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Long-term cultivation of cell lines inevitably leads to genetic and epigenetic changes. Aim. A comparative ana-
lysis of karyotype and level of the expression of reparative enzyme O’-methylguanine-DNA-methyltransferase
(MGMT) at different stages of establishment and stabilization of human cell line 4BL and cell line of mouse germ
cells G1. Methods. The set of methods was used to research the dynamics of karyotypes changes: the differential
staining of chromosomes, FISH-method and comparative genomic hybridization. The level of MGMT expression
was analyzed by PCR reaction and Western blot analysis. Results. General trends of establishment of mouse and
human cell lines were revealed: at the first stage, which is characterized by increased structural instability of the
genome, an increase in the MGMT expression was revealed while at the second stage of stabilization — a
decrease in the expression. Therefore, almost complete disappearance of MGMT protein in unmodified form (24
kDa) is observed. Conclusions. Statistically significant correlation between MGMT repair enzyme and muta-
tions induction processes during mammalian cell adaptation and cell line establishment to in vitro was des-
cribed.

Keywords: cell line, karyotypic evolution, O*-methylguanine-DNA-methyltransferase (MGMT), genomic instability.

Introduction. Cell lines of different origin are widely
used in many laboratories all over the world, beginning
with fundamental research in science and ending with
biotechnological synthesis in industry and cellular the-
rapy [1, 2]. Nearly 4 000 cell lines are maintained in
cell bank of ATCC. Majority of human permanent cell
lines are of cancer origin, malignant and characterized
by considerable karyotypes changes, disruption of mito-
tic spindle and aberrant regulation of mitotic apparatus
[3,4]. Most of human permanent cell lines were either
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obtained from tissues of embryonic origin, or immorta-
lized by viral transformation or by introducing vector
designs with specific genes, for instance, telomerase ge-
ne [5, 6]. Only about 30 cell lines are normal, but they
are primary cultures. Therefore, the novel cell line 4BL,
obtained from peripheral blood of healthy donors in our
department, is of particular interest. The cell line 4BL
successfully passes Hayflick limit and is cultivated for
more than 220 passages.

We also derived novel mouse embryonic germ cells
lines G1, G4, G6 and G7 from genital bumps of 12.5-
day embryos of laboratory mouse of inbred line BALB/c.
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An adaptation of cells to artificial support in vitro and
lack of immune system inevitably lead to the change in
primary characteristics of cell, including the karyoty-
pic one. The clones of cells with selective advantages are
characterized by higher genetic instability [3]. They
tend to give rise to the cell line due to their better survi-
val rate, and act as a source of further genetic and
epige- netic changes [3, 7].

DNA methylation is a major mechanism of epige-
netic regulation of genes [8, 9]. Undesirable DNA me-
thylation occurs upon the action of endogenous and exo-
genous alkylation compounds. Methylation of O° po-
sition of guanine is especially dangerous, as O°-methyl-
guanine is recognized as adenine, so it binds with thy-
mine instead of cytosine [10]. As a result, the transitions
GC > AT are generated [11]. Reparative enzyme O°-
alkylguanine-alkyltransferase (AGT), better known as
O°-methylguanine-DNA-methyltransferase (MGMT),
repairs this type of damage, transferring methyl residue
to its own cysteine residue [12]. We have investigated
the expression of MGMT at different stages of the de-
velopment of the human and mice cell lines to test the
activity of reparative system in response to mutational
processes that occur during the adaptation of cells to
cultivation conditions in vitro. The cytogenetic analy-
sis was performed to determine the nature of chromo-
somal rearrangements at different stages of the forma-
tion and stabilization of cell lines, and also after the treat-
ment of cells with stress factors. Thus, the aim of the re-
search was a comparative analysis of the karyotypes and
the level of expression of MGMT at different stages of
formation and stabilization of the human cell line 4BL
and the line of embryonic germ cells of mouse G1.

Materials and methods. We used the cell popula-
tion of the new cell lines 4BL obtained from the peri-
pheral blood of a healthy donor [13] and a new line of
embryonic germ cells of mouse G1 derived from geni-
tal bumps of 12.5-day embryos of laboratory mouse in-
bred line BALB/c [14]. The cells were cultivated in
standard medium DMEM («Sigmay, USA) with the ad-
dition of 100 U/ml penicillin, 100 pg/ml of streptomy-
cin and 10 % fetal calf serum.

Chromosome preparations for cytogenetic studies
were obtained according to the standard protocol [6,
15]. Metaphase chromosomes were stained by 10 % of
Giemsa stain, GTG-staining and differential QFH/AcD-

coloring. Chromosomes were analyzed at the magnifi-
cation of 1000 times, using a light microscope Olym-
pus BX41, equipped with automated analysis system
«CytoVision 4.01». 200 metaphase plates (m. p.) of each
passage were examined. The chromosomes structure
was analyzed at the level of 400-550 bands per haploid
set. To determine the structural rearrangements, the in-
ternational cytogenetic nomenclature ISCN-2013 was
used [16].

For Western-blot analysis, the proteins were isola-
ted from the samples and concentration was measured
by Bradford’s method [17]. The protein extract was stu-
died using SDS-electrophoresis in 12 % of polyacryl-
amide gel by Lemmli [18]. We used monoclonal antibo-
dies against MGMT («Novus Biologicals Littletony,
USA) and secondary species-specific antibody conju-
gated with horseradish peroxidase («Jackson Immuno-
Research», USA). Identification of MGMT in cells ex-
tract was conducted according to the recommendation
of the antibodies manufacturer. Control of the unifor-
mity of protein application was carried out by densito-
metric evaluation of the total amount of protein transfer-
red to the membrane, by the program Origin Pro 8.5.

Establishment of mouse germ cell line G1. To iden-
tify common patterns of genomic evolution during the
establishment of cell line G1, the standard cytogenetic
analysis was conducted at 24, 53, 68, 104 and 140 pas-
sages. The distribution of frequency of individual ka-
ryotypes is presented in Fig. 1.

The normal mouse karyotype includes 19 pairs of
autosomes and one pair of sex chromosomes, so diploid
set of chromosomes 27 = 40. At 24" passage slight di-
vergence of distribution curves was observed with peaks
in near-diploid and near-hexaploid area. By 53 passages
the frequency of near-diploid cells decreased, and by
68 passage distribution pattern changed dramatically:
the distribution curve became asymmetric, with a peak
in near-diploid region and subsequent almost linear de-
crease of frequency of karyotypes with high number of
cells. However, at 104 passage the frequency of near-di-
ploid cells dropped sharply, modal class of near-hexa-
ploid cells was detected. At 140 passage near-hexaploid
modal class remained, a small peak in near-tetraploid area
and a trace pool of near-diploid cells were observed.

It is known, that the Hayflick limit for most primary
cultures of human and mouse cells is 30-50 divisions
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Fig. 2. Expression of reparative enzyme MGMT at different stages of
the establishment of mouse cell line G1(Western blot analysis) (4)
and genetic instability and level of the expression of reparative enzyme
MGMT at different stages of the establishment of mouse cell line G1
(the coefficient of variation of karyotypes frequencies and densitomet-
ric analysis of western blot hybridization of MGMT expression)
(B:grey — 23 kDa; black — 50 kDa; 1 —cv, %)

[19]. Reaching this limit is accompanied by the aging
of cell culture, and the onset of the stage of terminal
stop of proliferation. Probably, in case of cell line G1,
the high-ploid cells reached the Hayflick limit earlier,
so in cell population, close to 68 passage, the selection
took place in the direction of near-diploid cells. During
the immortalization of cell line, the aging stage is chan-
ging to the stage of crisis [20]. The majority of cells die,
but a small percent of cells survive and become capab-

482

the functional inactivation of p53.

This protein is involved in regulation as a regulator
of a number of cellular processes, including — DNA
repair [22]. The expression of the reparative enzyme
MGMT is indirectly regulated with the involvement of
p53. It has been shown, that p53-deficient cells have a
reduced baseline of MGMT [23].

Analysis of the MGMT expression at the protein
level in the cell line G1 was performed (Fig. 2, 4). At
early stages of the evolution of cell line a steady increa-
se inthe MGMT expression was detected. The maximum
value of this index was fixed at 71 and 75 passages — that
is, at approximately the same stage of the cell line, at
which a sharp change in direction of karyotypic evolu-
tion was observed.

We revealed that the functional inactivation of p53
did not cause the deficit of MGMT. We have sugges-
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ted that this phenomenon was associated with the pre-
sence of a powerful factor that causes the induction of
MGMT — namely, genetic material lesions [24], which
accompanied the establishment of cell line G1. These
injuries were manifested in the form of cells polyploidi-
zation and were accompanied by numerous structural
rearrangements, including a significant percentage of
Robertsonian translocations.

As an indicator of genetic instability of the culture
was chosen the coefficient of variation, calculated for
distribution of karyotypes frequencies at different
stages of the cell line establishment. The comparison of
these data with the data of Western blot analysis is
shown in Fig. 2, B. Both analyzed parameters increased
at the early passages, reached maximum values at
70—80 passages, and declined at the later (< 100)
passages.

Since the data obtained did not allow direct calcula-
tion of the correlation coefficient between these two pa-
rameters, an interpolation of the curves was performed,
using software OriginPro8.1. The data were also used to
calculate the Pearson correlation coefficient.

The calculated value of the correlation coefficient
for unmodified form of MGMT was 0.41, with a signifi-
cance level p < 0.05 — whereas the reliable correlation
for this enzyme in modified form was not found.

Interestingly, that the dynamics of frequencies of Ro-
bertsonian translocations had distinct inverse correla-
tion with the coefficient of variation of the distribution
of frequencies of karyotypes. It was maximal at the sta-
bilization stage of the cell line. This is probably due to

the fact that the formation of Robertsonian transloca-
tion is the mechanism of reduction of the number of
chromosomes in the process of polyploidization.

Thus, two main stages of the evolution of the cell li-
ne G1 are described:

— establishment stage, accompanied by increasing
structural instability and induction of reparative enzy-
me MGMT;

— stabilization stage, characterized by the formation
of near-hexaploid modal class, and lower levels of the
expression of MGMT protein.

Establishment of human cell line 4BL. The same re-
search was carried out on material of cell populations of
the line 4BL. Analysis of the distribution of karyotypes
frequencies at different stages of karyotypic evolution
of the cell line is presented in Fig. 3.

In contrast to the mouse germ cell line G1, polyploi-
dization was not typical for karyotypic evolution of the
cell line 4BL: near-diploid modal class remained at all
stages of karyotypic evolution. At 133 passages the na-
ture of distribution changed: a curve of disturbance be-
came asymmetric with maximum in near-diploid area,
almost complete lack of hyperploid, and pronounced
peak in the area of 11-20 chromosomes were observed.
Thus, we can assume that this stage of the cell evolu-
tion was a crisis stage and cell line became immortali-
zed, then the stabilization stage followed.

Similarly to the mouse germ cell line G1, the estab-
lishment stage of karyotypic evolution of the cell line
4BL was also accompanied by the increase of structural
instability, then came the stabilization phase.

The comparative data on the coefficient of varia-
tion of karyotypes frequencies and the level of the ex-
pression of MGMT protein at different stages of cultiva-
tion of the cell line 4BL are presented on the Fig. 4. The
Pearson correlation coefficient was calculated, it was
0.59 (p £0.001).

It should be noted that, as opposed to the mouse cell
line G1, the MGMT protein in unmodified form com-
pletely disappeared at the stabilization phase of the cell
line 4BL. To exclude the possibility of a complete dele-
tion of the gene MGMT, the comparative genomic hyb-
ridization was conducted at the 205 passage of cultiva-
tion of the cell line 4BL. The presence of MGMT pro-
moter and its methylation status were studied by PCR
analysis.
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Fig. 4. Genetic instability and level of the expression of reparative en-
zyme MGMT at different stages of the establishment of human cell line
4BL (the coefficient of variation of karyotypes frequencies and densito-
metric analysis of western blot hybridization of MGMT expression):
grey — 23 kDa; black — 50 kDa; I —cv, %

The results of comparative genomic hybridization
indicate the presence in the cell population of deletion
in 10g26 region, where the MGMT gene is located, but
this deletion has mosaic character, confirming the re-
sults of PCR analysis. Thus, the total loss of this gene in
the cell line 4BL does not occur at any stage of its ka-
ryotypic evolution.

The study on the promoter methylation level de-
monstrates that in the cell population 4BL both methy-
lated and unmethylated alleles were revealed (the re-
search was performed by latsyshyna in the laboratory
of B. Kaine). So, it cannot be postulated that the MGMT
protein in unmodified form (24 kDa) disappears due to
the lack of transcription of this gene.

We can conclude that although the nature of chro-
mosomal and genomic mutations in the cell lines G1
and 4BL differ significantly, the stages of structural
instability and stabilization had different duration, but
in both lines there was observed a correlation between
the level of structural genomic instability and the level
of expression of reparative enzyme MGMT.

Perhaps this is one of the compensatory mecha-
nisms activated by the genome destabilization and the
stress factors, associated with the adaptation of the cells
to cultivation in vitro. This assumption is confirmed by
the data of [12], which showed the key role of MGMT
in the survival of the cell population under stress condi-
tion and under the influence of mutagens with different
mechanisms of the damaging effects.
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To verify the above-mentioned assumption, the cell
line 4BL, which was on the early phase of stabilization
(passage 165) was subjected to the stress of destabili-
zing factor: cultivation for 24 h in medium M2, which
has altered ionic composition, and is characterized by
increased ionic strength. Karyotyping was performed at
the 160 passage (before stress factor action) and at the
205 passage. Nullisomy or monosomy of 10" and 13"
chromosomes and monosomy of chromosomes 4, 8,
11, 15, 17, 21, X were observed; six regular marker
chromosomes were revealed. The most representative
were such aberrations: t (1, 11) (q12; p15)—63 % of m.
p-,del (2) (p11~12)—46 % m.p.,t(5;15) (p10;q10)—
23 % m.p.,t(12,15) (p10;q10)—10 % m. p. and t (16;
21) (q13; pl1) — 5 % m. p. Modal class karyotype at
160" and 205" passages was 42-43 chromosomes.
Percentage of polyploid cells increased from 2.8 to 36 %.

Changes in the coefficient of variation of karyo-
typic evolution are presented in Fig. 5. From 160" pas-
sage the coefficient of variation for this characteristic
noticeably decreased, but after exposure to stress fac-
tors, sharp rise of the curve with the formation of a new
peak, higher than the previous one, was observed. Ac-
cording to the results of cytogenetic analysis, the cells
processing with the stress factor probably led to the re-
conversion of the cell population to the state of struc-
tural instability.

At the same time, the analysis of MGMT expres-
sion in the cell lines, that were exposed to the same
stress factor (Fig. 6) was performed. Immediately after
treatment, clear inhibition of the MGMT expression
was observed with the almost complete disappearance
of the protein, but within 10 days after treatment this
phenomenon changed to induction of the expression of
MGMT protein in modified form, this pattern persisted
through the next 5 days, and in 26 days the appearance
of enzyme in unmodified form was revealed.

Based on our and literature data presented above,
we can assume that complete inhibition of expression
of MGMT in both modified and unmodified forms un-
der the influence of the medium M2 with high ionic
strength led to the disruption of cells adaptation to culti-
vation in vitro that, in turn, caused the re-emergence of
structural genomic instability. On the other hand, the in-
creased genome structural instability led not only to in-
creasing the expression of MGMT protein in modified
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Fig. 6. Cnange of the expression of reparative enzyme MGMT in cont-
rol cells and in cells, treated with medium M2: / —control; 2 — cells cul-
tivation with M2; 3 —next passage after incubation with M2; 4 —positi-
ve control (cell line U937); 5 — control to variant 6; 6 — 10 days after
treatment; 7 — control to variant 8; § — 15 days after treatment; 9 — cont-
rol to variant 10; /0 — 26 days after treatment with M2 medium

form, typical for the cell line 4BL at the stabilization sta-
ge, but also to the induction of the expression of MGMT
in unmodified form, which was typical for the cell line
4BL at the establishment stage, characterized by high
structural instability of the genome.

Conclusions. The adaptation of cells to cultivation
in vitro is accompanied by the induced mutation process
associated with the period of structural genomic instabi-
lity. The immortalization of cell lines is accompanied by
the crisis stage, which is characterized by the sharp in-
creasing of genomic instability and intensive selection
in the cell populations. During further evolution of the
cell lines, the stage of structural instability is changed by
the stabilization stage, with the formation of dominant
modal class with a certain number of chromosomes.

Statistically significant correlation of the MGMT
expression with the degree of genomic instability du-
ring spontaneous immortalization and establishment of
the cell lines was revealed.

Complete inhibition of the MGMT expression un-
der the stress factor on the stage of cell line stabilization

led to the re-growth of genomic instability in the cell po-
pulations, indicating the essential role of this enzyme in
the maintenance of adaptation of the established cell
lines to cultivation in vitro. The re-growth of genomic
instability after exposure to the stress factor, in turn, led
to the increased expression of MGMT, in particular, to
the induction of expression of this protein in its cano-
nical (24 kDa) form.

JI.JI. Mayesuu, B. O. Kywnipyx, A. I1. Ayuwuna, K. B. Koyapenxo,
B. B.Jluno, I. P. Axonsan, H. JI. I'vaeiox, /]. O. Mukxumenko, JI. JI. JIykaut

Kopesinis 3MiH piBHS MyTareHe3y i eKCIpecii pernapaTHBHOTO
depmenty O°-mermnryanin-JIHK Meruntpanchepasu 3a

CTaHOBIIEHHS KIITHHHHX IJIiHIH in vitro

Pestome

Tpusane KyrbmugyganHs KAimMuHHUX Niniti HEMUHYYe nPU3e00Ums 00
BUHUKHEHHA 2eHeMU4HUX ma enicenemuurux smin. Mema.llopisHane-
HUL AHALi3 Kapiomuny I pieHsi eKCNpecii penapamueHo2o hepmenmy
O’-memuneyanin-J{HK memunmpancepepasu (MGMT) na pisnux ema-
nax cmanosients ma cmabinizayii kKiimunHoi 1inii oounu 4BL i ainii
emobpionanvrux eepminamuerux kiimun muwii G1. Memoou. 3minu ka-
piomuny 6 OuHamiyi 00CIIONCYBANU, BUKOPUCTOBYIOUU OUDepeHyitiHe
3abapenents xpomocom, FISH-wemoo i nopieusanvhy cenommuy 2ibpu-
ouzayiro. ['en MGMT ma iio2o excnpecito eusuanu 3a donomozoro I1JIP
ma Becmepu-610om ananizy. Pesynomamu. Ilepioo cmanosnenns ainil
KAimun Muwti ma Ainit KIimuH JI00UHU MA€ 3a2albii MmeHOeHyil: na
nepuiomy emani, AKUL Xapakmepuzyemocs NiO8UWEHoI0 CIMPYKIMYPHOIO
HeCmaodiNbHICIIO 2eHOMY, UABIEHO 3DOCMAHHS PiBHs eKcnpecii eeHa
MGMT, a na opyzomy — emani cmabinizayii — 3HUNCEHHS PiGHsL eKCcnpecii
oanoeo eena. Ipu yvomy cnocmepieanu npakmuyHo noHy 6I0CYMHICINb
nemoougixosanoi popmu dinka MGMT (24 x/la). Bucnoexu. Bcma-
HOB1eHO 00CMOBIPHY NOZUMUBHY KOPeNAYilo pieHs ekcnpecii penapa-
muenoco gepmenmy MGMT 3 mymayitinumu npoyecamu, sKi GUHUKA-
10me npu adanmayii Knimun 00 yMo8 Kyibmueyeans y nepioo cmanos-
JIeHHS JIHITL KITMUH ccasyis.

Kniouosi crosa: knimunna ninis, Kapiomuniuna egonoyis, O'-me mun-
eyanin-/IHK memurmparcghepasza (MGMT), cenomna necmabinoHicme.

JI. JI. Mayesuu, B. O. Kywnupyx, A. Il. Ayuwuna, K. B. Koyapenro,
B. B. Jlvino, I'. P. Axonan, H. JI. ['yneiox, /1. A. Muxumenxo, J1. JI. Jlyxaw

Koppensus n3meHeHni ypoBHs MyTareHe3a 1 9KCIIPECCHHI
6
penapatuBHoro gepmenra O -merunryanun-/{HK

MeTHITpaHChepasbl IPU CTAHOBICHUH KJIETOUHBIX JIMHUH in Vitro

Pestome

Jlnumenvrnoe Ky1bmuguposanue KiemouHblx IUHUL Heu30elCcHo npuso-
OuUm K 603HUKHOBEHUIO 2EHEMUYECKUX U YNULEHEMULEeCKUX USMEHEHUIL.
Henv. Cpasnumenvbubviii ananius Kapuomunos u ypoGHs SIKCRpeccuu pe-
napamuenozo pepmenma MGMT na paznvix cmaousx cmanogienus u
cmaburuzayuu KiemodHou JuHuu yeroeexa 4BL u aunuu smopuorans-
HbIX 2epmunamusHolx Kiemok mviuu G1. Memoowsl. Hccredosanu us-
MeHeHue Kapuomuna 6 OUHAMUKe ¢ UCNOIb308aHueM Oughpepenyuans-
Hotl okpacku xpomocom, FISH-wemooa u cpagnumenvroli 2eHOMHOU
eubpuouzayuu. I'en MGMT u ezo sxcnpeccuto usyyanu ¢ nOMoubo
TIJIP u Becmepn-6nom-ananusa. Pesynomamet. [lepuoo cmanosienus
KACMOUHbIX TUHULL YENI0BEKA U MbIULU XAPAKMEPUZYEMCsL OOUUMU MeH-
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OeHYUAMU. HA NePBOM dmane, 20e HabIr0aemcs NOBbIUEHHAS CMPYK-
MYpPHASL HECMAOUTILHOCIb 2€HOMA, GbIABIEHO 603DPACMANUE YPOGHS
axcnpeccuu 2ena MGMT, a Ha emopom — smane cmabuiuzayuu — CHu-
Jicenue ypoeHs dKcnpeccuu ykazannoeo eend. Ilpu smom ommeueno
NpaKmuuecKu noaHoe Omcymcmeue Hemoouduyuposannol gopmol
benka MGMT (24 k/{a). Beieoowvt. O6napysrcena docmosephas nosu-
MUBHAS KOPPENAYUS YPOBHA IKCNPECCUU penapamueo2o hepmenma
MGMT ¢ mymayuonnvimu npoyeccamit, 0O3HUKAOWUMU NPU A0anma-
Yuu KIemoxK K YCI08UAM KYIbMUGUPOBAHUS 8 NEPUOO CMAHOBICHUS
KACMOUHbIX TUHUL MTIEKONUMAIOUJUX.

Kniouesvie cnosa: xaemounas aunus, Kapuomunuieckas 360110~
yus, O"-memuneyanun-/{HK memunmpancgepaza (MGMT), 2ernommnasn
HecmaobuILHOCMY.
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