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Dynamic nature of active chromatin hubs
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Aim. In order to get more information about organization of active chromatin hubs and their role in the regu-
lation of gene transcription we have studied the spatial organization of the a-globin gene domain in cultured
chicken erythroblasts. Methods. The chromosome conformation capture (3C) protocol was employed to analyze
the 3D configuration of the chicken a-globin gene domain. Results. We have demonstrated that in the same cell
population the chicken domain of o-globin gene may be organized in two different active chromatin hubs. One of
them appears essential for the activation of the o-globin gene expression while the other — for the activation of
TMEMS gene which constitutes a part of the a-globin gene domain in chicken, but not in human and other
mammals. Importantly, two regulatory elements participate in the formation of both active chromatin hubs.

Conclusions. The assembly of the same genomic area into two alternative chromatin hubs which share some re-
gulatory elements suggests that active chromatin hubs are dynamic rather than static, and that regulatory ele-

ments may shuttle between different chromatin hubs.
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Introduction. Although the mechanism of enhancer
action is far from being clear, most of the current
models postulate that an enhancer physically interacts
with the target promoter, while sometimes it is located
a considerable distance away, up to several hundred
kilobases. Therefore, the segment of the chromatin
fibre that separates the promoter and the enhancer must
be looped out. In multigene loci a single enhancer or
block of enhancers (locus control region) appears to ac-
tivate simultaneously several promoters. For example,
in erythroid cells of adult lineage, the mouse -globin
locus control region (LCR) stimulates expression of
both the B-major and B-minor globin genes. The pro-
moters of these genes are located at a distance of 14 kb
from each other and could not simultaneously interact
with the same LCR if only a single loop was formed. It
was therefore proposed that LCR forms short-living
alternating complexes with these promoters [1, 2].
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Another model postulates association of an LCR and se-
veral depended promoters in an active chromatin hub, a
multicomponent complex, from which several chroma-
tin segments are looped out [3, 4]. This model, al-
though presently widely accepted [3, 4], still remains
hypothetical due to the intrinsic limitations of the chro-
mosome conformation capture (3C) approach, which
can only establish pairwise interactions between dis-
tant chromosome elements [5]. Thus, multicomponent
chromatin hubs can be only predicted, not proved, ba-
sed on the results of 3C analysis. Besides, most of the
present knowledge about active chromatin hubs is ba-
sed on the studies of one model system, the murine do-
main of B-globin genes [4, 6—8]. In order to get more in-
sights into the nature of active chromanin hubs we stu-
died the spatial organization of the a.-globin gene do-
main in chicken erythroid cells producing globins of an
adult type. The results obtained demonstrate that in this
domain two alternative active chromatin hubs may be
assembled. Most interesting, two regulatory elements
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(the —9kb DNase I hypersensitive site (—9 kb DHS) and
the downstream enhancer) participate in the formation
of both active chromatin hubs. They should thus shuttle
between these hubs as predicted by the «flip-flop» mo-
del [1, 2].

Materials and methods. Cel/ culture. The avian
erythroblastosis virus-transformed chicken erythro-
blast cells HD3 (clone A6 of line LSCC [9]) were
grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 2 % chicken serum and
8 % fetal bovine serum (FBS) at 37 °C with 5 % CO,,.

To induce terminal erythroid differentiation, HD3
cells at a density of 1 - 10° cells/ml were incubated in the
above medium additionally containing 10 mM HEPES
(pH 8.0) and 20 uM iso-H-7 (1-(5-Isoquinolinylsul-
fonyl)-3-methylpiperazine dihydrochloride, «Fluka»,
Switzerland) at 42 °C in 100 % air atmosphere [10].
The cells were collected in 12 h after the beginning of
induction.

3C analysis. 3C analysis was performed as descri-
bed [11, 12]. A random-ligation control was generated
using DNA of a bacterial artificial chromosome contai-
ning the chicken o.-globin gene domain along with the
flanking areas (Gallus gallus BAC clone CH261-
75C12, CHORI BACPAC Resources Center).

The ligation products were analysed using the real-
time PCR with TagMan probes. Primers and TagMan
probes for PCR analysis were designed using the DNA
sequence of Gallus gallus BAC clone CH261-75C12
(AC172304, GeneBank) and Primer Premier 5 compu-
ter software (PRIMER Biosoft International). The se-
quences of the primers and TagMan probes are avai-
lable upon request. Each PCR reaction was carried out
in quadruple repetition and the corresponding results
were averaged. Once a resulting 3C curve representing
the spectrum of interactions between an anchor frag-
ment and other fragments throughout the domain was
obtained, the experiments starting with living cells we-
re repeated twice more in order to check the repro-
ducibility of the results.

To take into account the differences in the effici-
ency of crosslinking/restriction/ligation and in the
quantity of DNA in the 3C templates obtained from
cells of different types, the internal standard was used
[11]. A house-keeping gene ERCC3 situated on another
chicken chromosome was chosen as such a standard.

Results and discussion. The domain of chicken o.-
globin genes (Fig. 1, 4) contains three alpha-type glo-
bin genes and several regulatory elements, including
the major regulatory element (MRE) of the domain
located in an intron of the apparently house-keeping
gene Cl6orf35, and the downstream enhancer located
right after the o gene. We have demonstrated that this
domain also harbors a non-globin gene TMEMS. It was
relocated to the vicinity of the a-globin cluster due to
the inversion of a ~170-kb genomic fragment. Al-
though in humans TMEMS is preferentially expressed
in resting T-lymphocytes, in chickens it acquires an
erythroid-specific expression profile and is upregu-
lated upon terminal differentiation of erythroblasts
[13]. In the intron 7 of chicken TMEMS gene an ery-
throid-specific enhancer is located [13].

AEV-transformed chicken erythroblasts (line HD3,
clone A6 of line LSCC) correspond to chicken hemo-
poietic cells of the red lineage arrested at early stages of
differentiation [9, 14]. They do not express globin ge-
nes, although the a-globin gene domain resides in an ac-
tive configuration supported by low-level transcription
of the whole domain [15]. After induction of terminal
erythroid differentiation, HD3 cells stop proliferation
and start production of globins. To study the spatial
organization of the a-globin gene domain in prolife-
rating and differentiated HD3 cells we used the 3C
method [5, 8, 16]. The combination of Bglll and
BamHI restriction enzymes was used for 3C analysis.
These enzymes recognize different consensuses but
produce compatible DNA ends which can be cross-
ligated.

We first investigated the interaction of the LCR-
like MRE with each of the downstream restriction frag-
ments (with the exception of very short fragments). As
shown in Fig. 1, B, in both proliferating and differen-
tiated HD3 cells this element interacts with the —9 kb
DHS, the upstream CpG island of the a-globin gene
cluster and the a.” gene promoter. In differentiated (i. e.
expressing globins) HD3 cells the frequencies of all
above-mentioned interactions increased. In addition, a
clear interaction between the MRE element and the
downstream enhancer was established. Notably, the
MRE did not interact with upstream CpG island of
TMEMS gene and with the enhancer located in the body
of TMEMS gene (Fig. 1, B). In contrast, in experiments
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Fig. 1. 3C analysis of the chicken a-globin gene domain: 4 — the scheme showing positions of important functional elements in the chicken
a-globin gene domain (the scale is in kb and «0» point of the scale is arbitrary placed at the 3'-end of the Cl60rf35 gene); B—F — relative

frequencies of cross-linking between the anchor fragments bearing B —

MRE; C—-9 kb DHS; D — the downstream enhancer of the a-globin gene

domain; £ — the upstream CpG island of the TMEMS gene; F — the erythroid-specific enhancer located in the body of the TMEMS gene and other
fragments of the locus. The x axis shows distances in kb. On the top of each graph a scheme of the domain with the same symbols as in 4 is shown.
The results of 3C analysis for cycling (non-induced) and differentiated (induced) HD3 cells are shown by closed and open circles, respectively.
The frequency of cross-linking the fragment bearing MRE with the fragment bearing —9 kb DHS in differentiated HD3 cells was taken to equal 100
relative units. The dark gray rectangle in the background of each graph with the anchor drawn above indicates a fixed (anchor) DNA fragment, and

the light gray rectangles — test-fragments. Error bars represent SEM

with the anchor fixed at the -9 DHS or at the down-
stream enhancer of the a.-globin gene domain the inter-
actions with the CpG island of TMEMS gene and with
the enhancer located in the body of TMEMS gene were
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clearly visible (Fig. 1, C, D). Again, the apparent fre-
quency of the interactions was much more prominent in
differentiated HD3 cells. The significance of the abo-
ve-described observations was verified in reciprocal
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Fig. 2. Configuration of the two alternative active chromatin hubs
described in this article

TMEM hub

experiments when the anchor was placed on the CpG
island of TMEMS gene and on the enhancer situated in
the body of TMEMS gene (Fig. 1, E, F).

Taking together, the results of our 3C analysis can
not be explained by the assembly of a single activation
complex harboring all known regulatory elements of
the a-globin gene domain. There should exist at least
two alternative activation complexes stimulating ex-
pression of globin genes and of TMEMS gene (Fig. 2).
The «globin hub» includes the MRE, the —9 kb up-
stream DHS, the —4 kb upstream CpG island of the o.-
globin gene domain, the o’ gene promoter and the
downstream enhancer. The « TMEMS huby includes the
-9 kb DHS, the downstream enhancer, the upstream
CpG island of the TMEMS gene and the erythroid-spe-
cific enhancer located in one of the TMEMS gene in-
trons. Two regulatory elements (the —9 kb DHS and the
downstream enhancer) participate in the formation of
both active chromatin hubs. They should thus shuttle
between these hubs as predicted by the «flip-flop»
model [1, 2]. This model was proposed to explain the
ability of the B-globin gene domain LCR to activate
transcription of several genes which appeared to be
transcribed simultaneously. Although this model was
never disproved, it was almost forgotten after advan-
cement of the active chromatin hub model [4, 6-8, 17].
Indeed, the assembly of several enhancers and promo-
ters into a single active chromatin hub suggests a simp-
ler explanation for the ability of an enhancer to activate
simultaneously several promoters.

Our data suggest that the two models are not mu-
tually exclusive, and that chromatin hubs should be re-
garded as dynamic rather than static.
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JluHaMivyHa pUpoa aKTUBATOPHUX XPOMAaTHHOBUX OJIOKIB

Pestome

Mema. L1[o6 ompumamu HO8Y iH(hopMayilo cMOCOHO opeani3ayii ax-
MUBAMOPHUX XPOMAMUHOBUX OJIOKI6 Ma IXHbOI PO 6 pe2yisyii mpanc-
Kpunyii Mu 8U84uIU NPOCMOPO8Y OP2aAHI3aAYil0 OOMeH) 0-2100IHO8UX
2€H18 Y KYIbMUBOBAHUX Kypauux epumpooracmax. Memoou. /s ana-
auzy 3D kownghicypayii domerny a.-2n06iHOBUX 2eHI8 BUKOPUCMAHO Me-
moo ghixcayii kongpopmayii xpomocomu (3C). Pesynomamu. Mu npo-
OeMoHCmpy8anu, wo 8 0Ouil i miti camiti RONYAAYIl Kypauux KiimuH
00MeH OL-2100iHOBUX 2eHI6 MOodce OYMU OP2aHi308aHUM Y 08A PIZHUX
xpomamunosux 610xku. OOuH 3 HUX HeoOXIOHUL 014 aKkmueayii mpamc-
Kpunyii a-2106iHo6uUxX 2eHis, mooi sk Opyeuil 3abe3neyye aKkmueayir
mpanckpunyii eena TMEMS. Lleii een 6x00ums 0o cknady domeny o.-
27100iHO8UX 2eHi6 Kypell, alle He ccasyis i oouHu. Baxciueo, wo 0sa
DeyNAMOPHUX eNeMEHMU OOMEHY O-2l0OIHOBUX 2eHI8 NPUCYMHI Y CKIA-
01 060X AKMUBAMOPHUX XPOMAMUNHOBUX O10Ki6. Bucnosxu. Icrysanns
8 OOHOMY Ul MOMY JIC 2EHOMHOMY OOMEHI 080X PI3HUX AKMUBAMOPHUX
KOMNIIEKCI8, SIKI MAIOMb Y COEMY CKAAOT CRINbHI pe2ysimopHi eleMeH-
mu, c8i0YUMb NPO OUHAMIYHY NPUPOOY AKMUBAMOPHUX XPOMAMUHO-
8UX ONIOKIB, WO 03B0AE CRINLHUM PE2VIAMOPHUM eleMeHmam nepio-
OUYHO nepemiugy8amucst 3 00H020 KOMNIEKCY 8 Opy2uil.

Kntouosi cnosa: akmueamopri XxpomamuHosi 010KuU, 2100iHO8Ul
2€H, 2eHOMHULL OOMeH, Memoo ikcayii xpomocomu.

A. A. I'aspunos, E. C. @unonenxo, O. B. fposas, C. B. Pasun
JluHaMu4uecKas PUpo/ia aKTUBATOPHBIX XPOMATHHOBBIX OJIOKOB

Pesrome

Lenv. Ymobwr nonyuums o8y uHGopmayuio 06 OpeaHu3ayuU aKmu-
BAMOPHBIX XPOMAMUHOBBIX OJIOKO8 U UX POIU 8 Pe2YNAYUYU MPAHCKPUN-
Yuu, Mbl UZYYUTU NPOCMPAHCMEEHHYIO OP2AHUZAYUIO OOMEHA OL-210-
OUHOBBIX 2EHOB 8 KYIbMUBUPYEMBIX KYPUHBIX spumpobaacmax. Memo-
0ol /[na ananuza 3D konguzypayuu 0omena 0-en0OUHOBbIX 2eHO8 UC-
noawv308an memoo guxcayuu xkonpopmayuu xpomocomwvt (3C). Pe-
3ynemamut. Mol npooemMoHCcmpuposanu, 4mo 8 0OHOU U Mot dice nony-
JISAYUU KYPUHBIX KAEMOK OOMEH O-2JI0OUHOBBIX 2eHO8 MOodcem Oblib
OP2aHU308AH 8 084 PA3IULHBIX XPOMAMUHOBbIX O10Ka. OOUH U3 HUX He-
00X00uM 01 AKMUBAYUU MPAHCKPUNYUU OL-2IOOUHOBBIX 2€HO8, 8 MO
spemMsi Kak Opy2o0u obecneuugaem aKmusayur) MpAHCKPUNRYUU 2eHd
TMEMS. Dmom 2en 6xooum 6 cocmas 0oMeHa O-210OUHOBbIX 2eHO8
KVp, HO He MAEKONUMAalowux u yeiogexa. Basicrno, umo o0sa pecynamop-
HbIX 9leMeHma OOMeHd OL-2I00UHOBbIX 2eHO8 NPUCYMCMEYIOM 6 CO-
cmage 060uUxX aKMmu8amMoPHbIX XpoMamuHosvlx 610ko8. Beteoowt. Cy-
wecmeosanue 8 0OHOM U MOM HCe 2EHOMHOM OOMeHe O8YX PA3HbIX AK-
MUBAMOPHBIX KOMNILEKCO8, UMEIOWUX 8 C80eM cocmage obujue pey-
JISIMOPHbBLE JIIEMEHMbL, CBUOCMENbCMEYem 0 OUHAMUYECKOU npupooe
AKMUBAMOPHBIX XPOMAMUHOBHIX OIIOKO8, YMO NO360J15em 0OWuUM pe-
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2YNAMOPHBIM INEMEHMAaM NePUOOUHECKU NepemMeuamopcsi U3 00HO20
KomnieKca  Opyzoil.

Knrouesvie crosa: akmusamopuvie Xxpomamunosvle O10Ku, 21o0u-
HOBbIU 2€H, 2eHOMHbIL OOMEH, Memoo GuKrcayuu XpomMocombi.
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