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Introduction

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 the glioblastoma T98G cells.
Methods. Single cell gel electrophoresis (a comet assay) was used to analyze the kinetics of
the DNA loop migration from the nucleoids obtained from the lysed cells. Results. The cells
arrested in the G1 phase of the cell cycle were characterized by a relatively low amount of
DNA in the comet tails due to a low content of DNA in the loops which may be resolved by
the comet assay (up to ~300 kb). After cell reactivation, the contour length of the loops es-
sentially increased in parallel with a decrease in the linear loop density along the genome.
Conclusions. An increase in the loop size and a respective decrease in the loop density may
be a general feature of activated cells as we earlier observed similar effects upon activation of
human lymphocytes.
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tion [5, 8—12] the reorganization of the loops
upon functional transitions remains far from

Loop domains are known to be the key ele-
ments of a higher order chromatin structure
[1-5]. The loops govern gene regulation and
other functional processes in chromatin, and
thus the loop organization is thought to vary
depending on cell functional states [6, 7].
Despite the comprehensive understanding of
general principles of the chromatin loop forma-

being studied in details.

Single-cell gel electrophoresis (the comet
assay) is a well-known technique which may
be applied to investigate the properties of nu-
cleoids obtained after a cell lysis. The assay
starts from the cells embedded in a thin layer
of agarose on a microscope slide and then
lysed. In the electric field the nucleoid DNA
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migrates towards the anode forming an elec-
trophoretic track, which resembles a comet tail
and can be visualized by fluorescent micros-
copy [13, 14].

In our previous works [15-21], measuring
the kinetics of DNA exit during electropho-
resis, we have shown that the nucleoid struc-
ture reflects some important features of the
loop organization in vivo. Moreover, we have
argued that some large-scale features of the
loop domain organization (and re-organiza-
tion) are preserved in nucleoids after cell
lysis and hence may be detected due to a
relatively simple technique, the comet assay
[20, 21].

Most of our previous experiments were
done using intact human lymphocytes.
However, in our recent work [20] we have
shown that the reorganization of DNA loops
occurs upon the lymphocyte activation by in-
terleukin 2, and that the loops in glioblastoma
T98G cells are organized differently with re-
spect to lymphocytes. In this article we studied
these cancer cells in more details.

The T98G cell line originates from the T98
line derived from a human glioblastoma mul-
tiform tumor [22, 23]. Like many other cancer
cells, the T98G cells may be cultivated in
suspension. But, in contrast to most of cancer
cell lines, the T98G cells can be arrested at G1
phase of the cell cycle when serum is absent
in the medium [22, 23]. At the same time,
after serum addition, the cells may be reacti-
vated to proliferation [22]. We have used these
features to investigate a possible reorganiza-
tion of DNA loops upon functional transitions
in the T98G cells. Our results show that, in-
deed, the loop organization varies in different
functional states of cells.

Materials and Methods

Sample preparation. The T98G cells were
cultivated at 37°C in Dulbecco’s medium,
which contained 10 % fetal bovine serum and
antibiotics. In order to synchronise the culture
and stimulate its arrest in G1 phase, the cells
were put in the same medium without serum
and incubated for 48 hours. For reactivation
to proliferation the cells were precipitated by
centrifugation, put in Dulbecco’s medium with
10 % fetal bovine serum and cultivated for
8 hours. The cells (either G1-arrested or reac-
tivated) were collected by centrifugation and
washed twice with PBS buffer (137 MM NacCl,
2.7 MM KCl, 10 MM Na,HPO,, 2 MM KH,PO,,
pH 7.4). In some cases nuclei were isolated
from the cells as described [19].

The comet assay was performed as de-
scribed earlier [15-20]. Briefly, the cells (or
nuclei) were embedded in the 0.67 % agarose
gel on the surface of a microscope slide. 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 (Ferak, Germany))
for several hours. Then the slides were washed
twice by TBE buffer (89 MM Tris-borat, 2 MM
EDTA, pH 7.5) and electrophoresed in the
same buffer. In some cases chloroquine
(Sigma, USA) was added to the electrophore-
sis buffer. Several slides, simultaneously pre-
pared in the same way, were placed into the
electrophoresis tank, and then were taken out
every 10 minutes of electrophoresis. After
electrophoresis the slides were stained with
DAPI and immediately analyzed with a fluo-
rescent microscope. In total 100—150 random-
ly chosen nucleoids on each slide were exam-
ined using image analysis software CometScore
(TriTec, USA) to determine the relative amount
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of DNA in the tails and the tail length. The
relative amount of DNA in the tail was deter-
mined as the ratio of the tail fluorescence in-
tensity to the total intensity of the comet. The
tail length was defined as the distance from the
center of mass of the comet head to [the] dis-
tal end of the tail. Taking the contour length
of the loop to be roughly two times longer than
the extended loop, the tail length was multi-
plied by two and divided by 0.34 nm (the
distance between the adjacent base pairs) to
convert it in the contour length (in base pairs)
of the longest loops.

Data analysis. To compare experimental
kinetic plots the p-value was calculated using
a statistical permutation test [24, 25].

Kinetic plots (the relative amount of DNA
in the tail F versus electrophoresis time 7) were
fitted according to two models. The first one,
which can be called “one-step”, corresponds
to the standard equation of monomolecular
kinetics:

F = Fm(1 — exp(—k?)), (1)
where F, is the maximum relative amount of
DNA that can exit, & is the rate constant. The
second, “two-step” model takes into account
a two-step behavior of the kinetic plots [17].
According to this model, the plots were fitted
with the equation:

_ _ . Az
F =4, (1- exp(~kt))+ - (kz =

)

where 4, and 4, are the maximum amplitudes
of the two components (4, + 4, = F,,)), k, and
k, are the rate constants, and ¢, is the transition
half-time. The first term in Eq. 2 describes the
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first rapid phase of the DNA exit; the second
term, which obeys the sigmoidal Boltzmann
equation, corresponds to the second retarded
phase.

The dependences of the relative amount of
DNA in the tail F on the contour length L, of
the longest loops in the tail were fitted with
the equation derived in [20]:

3)

where v is the linear loop density (the number
of loops per 1 kb).

F=F,[1- (144, )exp(-1L,)] .

Results and Discussion

As it was mentioned in the Introduction, the
T98G cells can be arrested at G1 phase of the
cell cycle. The first part of our experiments
was done with these Gl-arrested cells.
Fig. 1A,B shows the kinetics of the comet tail
formation during the comet assay. In com-
parison with human lymphocytes, for which
the relative amount of DNA in the tails reached
21 % after a long-time electrophoresis [17-20],
for [the] T98G cells the saturation level of
DNA in the tails is much lower. It may be
suspected that a lower DNA exit might be
related to the less effective lysis of these cells.
However, the same maximum amount of DNA
exit into the tail was observed for the nuclei
isolated from the T98G cells (Fig. 1A, B).
Hence, the lysis procedure was quite effective.

As it was shown in our previous works for
human lymphocytes at different cell cycle
phases [17, 20], the kinetic plots of DNA exit
always have a two-step shape. The analysis of
our previous results allowed us to conclude
that the first step may be attributed to DNA on
the nucleoid surface whereas the second
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step — to inner supercoiled loops, the exit of
which is retarded and cooperative [17]. In the
case of the T98G cells the two-step shape does
not seem so obvious. In principle, the plot can
be approximated by two models described in
the Materials and Methods: the “one-step”
model that obeys the standard equation (Eq. 1)
of monomolecular kinetics (Fig. 1A, C); and
the “two-step” model (Eq. 2) that includes the
second cooperative step described by the sig-

moidal Boltzmann equation (Fig. 1B, D).
However, the comparison of residuals and 2
values (Fig. 1C, D) clearly shows that the two-
step model fits the experimental data much
better.

An additional evidence of the two-step be-
havior was obtained in the experiments with
chloroquine. As it was shown in our previous
works [15—17], the migration rate of the inner
loops is very sensitive to supercoiling: the
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Fig. 1. The average relative amount (/) of DNA in the comet tails as a function of electrophoresis time (A, B) and
residuals (r) between experimental points and theoretical curves (C, D) for nucleoids obtained from T98G cells ar-
rested at G1 phase. Data for nucleoids from isolated cell nuclei (A) are also presented in panels A and B. The theo-
retical curves are the results of fitting according to Eq. 1 (A, C) and Eq. 2 (B, D). The %2 values for experimental points
relative to theoretical curves are 2-10-3 (A, C) and 8-10- (B, D).
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migration is accelerated when the loops are
relaxed due to partial DNA unwinding upon
intercalation of chloroquine at the concentra-
tion ~25 pg/ml. In total agreement with those
observations, the second step of the DNA exit
from T98G-derived nucleoids was also accel-
erated at the same chloroquine concentration
(Fig. 2).

Thus, similarly to the lymphocyte-derived
nucleoids, the comet tail of the T98G-derived
nucleoids is formed by two types of the loops:
surface loops that migrate rapidly and inner
supercoiled loops, the migration of which is
retarded. However, while the amplitude of the
first step of migration (4, in Eq. 2) is the same
for both cell types (4, = 0.07+£0.01), the am-
plitude of the second step is very low for the
T98G cells (4, = 0.05+0.01 against 0.14+0.01
for lymphocytes [17]). In other words, an es-
sential decrease in the relative DNA amount
in the tails in T98G-derived nucleoids is due
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Time (min)
Fig. 2. The average relative amount (/) of DNA in the
comet tails as a function of electrophoresis time for nucle-
oids obtained from T98G cells arrested at G1 phase in the

absence (0) and in the presence chloroquine at the con-
centration of 25 pg/ml (0). p = 0.019 (permutation test).
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to the decreased number of the inner loops that
can be resolved by the comet assay.

As it was noted above, the T98G cells con-
sidered so far were arrested at G1 phase. These
cells can be reactivated: proliferation of these
cells is renewed after addition of serum in the
medium [22]. Such reactivation should obvi-
ously be accompanied by an increase in the
transcriptional activity. To examine possible
changes in the DNA loop organization upon
the reactivation we have investigated the kinet-
ics of DNA exit from nucleoids, derived from
the reactivated cells (Fig. 3). In comparison
with the G1-arrested cells, there were the fol-
lowing differences. First, an increase in the
DNA amount in the tails was observed at both
steps of the migration (4, = 0.09 = 0.01,
A, =0.08 = 0.02). Second, an additional retar-
dation was observed for the second step: the
transition half-time (see Eq. 2) 7, = 41 £ 10
min against 27 £ 8 min for [the] nucleoids
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Fig. 3. The average relative amount (F) of DNA in the
comet tails as a function of electrophoresis time for nu-

cleoids obtained from arrested at G1 phase (o) and reac-
tivated (A) T98G cells. p = 0.003 (permutation test).
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derived from the Gl-arrested cells. Thus, the
reactivation of the T98G cells was accompa-
nied by an increase of DNA contained in both
the surface and inner loops that can be resolved
by the comet assay.

We have analyzed also the kinetics of the
tail length during the comet assay, the param-
eter that gives an estimation of the contour
length of the longest loops in the tail. Fig. 4
shows that the size of the longest loops was
essentially higher for the reactivated T98G
cells, especially for a long duration of electro-
phoresis. Such increase in the size may be a
reason for both the increase in the DNA amount
in the tails and the retardation of the DNA exit.

The correlations between the length of the
longest loops and the relative amount of DNA
in the tail for G1-arrested and reactivated cells

are presented in Fig. 5. These dependences,
which are proportional to the cumulative prob-
abilities of the loops below some size to be
present in the tail [20], allow one to estimate
the loop density (y in Eq. 3), the main param-
eter of the exponential distribution of the loop
length [20]. Fitting Eq. 3 to dependences of
Fig. 5 gives y = 0.059 £ 0.007 kb! for the
Gl-arrested cells and y = 0.025 + 0.002 kb~!
for the reactivated T98G cells. Note that the
loop density estimated is related only to the
loops, the sizes of which are within the resolu-
tion of the comet assay (not larger than
~300 kb). A decrease in the density of these
loops upon reactivation clearly occurs in favor
of the larger loops that cannot be resolved by
the comet assay. The same effect (a decrease
of the loop density) was observed earlier for
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Fig. 4. The contour length of the longest loops in the tails (Z,,) as a function of electrophoresis time for nucleoids
obtained from arrested at G1 phase (A) and reactivated (B) T98G cells.
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the lymphocytes activated by interleukin 2
[20]. In other words, an increase in the loop
size (which is in parallel with an increase of
the largest loops within the resolution of the
comet assay, Fig. 4) seems to be a general
feature of activated cells.

Conclusions

The results of our analysis of the kinetics of
electrophoretic track formation for the nucle-
oids derived from glioblastoma T98G cells can
be summarized as follows. (1) The cells ar-
rested at G1 phase of the cell cycle are char-
acterized by a relatively low amount of DNA
in the tails after a long-time comet assay. The
main reason of this is a low content of DNA
in the loops, the sizes of which are within the
resolution of the comet assay (up to ~300 kb).
(2) The reactivation of the T98G cells is ac-
companied by a redistribution of the loops: the
contour length of the loops resolved by the
comet assay essentially increases, in parallel
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rested at G1 phase (A) and reacti-
vated (B) T98G cells.

with a decrease in the linear density of these
loops along the genome. The results of this
work, together with our results obtained ear-
lier for activated lymphocytes, suggest that an
increase in the loop size may be a general
feature of the activated cells.
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Opranizauis nereabuux gomenis JJTHK
B niio6aactoMHux kiaituax T98G 3a ix pizHux
¢yHknionanbHHUX cTaHIB

K. C. Adanaceena, A. FO. Cemenosna, JI. JI. JIykam,
A. B. CuBono6

Pestome. Opranizarisi IeTeIbHUX JTOMEHIB XPOMATHHY,
sIKa BIAIrpae BaKIIUBY POJIb y PETYISIIT TPAHCKPHITIIIT,
HATICBHO MOJKE 3aJICKATH Bil (PYHKIIOHAJIEHOTO CTaHy
KITiTHHA. MeTa po0oTH ToJsraia y AOCTiHKEHHI MOXK-
nmBoi peopranizauii nerens JJHK npu pyHknionansaux
nepexonax y riodnmactomuux kinituHax T98G. Metoam.
Mu 3actocoByBaim Metof enexTpodopesy JIHK i3ompo-
BaHUX KJIITHH (KOMETHUU eJeKTpodope3) s aHaTi3y
KiHeTuku Mirpartii nmetens JIHK 3 HykieoiniB, oTpuMaHux
3 Ji3oBaHUX KIiTHH. Pe3ynbraTn. Kiitian, 3aapemro-
BaHi Ha (a3i G1 KITUHHOTO HUKITY, XapaKTCPU3YOThCS
nopiBEsHO HM3BKHM BMicToM JIHK y xBocTax xomer
BHaclitoK Hu3bkoro Bmicty JIHK y cknani nerens, 1o
3HAXOMSATHCS Y MEKAX PO3AUIHLHOT 3MaTHOCTI KOMETHOT'O
enekrpodopesy (1o ~300 k0). ITicas peakTuBartii KIIiTHH
KOHTYpHA JIOBXHHA TIETeJIb CYyTTEBO 3pOCTAE, Iapajielib-
HO 31 3HIDKCHHSIM JIIHIMHOI IIIJTLHOCTI METeNb Y3I0BK
reHoMy. BucnoBku. Ockinbky 1oz1i0HI e(eKTH criocre-
pirajuch HaMM paHille il aKTHBOBaHUX JIM(OIHMTIB,
MH POOMMO BHCHOBOK, II[O 3POCTaHHS pO3MIipy TETeIh
Ta BIANOBIAHE 3HM)KEHHS IXHBHOI JIIHIAHOI IIJIBHOCTI
MOe OyTH 3arajbHOI0 XapaKTEPHUCTUKOK aKTHBOBAHUX
KITITHH.

KawuyoBi caosa: merm JHK, kimiTuHHA JTiHISA
T98G, xomeTHMit enekrpodopes, GpyHKIIOHAIBHI CTaHH
KITITHH.
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Opranusanus nerejbHbIX 1oMeHoB JJTHK
B I1H00/1acTOMHBIX KieTkax T98G npu ux pasHbIx
(yHKIMOHAIBHBIX COCTOSTHUSIX

K. C. Adanaceesa, A. FO. Cemenona, JI. JI. Jlykam,
A. B. CuBono6

Pesrome. Opranmsanus NeTeIbHBIX JIOMECHOB XPOMATHHA,
HTparolasi BAKHYIO POJb B PEryISIHH TPAHCKPHUIIIINH,
TIPEATTOIOKUTEINEHO MOXKET 3aBUCETh OT (DYHKITHOHAIBHO-
r0o coctossHHA KiIeTKH. Llesb paboThl 3aKimodanacs B MC-
CIIeIOBAHUM BO3MOXKHOM peoprann3zanuu netens JJHK npu
(DYHKITMOHABLHBIX ITEPEX0/iaX B TMOOIACTOMHBIX KJIETKAX
T98G. Metoasl. Mb! rcnionbs3oBaiu aekrpodopes JAHK
H30JIMPOBAHHBIX KJIETOK (KOMETHBIM areKkTpodopes) ams
aHanM3a KuHeTuKU Murpauuu nerens JJHK 13 Hykneonios,
TIOJTY9CeHHBIX W3 JIN3UPOBAHHBIX KIIETOK. Pe3yjbTarhl.
Kitetkn, apecroBansbic Ha ¢ase Gl KICTOYHOIO MUK,
XapaKTEePU3YIOTCSl CPABHUTEIILHO HU3KUM COZIECpPKAHUEM
JIHK B xBocTax koMeT u3-3a Hu3koro coaepxkanus JJHK B
COCTaBe TeTelb, KOTOPhIe HAXOTCS B MpeJeNax paspe-
IIAKOIICH CITOCOOHOCTH KOMETHOTO AJeKTpodopesa (1o
~300 x0). [Tocie peakTUBAMHN KICTOK KOHTYpHAs JITHHA
TIETEINb CYIIECTBEHHO BO3PACTALT, ApaUICITFHO CO CHIKE-
HHUEM JIMHEMHOHN IIJIOTHOCTU METENb BIOJb I'€HOMA.
Bboieoowt. TlockonbKy aHamorndabie 3G QGeKTbl HAOIIOna-
JICh HAMH PaHee ISl aKTUBUPOBAHHBIX JTMM(OLIUTOB, MBI
3aKITIOYIIIH, YTO BO3pAacTaHUE pa3Mepa MeTelb U COOTBET-
CTBYIOIIICC CHIDKCHHC WX JIMHCWHOM TUIOTHOCTA MOYKET
OBITH O0IIICH XapaKTePUCTHUKON aKTHBUPOBAHHBIX KIICTOK.

KawueBsbie caosa: nemm JJHK, kierounast muxust
T98G, komeTHbIit AekTpodopes, PyHKINOHATIBHBIE CO-
CTOSIHUS KJIETOK.
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