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ABSTRACT

The human B-globin genes are regulated by a locus control region (LCR) and are expressed at extremely high levels in erythroid cells. How
transcriptional fidelity of highly expressed genes is regulated and maintained during the cell cycle is not completely understood. Here, we
analyzed the association of transcription factor USF, the co-activator CBP, topoisomerase I (Topo I), basal transcription factor TFIIB, and RNA
polymerase II (Pol IT) with the B-globin gene locus at specific cell-cycle stages. The data demonstrate that while association of Pol Il with globin
locus associated chromatin decreased in mitotically arrested cells, it remained bound at lower levels at the y-globin gene promoter. During early
S-phase, association of CBP, USF, and Pol I with the globin gene locus decreased. The re-association of CBP and USF2 with the LCR preceded re-
association of Pol II, suggesting that these proteins together mediate recruitment of Pol II to the B-globin gene locus during S-phase. Finally,
we analyzed the association of Topo I with the globin gene locus during late S-phase. In general, Topo I association correlated with the binding
of Pol II. Inhibition of Topo I activity reduced Pol II binding at the LCR and intergenic regions but not at the y-globin gene promoter. The
data demonstrate dynamic associations of transcription factors with the globin gene locus during the cell cycle and support previous results
showing that specific components of transcription complexes remain associated with highly transcribed genes during mitosis. J. Cell. Biochem.

114: 1997-2006, 2013. © 2013 Wiley Periodicals, Inc.
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Transcription is regulated at many different levels, including
modification of chromatin structure, recruitment of transcrip-
tion complexes, and alteration of transcription elongation properties
[Orphanides and Reinberg, 2002; Juven-Gershon and Kadonaga,
2010]. Recent data suggest that moderately expressed genes are
expressed in spikes for only short time periods during the cell cycle
[Chubb and Liverpool, 2010; Suter et al., 2011]. In contrast, highly
expressed genes are transcribed for longer time periods. This suggests
differences in transcription complex assembly and activity during
the cell cycle between highly expressed genes and genes that are
expressed at lower levels. Understanding of how transcription
competence of specific gene loci is maintained during the cell cycle
is limited. Mitotic chromatin has long been viewed as rigid and
relatively inaccessible. However, Martinez-Balbas et al. [1995]
demonstrated that DNase I hypersensitive sites associated with
gene promoters remain accessible during mitosis. Furthermore,

Nishino et al. [2012] recently demonstrated that mitotic chromatin
fibers are flexible and dynamic and not organized as regular 30 nm
fibers. Other studies have shown that components of the basal
transcription machinery, including TATA-binding protein (TBP)
and TFIIB, as well as specific transcription factors and chromatin
modifying activities, remain bound at mitotic chromatin and may
thus bookmark genes for rapid re-expression after exit from mitosis
[Christova and Oelgeschlager, 2002; Chen et al., 2005; Blobel
et al., 2009; Zaidi et al., 2010]. In general, Pol II transcription is
repressed during mitosis; however, some data suggest the possibility
that highly transcribed genes may maintain Pol II binding and
even low levels of transcription during mitosis [Parsons and
Spencer, 1997].

The S-phase represents a stage in the cell cycle in which the process
of transcription is affected by DNA synthesis [Chakalova et al., 2005].
Although many studies have shown that transcription takes place
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during S-phase, the process of replication is inhibitory to transcrip-
tion. Current models suggest that transcription takes place in
specialized domains in the nucleus, called transcription factories,
while DNA synthesis takes place in other domains, called replication
factories [Wei et al.,, 1998; Chakalova et al., 2005; Hiratani
et al., 2009; Sutherland and Bickmore, 2009]. According to this
model, active genes are relocated to replication factories sometime
during S-phase and are then moved back to transcription factories.
DNA binding proteins are likely involved in regulating the
association of gene loci with transcription and replication factories.
In general, open and transcriptionally active chromatin replicates
early during S-phase while inaccessible heterochromatin replicates
late [Peng and Karpen, 2008].

Both transcription and replication of chromosomal templates lead
to torsional stress of the DNA and results in positive and/or negative
supercoiling [Durand-Dubief et al.,, 2011; Vos et al., 2011]. For
example, transcription of longer genes leads to overwinding of DNA
(positive supercoiling) in front of the RNA polymerase and under-
winding of DNA (negative supercoiling) behind the RNA polymerase.
Topoisomerases (Topos) are involved in relaxing these supercoils to
allow continuation of transcription and replication. While Topo II
catalyzes a double strand break through which another double strand
of DNA is transferred, Topo I changes the linking number by
introducing a nick into one strand of the double helix and passing the
other strand through. Previous studies have shown that Topo I and II
are involved in transcription by Pol II [Kretzschmar et al., 1993;
Collins et al., 2001; Sperling et al., 2011]. Consistently, the association
of Topo I and II with chromatin correlates with the binding of Pol II
[Khobta et al., 2006; Capranico et al., 2007; Bermejo et al., 2009].
Topo I but not Topo II activity is inhibited by the cancer drug
camptothecin (Cpt) [Pommier, 2009]. Cpt arrests the Topo I[/DNA
complex, which then blocks the propagation of replication and
transcription. Inhibition of Topo I activity causes reduction in
transcription of specific genes and alterations in Pol II binding to
chromatin.

The human B-globin genes are expressed at extremely high levels
in erythroid cells and regulated by a locus control region (LCR), which
consists of five DNase I hypersensitive sites (HS1 to HS5) [Bulger and
Groudine, 1999; Levings and Bungert, 2002]. The LCR associated HS
sites recruit transcription factors, chromatin modifying activities, and
transcription complexes [Liang et al., 2008]. The recruitment of Pol IT
to promoters involves transcription factors that interact with basal
promoter elements, such as the TATA box, downstream promoter
elements (DPE), and initiator [Juven-Gershon and Kadonaga, 2010].
A well-understood pathway involves the binding of TFIID (TATA
binding protein, TBP, plus TBP associated factors, TAFs) to the TATA
box or initiator and the subsequent recruitment of TFIIB, which then
mediates the association of Pol II [Thomas and Chiang, 2006]. How
transcription complexes are assembled at enhancers and LCRs is not
understood but could involve co-factors like CBP/p300 [Rada-Iglesias
et al., 2011]. We previously demonstrated that transcription factor
USF is critical for the recruitment of transcription complexes to the
LCR and that it associates with the co-activator CBP/p300 [Crusselle-
Davis et al., 2006, 2007; Liang et al., 2009].

In this study we analyzed the recruitment of the co-regulator CBP,
Pol II, basal transcription factor TFIIB, USF2, and Topo I with the

B-globin gene locus at specific stages during the cell cycle in K562
cells. K562 cells are human erythroleukemia cells that express high
levels of the y-globin genes and low levels of the adult 3-globin gene.
We found that Pol I and TFIIB remain associated at relatively high
levels with the y-globin gene promoter but at much lower levels with
HS2 during M-phase. Furthermore, like USF, the interaction of CBP
with HS2 precedes re-association of Pol Il during S-phase. Finally, we
demonstrate that Topo I binding to the globin gene locus correlates
with the binding of Pol II and that inhibition of Topo I activity by Cpt
reduces the association of Pol II with LCR element HS2 but not with
the y-globin gene promoter.

CELL CULTURE

Human erythroleukemia (K562) cells were cultured in RPMI 1640
containing L-glutamine supplemented with 10% fetal bovine serum
and 1% penicillin-streptomycin. The cells were grown at 37°C with
500 ambient CO, levels and maintained at a density between 1.5 x 10°
and 2.5 x 10° cells/ml.

CELL-CYCLE SYNCHRONIZATION AND MITOTIC ARREST

The cell-cycle synchronization of K562 cells at the border of G,/S-
phase was achieved by double thymidine block as described
previously by Vieira et al. [2004]. In brief, cells were incubated in
media containing 2mM thymidine for 16-17h, then allowed to
recover in fresh media for 10-12 h, followed by a second round of
incubation in media containing 2 mM thymidine for an additional
16-17 h. Cells were either harvested for chromatin Immunoprecipita-
tion (ChIP) and other analyses at specific time points after release
from the block, or subsequently arrested in M-phase. Additionally,
S-phase synchronized K562 cells were also subjected to treatment
with Cpt, an inhibitor of DNA topoisomerase I (Topo I). For cells
treated with Cpt, G,/S-phase synchronized cells were allowed
to recover in fresh media for 5h, and then incubated in media
containing 20pM Cpt for 1h before being harvested for ChIP
analysis.

In order to arrest K562 cells in M-phase, cells synchronized in
S-phase by double thymidine block were released from the block and
allowed to recover in fresh media for 5h. Then, the cells were
incubated in media containing 60 ng/ml of nocodazole for 12 h and
harvested for ChIP analysis [Parsons and Spencer, 1997].

For each synchronization or arrest, aliquots of the blocked/arrested
cells were collected for flow cytometry analyses in order to confirm
proper cell-cycle synchronization and/or arrest. Cells were fixed in
100% ethanol, treated with RNase, and stained with propidium iodine
before being subjected to flow cytometry. The cell-cycle stage was
determined using ModFit LT software. Figure 1 depicts a representa-
tive flow cytometry profile for these experiments.

CHROMATIN IMMUNOPRECIPITATION (ChlIP)

ChIP was performed using modified protocols originally described by
Leach et al. [2003] and Vieira et al. [2004]. K562 cells were cross-
linked in 1% formaldehyde and quenched with 0.125 M glycine, then
washed twice with 1 x phosphate buffer solution (PBS) containing
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Fig. 1.

A: Diagram of the human B-globin gene locus indicating the position of genes and LCR HS sites. Small bars indicate the position of PCR-amplicons analyzed in this study.

These regions are as follows: HS2/3/u, two sets of primers in the linker region between HS3 and HS2; HS2, core region of HS2; HS2d, a region between HS2 and HS1; HS1d, a region
downstream of HS1; eup, a region between HS1 and e-globin; cini, a region overlapping the transcription initiation site of the e-globin gene; Gvini, a region overlapping the
transcription start site of the Gy-globin gene; Avyini, a region overlapping the transcription start site of the Ay-globin gene; Ay3’, a region at the 3’end of the Ay-globin gene, Bini,
a region overlapping the transcription start site of the 3-globin gene. B: Flow cytometry analysis of unsynchronized, synchronized at the G,/S-phase border, and M-phase arrested
K562 cells. The cells were arrested at the G,/S-phase border (labeled as synchronized S-phase) using the double thymidine method, then released from the block and arrested in

M-phase using nocodazole (labeled as synchronized M-phase). C: Analysis of GAPDH,

y-globin, and B-globin gene expression by reverse transcription (RT) gPCR. The data represent

means =+ standard error of the means of results from two experiments. D: ChIP analysis of the interaction of H3K4me2 and Pol Il with HS2 and the Ay-globin promoter (Avyini).
ChIP enriched DNA was amplified with the indicated primers and electrophoresed on TBE gels followed by staining with SYBR green.

protease inhibitors (Roche). Cell nuclei were swelled and then
lysed, followed by sonication on ice. Sonication conditions were
optimized to shear chromatin into fragments of approximately 500 bp
in length.

The sonicated chromatin was pre-cleared by incubation with
protein A sepharose beads (GE Healthcare) for 2 h, and then dilutions
of the pre-cleared sonicated chromatin were incubated with specific
antibodies overnight. The immune complexes were captured using

protein A sepharose beads. Following a series of washes, the DNA was
eluted off the beads and purified using a QIAprep Spin Miniprep
purification kit (Qiagen). The following antibodies were used in these
experiments: rabbit IgG (eBioscience), RNA Polymerase IT (CTD45HS,
Upstate Biotechnology, Inc.), serine-2 phosphorylated RNA Polymer-
ase II (MMS 129R, Covance), and TFII-B (C-18, sc-225), TFIID (TBP,
sc-273), CBP (A-22, sc-369), BRG1 (H-88, sc-10768), and USF2 (N18,
sc-861), Topo I (C-15, sc-5342) (all from Santa Cruz Biotechnology).
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QUANTITATIVE PCR (qPCR)
The ChIP samples were analyzed by quantitative polymerase chain
reaction (qQPCR) using the Bio-Rad MyiQ system. The gPCR conditions
were as follows: 95°C for 5 min, followed by 40 cycles of 94°C for 30,
59°C for 20s, and 72°C for 30s. Additionally, a melting curve was
performed from 60°C to 95°C (reading every 0.5°C) to ensure primer
specificity. Final quantitation analysis was performed using the
standard curve method, with standard curve samples generated from
10-fold serial dilutions of the input sample. Results were normalized
to IgG levels. Statistical analysis of the qPCR data was performed
using Student’s t-test, and significance was concluded if P < 0.05.
Primers relevant to the B-globin gene locus included the following: a
region between LCR HS 3 and HS2 (HS2/3), a region upstream of HS2
(HS2u), the HS2 core region (HS2), a region downstream of HS2
(HS2d), a region downstream of HS1 (HS1d), a region between HS1
and &-globin (¢up), the ¢-globin promoter (gini), the Gy-globin gene
promoter (Gyini), the Ay-globin promoter (Avyini), a region 3’ to the
Avy-globin gene (Ay3'), and the B-globin gene promoter (Bini).
Primers for the promoter region of the glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) were also used in control experiments. The
sequences of the primers listed above are detailed in Table L.

For gene expression analysis RNA was isolated from K562 cells,
reverse transcribed and the cDNA was subjected to qPCR as described
previously [Crusselle-Davis et al., 2007].

The human erythroleukemia cell line K562 expresses high levels of the
vy-globin genes and low levels of the adult B-globin gene (Fig. 1C)
[Dean et al., 1983]. A diagram of the B-globin gene locus is shown in
Figure 1A. We analyzed the interaction of specific proteins with the
B-globin locus at different time points during S-phase and during
M-phase. To arrest cells in M-phase, S-phase synchronized cells
were released and incubated in the absence of thymidine and in the
presence of nocodazole, which arrests cells in early M-phase due
to deficient spindle formation. The double thymidine block in
combination with nocodazole is widely used to analyze specific

TABLE L. List of qPCR Primers Used for ChIP

Primer Sequences

US 5'-CGCCTTCTGGTTCTGTGTAA-3'
DS 5'-GAGAACATCTGGGCACACAC-3’
US 5'-CCTTCAGCAGTTCCACACAC-3'

DS 5'-CTCCTCTGTGAAATGACCCA-3'

Human HS2 core

Human Sy-globin gene promoter

Human 3’ “y-globin gene US 5'-CCATGATGCAGAGCTTTCAA-3’
DS 5'-TTTGCTCATCAAAACCCACA-3’
Human Bini US 5'-GTCAGGGCAGAGCCATCTAT-3'
DS 5'-AACGGCAGACTTCTCCTCAG-3'
Human EKLF US 5'-TTCACCGGAGGACAGAGC-3’
DS 5'-CCTCCCCAGTAAACAGCAAC-3’
Human GAPDH US 5'-GCCAATCTCAGTCCCTTCC-3’

DS 5'-CCTACTTTCTCCCCGCTTTT-3
US 5'-GTGTTATGTGCGTGCAAACC-3’
DS 5'-CTCTTCCCGGGTTTCTTCTC-3’

Human necdin promoter

HS2d US 5'-GGAAGGCATGAAAACAGGAA-3’
DS 5'-CCGTATGTGAGCATGTGTCC-3'

HS1d US-5'-CCTCCCTACCACCTTTAGCC-3'
DS-5'-GCAGAGCCCACATTTTCTTC-3'

eup US-5'-AGAGAGCCCCAGGCAATACT-3'

DS-5'-GGGGTGATTCCCTAGAGAGG-3’

events during S- or M-phase. Aliquots of unsynchronized, S-phase
synchronized, and M-phase synchronized cells were subjected to flow
cytometry and the profiles are shown in Figure 1B. The data show that
the double thymidine treatment resulted in a cell population in which
more than 95% of the cells were in S-phase. The combined double
thymidine and nocodazole treatment enriched M-phase cells to more
than 90%. For S-phase analysis, K562 cells were subjected to double
thymidine block to arrest cells at the G,/S-phase border. Aliquots of
the cells were taken at different time points after removal of
thymidine and subjected to ChIP analysis.

We first examined the association of RNA polymerase II (Pol 1I)
with LCR element HS2 and with the Avy-globin promoter in
unsynchronized and mitotically arrested K562 cells. As a control
we examined association of H3K4me2, a histone modification
associated with active chromatin, with the two regions. The data show
that while Pol II partially dissociates from the LCR during M-phase it
remains associated with the Ay-globin gene promoter (Fig. 1D). To
further examine the association of transcription factors and Pol II
with the globin gene locus during S- and M-phase we performed ChIP
experiments and subjected the precipitated DNA to qPCR. In these
experiments we analyzed the interactions of Pol II, Pol II
phosphorylated at serine 2 (Pol II S2P), TFIIB, TBP, and CBP
(Fig. 2). We focused on these proteins because previous studies have
shown that components of the basal transcription machinery, mainly
TBP, remain associated with specific genes during M-phase [Parsons
and Spencer, 1997; Chen et al.,, 2002, 2005; Christova and
Oelgeschlager, 2002; Blobel et al., 2009; Zaidi et al., 2010]. The
data show that all proteins examined were associated with LCR
element HS2 in unsynchronized and G,/S-phase synchronized cells.
The binding of TBP occurred at low levels at the LCR HS2. We
observed a decrease in binding of Pol II, Pol Il S2P, and CBP, with LCR
HS2 during mitosis. The binding of TBP and TFIIB at LCR HS2 was
similar in unsynchronized, S-phase arrested, and M-phase arrested
cells. At the Ay-globin promoter the binding of Pol II increased in
G,/S-phase synchronized cells and remained at a significant level in
M-phase cells. The binding of TFIIB at the Ay-globin promoter was
relatively constant during the different cell-cycle stages. The binding
of Pol II S2P, TBP, and CBP was low at this site. The interaction
pattern at the 3’ end of the y-globin gene was similar compared to the
promoter but the efficiencies of the binding of the factors were lower
compared to the promoter region. Finally, association of all the
proteins with the adult B-globin gene promoter, which exhibits low
activity in K562 cells, was very inefficient (Fig. 2, compare the scale at
the B-promoter with that of the other regions examined). The
summary data show that Pol II associates with LCR HS2 and largely
dissociates from this site during M-phase. In contrast, binding of Pol
I remains high in both G,/S-phase and M-phase synchronized cells at
the y-globin promoter.

We previously demonstrated that Pol II dissociates from the
B-globin gene locus during early S-phase in K562 cells [Vieira
et al., 2004]. Transcription factor USF2, which is implicated in the
recruitment of transcription complexes in the B-globin gene locus,
also dissociated from the globin locus but re-associated with LCR
element HS2 and the y-globin gene promoter before recruitment of
PolII [Vieira et al., 2004]. The dissociation of USF and Pol II correlated
with ongoing replication at the early S-phase stage [Vieira
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Fig. 2. Analysis of Pol Il and transcription factor binding at the human B-globin gene locus in unsynchronized, synchronized (at the G,/S-border), and M-phase arrested cells.
K562 cells were subjected to double thymidine block at G,/S-phase and nocodazole mediated arrest in early M-phase. Aliquots of the cells were taken from unsynchronized, G,/S-
phase synchronized (indicated as S-phase arrest) and M-phase arrested (indicated as mitotic arrest) cultures. The cells were subjected to ChIP assays using antibodies specific for Pol
II, Pol Il phosphorylated at serine 2 (indicated as Ser 2), TFIl B, TBP, and CBP. Precipitation with IgG antibodies served as negative controls. The DNA was isolated from the
immunoprecipitates and subjected to qPCR using primers specific for LCR element HS2, the Gy-promoter region, the Ay-3’end, and the B-globin promoter region. The data
represent means =+ standard errors of the means of three independent experiments with PCR performed in duplicate. The data are shown relative to the IgG control, set at 1. The

yellow line indicates 1gG background levels.

et al., 2004]. The previous interpretation was based on ChIP
experiments followed by a non-quantitative PCR. Here, we repeated
these experiments using quantitative PCR (qPCR) and also included
the analysis of co-factors CBP and BRG1 (Fig. 3). We have shown
previously that USF interacts with CBP in erythroid cells [Crusselle-
Davis et al., 2007]. Because CBP is also interacting with components
of the basal transcription machinery, it may be involved in recruiting
Pol II to the LCR. BRG1 is an ATPase-dependent chromatin
remodeling factor that has been implicated in LCR function [Kim
et al., 2007]. The data largely confirm the previous results and
demonstrated that Pol II, USF2 and CBP dissociate from LCR HS2 in
early S-phase (45 min after release from the double thymidine block)
and re-associate at later time points (Fig. 3A,B). While USF2 and CBP
were already bound at LCR HS2 at the 90-min time point, the binding
of Pol Il was still reduced and revealed maximal levels only at the 3-h
time point. The recovery of BRG1 associated LCR HS2 fragments was
very inefficient. The data suggest that the re-association of Pol II after
completion of globin locus replication is mediated by USF2 and its
co-factor CBP. We note that the results shown in Figure 3 are
reproducible but reflect the data from a single synchronization/ChIP/
gPCR experiment. We observed similar patterns of interaction in
separate experiments; however, the level of binding and the exact
timing of dissociation and re-association varied somewhat in these
complex experiments.

There is increasing evidence showing that enhancers recruit
transcription complexes and are transcribed [Kim et al., 2010; Koch
and Andrau, 2011]. This has been shown to be the case for the LCR
associated HS sites a long time ago [Tuan et al., 1992]. In fact,
transcription complexes associate with LCR HS sites in undifferenti-
ated cells and produce non-coding transcripts [Vieira et al., 2004;
Levings et al., 2006]. It has been shown that topoisomerases (Topo) I
and II are involved in the process of transcription [Vos et al., 2011].
Both enzymes can relieve the supercoil tension arising from
transcription elongation and have also been implicated in the process
of transcription initiation. We analyzed the recruitment of Pol II and
Topo I at various positions along the B-globin gene locus in K562
cells. To analyze the interaction of Topo I with the globin gene locus,
we trapped its chromatin interactions using the Topo I inhibitor
Cpt, which leads to a covalent interaction of Topo I with DNA
[Pommier, 2009]. Furthermore, we analyzed interaction of Topo I and
Pol II with the globin gene locus in synchronized cells 5h after the
release from the double thymidine block. The rationale for this was
that replication could interfere with Topo I and Pol Il binding.

The data demonstrate that Topo I binding was detectable at LCR
HS2 and at the transcribed Ay-globin gene, both at the 5" and 3’ end,
after treatment with Cpt (Fig. 4). We observed a gradual decrease in
Topo I binding in a region downstream of the LCR HS2 core. The
pattern of Topo I binding was very similar to the binding of Pol II. Pol

JOURNAL OF CELLULAR BIOCHEMISTRY

2001

PROTEIN/DNA INTERACTIONS DURING CELL CYCLE



Relative Enrichment
=Y
—

o n [=] < o n o < o n o L o n o <
QO < (=] ™ Q < o ™ Q < (=] ™ [ < (=2} ™
E g2 2 E g oglelElele e Ee e
FlElIREIR|IFIEIEIR|FIEIEIE|IFIEIEIE

IgG CBP BRG1 USF2

HS2
B 30

25 T
20
[}]
=
<
©
= 15
1]
Q
2
T 10
[]
14

5

0 : : :

Time 0 Time 45 Time 90 Time 3h
HS2Polll

Fig.3. Analysis of Pol Il and transcription factor interaction with LCR element HS2 at different time points during S-phase. K562 cells were subjected to double thymidine block to
arrest cells at the G,/S-phase border at which time point an aliquot was taken (time 0). After the release from the block aliquots of cells were taken at different time points (45 min,
90 min, and 3 h, as indicated). The cells were subjected to ChIP analysis using antibodies specific for CBP, BRG1, USF2 (A), and Pol Il (B). Precipitation with lgG antibodies served as
negative controls in these experiments and the data were compared to the IgG samples which were set at 1. The bars represent the results of a single ChIP experiment with the qPCR

performed in triplicate. Data are represented as the means =+ standard error of the means. Independent experiments yielded qualitatively similar data. The dotted yellow lines
represent 1gG background levels.

2002 PROTEIN/DNA INTERACTIONS DURING CELL CYCLE JOURNAL OF CELLULAR BIOCHEMISTRY



>

1.0
B Untreated, Topo |
{» O Untreated, IgG
= 0.8 [ 20 pM Cpt, Topo |
g W 20 uM Cpt, IgG
S 06—
=
c
w
(]
2
k-
[7)
4
HS2u HS2 HS2d HS1d eup €ini Ayini  Ay3’ Bini
B 60 50
M Untreated, Pol Il
O Untreated, IgG

5.0 40 [ 20 uM Cpt, Pol Il
g W 20 uM Cpt, IgG
E 40
2 30
S 30
2 20
5 20
&

1
1.0 0
0.0 0.0
HS2/3 HS2u HS2 HS2d HS1d gup €ini Bini Ayini Ay3’ GAPDH

Fig. 4. Analysis of Topo | and Pol Il binding with specific region in the B-globin gene locus in camptothecin treated K562 at late S-phase. Quantitative PCR results of ChIP assays of
Topo | (upper graph) and Pol Il (lower graph) binding to the 3-globin locus in synchronized K562 cells, untreated (no drug) or treated with 20 uM of camptothecin (Cpt) for 1 h. Cells
were cross-linked with formaldehyde and the chromatin was isolated, fragmented, and precipitated with antibodies against Topo I, Pol Il, or the unspecific IgG antibody. DNA was
purified from the precipitate and analyzed by quantitative PCR using primers specific for the indicated regions in the LCR, intergenic region, and promoters of ¢-globin, y-globin,
and B-globin in the B-globin locus (the amplicons are indicated in the diagram shown in Fig. 1A: HS2/3, LCR HS2, and HS3 linker region; HS2u, HS2 5’ flanking region; HS2, HS2
core; HS2d, HS2 downstream region; HS1d, HS1 downstream region; cup: ¢-globin gene upstream region; cini, é-globin promoter; Avyini, Ay-globin promoter; Ay3’, Ay-globin
gene 3’ region; Bini, B-globin promoter; GAPDH, GAPDH promoter region.). Bars represent the relative enrichment over the input DNA. Error bars represent standard deviation from

two independent experiments.

Il efficiently interacted with HS2 and with the “y-globin gene
promoters. We also observed a gradual decrease in Pol Il binding with
the HS2 downstream region. The occupancy of Pol II at the y-globin
gene promoter was much higher compared to HS2. In contrast, Topo |
appeared to bind more efficiently at LCR HS2. Furthermore, the
binding of Pol Il decreased at HS2 in the presence of Cpt but remained
unaltered at the y-globin gene promoter. Interestingly, we detected a
small but reproducible increase in Pol I binding at the adult 3-globin
gene promoter in the presence of Cpt. This was accompanied by an
increase in B-globin gene transcription (data not shown). The data
reveal a correlation between Topo I and Pol II associations in the
globin gene locus and are largely consistent with previous data
suggesting that Topo [ is involved in Pol Il recruitment to specific sites
in the genome [Vos et al., 2011].

The vertebrate globin genes are expressed at extremely high levels in
erythroid cells [Stamatoyannopoulos, 2005]. High-level expression is

mediated by transcriptional and post-transcriptional mechanisms.
Transcription of the globin genes is activated by multiple DNA
elements including, promoters, proximal enhancers, and LCRs.
Recent reports demonstrated that the globin loci associate with
transcription foci, also called transcription factories, in erythroid cells
[Osborne et al., 2004; Ragoczy et al., 2006]. In the B-globin gene locus
the association with transcription foci is dependent on the LCR. If
transcription takes place in transcription foci, how is this process
maintained during the cell cycle? The replication of the globin locus
during S-phase and the condensation of chromatin during M-phase
likely disrupt associations with transcription foci. In this study, we
analyzed the association and dissociation of specific transcription
factors, RNA polymerase II (Pol II) and Topoisomerase (Topo) I with
the B-globin gene locus at different cell-cycle stages in the human
erythroleukemia cell line K562.

The analysis of transcription factor association with the LCR at
specific time points during S-phase revealed that USF, CBP, and Pol II
dissociated from HS2 during early S-phase. USF and CBP re-
associated with the globin locus before Pol II is recruited to the globin
gene locus after replication. We previously demonstrated that the

JOURNAL OF CELLULAR BIOCHEMISTRY

2003

PROTEIN/DNA INTERACTIONS DURING CELL CYCLE



dissociation of Pol II from the globin locus coincides with replication
[Vieira et al., 2004]. Thus, these data confirm and extend our previous
observations. We propose that USF and CBP are involved in the re-
association of Pol Il with the globin gene locus during S-phase. USF
associates with LCR element HS2 and with the globin gene promoters
and inactivation of USF diminished recruitment of Pol II to
the B-globin gene locus [Crusselle-Davis et al., 2006; Liang
et al.,, 2009]. Furthermore USF interacts with the co-activators
CBP/p300 [Crusselle-Davis et al., 2007]. These proteins have been
shown in many studies to aide in the recruitment of transcription
complexes [Orphanides and Reinberg, 2002]. The fact that USF is not
an erythroid-specific protein but expressed in many cell types
suggests that one function of USF in general may be to regulate Pol II
recruitment at specific cell-cycle stages. CBP may aid USF in this
process.

The analysis of transcription factor association with the globin
locus at the G,/S-phase border and during M-phase revealed that the
levels of Pol II were relatively high at LCR element HS2 in
unsynchronized and G,/S-phase synchronized cells and declined to
low levels at M-phase. The low level association of Pol II during M-
phase is likely due to the fact that although the nocodazole mediated
arrest in M-phase was very efficient (see Fig. 1B) a small number of
cells (less than 10%) was still in S/G, phase. Nevertheless, the
situation was different at the y-globin gene promoter and at the 3’ end
of the “y-globin gene. Pol II levels were low in unsynchronized cells
and increased at the G,/S-phase border. Importantly, we did not
observe a dramatic decrease in Pol Il binding at the promoter and at
the 3’ end of the y-globin gene in M-phase arrested cells. Again, even
though the nocodazole mediated arrest was not 100%, the fact that we
did not observe a significant decrease in Pol I, and as a matter of fact,
TFIIB and TBP, binding at the y-globin promoter suggest that these
proteins remain associated with the y-globin gene during M-phase.
These data are consistent with previous studies showing that TBP
remains associated with active promoters in M-phase [Chen
et al., 2002; Christova and Oelgeschlager, 2002]. However, most
previous studies demonstrated that Pol II dissociates from mitotic
chromatin. It is possible that Pol Il remains associated with genes that
are highly expressed, like the globin genes in erythroid cells. In fact, a
previous report showed that Pol I remains associated with the y-actin
gene in HeLa cells [Parsons and Spencer, 1997]. The continuous
binding of Pol II at the 5’ end of the y-globin gene could ensure rapid
re-initiation of transcription during early G;. It is unlikely the y-
globin gene is expressed during M-phase. This is supported by our
unpublished observation that the levels of H3 tri-methylated at lysine
residue 36 (H3K36me3) were decreased in M-phase compared to
unsynchronized cells and G,/S-phase synchronized cells (Shermi
Liang, unpublished). H3K36 methylation is an indicator for active
elongation [Buratowski and Kim, 2010]. Furthermore, the levels of
serine 2 phosphorylated Pol II were very low at the B-globin gene
locus during M-phase. This suggests that Pol Il remains bound at the
promoter in M-phase but is not engaged in productive transcription.
The persistent binding of Pol II at the y-globin promoter is likely
mediated by TBP and TFIIB. However, a previous report demonstrated
that the erythroid-specific transcription factor NF-E2 also binds to
mitotic chromatin [Xin et al., 2007]. We and others have shown that
NF-E2 interacts with LCR HS sites and with the globin gene promoters

[Liang et al., 2008]. Furthermore, NF-E2 has been shown to be
required for the efficient recruitment of Pol II to the adult B-globin
gene promoter but not to LCR element HS2 [Johnson et al., 2001;
Zhou et al., 2010]. Thus, NF-E2 could assist basal transcription factors
in maintaining Pol Il binding at the y-globin promoter during mitosis.
In this respect, it is important to note that NF-E2 has been shown to
interact with a TAF [Amrolia et al., 1997].

Topoisomerases have long been known to play a role in the process
of transcription [Vos et al., 2011]. Topo I and Topo II are involved in
relaxing negative and positive supercoils upstream and downstream
of the transcribing polymerase and have been implicated in
transcription complex formation at promoters. We detected relatively
high levels of Topo I at the active y-globin gene promoter and at LCR
element HS2, sites that also recruit Pol II with high efficiency. Thus,
our data confirm previous results and further suggest that Topo I not
only regulates the activity of Pol Il at promoters but also at enhancer
and LCRs. It is interesting to note that inhibition of Topo I led to a
reduction in the association of Pol II with LCR HS2 and HS2
downstream regions but not with the y-globin gene promoter. In fact,
we detected an increase in the accumulation of Pol II at the 3’ end of
the y-globin gene. While there are many possible interpretations for
these results, the data could suggest that Topo I is particularly
important for the recruitment of Pol II to LCR HS2. Reitman and
Felsenfeld [1990] previously assayed the recruitment of Topo II to the
chicken B-globin gene locus and found that it is associated with
almost all of the DNase I HS sites analyzed. The data suggested that
topoisomerases preferentially act at nucleosome-free regions. This is
consistent with our data showing that in the human B-globin gene
locus, Topo I preferentially associates with LCR HS2 and the y-globin
promoter region.

We treated late S-phase cells for only 1 h with 20 uM Cpt in these
experiments to minimize negative effects of replication and DNA
damage/repair on Pol II recruitment. Higher concentrations of Cpt
and longer incubation times will affect other processes that indirectly
influence recruitment of Pol Il to chromatin (e.g., transcription
coupled DNA repair) [Vos et al., 2011].

The finding that Topo [ is recruited together with Pol II to LCR HS2
and that Pol II recruitment to this site is impaired in the presence of
Topo I inhibitors is interesting as identifying proteins that are
differentially required for the recruitment of Pol I to the LCR or to the
globin gene promoters could aid the functional analysis of the role of
Pol II recruitment to the LCR.
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