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COMPARATIVE CHARACTERISTICS OF DNA LOOP DOMAINS
REARRANGEMENT IN GLIOBLASTOMA MULTIFORME T98G
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Background: The loop domain organization of chromatin, which plays an important role in transcription regulation, may depend
on the cell functional state. The aim of this work was to investigate DNA loop reorganization upon functional transitions in two cell
lines — glioblastoma multiforme T98G and glioblastoma astrocytoma U373. Materials and Methods: Single cell gel electrophoresis
(the comet assay) was used to analyze the kinetics of the DNA loop migration from the nucleoids obtained from the lysed cells. Results:
The DNA fraction in the surface loops and the size of these loops were found to be similar in two glioblastoma cell lines. When synthetic
processes were inhibited, the migration of a small portion of inner loops was observed in T98G but not U373 cells. In T98G cells,
stimulation of cell proliferation and transcription was accompanied by an increase in DNA fraction in the inner loops and an essential
increase in the size of these loops. The effect of stimulation was practically absent in U373 cells. However, the linear density of the
loops resolved by the comet assay was found to decrease upon stimulation of proliferation in both cell lines. Conclusion: A decrease

in the loop density appears to be associated with an intensification of the synthetic processes in cells upon their stimulation.
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Cell differentiation and de-differentiation inclu-
ding malignant transformation are accompanied
by changes in the expression of particular genes as well
as in the whole transcriptional profile of cells [1, 2].
Itis known that the transcription regulation system relies
on DNA loop domains — chromatin structures formed
in the ATP-dependent process of loop extrusion [3-5].
As a result, gene promoters and their distal regulatory
elements (enhancers or silencers) are brought into
close physical proximity. Changes in the cell transcrip-
tion level are associated with the reorganization of loop
domains in the cell nuclei [5-7]. For example, using
the Hi-C technique, the powerful approach for detect-
ing genome-wide contacts between different regions
of the chromatin fibers, it was shown that the activation
of transcriptional processes in mouse B-lymphocytes
is accompanied by an increase in the number of loops
and their contour length [8].

In our previous works, we also focused on studying
DNA loop dynamics in human peripheral blood lympho-
cytes upon their activation with recombinant interleukin
2 as well as in malignant lymphoid Jurkat cells [9, 10].
To assess the DNA loop domain organization, we ap-
plied the kinetic approach previously developed in our
laboratory, which is based on the single-cell gel electro-
phoresis (the comet assay) of the isolated nucleoids [ 11,
12]. These structures are obtained after mild cell lysis
in the presence of detergents and high salt. As our re-
sults showed, DNA loops in the nucleoids are in general
the same as the chromatin loop domains [12], making
the comet assay an easy and sensitive method for in-
vestigating DNA loop domain organization.
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Analysis of the electrophoretic track (comet tail) forma-
tion allows us to evaluate a number of parameters of the
loop organization inthe cell nuclei. In particular, it enables
to determine the amount of DNA in the loops localized
in different regions of the nucleus (inside or on the sur-
face) as well as the contour length and the linear density
of these loops [12—14]. It was shown that the loop organi-
zation in activated lymphocytes and malignant lymphoid
cells is similar. On the other hand, there are differences
in comparison with terminally differentiated lymphocytes.
First, DNA fraction in the loops of large sizes (more than
~200 kb) was essentially increased in the activated and
transformed cells. Second, the linear density of the loops
notlargerthan ~200 kb was decreased in these two types
of cells under conditions that promote a high level of tran-
scriptional activity while it increased upon the inhibition
of synthetic processes [10].

In this work, we focused on the comparison of the
DNA loop domain organization in two cell lines -
glioblastoma multiforme T98G and glioblastoma
astrocytoma U373 — in the setting of serum depletion
followed by re-stimulation by serum addition. Both cell
lines are frequently used as models for studying the
mechanisms of cell division control [15, 16], the effects
oftestdrugs [17], the expression of a number of tumor
suppressor genes, etc. Despite the fact that the origin
of these cells is similar, a number of characteristics
significantly distinguish one line from another: ploidy,
morphology, tumorigenicity, response to changes
of culture conditions, etc. [15, 18-20].

The questions we have addressed here are (i) how
different or similar the loop organization of these two
cell lines is, and (/i) how the modulation of their tran-
scription levelis associated with the loop organization.
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The obtained results indicate that in serum-
depleted cells of both lines the amount of DNA in the
surface loops and the contour length of these loops
are similar. The migration of inner loops was observed
only in the T98G cell line. Renewal of the cells prolif-
eration and active synthesis (re-stimulation) was ac-
companied by a decrease in the loop density in both
cell lines. In the T98G cells, in addition, an increase
in the contour length of the inner loops and the
amount of DNA in these loops was observed while
any changes in these parameters were not detected
in the U373 cell line.

MATERIALS AND METHODS

Celllines. We used two types of tumor cell lines —
human glioblastoma multiforme T98G and human
glioblastoma astrocytoma U373, both cell lines are
of glial origin. T98G is considered to be a polyploid
derivative of the T98 cell line originated from human
glioblastoma multiforme and possesses spherical,
polygonal, and fibroblast-like shape [18]. Regard-
ing cellular proliferation control, T98G combines
features of both normal and malignant cells. Like
normal cells, T98G is arrested in the G1 phase in alow
serum-containing medium or at high cell density.
At the same time, T98G cells are immortalized and
anchorage-independent and are not tumorigenic
in nude mice [15]. U373 is a human glioblastoma
astrocytoma cell line. U373 was derived from as-
trocytoma grade IV/glioblastoma multiforme and
established as a permanent cell line in 1973 [19, 20].
Itis pleomorphic/astrocytoid in morphology and has
adiploid karyotype [21]. It was shown that U373 cells
are tumorigenic in athymic nude mice [20].

Cell culture. Cells were cultured at 37 °C in DMEM
with 10% fetal bovine serum and antibiotics. In order
to decrease cells transcription activity, partly synchronize
the culture and, for T98G cells only, stimulate its arrest
in the G1 phase, cells were put in the same medium
without serum and incubated for 24 h or 48 h. For re-
stimulation to proliferation, the cells were sedimented
by centrifugation, put in DMEM medium with 10% fetal
bovine serum, and cultured for 8 hor 16 h. The cells were
collected by centrifugation, washed twice with Hanks’
salt solution and used for the preparation of nucleoids.

The comet assay was performed as described
earlier [11-13]. Briefly, cell suspension in Hanks’ salt
solution was mixed with 1% low-melting point agarose
and an aliquote of the mixture was used to prepare
a microscope slide covered with 1% high-melting
point agarose. Slides were treated with ice-cold lysis
solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris-HCI
(pH 8.0), 1% Triton X-100) overnight, washed by TBE
buffer (89 mM Tris-Borate, 2 mM EDTA, pH 7.5) and
subjected to electrophoresis in the same buffer.
Several slides, which were simultaneously prepared
in the same way, were placed into the electrophoresis
tank, and then they were taken out every 5 or 10 min
of electrophoresis. After electrophoresis, slides were
stained with DAPI and immediately analyzed by a fluo-

rescent microscopy. A total of 100-150 randomly
chosen nucleoids on each slide were examined using
image analysis software CometScore (TriTek, USA)
to determine the relative amount of DNAin the tails and
the tail length. The tail length values were multiplied
by two and divided by 0.34 nm to estimate the contour
length of the longest loops in the tails.

Analysis of the kinetic plots. For T98G cells, the
kinetic plots (the relative amount of DNAin the tail fvs.
electrophoresis time t) were sigmoidal and they were
fitted with the equation f = Af; + A.f,, where A, and
A, are the maximum amplitudes of two components
(see [12] for details). The function f; is described
by a standard equation of monomolecular kinetics:

fi=1—exp (-kit), (1)
where k; is the rate constant. The function f, obeys
the sigmoidal Boltzmann equation:

fo=1/[1+exp (k2 (to— 1))], (2)
where k; is the rate constant, t; is the transition half-
time. For U373 cells, it was possible to describe the
plots by a monomolecular reaction scheme.

The dependences of the relative amount of DNA
in the tail fon the contour length /,, of the longest loops
in the tail were fitted with the equation [13]:

f=Ffnl1— 0 +yvyl,)exp (-vi,)], (3)
where £, is the maximum relative amount of DNA that
can exitand yis the loop density (the number of loops
per 1 kb).

RESULTS
Typicalimages of nucleoids prepared from T98G and

U373 cells at different stages of electrophoresis are pre-
sented in Fig. 1. The appearance of the comets is about

Fig. 1. Typical images of comets after 20 (a, c¢) and 60 (b, d)
min of electrophoresis for T98G (a, b) and U373 (c, d) cell lines.
Bar: 10 um
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the same for cells of both lines and does not differ from
other cell types that we investigated previously [11-13].

As we have shown earlier [22], for serum-depleted
culture of T98G cells the kinetic plot of the average
relative amount of DNA in the comet tails has a two-
step shape (Fig. 2, a). At the first rapid step, which
reflects the migration of DNA loops from the nucleoid
surface [12], the amount of DNA in the tail does not
exceed 10% of the total DNA amount in the nucleoid.
Inner loops, whose exit into the comet tails occurs
at the second step [12], give an additional increase
(~5%) in the DNA fraction in the comet tails (Table).

In contrast to T98G cells, for U373 cells the kinet-
ics of DNA exit into the comet tails occurs in one step
and obeys monomolecular reaction scheme (Fig. 2, a,
Table ): the relative amount of DNA in the tails remains
unchanged at the level of ~0.07 even after 80 min
of electrophoresis. This value is comparable with the
DNA amount achieved at the first step for T98G cells.
Thus, the migration of inner DNA loops was not ob-
served for U373 cells at all.

Along with the analysis of the DNA fraction in the
inner and surface loops, the estimation of the con-
tour length of the longest loops of the two types was
performed (Fig. 3, a). The length of the surface loops
in the comet tails is almost similar for both cell types
and varies from ~ 20 to ~80 kb at different times
of electrophoresis duration. As it was mentioned
above, the exit of the inner loops was observed for

T98G cells only (the second step of the kinetic plot
in Fig. 2, a) and the length of these loops increased
with time up to ~150 kb.

It should be noticed that for both cell types, the
comet tails contain only a small part of DNA in the
nucleus (~13% and ~7% of the total genome for T98G
and U373 cells, respectively). This observation points
out that the loops, which cannot exit during electro-
phoresis, are probably the loops, which are too large.

The correlations between the length of the lon-
gest loops and the relative amount of DNA in the tails
(Figs. 2, a, 3, a) allow one to estimate the loop density
(yin EqQ. 3), the main parameter of the exponential dis-
tribution of the loop length [13]. Fitting Eq. 3 to depen-
dences of fupon /,, gives close values of the density:
Yy =0.059 + 0.007 kb~" for T98G cells and y = 0.067 %
0.005 kb~" for U373 cells. Note that the loop density
estimated is related only to the loops, the sizes of which
are within the resolution of the comet assay.

To stimulate again the cell proliferation and tran-
scription activity, serum was added to the medium
and the kinetics of DNA exit from nucleoids was again
examined. For re-stimulated T98G cells, a significant
increase in DNA amount in the tails and in the length
of the longest loops in the tails was observed at both
steps of migration (Figs. 2, b, 3, b; Table). The increase
was especially pronounced for the length of the in-
ner loops: from ~150 to ~300 kb (Fig. 3). In contrast
to T98G cells, both investigated parameters remained
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Fig. 2. The average relative amount f of DNA in the comet tails as functions of electrophoresis time for nucleoids obtained from
serum-depleted (a) and re-stimulated to proliferation (b) T98G cells (["]) and U373 cells (O). Here and in Fig. 3 below, each point
is an average of 5 to 7 independent experiments, error bars are the standard errors

Table. Kinetic parameters of DNA exit from nucleoids derived from serum-depleted and re-stimulated to proliferation T98G and U373 cells

. T98G U373
Kinetic parameter Serum-depleted Re-stimulated Serum-depleted Re-stimulated
kq, min™! 0.66 +0.29 0.17 £0.05 0.29+0.05 0.32+0.07
Ky, min! 0.09+0.04 0.06 £0.01 - -
ty, min 27+8 41+£10 - -
A 0.07 £0.01 0.09+0.01 0.07 =£0.001 0.07 £0.002
A, 0.05+0.01 0.08 +0.02 - —

Notes: A,and A, are the maximum amplitudes of two components of the kinetic plots; k; and k; are the rate constants of the first and second step of the ki-

netic plot, respectively; t, is the transition half-time for the second step.
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Fig. 3. The contour lengths of the longest loops in the tails (/,,) as functions of electrophoresis time for nucleoids obtained from
serum-depleted (a) and re-stimulated to proliferation (b) T98G cells (M) and U373 cells (@)

almost the same for serum-depleted and re-stimulated
U373 cell culture, although a little enlargement of the
loops was observed at later times of electrophoresis
(Fig. 3, b). For both cell lines, significant decrease
in the loop density was observed after stimulation
of proliferation. This value became almost two times
lower for T98G cells (y = 0.025 + 0.002 kb~") and
decreased to 0.053 £ 0.003 kb~'for re-stimulated
U373 cells.

DISCUSSION

Investigation of the kinetics of the comet tail forma-
tion during the comet assay makes it possible to es-
timate a number of parameters of the loop organiza-
tion in nuclei [12, 14]. Earlier, we studied the physical
mechanisms of the tail formation and demonstrated
that the first rapid stage of DNA migration is provided
by pulling the loops located on the nucleoid surface.
These loops are characterized by the absence of su-
percoiling and a relatively small contour length [12].

In present study, we analyzed DNA loop reorgani-
zation in T98G and U373 glioblastoma cell lines in the
setting of serum deprivation/restoration. For both
serum-free cell cultures, the fraction of DNA in the sur-
face loops is practically identical and coincides within
the error with this parameter obtained, for example,
for intact lymphocytes [9, 10].

It can be argued that the relative number of outer
loops is a common characteristic of the cell nucleus
of these two cell lines. The sizes of the outer loops are
also similar and do not exceed ~ 80 kilobases. Based
on general ideas about the structure of the nucleus,
it can be assumed with some caution that the surface
loops originate from constitutive heterochromatin
(centromeric and telomeric regions which are known
to be localized on the nuclear periphery), which ex-
plains the similarity of the DNA fraction in these loops.

As shown earlier, the DNA fraction in the inner loops
of nucleoids, which can be visible in the comet assay,

is a more variable parameter [ 13]. Their migrationis de-
layed and cooperative (as indicated by the S-shaped
kinetics of their exit). These loops are supercoiled
and rather large. In our experiments, migration of the
inner loops was observed only for T98G cells, and the
DNA fraction in their composition did not exceed ~
5%. For comparison, in human lymphocytes, the DNA
fraction in such loops is about 14%, while in malignant
lymphoid Jurkat cells as well as in U373 cells, the exit
of these loops was not observed at all [10]. The rather
small relative amount of DNA in the inner loops in T98G
cells and the complete absence of their migration
in U373 cells can be explained by the significant size
of these loops.

The analysis of the correlation between relative
DNA amount in the tails and the tail length makes
it possible to determine the linear density of the loops,
the sizes of which are within the resolution of the comet
assay. For serum-depleted cells of both types, this
value was similar within the error and comparable
to that obtained, for example, for Jurkat cell line [10].

Re-adding serum to the culture medium activates
suspended synthetic processes. This is accompanied
by a change in the loop organization only in T98G cells
and is especially pronounced for inner loops. This
reorganization consists of an almost 1.5-fold increase
in the fraction of DNA in the inner loops and a 2-fold
increase in their size. Itis curious that similar changes
(anincrease in the size of internal loops and the relative
DNA amount in their composition) were also observed
upon activation of lymphocytes by interleukin-2 [9].
The absence of visible changes in the amount of DNA
in the comet tails and the contour length of the loops
in U373 cells shows apparently that the inner loops
in these cells are too large under any conditions.

It should be noted that T98G cells are arrested
at the G1 phase of the cell cycle in serum-free me-
dium [23]. In contrast, U373 cells retain some low
level of synthetic activity in this setting. Our attempt
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to induce the arrest by extending the incubation time
in the serum-free medium above 48 h was not suc-
cessful: the cells died. Perhaps this difference (which
may be related to the different grade of malignancy)
explains why any changes in the loop organization were
not observed in U373 cells, while T98G cells exhibit
changesin the loop organization, which are typical for
normal cells (in particular, for ymphocytes) when the
synthetic processes are stimulated one way or another.

Nevertheless, for both T98G and U373 cells, upon
re-stimulation of proliferation, a decrease in the linear
loop density is observed, which is much more pro-
nounced for T98G cells. A similar effect was also ob-
served upon activation of lymphocytes by interleukin-2.

Animportant question that has not been addressed
is whether there are any cancer-associated changes
in the loop domain organization. This issue remains
largely unexplored and should be clarified by future
research.

To sum up, the results of our comparative study
of the two glioblastoma cell lines show the similar-
ity in both the DNA fraction in the surface loops and
in their contour length. When synthetic processes
are inhibited, the migration of a small portion of in-
ner loops, the contour length of which is compa-
rable to that obtained for other cells investigated
earlier, was observed in T98G but not U373 cells.
In T98G cells, stimulation of transcription and cell
proliferation was accompanied by anincrease in the
DNA fraction in the inner loops and an essential
increase in the size of these loops. Such an effect
was practically absent in U373 cells. However, the
linear density of the loops resolved by the comet as-
say was found to be decreased upon re-stimulation
of both cell lines.
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NMOPIBHAJIbHA XAPAKTEPUCTUKA
PEOPIAHISALIT METEJIbHUX OMEHIB OHK
B KJNITUHHUX JTIHIAX MYJIbTUDOPMHOI
rNIOBJIACTOMMU T98G TATJ1IIOBJIACTOMMU
ACTPOLIUTOMU U373 3A PIBHUX YMOB
KYJIbTUBYBAHHSA

K. Ceupuoosa’, B.Bacuavesa', C. Kponuexo’, K. Ajpanacvesa’,
A. Cusoa06’

! Kuiecokuil nauionanvhutl ynicepcumem imeni Tapaca Illesuenka,
Kuis 01601, Yxpaina
2 [nemumym monexyaaphoi 6ionoeii i eenemuxu HAHY,
Kuie 03143, Ykpaina

Beryn: [letenbHa opradidauiga xpomaTtuHy, <€ka Bigirpae
BaX/IMBY PONb Yy PErynsauii TpaHCKpunuii, MoXxe 3anexaTtu
Big, OYHKLiOHANBHOrO CTaHy KNiTuH. MeTa ujei po6oTn nons-
rana y gocnimxeHHi peopranisadii netens AHK nig yac 3miHn
bYHKLIOHaNbHOro CTaHy KNiTUH ABOX NiHIN — MynbTUHOPMHOI
rniobnactomn T98G Ta rniobnactomm actpouutomm U373.
Martepianu ta metogun: Enekrpodopes AHK isonboBaHmx Kiii-
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TUH (KOMETHUIN enekTpodopes) 6yno BUKOPUCTAHO 4SS aHa-
nigy KiHeTUKM Mirpauii netenbHux gomeHis JHK 3 Hykneoiais,
OTPUMAHUX LUMSAXOM Nli3UCy KNiTUH. Pe3yabTaTtun: HYactka JHK,
faKa Npunagae Ha NOBEPXHEBI NeTsi, Ta Ppo3Mipu LMX NeTenb
Oynn CXOXUMKU ans ABOX NiHiN KNiTWUH rniobnactomu. 3a yMOBU
iHriOyBaHHSA CMHTETUYHUX MPOLLECIB MirpaLis HeBenumkoi dpak-
Lii BHYTPILWHIX NeTenb crocTtepiranacy nvwe Aas KiTuH NiHii
T98G. Ons umx Xe KiTUH CTUMYJIIOBaHHS KNITUHHOI nponide-
pauji Ta TpaHCKPUMLi CynpoBOAXKYBanocs 30i/bLLUEHHSIM YacT-
KW BHYTPILIHIX NeTeNb i CyTTEBUM 30iNbLUEHHSAM iX PO3MIpIB.
MopibHi edpekTn CTUMyNOBaHHSA Oy Mai>Xe NOBHICTIO BiACYT-
Hi y KniTMH ninii U373. MpoTe niHiliHa winbHictb netens AHK,
AKi AEeTEKTYIOTbCS 3a JOMOMOrolo KOMETHOro enekrpodopesy,
3HMXXyBanacs npu CTMMyJstioBaHHi nponidepadii B 060X Tmnax
KNITUH. BUCHOBOK: 3HUXEHHS LwinbHocTi netens AHK acoui-
oBaHe 3 NiABULLEHHSM iIHTEHCUBHOCTI CUHTETUYHUX NPOLECIB
Y KIITUHAX Npw ix CTUMYAS|LIT 40 noainy.

Kmoyosi cnosa: netni AHK, komeTHuin enektpodopes, PyHkK-
LiOHaNbHWIA CTaH KNiTUH, rniobnactoma, KniTuHHa nidia T98G,
KNiTUHHA ninia U373.



