panels and their
X 40.695 (p < 0.0001) statistical parameters for the best variants of com-
MMP9, PCA3, Accuracy: 0.9298 binatorial analysis.
HOTAIR, Sensitivity: 0.973 In expression panels, more than 6 attributes
ESRT, ILTRT Spemﬁmt}." 0.85 (genes) in groups statistical parameters i.e. Accu-
Odds Ratio: 204.0 . . . .
X% 40.695 (p < 0.0001) racy, Se.nsmVlty, Odds Ratlon beglr} to decrease in
CDH2, KRT1S, | Accuracy: 0.9298 comparing to ptanels Wlt'h 4-6 attributes (genes.).
PCA3, HOTAIR, | Sensitivity: 1.0 In addition, an increase in the number of genes in
ESR1, IL1R1 Specificity: 0.8 the panel overcomplicates the interpretation of
O2dds Ratio: oo (>500) the results (If-Then rules) and increases the cost
X% 41.1512 (p < 0.0001) ; :
of potential analysis.
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Moreover, MDR is a machine learning approach, which divides analyzed samples of both T/A
groups into two groups in random manner: training and testing sample groups. For them, it gives
cross-validation statistics with all parameters as for the whole dataset (they are shown in tables
above). The obtained data allow one to do the prognosis about a possible deviation in diagnostic
values of investigated potential expression panels. It is worth to note that, all statistical parame-
ters (Ac, Se, Sp, OR, Chi square) for both compared types of groups agree with parameters of their
whole datasets.

We have improved an algorithm, which is appropriate for MDR analysis, and have found that
expression panels which include genes from different cancer-associated gene groups have the
highest statistical parameters.

We have analyzed RE of 57 transcripts in prostate tumors and have found several genes with
high predictor levels for prostate cancer stratification. We have proposed an improved algo-
rithm for gene expression data analysis to develop diagnostic panels based on relative gene ex-
pression levels. Moreover, we have developed an expression panel with high statistical parameters
for prostate tumor stratification in a group of patients from the Ukrainian population. Our data
require a detailed analysis and a larger cohort of patients with prostate tumors.
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PO3POBKA EKCIIPECIMHUX TAHEJIEN )
JIUII BUSHAUEHHY PAKY ITEPEIMIXYPOBOT 3AJI03U

Jocmimkeno afanrariio MoanGhiKOBaHOTO aITOPUTMY CTATUCTHYHOTO THAXOY 7St PO3POOKHU €KCTIpeciitHuX Tma-
HeJiel 17151 IeTeKITi1 paky mepeiMiXypoBoi 3a1031. 3a JaHUMU Mojiesieli kaacudikarii Ta perpecii i CTaTUCTUIHO
3HAUYNIMMU BiIMIHHOCTSIMU Bi[HOCHOI €KCIIpecii MiX TpyTamMy aIeHOKApIIMHOM Ta aJIEHOM, Cepejl TOCi/KyBa-
HUX TeHiB Bigibpano 31 tpanckpunr anst MDR ananizy. Cepen HUX 15 TPaHCKPHIITIB 3 TPYII F€HIB eniTesiaabHO-
Me3eHXiMaJTBHOTO MTePEX0/y Ta TeHiB, aCOIiOBAHUX 3 PAKOM IePeMiXypoBOi 327103, i 16 TpaHCKPUNTIB 3 TPy
reHiB IyXJHHOoACOIIioBaHUX (iOpo6IACTIB, MyXIMHOACOUIHOBAHNX MaKpodariB Ta iMyHOacOLiHOBaHUX TEHIB.
3 IUX TPy OTPUMAHO P/ aHesell 3 BACOKUMU CTAaTUCTUIHUME TToKazHWKaMu. HaifiBUTITi TOKa3HUKH [liarHOC-
TUYHUX PIBHIB MaJIU eKCIIpeciiini nanedi, siki po3pobuieni 3 ycix w'situ rpyn reuis: PCA3, HOTAIR, ESR1, IL1R1
(Se =097, Sp = 0,85, Ac = 0,93, OR = 204); CDH2, KRT18, PCA3, HOTAIR, ESR1, IL1R1 (Se = 1,0, Sp = 0,8,
Ac=0,93, OR > 500). 3anpornonoBano Mou(hiKOBAHHIA AJITOPUTM JIJIs aHAJI3Y TAHUX eKCIIPecil TeHiB, KU Mo-
ke 6yTH BUKOPUCTAHUIT I7ist PO3POOKH [IIarTHOCTUYHUX TTaHeJed 3 TOGPUM Ta BUCOKUM J[iarHOCTUYHUMU PiBHAMHI
It crpatudikaiiii paky rmepeaMixypoBoi 3aJ031 Ha TPYTIi MAIli€HTIB 3 YKpaiHChKOI momyJisiii. Onepskani gani
HOTPeOYIOTH MOAAJIBIIOTO aHaJi3y Ha OiIbInii BHOIPIL MAIi€HTIB 3 PAKOM TIepPeMiXyPOBOI 3aJI03H.

Kntouoei cnosa: nyxnunu nepedmixypoeoi 3anosu, MDR ananis, excnpeciiini nameii, nyxaunoacoyitiosani 2enu.
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PA3PABOTKA DKCITPECCMOHHBIX TAHEJIEN
JJIA BBIABJIIEHUA PAKA ITIPOCTATDBI

WccnepoBana aganraiysg MOAA(PULEPOBAHHOTO AJIFOPATMA CTATUCTUYECKOTO MOAX0AA A1 Pa3pabOTKK 9KCIIPeC-
CHOHHBIX IIaHeJIeH ISt IeTeKInK paka mpocTarbl. COrJIacHO JaHHBIM MoOJe/ed KiacCu(bUKaIy ¥ PErPECCUH, a
TaKKe CTATUCTUYECKU 3HAYNMBIM OTJIMYUSIM OTHOCUTENbHOU 9KCIIPECCUN MEXKY TPYIIaMK aJeHOKAPIUHOM U
AJIEHOM, CPe/Id MCCIIeyeMbIX reHoB oTobpano 31 tpanckpunT misg MDR amanusa. Cpeau HUuX 15 TpaHCKPUIITOB
U3 TPYIII T€HOB 3MUTETNATBHO-ME3EHXUMAIBHOTO TIEPEX0/Ia ¥ TEHOB, ACCOIMUPOBAHHBIX C PAKOM ITPOCTATHL, U 16
TPAHCKPUIITOB U3 TPYII F€HOB OIyX0JIe€acCOMUPOBAHHBIX (PrOPOBIACTOB, OMYX0JIeaCCONUMPOBAHHBIX MaKkpoda-
rOB ¥ MMMYHOACCOIIMUPOBAHHBIX TeHOB. V3 9TUX Iy ObLIO TOJYYEHO Psiji TaHesael ¢ BBICOKMMU CTaTUCTH-
YecKUMU TToKazaTessiMu. CaMbie BBICOKHE TIOKA3aTeNN AUATHOCTUYECKUX YPOBHEN MMEJH SKCIIPECCUOHHBIE TIa-
HeJIH, oJIydeHHble co Beex st rpyi renoB: PCA3, HOTAIR, ESR1, IL1R1 (Se = 0,97, Sp = 0,85, Ac = 0,93,
OR =204); CDH2, KRT18, PCA3, HOTAIR, ESR1, IL1R1 (Se =1,0, Sp=10,8, Ac= 0,93, OR > 500). IIpemioxex
MOAU(DUIIMPOBAHHBII aJTOPUTM JJIS aHAIN3a JAHHBIX SKCIPECCUU I'€HOB, KOTOPBIH MOKET OBITh MCIIOJIb30BaH
JUTst pa3pabOTKK AUATHOCTHYECKUX TIAHEeIeH ¢ XOPOIIUM U BBICOKUM AMAarHOCTUYECKIMHU YPOBHAMMU JIJIsSI CTPATH-
(dbukanum paka mpocTaThl Ha PYIIIE MAIUEHTOB U3 YKPAMHCKOM Tomy s, [loiydeHnbie qantbie TpedyroT 60-
Jiee IETaJIbHOTO aHaIn3a Ha GOJIbIIell BBIGOPKE TTAaIllMEHTOB ¢ PAKOM IIPOCTATHL.

Kmoueewte crosa: onyxoJjiu npocmamal, MDR AHANU3, IKCNPECCUOHHBbLE NANHENU, ONYX0JIeACCOUUUPOBAHHbLE ZEHbL.



