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INTRODUCTION1

Genomic instability is a key problem of cell biology.
Damage to DNA modifies the sister chromatide struc�
ture, resulting in altered chromosome structure (Mor�
gan et al., 1996). Karyotypic instability is induced by
various stressors, the most studied of which are ioniz�
ing radiation and chemical agents (Limoli et al.,
1997).

A number of studies have been focused on the effect
of hyperthermia on the genetic apparatus. The tem�
perature that is optimal for an organism’s vital activity
is different in different organisms, but the defense
mechanism called “heat shock response” is conserva�
tive.An increase in temperature induces denaturation
and aggregation of protein structures, resulting in cel�
lular disorders: modified cytoskeleton (Toivola et al.,
2010), fragmentation of endoplasmic reticulum and
Golgi complex and reduced mitochondria and lysos�
ome number (Welch and Suhan, 1985), and disturbed
RNA splicing (Vogel et al., 1995; Boulon et al., 2010).
Multiple instances of damage and reorganization of
cellular components reduce cell viability and may
induce cell death. An organism’s response to heat
shock depends on the intensity and duration of hyper�
thermia, as well as on cell type. Moderate heating
induces apoptosis or stress�induced cell senescence,

1 Abbreviations: HSR—homogeneously staining region; AGM—
additional genetic material; DM—double minute chromosome;
MDR—multidrug resistance; RT—reverse transcription;
PCR—polymerase chain reaction.

while severe heat shock produces necrosis (Harmon
et al., 1990; van der Waal et al., 1997; Alekseenko
et al., 2012). A cell’s response to hyperthermia is
accompanied with induction and accumulation of
heat shock proteins (Hsp), which are very conservative
(Welch et al., 1991; Richter et al., 2010). Hsp are
divided into two classes according to molecular
weight. The first class includes Hsp with molecular
weight of less than 40 kDa: Hsp32, Hsp27, and Hsp20
(Kregel, 2002). The other class includes proteins with
higher molecular weight (60–100 kDa): Hsp60,
Hsp70, Hsp90, and Hsp110 (Hildebrandt et al., 2002).
Heat shock enhances the expression of both Hsp and
other proteins (more than 100) that engage in protein
folding, degradation, and transport, as well as DNA
and RNA repair (Gasch et al., 2000; Tabuchi et al.,
2008; Richter et al., 2010).

The cell reaction to hyperthermia depends on the
cell cycle. Cells in S�phase and mitosis are more tem�
perature�sensitive than cells in G1 or G2 phases
(Westra and Dewey, 1971; Palzer and Heidelberger,
1973; Bhuyan et al., 1977). In S�phase, hyperthermia
produces unrepaired DNA single�strand breaks. DNA
double�strand breaks are evoked by heat shock at the
border G0/G1 and G2/M phases. Hyperthermia, like
ionizing radiation, arrests cells in G2/M; however, in
hyperthermia, cell arrest occurs earlier and lasts for a
during shorter time than does radiation block (Valen�
zuela et al., 1997).
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Thus, heat stress, like other stressful factors pro�
ducing single�strand (Warters et al., 1985) and double�
strand (Tomita, 2010) DNA breaks, is a potential
inducer of chromosome instability. Detailed cytoge�
netic assay shows what kind of karyotypic changes
arise in cells during long�term growth at a higher tem�
perature.

Cell selection for thermoresistance may be accom�
panied with the appearance of multidrug resistance
(MDR) (Konstantinova et al., 1994). MDR manifes�
tation is coupled with enhanced expression of mem�
brane glycoproteins (Pgps) responsible for cytostatic
drug efflux from transformed cells.

The study aimed at monitoring the karyotypic
structure and gene expression for heat shock proteins
(hsp70 and hsp90) and p�glycoprotein (pgp1) in Chi�
nese hamster cells CHL V�79 RJK during long�term
cultivation at an elevated temperature (40°C instead of
the usual 37°C) to select thermoresistant variants.

MATERIALS AND METHODS

Cells. Lung fibroblasts of Chinese hamster CHL V�79
RJK were kindly provided by Dr. Ruddle (Yale Univer�
sity, United States). The cells were grown in 25�cm2

flasks (Nunc, Denmak) in DMEM medium (Flow
Laboratories, United States) with 10% fetal calf serum
(Biolot, Russia) and 100 μg/mL gentamicin (Sigma,
United States) at 5% CO2 at 37°C.

Thermoresistant cells were selected from parental
cells proliferating at 40°C. The experimental scheme
was as follows. Only a few cells retained viability after
10–12 days in culture at increased temperature. These
cells were transferred in fresh medium at 37°C and
grown. Cells that reached the stage of logarithmic
growth were subcultured (1 : 3) and cultivated at 40°C
for 60–80 days. Cells were replated after 48–72 h with
0.25% trypsin (Biolot, Russia). The karyotype of ther�
moresistant cells was assessed at passages 10, 22, 34,
55, and 75.

Metaphase chromosomes. To accumulate mitotic
cells, 3.6 μg/mL colchicine were added to the growth
medium. The cells were removed from the substrate
with 0.25% trypsin (Biolot, Russia). The enzyme
activity was neutralized with conditioned medium,
and 0.56% KCl (Reachem, Russia) was used as hypo�
tonic solution (the exposure time varied). The cells
were fixed with methanol/glacial acetic acid

(Reachem, Russia) mixture (3 : 1). The cooled fixator
was changed three times. Total fixation time was 1.5 h.
Fixed cells were dropped on wet slides, dried at room
temperature, and stained. Chromosomes were stained
with 2% Giemsa dye (BDH, United Kingdom) in
phosphate buffer (pH 6.8). The same dye was used for
G�banding, but preparations were preliminarily
treated with 0.25% trypsin (Biolot, Russia). 

Karyotype was analyzed under an Ampleval light
microscope (Germany) at 20× and 100× magnifica�
tion. Plates with well�spread chromosomes were
assayed. The frequency of polyploid cells in the popu�
lation was found by counting no less than
500 metaphase plates. Chromosomes were identified
according to the standard nomenclature proposed for
Chinese hamster (Ray and Mohandas, 1975). The fre�
quency of chromosomal rearrangements was deter�
mined by counting no less than 20 metaphase plates.

Polymerase chain reaction (PCR) to determine gene
expression. Total RNA was isolated according to the
routine method (Chomczynski and Sacchi, 1987).
One microgram of total RNA was used for cDNA syn�
thesis with the RevertAid H Minus First Strand cDNA
Synthesis Kit (Fermentas, Lithuania) in accordance
with the manufacturer’s instructions. Specific genes
were amplified by Taq DNA polymerase (Fermentas,
Lithuania) with CycloTemp amplificator (CTM, Rus�
sia) and the following program: hot start–denatur�
ation, 93°C, 3 min; primer annealing, 56–70°C,
2 min; elongation, 72°C, 1 min 30 s; than 22–
25 cycles: denaturation, 93°C, 45 s; primer annealing,
53–70°C, 1 min; elongation, 72°C, 1 min 30 s; and
final elongation, 72°C, 10 min. The PCR conditions
and primer sequences are presented in Table 1. β�actin
gene was used to control RNA quantity and DNA
contamination. The amplified product was subjected
to electrophoresis in 2% agarose gel (Sigma, United
States) with ethidium bromide (Sigma, United
States). A DNA 1 kb kit (Fermentas, Lithuania) was
used for molecular mass control. DNA detection was
performed with a Transilluminator (UVP, United
States) in ultraviolet light (302 nm). Gels were photo�
graphed.

RESULTS AND DISCUSSION

Cytogenetic analysis of parental CHL V�79 RJK
cells performed during their long�term cultivation

Table 1. Primer sequences for PCR�assay

Gene Direct primer Reverse primer PCR 
product size

Annealing 
temperature,°C Cycle number

hsc70 5'atccccaagattcagaagct3' 5'ttgatgaggacagtcatgac3' 228 63 22

hsp90 5'aatcggaagaagctttcaga3' 5'gtgcttgtgacaatacagca3' 446 55 23

pgp1 5'tctaaggttgtaggggtttt3' 5'tatcaaaccagctcacatcc3' 220 55 23

β�actin 5'gccgagcgggaaatcgtgcgtg3' 5'cggtggacgatggaggggccg3' 508 70 25
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(several years, periodically cells were frozen and
thawed) revealed their relatively stable karyotype.
Aneuploid cells with chromosome number 18–19 had
an advantage. Polyploid near�tri� and near�tetraplod
cell variants were of rare occurrence (1–2%). A fre�
quent chromosome set was presented with three unre�
arranged chromosomes (2, 3, 8) common for normal
Chinese hamster cells and 15 rearranged chromo�
somes (Z1–Z15), which were the cell line markers
(Fig. 1). Deviations from this standard were rare and

were apparent as the presence of atypical randomly
rearranged chromosomes or additional copies of the
smallest chromosomes (Table 2).

Short�term CHL V�79 RJK cultivation (10–
22 passages) at the temperature increased to 40°C
resulted in karyotype instability. At the tenth passage,
the frequency of near�tri� and near�tetraploid cells
increased to 14% as compared to 1–2% in the parental
cell line. Single polyploidy cells had a near�pentaploid
chromosome number (within 100). This was never

2 3 8

Z1 Z2 Z3 Z4 Z5

Z6 Z7 Z8 Z9 Z10 Z11

Z12 Z13 Z14 Z15

(a) (b)

Fig. 1. Standard karyotype of Chinese hamster fibroblasts CHL V�79 RJK. G�banding. (a) Metaphase plate; (b) karyogramm,
chromosome number (n) is 18, chromosome 2, 3, 8 do not have abnormalities; Z1–Z15 are markers.
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Fig. 2. Random rearrangements in CHL V�79 RJK cells resistant to temperature 40°C at passages 10 and 22. (a) Standard chro�
mosomes; (b) chromosome breaks, passages 10 and 22; (c) inversions, passage 22.



122

CELL AND TISSUE BIOLOGY  Vol. 9  No. 2  2015

GRINCHUK et al.

Table 2. Karyotypic variability of CHL V�79 RJK cells during long�term cultivation at elevated temperature (40°C)

Karyotype
 structural abnormalities

Cell number with rearrangements

total number of analyzed cells

37 °C 40 °C

50
(10)

50
(75)

26
(10)

34
(22)

28
(34)

26
(55)

23
(75)

Chromosome Z1

PCB with retained CM (p, q) – – 2 – – 2 –

Z1n + Z1q – – 1 – 1 – –

Z1n + Z1p – – – – – – 1

Z1n + Z1del p ter – – – – – – 1

Break Z1q ter with retained CM – – 1 – – – –

del p ter – – – 4 – – –

inv pericentric – – – 3 – – –

inv paracentric – – – 1 – – –

Chromosome 2 (2 copyes)

1Cn; 1C (p, q) – – 4 – 1 18 22

1Cn + 1C with pericentric inv – – 1 – – – –

2C with PCB (retained CM 2p 2q) – 1 – – 1 2 –

2Cn + p – – – – – 2 –

1Cn + p – – 1 – 1 1 –

1Cn + q – – 2 – – 2 –

1Cn + 2p + q – – – – – 1 –

1Cn + 1C del p ter, retained CM – – 1 – – –

2n + q – – 2 – 1 – –

1Cn + 1C with HSR in 2p210−31 – – – – – – 22

Chromosome Z3

PCB with retained CM (p, q) – 1 – 3 – 1 23

Z3p – 1 – – 1 –

Break q ter, retained CM – – 1 – – – –

Z3n + Z3p – – 3 1 – – –

Z3n + Z3q – – – – – 1 –

ACM (single disk duplication) 
in near�centromer region qZ3

– – – – – – 23

Chromosome Z4

del q ter – – 1 – – – –

Z4n + Z4p – – 3 – – – –

Chromosome 3

PCB with retained CM (p, q) – – 1 – 1 1 –

Chromosome Z5

Z5n + Z5p – – – – 1 –

Z5n + Z5 with ACM in p ter – – – – 1 – –

Passage number is indicated in brackets. HSR—homogenous staining regions, ACM—additional chromosome material; C—copy;
PCB—pericentromeric break; CM—chromosomal material; p and q—short and long arms, respectively; n—normal chromosome;
ter—terminal; del—deletion; inv—inversion.
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observed in cells maintained under standard
conditions. Detailed analysis of the karyotype struc�
ture revealed chromosome breaks (Fig. 2). Chromo�
somes 2, 3, Z1, Z3, Z4, and Z5 displayed increased
fragility (Fig. 2). The most sensitive to hyperthermia
was chromosome 2. Breaks occurred frequently in the
near�centromere region with p� and q�arms convert�
ing individual chromosomes. Some cells had addi�
tional third copy 2p or 2q (Table 2). Break points in
three other chromosomes during this selection period
were irregular. Some cells had DM�chromosomes,
which were never observed in the parental cell line.

At passage 22, the frequency of poliploid cells in
the population maintained at the increased tempera�
ture diminished to the norm (2%). The cell number
with changes in the chromosome structure decreased
compared to passage 10, but the range of structural
modifications increased. Along with the karyotypic
instability observed at the tenth passage, cells with
novel type rearrangements, para� and pericentric
inversions, were registered at passage 22 (Table 2,
Fig. 2). These rearrangements were localized in chro�
mosomes 2 and Z1, which exhibited increased fragility
at passage 10. The cell frequency with DMs was simi�
lar to that registered at the tenth passage. A slight
increase in the p10–31 locus length in one of the chro�
mosome 2 homologues was revealed in some cells
(Fig. 3a).

At passage 34, rough rearrangements (inversion,
deletion) observed at earlier steps of cultivation under
hyperthermia (passages 10 and 22), as well as DM�
chromosomes, were not registered. The frequency of
cells with various deviations was random. However,
karyotype destabilization manifested in increased fra�
gility in near�centromere regions of chromosomes 2,
3, Z1, and Z5 (Table 2) was evident. Cells
with different lengths of the p210–31 locus in chro�
mosome 2 homologues exhibited an advantage as
compared to the previous passage (Fig. 4).

After 55 passages, the cell population was signifi�
cantly transformed. Most metaphase plates (96%) had
near�centromere breaks in one homologue of chro�

mosome 2. 2p and 2q were present as individual chro�
mosomes and became markers (M1 and M2) at this
selection stage. AGM in one of chromosome 2 homo�
logues (p210�31) retained unaltered (Fig. 4).

At passage 75, all metaphase plates displayed novel
features of destabilization (Fig. 5). Chromosome 2 was
presented with only one normal copy. The second
copy retained p�arm as a marker chromosome M1. Its
length exceeded one�third of the normal 2p due to the
increased length of the 2p210–31 locus having a well�
defined homogenous staining region (HSR) varied in
length. Another feature of this cultivation stage was the
presence in most cells of two new marker chromo�
somes (M3, M4) resulting from a near�centromere
break of chromosome Z3 and the appearance of p� and
q�arms as individual chromosomes. The pattern of
Z3q G�disks was modified by duplication of one of
them (Fig. 5). These kariotypic changes were common
for all cells.

RT�PCR revealed that thermoresistant CHL V�79
RJK cells at early passages had slightly increased
expression of hsc70, a constitutive isoform of heat
shook protein Hsp70. At passage 38, expression of this
protein declined. After 78 passages, a difference was
not revealed between thermoresistant and parental
cells in hsc70 expression (Fig. 6). Expression of induc�
ible isoform hsp90 at the passage 78 did not differ from
control cells (Fig. 6b). Expression of pgp1 gene in ther�
moresistant cells was higher than at the the control
level. Its level of expression changed during further
cultivation. At passage 38, it increased, while it
returned to the base level at passage 78.

Thus, karyotype of CHL V�79 RJK selected for
thermoresistance (40°C) underwent a number of
modifications during long�term cultivation. The first
stage was an increase in the frequency of polyploid
cells and the appearance of randomly rearranged
injured chromosomes (with deletions or inversions)
and additional genetic material as DM�chromosomes.
The second stage was stabilization of the chromosome
set caused by elimination of polyploid cells, on one
hand; on the other hand, destabilization progressed

DMsDMs

Fig. 3. Metaphase fragment of thermoresistant CHL V�79
RJK cells with double�minute chromosomes (DMs). 

(a) (b) (c)

HSR

N N N

Fig. 4. Structural alterations in chromosome 2 during
long�term cultivation of CHL V�79 RJK cells at elevated
temperature. (a) Two copies of chromosome 2 in cells
under standard culture conditions, homologues have iden�
tical structure; (b) modified morphology of 2p210–31
locus in a CHL V�79 RJK cell resistant to 40°C, passage
34; (c) this modified locus in a tetraploid cell, passage 75;
brackets indicate an area with modified morphology and
HSR. N is normal chromosome morphology.



124

CELL AND TISSUE BIOLOGY  Vol. 9  No. 2  2015

GRINCHUK et al.

due to the appearance of novel chromosomal rear�
rangements (inversions) extending karyotypic vari�
ability. The third stage was selection of cells with par�
ticular changes and the appearance of specific markers
resulting from near�centromere breaks in chromo�
some 2 and HSR in 2p210–31. The fourth stage was
progression of karyotypic instability in cell culture that
is resistant to hyperthermia and actively proliferating.

The increased polyploidy (14% versus 1–2% in the
norm) and appearance of randomly rearranged chro�
mosomes in CHL V�79 RJK cells at an early passage
(passage 10) at elevated temperature is probably a

result of heat�shock�produced cell�division disorders.
Disturbances in cytokinesis produce rearrangements
in the karyotype structure, the appearance of polyp�
loidy cells and morphologically defective chromo�
somes.

It has been proposed that some chromosomes of
the karyotypic set are conservative, whereas others
have fragile sites (Dekaban, 1965). Our results show
that CHL V�79 RJK karyotype also has fragile sites.
They are located in large chromosomes mostly in
near�centromere regions. Chromosome breaks may
determine the fate of the cell population. On one
hand, they may promote elimination of centromere�
free genetic material in mitosis. On the other hand,
they assist in the generation of other aberrations,
inversions and translocations. Inversions and translo�
cations change gene sequences that modify their func�
tioning (enhancement or inhibition of their expres�
sion) and the genetic status of the original biological
material.

It has been proposed that the genetic instability of
certain chromosomes under stress conditions suggests
the localization of the gene(s) responsible for cell
adaptation (transformation) in these chromosomes
(Baker et al., 2007). In thermoresistant CHL V�79
RJK cells, chromosome instability (fragility) was
attributed to six chromosomes—2, 3, Z1, Z3, Z4, and
Z5. Breaks in these chromosomes were registered in
the early cultivation period (10–22 passages), but were
random. Long�term cultivation under conditions of
hyperthermia was accompanied with selective advan�

N

M2
M3

M1

HSR

2del
2 3

8

Z3p

Z3q

M2
M3

Z3

Z1 Z2 Z4 Z5

Z6 Z7 Z8 Z9 Z10 Z11

Z12 Z13 Z14 Z15

Fig. 5. Metaphase plate of thermoresistant CHL V�79 RJK cell typical for passage 75. M1, M2, and M3 are marker chromosomes
arising by near�centromere breaks of chromosomes 2 and Z3. The arrow indicates a duplicated locus. The insert shows generation
of M2 and M3 markers.
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Fig. 6. Expression of (a, b) hsc70 and (b) hsp90 and pgp1
genes at various passages of CHL V�79 RJK cells cultivated
at elevated temperature. RT�PCR assay.
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tage of cells with an abnormal chromosome 2 and,
later, Z3. The pattern of these chromosome structural
modifications was altered during the cell subculturing.
At passage 75, in most cells, the karyotype structure
endured gross modifications, with new markers
appearing. This suggests that longer cultivation (more
75 passages) instability of chromosomes 3, Z1, Z4, and
Z5 may lead to the appearance of new marker chro�
mosomes and their number will increase in time.
Manifestation of marker chromosomes in long�term
cultivation of CHL V�79 RJK�40 cells under elevated
temperature allows us to consider selected thermore�
sistant cells as a novel cell line.

Heat shock is accompanied with altered Hsp
expression. In this study, we assayed gene expression of
the HSP70 family in thermoresistant CHL V�79 RJK
cells during their long�term cultivation. We found that
gene expression of constitutive isoform (hsc70) varied
at various cultivation steps. RT�PCR assay at an early
stage (passage 10) of hsc70 expression increased,
slightly decreased to passage 38, and returned to the
background level to passage 78 (Fig. 6). It has been
reported that hyperthermia exposure of fibroblasts
deficient in inducible Hsp70 isoforms Hsp70 (Hsp70.1
and Hsp70.3) induced chromosome aberrations
(Hunt et al., 2004). We showed that karyotypic insta�
bility in thermoresistant CHL V�79 RJK was accom�
panied with increased hsc70 expression. Our observa�
tions, taken together with the literature data, suggest
that modified expression of HSP70 family proteins
and karyotypic instability are coupled.

Protein Pgp1 is an ATP�dependent membrane
transporter engaged in MDR. Its gene contains the
regulatory sequence, the heat shock element (HSE),
interacting with heat shock factor HSF1. Their bind�
ing increased pgp1 expression. The morphological
manifestation of the gene amplifications is HSRs on
chromosomes. Cytogenetic assay of CHL V�79 RJK
selected on the resistance to ethidium bromide that
resulted in MDR showed that the resistant cells under�
went karyotypic changes during long�term cultivation
(Grinchuk et al., 1988, 1996). The presence of HSRs
in chromosomes and breaks in particular loci makes
bromide�resistant and thermoresistant CHL V�79
RJK cells similar in the karyotypic changes they
underwent during long�term cultivation.

Moreover, CHL V�79 RJK’s acquirement of MDR
phenotype, as well as thermoresistance, is accompa�
nied with karyotype destabilization involving the same
chromosomes 2, 3, Z1, Z3, Z4, Z5. These results sug�
gest that the mechanism of the genome destabilization
during cell selection for resistance to elevated temper�
ature and MDR�induced agents is universal.
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