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Abstract

DNA content and chromatin texture of interphase nuclei in MCF-7 and Guerin carcinoma cells
that are sensitive or resistant to chemotherapeutic agents in the setting of the treatment with
cisplatin, nanocomposite and static magnetic field have been analyzed. The results obtained
indicate that chemotherapy agents and physical factors both in vitro and in vivo cause the
increase in the DNA content. Tumor exposure to chemotherapy agents, nanocomposite and
magnetic field causes the increase in the percentage of heterochromatin in nuclei of resistant
tumor cells compared with sensitive ones, especially under the influence of combination of
nanocomposite with static magnetic field Probably it suggests the specific effects of
combination of nanocomposite with magnetic field on cell chromatin depending on the
changes in the strength of the DNA-histone interactions.

Keywords: Cancer, DNA content, Chromatin texture, Sensitive and resistant cell; MCF-7,
Guerin carcinoma, Nanocomposite, Static magnetic field.

Introduction

In past years, considerable experimental
information on the deterministic
chromosome disposition at interphase and
ordered patterns of chromatin packaging

was accumulated indicating that the
distribution of genetic material within the
interphase nucleus is nonrandom (see
Georgiev and Bakaev (1978), Grewal and
Elgin (2002), Li et al. (2007)).
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There are two kinds of chromatin:
heterochromatin and euchromatin. They
are distinguished by genetic activity or, in
other words, functional state of the cells, and
differ by localization within nucleus,
sensitivity to dissociating agents and
nucleases, and the involvement in DNA
conformational transitions and
condensation mechanism (see Li et al
(2007), Kraevskii V. et al (1992)).
Heterochromatin is of  significant
importance in maintaining 3D-structure of
an interphase nucleus and the basic
properties and functions of genetic
mechanisms (replication, transcription,
recombination). Moreover, heterochromatin
determines  nonrandom  pattern  of
interchromosomal exchanges offering the
opportunities for the evolutional
rearrangements of karyotype (see Li et al
(2007), Kumaran et al (2008), Mazumder
and Shivashankar (2007), Gordiyuk (2010),
Kauzarides (2007)).

It was found that the morphology of the
interphase chromatin changes significantly
during the cell life cycle due to the complex
processes of replication and transcription.
However, normally these changes are
limited within the physiological metabolic
ranges. In various pathological conditions,
interphase nucleus is affected significantly.
The interphase chromatin is more sensitive
to various endogenous and exogenous
factors such as chemotherapeutic agents
and magnetic fields than metaphase
chromosomes. In a series of studies, it was
shown that chemotherapeutic agents and
magnetic fields cause compaction of
chromatin (see Shkorbatov et. al. (2010),
Skamrova (2012)).

The chromatin of inactive genes remains in
the condensed form. Meanwhile, the active
chromatin is decondensed. The
decondensation of the chromatin allows for
fast and free access of the transcription
factors to DNA resulting in higher
conformational mobility of DNA. The
nucleosomes in the condensed chromatin
are packaged more compactly limiting
essentially the conformational changes in
DNA. The nucleosomes of the active
chromatin have decompacted, unfold
structure with weakened DNA-protein
interactions (Mazumder and Shivashankar
(2007), Sachaet al (2006), Lorchet al

(2010)).

The basic proteins — histones (H1, H2A,
H2B, H3 and H4) and protamines — play
the key role in the supporting of the highest
levels of DNA organization (see Sacha et al
(2006), Lorchet al (2010)). The histones
are involved in regulation of activity of the
genome in normal and tumor cells. Some
investigators suppose that the histones
inhibit genes expression, but others assert
that histones induce topology changes in a
region of chromatin in transition from
inactive to active state (see Skamrova
(2012), Felsenfeld and Groudine (2003),
Peters etal (2003), Lim etal. (2010)).

Chromatin modifications induced by RNA
play an important role in nucleosome
decompaction (see Pezer (2008), Tomilin
(2009), Patrushev and Minkevich (2008)).
RNA is transcribed from the most regions of
genome. When it forms the duplex
structures as a result of transcription or
extension by  RNA-dependent RNA-
polymerase, the heterochromatin is being
created (see Bondarenkoet al (2006),
Kireeva (2002), Kloc and Martienssen
(2008)). The mitotic phosphorylation of
Ser-10 in histone H3 stimulates the
transcription of heterochromatin and
provides its reconstruction in the next cycle
due to RNA interference (Kireeva (2002)).
Hypothetically, the strengthening of
heterochromatization is the result of genetic
inactivation of the part of the genome. As a
result, the information about elementary
cell metabolic destructive processes is lost or
the specific functions are terminated. In the
latter case, the cell is alive but the
pathological processes are developing
(Lorch (2012)).

The modern cytometric methods of video
microscopy and the methods for computer-
aided digital image analysis allow using the
chromatin as a feature of the functional
state of cells and their genetic mechanism
affected by various factors including
chemotherapeutic agents, nanocomposites
and magnetic fields (Dudkin et al (1999)).
The changes of parameters of the chromatin
distribution reflect the changes in the
activating genes, and the quantitative
content of DNA in cell nuclei may be
indicative of the state of the genome.
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Thus, the purpose of our study is in vitro
and in vivo analysis of DNA content and
chromatin texture in interphase nuclei of
tumor cells affected by nanocomposites and
magnetic fields.

Materials and Methods

MCF-7 line of human breast cancer cells and
the sublines resistant to doxorubicin (Dox)
and cisplatin (CP) were used in the study.
(The authors would like to thank Dr. Igor M.
Todor, Department of Mechanisms of Anti-
Tumor Therapy, RE Kavetsky Institute of
Experimental Pathology, Oncology and
Radiobiology of National Academy of
Sciences of Ukraine, who provided the
resistant strain.) The cells were cultured for
24 and 72 hours under the standard
conditions  with  addition of the
nanocomposite consisting of an iron
nanocomplex in liposomal form. The iron
concentration in the complex was 0.001 %.

In the second research series, the original
MCF-7 cells and the cells of MCF-7/DDP
subline resistant to cisplatin were cultured
with addition of the cisplatin and magnetic
fluid conjugated with the cisplatin at the
dose corresponding to IC30. Cisplatin was
added to the original MCF-7 cells at a
concentration of 2 mcg/ml  The
concentration of cisplatin in the magnetic
fluid was equal to 1.5 mcg/ml, with Fes04
content of 24 mcg/ml Cisplatin was added
to the cells of the resistant subline at a
concentration of 4 mcg/ml; the
concentration of cisplatin in the magnetic
fluid was equal to 3 mcg/ml with Fes04
content of 48 mcg/ml The cells were
incubated with the studied substances for
24 hours under the standard conditions.
Then, the cells of the original and resistant
lines were exposed to the static field with
induction of 156 mT for 1 hour.

The histochemical study of cells was carried
out in cytospin preparations fixed in 4%
formaldehyde vapors for 3 min. DNA content
was determined in the nuclei stained by
Feulgen according top the conventional
technique.

Besides in vitro analysis, the effects of the
nanocomposite were studied in Wistar rates
(mass 130-150 g) with transplanted Guerin
carcinoma (conventional strain or its

cisplatin-resistant variant). In 9 days after
transplantation, the animals with original
Guerin carcinoma or cisplatin-resistant
variant were divided into 5 groups and
treated as follows: group I - control (no
treatment); group II - intravenous
injections of cisplatin “Ebeve” (Austria);
group III - the same cisplatin injections as
in group II followed by exposure of tumor to
the static magnetic field (100-600 mT)
following each injection for 30 min; group
IV - intravenous injections of
nanocomposite (magnetic liquid with
cisplatin) every other day, 4 injections in
total at a dose of 1.2 mg per kg of body mass
and the dose of iron of 1 mg per kg of body
mass; group V - the same nanocomposite
injections as in group IV followed by
exposure of tumor to the static magnetic
field (100-600 mT) following each injection
for 30 min. The rats were sacrificed
according to the rules of bioethics for
experimental studies on animals. The tumor
material was fixed in 10 % solution of
neutral formalin. To prepare the histological
specimens we used celloidin-paraffin
embedding with further embedding in
paraffin and preparation of sections 5-6 pm
in thickness. The DNA content was
estimated in nuclei of tumor cells stained by
Feulgen.

The DNA cytometric analysis was carried
out using the computer image analyzer
consisted of Olympus microscope, Olympus
C-5050 digital camera and computer. We
measured the integral brightness of the
stained nuclei (zoom = 1000x, wavelength
575 um) that measures the total optical
absorption in all pixels of nuclei image and
represents the DNA content. We have
developed an algorithm that was based on
the analysis of distribution of absorption
levels in a nuclei scanogram in order to
determine condensed chromatin (CC) and
decondensed chromatin (DC). We used the
threshold of brightness It = Imin + 0.4 X (Imax
- Imin) to determine CC and DC. The pixel is
corresponding to CC if its optical absorption
falls within the range from Imin to Imax. We
considered that the pixel corresponds to DCi
if this value exceeds the threshold. Counting
total number of pixels corresponding to CC
and DC and dividing it by the area of the
nucleus (in pixels), we calculate the
proportion of CC and DC in a nucleus.
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We  determined the mean integral
absorption of nuclei of small lymphocytes in
smears of centrifugates of rat blood in order
to determine the standard of ploidy. This
standard corresponded to diploid - 2n. The
data on ploidy of tumor cells were obtained
automatically:  dividing the integral
brightness of the nuclei of tumor cells by the
half of cytological ploidy standard which was
taken as a unit of measurement.

Results and Discussion

The DNA content in MCF-7 breast cancer
cells resistant to doxorubicin and cisplatin
was higher than in original MCF-7 culture:
152.4+6.02  conventional unit (CU);
132.1#9.19 CU and 131.94#9.53 CU,
respectively (Tables 1 and 2).
in DNA content

Increase in cisplatin-

resistant cells in comparison with sensitive
ones can be explained by the fact that
according to literature data the development
of resistance is accompanied by the changes
of the karyotype profile of these cells, the
chromosomal aberrations driven by genes
amplification and the accelerated reparation
of DNA. According to literature data, the
resistance may be associated with the
activation of oncogenes (Svirnovsky and
Pasyukov (2007)).

The changes of the chromatin texture
demonstrate a trend towards intensification
of heterochromatization in nuclei of
resistant cells. This can be explained by the
oxidative stress caused by the direct
interaction with DNA and penetration of
ferromagnetic through the cell membrane
(Alkhateeb and Connor (2010)).

Table 1: DNA content and proportion of condensed (CC) and decondensed (DC) chromatin
in nuclei of original MCF-7 cells exposed to nanocomposite

Factors, CU Time of nanocomposite exposure
Oh 24h 72h
DNA 131.9+9.53 135.1+4.94 143.1+6.02
71.1-168.9 98.5-178.4 19.8-178.5
CcC 0.41+0.07 0.30+0.07 0.32+0.07
DC 0.59+0.07 0.70+0.07 0.68+0.07

Table 2: DNA content and proportion of condensed (CC) and decondensed (DC) chromatin
in nuclei of cells in doxorubicin and cisplatin resistant MCF-7

sublines exposed to nanocomposite

Factors, Dox resistant MCF-7 Cisplatin resistant MCF-7
CU Time of nanocomposite exposure Time of nanocomposite action
Oh 24 h 72h Oh 24 h 72h
DNA | 152.4+6.02 | 142.7+6.88 | 152.4+6.01 | 132.1+9.19 (138.4+6.88| 147.1+4.31
122.4 - 97.2-1719 126.0 - 84.8-173.0 97.2 - 114.1-175.6
175.7 177.3 171.9
CC | 0.34%0.07 | 0.31%0.07 0.36+0.07 | 0.30+£0.07 |0.31+0.07 0.33+0.07
DC | 0.66+0.07 0.69+0.07 0.64+0.07 0.70+0.07 |0.69+0.07 0.67+0.08

As a result, the cross-linking between DNA

based

on weakening of DNA-protein

thymine and tyrosine of histone activates. In
contrast, decondensed chromatin increases
in the nuclei of original MCF-7 cells exposed
to  nanocomposite. The  chromatin
decondensation is accompanied by the
activation of transcription in cells (Li et al
(2007)). The activation of chromatin is

interactions with decreasing the shielding
effect of histones (Grewal and Elgin
(2002)). It is well-known that histone
amino groups interact with phosphate
groups of DNA preventing the interaction of
ligands with DNA within deoxyribonucleic
acid complex. The higher level of the histone
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acetylation is characteristic of the active
chromatin. This causes the neutralization of
their amino groups and weakening of their
linkage with DNA. The increase in
decondensed chromatin proportion due to
partial loss or modification of histone H1 is
facilitated by DNA alkylation with cisplatin.
Alkylated DNA activates linkage with
several histones, primarily, H1. Also, the
chromatin decondensation provides for fast
and free access of the transcription factors
to DNA ensuring higher conformational
mobility of DNA (Chekhun et al. (2007)).
Following 72 hours of incubation with
ferromagnetic-contained nanocomposite,
DNA content in the original MCF-7 cells
increased from 131.9+¥9.53 CU to
143.1+6.02 CU (Table 2). In this setting,
DNA content in the cisplatin-resistant MCF-
7 cells also increased while in Dox-resistant
MCF-7  cells the treatment  with
nanocomposite did not affect DNA content
(Table 2). This may be explained by the fact
that doxorubicin can block Gz phase of
mitotic cycle.

The effects of cisplatin, magnetic fluid, and
nanocomposite of the DNA content and
chromatin  redistribution in cisplatin
sensitive and resistant cells are presented in
Table 3. The DNA content in the resistant
cells was higher as compared to original
MCF-7 cells: 127.2 and 1219 cu,
respectively.

The DNA content increased both in original
MCF-7 cells and cells of resistant sublines
exposed to cisplatin, magnetic fluid and
nanocomposite. It is known that cisplatin
delays the cell cycle in S-phase and arrest
the cells in G2/M-phase (Vaismanet al
(1997)). The arrest of cell cycle in G2-phase
allows for repairing damaged DNA
preventing the emergence of mutant and
aneuploid cells. It is well-lknown that the
reparation in this process is a stage of
excisional reparation which means the
breaks repairing in course of DNA
replication involving DNA polymerase
(Fhon (2008)).

Table 3: DNA content and proportion of condensed (CC) and decondensed (DC) chromatin
in nuclei of MCF-7 and MCF-5/DDP cells exposed to cisplatin, magnetic
Fluid and nanocomposite

Treatment MCF-7 MCF-7/DDP
DNA. cu CC.cu DNA. cu CC. cu DC. cu

Control 121.9+11.1| 0.26+0.06 |0.74+0.08| 127.2+9.2 0.24+0.06 0.75+0.08
80.4 - 160.2 90.0 - 155.5

Cisplatin 123.4+11.1| 0.25%0.07 |0.75+0.07| 129.2+9.2 0.29+0.06 0.72+0.08
80.4 - 160.2 90.0 - 155.5

Magnetic fluid |125.1+x11.6| 0.26+0.06 |0.75+0.08| 128.8+8.1 0.30+0.06 0.71+0.07
73.4-123.3 88.1-163.3

Nanocomposite | 125.3+7.8 | 0.25+0.07 |0.75+0.07| 129.8+12.3 | 0.37+0.07 0.63+0.07
77.8 - 160.6) 88.8-163.3

The percentage of decondensed chromatin
in the nuclei of original MCF-7 cells exposed
to cisplatin, magnetic fluid and
nanocomposite increased (Table 3).
Primarily, this can be explained by the
different content of condensed and
decondensed chromatin in nuclei depending
on the phase of cell cycle (Kloc and

Martienssen (2008)). It is known that early
at S-phase the condensed chromatin
disappears with transition into diffusible
form. Then, at the late G2-stage the
chromatin condensed again that is
associated with formation of prophase
chromosomes. Since cisplatin causes the
delay in S-phase with G2/M arrest (see
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Vaisman et al. (1997), Fhon (2008)), we
observed the decrease in condensed
chromatin area (due to DNA synthesis),
while postsynthetically, the number of
zones of condensed chromatin increased.

On the contrary, in nuclei of cisplatin
resistant cells exposed to cisplatin, magnetic
fluid and nanocomposite the percentage of
condensed chromatin increased. There are
many data on protective mechanisms in cells
on genetic and cytological levels as a
response to endogenous and exogenous
factors (Englevsky and Brazhnikova
(2010)). Condensed state of structural
chromatin is of particular importance in this
aspect. As far as structural chromatin
resides at internal side of nuclear envelope,
it protects the critically important regions of
chromosomes with genes to be transcribed.

Recently it has been suggested that the
heterochromatin is partially destroyed and
restored at every mitosis with the
involvement of RNA interference. This
scheme is considered as a model of
reconstruction of modified histones that
provides heterochromatin (Fhon (2008))
and even as a general model of epigenetic
inheritance in eukaryotes driven by RNA-
interference (Kloc and Martienssen (2008)).
The key part in mitosis is the
phosphorylation of Ser-10 (HP1) and
activation of transcription in G1 and early S-
phase. The transcripts of heterochromatin
are accumulated in  S-phase and
transformed to specific siRNA-complexes
(RITS-complexes — RNA  Induced
Transcription Silencing) inducing additional
methylation of Lys-9 in histone H3 (after
replication) and binding with Swi 6 protein.
Thus, the heterochromatin is completely
reconstructed in each new cycle.

The exposure to the magnetic field of both
original and resistant MCF-7 cells cultured
in the presence of cisplatin, magnetic liquid
and nanocomposite resulted in the
increased  proportion of condensed
chromatin and the decreased proportion of
decondensed chromatin. This is in
accordance with literature data that a
magnetic field promotes compaction of
chromatin (Kraevskii et al (1992), Kumaran
et al (2008), Sarimov et al. (2011)). It is
known that negatively charged DNA and

positively charged histones in nucleosomes
interact electrostatically. This interaction
affects the chromatin state and the changes
if magnetic field induces currents in the
body (see Sarimov R., Alipov and Belyaev
(2011), Luger et. al (1997), Hilder and
Maclean (1974), Korolev et. al (2012)).
There are various views on the mechanisms
of interactions between the electromagnetic
fields and the living organisms. The main
hypothesis is based on polarization of
bound charges, orientation of constant
dipoles and movement of free histones
(McKinlay and Bernhardt (2003)). At the
nucleosomal level this effect can be
manifested as redistribution of the charges
of nucleosomal components leading to the
strengthening of  the histon-DNA
interactions, in other words, chromatin
condensation.

In in vivo experiments, the DNA content in
nuclei of Guerin carcinoma cells of the
conventional cisplatin-sensitive strain was
higher in comparison to the resistant type of
tumor: 67.3+17.8 C.U. and 65.6£19.4 C.U.
respectively (Table 4).

The exposure to the various factors
understudy did not affect DNA content in
nuclei of tumor cells of both sensitive and
resistant carcinoma. The percentage of
condensed chromatin in cells of cisplatin
sensitive Guerin adenocarcinoma in control
animals was lower in comparison to nuclei
of cells of cisplatin resistant Guerin
adenocarcinoma. This value decreased in
cisplatin sensitive tumors under the
influence of cisplatin, nanocomposite and
cisplatin, and nanocomposite, cisplatin and
magnetic field while in cells of cisplatin
resistant Guerin carcinoma the factors
stated above resulted in the increasing
proportion of the condensed chromatin.
Therefore, we observed the trend of
increasing condensed chromatin content in
nuclei of cisplatin resistant tumors under the
influence of various factors. Under the same
conditions, the decondensed chromatin in
nuclei of cells of cisplatin sensitive line of
human breast cancer increased.

Also, we studied the imbalance of DNA
(aneuploidy) in nuclei of tumor cells in
tumor-bearing animals exposed to cisplatin,
nanocomposite and cisplatin, cisplatin and
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magnetic field and combination of the
factors above. The densitometric analysis of
specimens has demonstrated that the ploidy
in tumor cells of sensitive Guerin
adenocarcinoma differed from that in cells
of resistant adenocarcinoma (Figure 1).

In 60-68% of cells of cisplatin sensitive
Guerin  adenocarcinoma, the ploidy
amounted to 3 n and the percentage of cells
with diploid set of chromosomes varied
from 20 to 34%. Meantime, the modal class
of the resistant tumor cells contained mostly
diploid cells with 2n ploidy (63%). The
modal class of cells in resistant tumor
affected by cisplatin corresponded to the
level of diploid cells (62%), and in sensitive
tumors the number of cells with 3n ploidy
increased to 44%, and the proportion of
diploid cells was 34%.

It is worthy of note that sensitive tumors
contained more tetraploid cells (4n)
composing 16% of total number of tumor
cells under the influence of cisplatin and
23.6% under the influence of
nanocomposite compared with resistance
tumors. In the group of animals with the
resistant Guerin carcinoma exposed to
cisplatin, the modal class contained diploid
cells (58%), and in the group of sensitive
tumors the modal class contained triploid
cells (43%). The increase in tetraploid cells
content is an evidence of the increasing

aneuploidy. It should be noted wider
scattering of the cells with respect to ploidy
in the sensitive tumors — from 1 n o 4 n,
while the ploidy in the resistant tumors was
2n or 3n. The ploidy of tumor cells in
animals with cisplatin sensitive
adenocarcinoma that received cisplatin and
was affected by magnetic field was 2 n and
3 n. The proportions of such cells were 24%
and 44% respectively with modal class 3 n.
The resistant tumors contained 42% and
43% of the diploid and tetraploid cells,
respectively. The ploidy of cells in resistant
tumors in  animals receiving the
nanocomposite and affected by magnetic
field was 2n and 3n — 56% and 34 %,
respectively with the modal class of 2 n. The
cells with 3n ploidy predominated in the
sensitive tumors (45%) where the
percentage of the cells with 2n and 4n
ploidy was 22% and 21%, respectively. The
modal class in resistant tumors under the
influence of nanocomposite and magnetic
field contained mostly diploid cells (62%),
while the modal «class in sensitive
adenocarcinomas contained both diploid
(50%) and tetraploid cells (38%). Our data
are in accordance with the data of other
investigations demonstrating the increasing
aneuploidy index. This proves the imbalance
of the DNA exchange under the influence of
electromagnetic fields and ferromagnets (see
Ivanov et al (2010), Mashevich et al
(2003), Ivancsits et al. (2002)).
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Figure 1: DNA content in nuclei of tumor cells of cisplatin sensitive and resistant
Guerin carcinoma under the influence of various factors

Thus, the most explicit abnormalities in
genetic mechanisms of cells were detected
in tumors of the animals with sensitive
Guerin carcinoma under the combined
influence of a nanocomposite and magnetic
field. Such abnormalities were manifested
by higher proportion of tetraploid cells and
the shift of histogram towards the right that
points to the change of karyotype in these

cells. Hypothetically, such aberrations of cell
ploidy may be indicative of 1) conformation
changes in chromatin (changes of the DNA-
histone interactions); 2) damage of the
nucleus membrane structure that can cause
formation of different ploidy classes; and
3) abnormalities of formation of cleavage
spindle.

Table 4: DNA content and chromatin distribution in nuclei of cisplatin sensitive Guerin
carcinoma cells under the influence of various factors

Factors Control Cisplatin

Cisplatin +
magnetic field

Cisplatin + Cisplatin +
magnetic fluid magnetic
(nanocomposite) fluid +

magnetic
field
Cisplatin sensitive Guerin carcinoma
DNA 67.3+17.8 68.6+18.8 66.98+18.4 68.2+19.7 67.6+x17.9
content.
C.U.
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Range of | 25.6-133.9 | 18.9-130.1 15.3-123.5 19.8-154.1 11.3-133.4
DNA
content
cC 0.37+£0.07 0.34+0.07 0.34+0.07 0.34+0.07 0.34+0.07
DC 0.63+£0.07 0.67+0.07 0.66+0.07 0.66+0.07 0.66+0.07
Cisplatin resistant Guerin carcinoma
DNA 65.6+19.4 61.6+£18.6 66.5+18.2 64.1£17.7 65.9+23.1
content.
c.u.
Range of | 10.2-123.6 | 8.4-122.5 11.3-127.5 9.7-120.2 12.0-121.4
DNA
content
CcC 0.45+0.07 0.47+0.06 0.47+0.06 0.47+0.07 0.47+0.07
DC 0.55+0.07 0.53+0.06 0.53+0.07 0.53+0.07 0.53+0.07

Conclusions

The results of our research demonstrate that
the DNA content increases in nuclei of both
sensitive and resistant tumor cells exposed
to chemotherapeutic agents and physical
factors in vitro and in vivo. We have shown
that chemotherapy agents, nanocomposite
and magnetic field increased the percentage
of heterochromatin in the resistant cells as
compared with the sensitive cells. This
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