opklp wuylwbwnplws (Juiwjwt wpugnipjut Ukdwgdwip qmgpipug wnknh
niutignn phgqnuwbuwiht hwdwmput pnubpuwt YEpuwjwpnidng: Lutwplynud k
htnnwhwpdwt btpunyph htwpwynp npp pupdp pnibwlmput  wnndwghb
uybkynpuulnyhwnid:  Uwnwgqué wpyniipubpp  oquiwgnpdyl; ki ququyht
dhowjuyptph htwn juqtkpuyhtt Smnwquypdwt hnwqpbignipjut ntwph ypnidnipju
hwdwp: Ywunwpdl b hwdwyunwuwt guwhwnwlutitp wjuh dknwunubph
wnndwlw gninpoh wwupnitwlnn twbnpehoubpnid juqbpuyht uyblnpwulynyhuygh
hwdwp, npuntn uyuwuynud £ hinwhwpdwb Epunyph wdbtwdbs wqptgnipiniap:
APAM ITATIOSTH
JTOKTOpP (U3UKO-MaTeMaTHYeCKHX HayK, 4IeH-Koppecnongent HAH PA

S®PEKT OTJAYHU B JIASEPHOM CITEKTPOCKOITIA ATOMOB
ITEJIOYHBIX METAJLJIOB

ITpoanamusupoBaHO BIMAHHE MEXAaHHYECKOTO MOMEHTAa, COOOUIEHHOTO aTOMaM IIpU
PEe30HAHCHOM B3aUMOJEHMCTBUM C JIa3epHBIM u3TydeHHeM (9pdeKT aToMHOM OTZauu), B
CIIEKTPOCKOTIMM ATOMOB IIEJIOYHBIX METAJUIOB. IIpAMBIe KOIMYeCTBEHHBIE M3MepeHHs
IIPOBEJIeHBl C HCIIOJIB30BAHMEM YCTAaHOBKM aTOMHOTO ITydYKa HArpua. Ilpu MomzOCTH
OTKJIOHAIOmero yaszepa 7,5 MBT Ha paccrogumu 890 cM BHM3 IO Iy4YKy 3aperHCTPUPOBAHO
OTKJIOHEHMEe aTOMOB Ha 1,3 MM, YTO COOTBETCTBYeT NPHOOPETEHHOH aTOMAMM IIOIIePeYHOMH
ckopoctu = 300 cM/c. 3aBHCHMOCTD OTKIOHEHHS OT MOILIHOCTH JIa3epa OMUCHIBAETCS KOPHEBBIM
3aKOHOM, YTO OGYCJIOBIEHO JOIILIEPOBCKUM YXOJOM PE30HAHCHOM YaCTOTHI IPU YBeIHIEHUN
monepevHo# ckopoctu. OO6cyxzaeTcs BO3MOXHAasg poiab 3ddexra oTZaYM B aTOMHOI
CIIEKTPOCKOIINY BBICOKOTO paspelneHus. [oyueHHbIe pe3yIbTaThl HCIIOIB30BAHEI A1 aHAIH32
Crydyas B3aMMOJENCTBHA JIA3€PHOTO M3Ty4eHHA C Ta3oo0pasHeIMU cpejamu. IIpoBemeHs!
COOTBETCTBYIONIME OIIEHKM JJIfI JIA3ePHOH CIIeKTPOCKONIMM HAHOAYeeK, COMepKalluxX
aTOMapHBIe MapHl LIeJIOYHBIX METAJIJIOB, Te OXKUAAeTcsa Haubosee CHIbHOE BIMSIHUE SBIeHUIL
OT/IaYH.

Znnwidp ubkpluyugyl) Einuyyugpnipiui 02.09.2019p.,
niquplyt) L gpuijununipjui 06.09.2019p., punnitgby £ nywugpnipjut 16.09.2019p.:
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ANALYSIS OF TRANSCRIPTOME CHANGES IN RESPONSE TO HEAVY METALS
USING SELF-ORGANIZING MAPS

Abstract

In this study, we have performed self-organizing maps (SOM)-based clustering and
functional annotation of gene expression in hepatoma cell lines exposed to cadmium,
nickel and arsenic using publicly available microarray data. The results show that
cadmium and nickel exposure is associated with overexpression of genes related to
hypoxia and oxidative stress response, while arsenic causes up-regulation of
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tumorigenesis related pathways. This data suggests that changes in gene expression
profiles upon exposure highly depend on the type of heavy metal.

Keywords: Self-organizing map, gene expression data, fiunctional annotation,
carcinogenesis, hepatoma cell line HepG2.

1. Introduction

The rapid development of transcriptomics technologies started in the 1990s has
resulted in the accumulation of massive amounts of gene expression data. Much of
this data is stored in publicly available repositories like Gene Expression Omnibus
(GEO), which encompasses more than 520,000 individual experiments and around
21,000 project submissions, most coming from microarrays [1]. These massive
transcriptome data are being used to describe the expression patterns of different cell
lines and under various experimental conditions. However, the categorization of these
data into useful and functionally meaningful groups as well as extraction of
functionally relevant information about perturbed genes and related biological
processes is a current major  issue.

Self-organizing map (SOM) is an artificial neural network algorithm that uses
unsupervised learning to discover patterns in very large datasets. Initially introduced
by Kohonen [2], SOM has found its applications in various fields including
bioinformatics. It features robust clustering, dimension reduction, multidimensional
scaling and visualization features that have proven advantageous over alternative
methods like clustering heatmaps and negative matrix factorization when applied to
transcriptomic high-throughput data [3].

In this study, we have applied the SOM algorithm to analyze the changes in gene
expression in HepG2 human hepatoma cell line from a publicly available database
under exposure to carcinogenic metals, metalloids, and model carcinogens. Gene
expression alterations during carcinogenesis (important chronic toxicity of metals and
metalloids) have been previously studied on HepG2 and some useful information has
been extracted [4]. Nonetheless, the comprehensive mechanisms of carcinogens
action are still uncertain. Here applying the alternative approach of investigation, we
endeavour to give a broader insight into the understanding of their carcinogenic
mechanisms. We have used bioinformatics pipeline that implements SOM and further
integrates gene set enrichment analysis [5].

2. Materials and Methods

Gene expression profiles were downloaded from Gene Expression Omnibus under
accession number GSE8865. The data consists of 33 samples (11 treatments, three
replicates per treatment) of human hepatoma cell line (HepG2) expression measures
underexposure of two metals (cadmium and nickel), a metalloid (arsenic), three
carcinogens (N-dimethylnitrosamine (DMN), 12-O-tetradecanoylphorbol-13-acetate
(TPA) and tetrachloroethylene (TCE)) as well as under combined exposure of heavy
metals with vitamin C using DNA microarray with 8795 human genes. The values of
the expression matrix were transformed to a logarithmic scale.
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Data analysis was performed using the SOM algorithm and downstream
bioinformatics annotation implemented in oposSOM package for R [5]. After
initialization, the program allocates the genes over a discrete two-dimensional
quadratic grid of size 30x30 in a way that each gene expression profile is related to the
most similar grid point, called metagene, measured in Euclidean distance.

Then the algorithm iteratively alters the values of each grid point following the
observed profiles to effectively cover all the experimentally observed expression
profiles. As a result, the genes with similar abundance values are clustered closer
together within one metagene while those with divergent expression profiles are
distributed in different regions of the map. Consequently, the sizable data of all gene
expression profiles are translated into metagene groups (called “spots”) resulting in a
dimension reduction. Each grid point is colored from red to blue representing
correspondingly from high to low expression profiles ensuing a colorful mosaic with
smooth color transitions (Figures 1, 2). The spot-like regions of red and blue represent
the groups of over- and under-expressed genes.
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Figure 1. SOM expression portraits of hepatoma samples exposed to heavy metal or
carcinogen treatment. (HepGZ2_control - control, HepG2 DMN - treated with DMN,
HepG2_TPA - treated with TPA, HepG2_TCE - treated with TCE, HepG2_DMNQ48h - treated
with antioxidant DMNQ, HepG2_As48h - treated with arsenic, HepG2_Cd48h - treated with
cadmium, HepG2_Ni48h - treated with nickel, HepG2_ DHA&As48h - treated with arsenic and
antioxidant, —HepG2 DHA&Cd48h - treated with cadmium and antioxidant,
HepG2 DHA&Ni48h - treated with nickel and antioxidant)

The lists of genes in each spot are subsequently analyzed for possible functional
annotation based on the correlation and co-expression of the gene expression profiles
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within the spots. GO-gene set overrepresentation analysis using the hypergeometric
test is applied to gene lists in every overexpression [6].

3. Results

SOM analysis identified 4 overexpression spots labelled A-D (Figure 2A, 2B). Spot
A comprises 9 metagenes with a total of 211 genes. This expression pattern in
overrepresented only in samples treated with arsenic (66.7%). Spot B consists of 6
metagenes with a total of 102 genes, that are overexpressed in the samples treated
with cadmium (100%) and nickel (100%). Spot C consists of 23 metagenes with a total
of 444 genes, that is overexpressed only in one sample treated with
arsenic+antioxidant (33.3 %). Spot D contains 19 metagenes with a total of 364 genes.
This expression pattern is overrepresented in the controls (100%) and the samples
treated with cadmium+antioxidant (100%). As a result of the analysis, we have also
obtained pairwise correlation maps, or PCM (Figure 3), illustrating Pearson
correlation coefficients for all mutual combinations between the tissues. The
metagenes clearly provide pairwise correlation map patterns of higher contrast which
becomes emergent as diagonal and off-diagonal dark red/maroon and blue clusters.
They refer to sample pairings with highly correlated and anti-correlated expression
profiles, respectively [3]. Metagene PCM revealed a grouping consisting of control,
samples treated with cadmium+antioxidant, nickel+antioxidant and
arsenic+antioxidant. Furthermore, there is a comparatively higher correlation
between the expression patterns of control samples and those treated with
cadmium+antioxidant. Additionally, there is a grouping of samples treated with
cadmium and nickel in both single gene and the metagene PCM. Finally, we observe
a cluster containing samples exposed to DMN, TPA, TCE, DMNQ which also contains
samples treated with arsenic.
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Figure 2. Transcriptome landscape in response to heavy metal and carcinogen treatment. A)
SOM summary map. Co-regulated functional gene clusters form red spot-like patterns. B)
Sample-wise spot expression profiles.
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Figure 3. Pairwise correlation of samples based on metagene data.
4. Discussion
Several databases of gene expression patterns induced by heavy metals in human
cell line experiments have been deposited in the National Center for Biotechnology
Information (NCBI) Gene Expression Omnibus (GEO;
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http://www.ncbi.nlm.nih.gov/geo) and the results have been published [11].
However, until now, the contributions of biological pathways in gene expression
alterations have been poorly discussed. We have analyzed expression data of heavy
metals in vitro exposure on HepG2 cell line (accessible through GEO series accession
number GSE8865) using self-organizing maps (SOM) machine learning. SOM
portrayal approach has several advantages compared to other methods because it
allows strong clustering, reduces data dimensionality and provides two-dimensional
data images which enable visual evaluation of gene expression changes in different
exposed groups [3], [6]. SOM analysis defined expression portraits specific to each
investigated group with the spot clusters of co-regulated genes. According to the
results, the common spot cluster was found for the groups which were treated with
cadmium and nickel. The overexpressed genes of this spot are involved in response to
hypoxia, cell proliferation, migration and cell-cell signalling. Further, the unique spot
with differentially expressed genes cluster was revealed for the group exposed to
arsenic, these genes are related to breast cancer and cervical cancer, EGRF signalling,
cell cycle control, DNA replication, positive regulation of T and B cell proliferation.
This results state that the carcinogenic effect of exposure is specific for all three heavy
metals. Cadmium and nickel change the gene expression in the same way and a high
number of hypoxia-related overexpressed genes might be due to ROS generation
inducing oxidative stress, which is concordant with previous studies [7]. According to
our results, there are no differentially expressed hypoxia-related genes in arsenic-
treated samples and it seems that arsenic has a different mechanism of carcinogenic
effect [8]. Moreover, our analysis revealed that gene expression patterns induced by
cadmium and nickel treated with vitamin C are similar to those obtained in the
untreated control group. Thus, SOM analysis revealed a common spot for mentioned
three groups which include genes related to liver development, liver cancer,
cholesterol biosynthesis, lipid metabolism, complement and coagulation cascades.
Meanwhile, the expression patterns obtained in the group treated with arsenic and
antioxidant were similar to arsenic; the overexpressed genes are involved in histone
acetylation, B cell signalling, natural killer cell differentiation, colon cancer and breast cancer.

Interestingly, tested two carcinogen chemicals as well as the ROS generating
substance and the third chemical show similar differentially expressed gene profiles,
but none of them was comparable with heavy metals induced gene expression
changes. In conclusion, changes in gene expression profile and molecular mechanisms
of heavy metal exposure highly depend on the type of heavy metal.
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Uruuv UrunNuauy
Zuyuwunwth wdkphljut hwdwjuwpwih 4-py Ynipuh ntuwbing
ULP USGOUL3UL
JEuuwpwtwut ghnnipnitiubph phljuwsnt

OULl UGSUNLESP UTESNRE3UL SUY SCULUUCPISNUUShL
ONONNPESNRULLE D ZBSULNSNRESNRL PLRLUYULUIUN I NN,
LUSGALEIP OFLNEE3UUL

SYju] wohtwnwupnid hpwjuiwgyt] b hbyuwunnduwgh peought Ynyunmpuwikpnud
uhYykih, Junihnidh b wpubkh wopbkgnipjut nunidbwuhpnipmnit: Uju bywnwlng
wnljw Yhbuwghwlipng swhdud qitbph tpuwpbuhugh  wduitpp hpudapgs b
dnrulghniiwg Jbpnisnipju tupwplyl) Eu huptwjunrwjupynn pupnkqubph wign-
nhpuh ogunipjudp: Upmyniupubpp gnyg ku wdby, np uhykp b junpdhnudp wpwewgunid
k. hhwopuhuyh b opuhnuupy uppbuph htwnn wungugqué gqhubph bEpuypbuhuygh
dwwpnuyh pwpdpugnd, dhsnin wpubip whnhjugund E pungbnusht wpn-
ghulikpp: Ujuwhun] unwgws wpynitptbpp Jyuymd &y, np ghbkph kpuypbuhwgh
thnthnjunipynibubpp juhun Yipyny ujudws Lo swup dbnwunh mbkuwyhg:

APMAH CMMOHAH
CTyZA€HT aMepUKaHCKOTO YHUBepcUTeTa ApMeHUN
AHU CTEITAHAH
KaHIUAAT GUOOTUYECKUX HAyK

WCCJIEJOBAHUE TPAHCKPUIITOMHBIX U3MEHEHU 110 BO3JAEACTBUEM
TKEJIBIX METAJLJIOB C IIOMOIIBIO CAMOOPTAHU3YVIOMINXCA KAPT

B mamHOI1 paboTre GBLIO IIPOBEAEHO UCCIEOBAHKE BIUAHUA HUKEIA, KQAMHUA U MBIIIbIKA
Ha SKCIIPECCHUIO T€HOB B KyJIBType KJIETOK rematoMsl. C 9TOil 1esbio GbLIa MpOBeeHa KIacTe-
pusaius u GyHKIUOHAIbHAS aHHOTAIYA JAHHBIX TI100aIbHOM SKCIPECCHH T€HOB C IOMOIIBIO
QJITOPUTMA CAMOOPTaHU3YIOMIUXCA KapT. Pe3ypTaTsl mokasaiy, 4To 1oz, AeiiCTBHEeM HUKeNII U
KaZMUsA HaGJII0/IaeTCs TUIIEPIKCIIPECCHs T€HOB, CBA3aHHBIX C TUIOKCHEH U OKCHAATHBHBIM
CTpeccoM, TOTAA KaK IIOJ, e iCTBUEM MbILIbAKA IPOUCXOUT aKTHBUPOBAaHUE IIyTel, CBA3AHHBIX
¢ omyxoyeobpaszoBaHueM. TakuMm 06pa3oM, ITOSydYeHHbIe JaHHbIe yKa3bIBAaIOT Ha CIeIduy-
HOCTH U3MEHEHUH SKCIIPECCUU TeHOB B 3aBUCHMOCTH OT IIPUPOJBI TSHKEIOTO MeTasla.
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