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Chromatin loops are important elements of both chromatin higher-order structure and transcription
regulation system. Our previous works showed that several features of the loop domain organization could
be investigated by single cell gel electrophoresis (the comet assay) using the kinetic approach. In this study
we applied this technique to study DNA loop domain organization in lymphoid cells: human lymphocytes,
lymphoblasts cultivated during 24 h and 44 h, and T cells of Jurkat cell line. Two features of the loop domain
organization were found to depend on the cell functional state. First, DNA fraction in the loops of large sizes
(more than ~200 kb) was essentially increased in proliferating (de-differentiated) cells in comparison with
terminally differentiated lymphocytes. Second, the linear density of the loops not larger than ~200 kb was

decreased in transcriptionally active cells and was increased upon their inactivation.
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oop domains are important elements of
L chromatin higher-order structure [1-4]. The

loops are known to appear in an active pro-
cess of extrusion through the cohesin complex, the
extrusion is terminated by CCCTC-binding factors
(CTCF proteins) [5-10]. Since promoters and en-
hancers often occur at the loop ends the chroma-
tin loop domains are thought to be one of the key
components of the transcription regulation system
[1-4, 11]. The loop domains are likely to be dynamic
structures [4, 6, 12] and the loop organization has
reported to vary in cells of different types [2, 10, 13-
15]. It thus can be assumed that changes in the loop
organization may accompany the processes of cell
differentiation and de-differentiation [16, 17].

We have developed recently a simple approach
to test the loop domain organization (reviewed in
[18]). The approach is based on kinetic measure-
ments of electrophoretic track formation in single
cell gel electrophoresis (the comet assay) [18-21]. We

have shown that the electrophoretic track (the comet
tail) formed by nucleoids (cells lysed in presence of
detergents and high salt) mainly consists of super-
coiled DNA loops [19, 20]. Our results allowed us
to make a conclusion that these loops originate from
chromatin loops. In other words, large-scale features
of the loop organization are preserved in nucleoids
obtained after cell lysis [20, 21]. Our analysis of the
two parameters that change during electrophoresis,
the relative amount of DNA in the comet tail and the
tail length, makes it possible to obtain two quantita-
tive characteristics: (i) to divide all the loops into
three subsets — loops on the nucleoid surface, in-
ner loops inside the nucleoid, and very large loops
(longer than ~200 kb) that cannot migrate [20, 21];
(i) to estimate the loop size distribution and the ave-
rage linear density of the loops as its main parame-
ter [20, 22]. In our previous work we have shown
that the two characteristics depend on the cell type
and/or the cell functional state: in particular, a loop
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redistribution was observed in human lymphocytes
after their activation (blast transformation) with in-
terleukin 2 [22].

Here we investigate this issue in more details
in order to compare the loop domain organization in
normal lymphocytes, lymphoblasts at different times
after activation with interleukin 2, and also malig-
nant lymphoid T cells of the Jurkat cell line. Our re-
sults show that the cell functional state and the loop
domain organization are closely interrelated and that
there are clear signatures, which discriminate termi-
nally differentiated and proliferating cells as well as
cells with different levels of transcriptional activity.

Materials and Methods

Cell isolation and cultivation. Human lympho-
cytes were isolated from peripheral blood of healthy
donors by separation in a density gradient Histo-
paque 1077 (Sigma, USA) as described previously
[19, 20]. Cells were washed in 0.15 M NaCl twice
and used to prepare samples for the comet assay (see
below).

To prepare transformed lymphocytes (lympho-
blasts) they were washed twice in Hank's balanced
salt solution and then cultivated at 37°C in RPMI
1640 medium, supplemented by antibiotics and 10%
fetal bovine serum (Gibco, USA), in presence of
recombinant interleukin 2 (1000 units/ml, Biotech-
pharm, Russia). Two kinds of lymphoblasts were
used: cultivated for 24 and 44 h. After the cultivation
cells were precipitated by centrifugation, washed in
Hank’s salt solution and used for sample preparation
(see below). Aliquots of the cell suspensions were
used for a flow cytometry cell cycle analysis.

Jurkat cells were cultivated in RPMI 1640 me-
dium which contained 10% fetal bovine serum and
antibiotics. Before sample preparation cells were put
in the same medium without serum, incubated for
24 h, and then washed in Hank’s balanced salt solu-
tion. To estimate cell viability a propidium iodide
staining was used: equal volumes of the cell suspen-
sion and 1 mg/ml propidium iodide were mixed and
the fraction of stained (dead) cells was calculated
with a fluorescent microscope (LOMO, Russia). The
cultures with the fraction of dead cells not higher
than 10% were used in our experiments.

Sample preparation and electrophoresis. Cells
were immobilized in 0.67% low-melting point aga-
rose (Sigma, USA) on a surface of a microscope slide
that was previously covered with 1% high-melting
point agarose. Slides were immersed in ice-cold ly-
sis solution (2.5 M NaCl, 100 mM EDTA, 10 mM

Tris-HCI (pH 7.5), 1% Triton X-100 (Ferak, Germa-
ny)) for several hours. Before electrophoresis slides
were washed by TBE buffer (89 mM Tris-borat, 2
mM EDTA, pH 7.5) and then electrophoresed in the
same buffer in dark at 4°C as was described earlier
[19, 20]. To measure the Kinetics of the comet forma-
tion, several slides were placed into the electropho-
resis tank and then they were taken out at different
time of electrophoresis for further analysis.

Microscopy and data analysis. After electro-
phoresis slides were stained with 1.3 pg/ml of DAPI
(4',6-diamidino-2-phenylindole, Sigma, USA) and
analyzed with a fluorescent microscope connected
with a camera Canon EOS 1000 D. 100 to 200 ran-
domly chosen nucleoids were examined on each
slide using CometScore (TriTec, USA). Two parame-
ters were determined: the relative amount of DNA in
the tails and the tail length. The first was defined as
the ratio of the tail fluorescence intensity to the total
intensity of the comet, the second — as the distance
from the center of mass of the comet head to the dis-
tal end of the tail. The tail length was multiplied by
two and divided by 0.34 nm to estimate the contour
length of the longest loops in the tail in base pairs.

Kinetic plots (the relative amount f of DNA in
the tail versus electrophoresis time t) were analyzed
as before (see [20-22] for details): the plots were fit-
ted with the equation f = A f + Af,, where A and
A, are the maximum amplitudes of two components
(A, may be equal to zero). The functions f and f, are
described by a standard equation of monomolecular
kinetics

f =1-exp(=kp), @)

where k; is the rate constant, and the sigmoidal
Boltzmann equation

f,= U[1 + exp(k,(t, - )], @)

where k, is the rate constant, t_ is the transition half-
time.

The correlation plots of the amount f versus the
contour length L of the largest loops in the tail (es-
timated from the tail length) were analyzed as de-
scribed [22]. Briefly, f as a function of L_ is:

Lm
foo[] LP, dL, ©)

where L is the loop contour length, P, is the fraction
(the probability) of loops of the size L. Taking into
account that P, is an exponential function of L, Eq. 3
can be rewritten as [22]
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f=f [1-(+7yL )exp(-yL )], “)

where f_is the maximum DNA amount in the tails
(the saturation level A +A, after a long-time electro-
phoresis), y is the loop density (the number of loops
per total number of kilobase pairs). It should be men-
tioned that the loop density is related to the loops not
larger than ~200 kb that can be resolved in our ex-
periments. Eq. 4 was used to fit the correlation plots
and to estimate the y values.

Results and Discussion

The nucleoids for the comet assay were pre-
pared starting from cells of four types. Human
lymphocytes represent terminally differentiated
cells. De-differentiated lymphoblasts were obtained
through lymphocyte activation by interleukin 2,
which is known to induce prolyferation of lympho-
cytes [23-26]. The lymphoblasts were cultivated for
24 or 44 h before the preparation of nucleoids. A flow
cytometry cell cycle analysis had shown that a vast
majority (~90%) of the 24-h culture was represented
by cells at G /G, phases, while the 44-h culture con-
tained ~60% of G,/M cells (the fractions of S and
G,/G, cells were about 20% each). Finally, the Jurkat

Lymphocytes

Lymphoblasts 24-h

Lymphoblasts 44-h

cell line, originated from leukemic T cells [27], was
used as an example of malignant de-differentiated
lymphoid cells.

Galleries of typical comets observed after elec-
trophoresis are shown in Fig. 1. There was no dif-
ference in the comet appearance between the cell
types investigated. The differences were related to
the kinetic behavior of two parameters: the relative
amount of DNA in the tails and the tail length, which
represent the contour length of the largest loops in
the tail. The correlation between the two parameters
helps to estimate the size distribution of the loops
[20, 22]. The kinetic plots of the average relative
amounts of DNA in the tails for the nucleoids de-
rived from the four cell types are presented in Fig. 2,
the Kinetic parameters are listed in Table. The cor-
relations between the DNA amounts and the lengths
of the larges loops, which were assumed to fit an ex-
ponential distribution of the loop sizes, are shown
in Fig. 3.

As it was observed in our previous works
[20, 22], the Kkinetic plots of the average relative
amounts of DNA in the tails have a two-step shape
for lymphocytes and 24-h lymphoblasts (Fig. 2, A,

Jurkat

20 min

60 min

Fig. 1. Representative examples of comet images for nucleoids derived from lymphocytes (A, B), 24-h lympho-
blast (C, D), 44-h lymphoblasts (E, F), and Jurkat cells (G, H) being electrophoresed during 20 min (A, C, E,

G) and 60 min (B, D, F, H). Bars: 10 um
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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 lymphocytes (A), 24-h lymphoblasts (B), 44-h lymphoblasts (C), and Jurkat cells (D).
Here and in Fig. 3 below, each point is an average for 5 to 10 independent experiments

B). We have argued earlier that the first rapid step
may be attributed to DNA on the nucleoid surface
and the delayed second step represents the exit of
inner supercoiled loops [20, 21]. Two differences be-
tween the plots were discussed earlier [22]. First, the
ratio between the steps changes upon lymphocyte
activation: while the total maximum amount of DNA
in the tails (and, respectively, the amount of DNA,
which do not migrate even after long electropho-
resis) remains the same, the amplitudes of the first

and second steps becomes, respectively, approxi-
mately two-times higher and two-times lower for
24-h lymphoblasts in comparison with lymphocytes.
The second difference is related to the rate of migra-
tion, which is obviously lower for 24-h lymphoblasts
(Fig. 2, A, B, Table 1). We could conclude that ac-
tivation of transcription, which necessarily occurs
when de-differentiation begins and lymphocytes en-
ter the G, phase, is accompanied by a reduction of
DNA fraction in the inner loops, which are able to

Kinetic parameters of DNA exit from nucleoids derived from different cell types

Parameters
Celltype k™, min A A, t,, min k,™, min
Lymphocytes 78129 0.07 £0.01 0.14 £ 0.01 42+1 46+0.8
Lymphoblasts 24 h 125+39 0.14 £0.01 0.08 £ 0.01 63+5 77+12
Lymphoblasts 44 h 125+15 0.15+0.01 0 - -
Jurkat 90+£08 0.13+0.01 0 - -
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Fig. 3. Correlation between the average relative amount f of DNA in the comet tails and the average contour
length of the longest loops in the tail Lm for nucleoids obtained from lymphocytes (A), 24-h lymphablasts (B),
44-h lymphoblasts (C), and Jurkat cells (D). The values of the linear loop density y are indicated

migrate. Simultaneously, an essential decrease in the
linear loop density is observed in 24-h lymphoblasts
in comparison with lymphocytes (Fig. 3, A, B).
When lymphoblasts were cultivated for 44 h,
more than half of them entered the G, phase (see
above). The transcription level in the cells prepar-
ing for mitosis is thought to decrease. The Kinetic
plot in Fig. 2,C shows that the second delayed step
disappeared completely for 44-h lymphoblasts (see
also Table). Apparently, general transcription decay
is accompanied by an increase in the size of the in-
ner loops so that they cannot migrate. Accordingly,
the loops which exit at the first steps become larger
too: the size of the largest loops in the tails after
long-time electrophoresis remains about the same
as in 24-h lymphoblasts and lymphocytes (Fig. 3,
C). At the same time, an increase in the loop den-
sity (almost back to the value obtained for inactive
lymphocytes) was observed for 44-h lymphoblasts
(Fig.3, C). Thus, so far, an increase in the density
of the loops not larger than ~200 kb seems to be a
signature of a decrease in the transcription activity
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while an increase in the activity is associated with
the opposite effect.

All the observations presented above are re-
lated to normal — differentiated or artificially de-
differentiated with interleukin 2 — lymphocytes. The
Jurkat cells, which are also lymphoid (and morpho-
logically similar to lymphoblasts), are malignant
actively proliferating cells [27]. Are changes in the
loop organization (if any) the same upon malignant
transformation?

For nucleoids obtained from the Jurkat cells,
same as for 44-h lymphoblasts, the DNA exit oc-
curred in the one-step mode (Fig. 2, D; Table). The
size of the longest loops was also about the same af-
ter long-time electrophoresis (Fig. 3, D). In addition,
the loop density appeared to be rather high (Fig. 3,
D) for these cells incubated in starvation conditions,
which are supposed to keep the cells in a relatively
inactive state.

In conclusion, our results obtained for different
lymphoid cells show a close relationship between
the loop domain organization and cell functional
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state. Two features were found to depend on cell
activity. First, proliferating (de-differentiated) cells
(lymphoblasts and malignant Jurkat cells), in com-
parison with terminally differentiated lymphocytes,
are characterized by an essential increase of DNA
fraction in the loops of large sizes (more than ~200
kb). This effect is manifested in a decrease of DNA
fraction that can migrate in the comet assay. The sec-
ond effect is related to the linear density of the loops
not larger than ~200 kb: the density appears to de-
crease upon transcription activation and, respective-
ly, to increase upon inactivation. Our results support
also our suggestion to use a relatively simple tech-
nique, the comet assay, to detect re-organizations of
the loop domains upon cell functional transitions.
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[lerenpHi JOMEHU XPOMATHHY — BaXKJIMBI ej1e-
MEHTH SIK CTPYKTYPH XpPOMaTHHY Ha BUIUX PIBHIX
Horo opranizarii, Tak 1 CHCTEMHU peryisuii TpaHc-
Kpunuii. Y Hamux nomnepeaHix podoTax nokasaHo,
10 JIesIKi BaXKJIMBI PUCH TETEIBLHOI OpraHizaiii Mo-
KyTh OyTH JOCIIJXKEHI 3a JIOTIOMOT'OK0 KiHETHYHO-
ro MmiIxony B eneKkTpodopesi 1301b0BaHUX KIITHH
(xomeTHOMY enekTpodopesi). Lo TexHiky 3acto-
COBaHO AJi1 OUiHKM meTenpHoi opranizamii JHK
TMPOITHUX KIITHH: JIMQOUMTIB JIIOIUHU; JiM-
(oOmnacTiB, KyJIbTUBOBaHUX NMPOTAroM 24 1 44 roz;
3noskicHux T-xmituH miHii Jurkat. BceraHoBieno
JIBa MapaMeTpH, L0 BAPiIOIOTh 3aJICKHO BiJl QyHK-

I[IOHAJILHOTO CTaHy KJiTHH. [lo-meprie, 4YacTka
JHK y netnsax Benukoro po3mipy Oinbire ~200 Tuc.
map OCHOB ICTOTHO 301yblIyBasach y (1eaudepeH-
HiOBaHMX) KJIITHHAX, 3a mponidepauii mopiBHIHO
3 TepMiHAJIBHO TUQPEPEHITIHOBAHUMH JTiMQOITHTA-
mu. [lo-apyre, niHiliHA IWITBHICTH METENb, PO3MipH
SIKUX He nepeBullyroTh 200 THC. map OCHOB, 3HUKY-
BaJIaCh y TPAHCKPUIILINHO aKTUBHUX KJIITHHAX Ta
T IBUIIyBaJIaCh 3a X 1HAKTHBAILii.

KnwouoBi cmoBa: nerm JHK, xomeTHuit
enexTpodopes, TiMdponuTH, TiMpoOITacTH, KIITHHHA
Jurkat.
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