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Matrix attachment regions (MARs) are important in chromatin organization and gene regulation. Although it is known that
there are a number of MAR elements in the f5-globin gene cluster, it is unclear that how these MAR elements are involved in
regulating f-globin genes expression. Here, we report the identification of a new MAR element at the LCR(locus control
region) of human f-globin gene cluster and the detection of the inter-MAR association within the f-globin gene cluster.
Also, we demonstrate that SATB1, a protein factor that has been implicated in the formation of network like higher order
chromatin structures at some gene loci, takes part in f-globin specific inter-MAR association through binding the specific
MARs. Knocking down of SATB1 obviously reduces the binding of SATB1 to the MARs and diminishes the frequency of the
inter-MAR association. As a result, the ACH establishment and the o-like globin genes and p-like globin genes expressions are
affected either. In summary, our results suggest that SATB1 is a regulatory factor of hemoglobin genes, especially the early
differentiation genes at least through affecting the higher order chromatin structure.
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Introduction

Many studies have shown that a transcriptionally active structure
can be formed when genes express actively. Several assays including
3C [1], ChIP-3C/Loop assay [2,3], DamID [4] and other
approaches have been applied to show that the chromatin looping
events can bring distal regulatory elements and related gene
promoters into close proximity and provide such a transcriptionally
active structure. The looping events have been documented on
several gene loci such as HBB [5-9], Igf2-H19 [10-12], Igk [13],
DIix5/DIx6 [3], HoxB1 [14], and TH2 loci [15,16].

During exploring the possible formation mechanisms of spatial
organization of chromatin in the nucleus, the Matrix/scaffold
attachment regions (MARs/SARs) have been suggested to be the
important players for the complex packaging of eukaryotic
chromosomes in nuclei. MARs are originally identified as genomic
DNA fragments that remain tightly associated with high salt-
extracted and DNase I-digested nuclei, and have been postulated to
be localized at the base of chromatin loops. The MARs help to form
the chromatin loops by attaching to the nuclear matrix. MARs
identified by such criteria often contain base-unpairing regions
(BURSs) which become continuously unpaired when subjected to
negative super helical strain [17,18]. SATBI1, which has been
characterized as a MAR-binding protein, can bind to the BUR
sequences and regulates higher order chromatin loop structures in
T-cell[19-21]. Kumar et al also showed that SATB1 can recruit a
regulatory complex that manages transcription by orchestrating
dynamic chromatin-loop architecture in MHC class I locus [21].
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The intensive studies in the ff-globin locus have revealed that the
local chromatin organization is one of the major players in the in
vivo regulation of globin genes expression. There are 5 develop-
mentally specific genes including embryonic (¢), fetal (Gy, Ay), and
adult (6,f) globins in the human f-globin gene cluster on
chromosome 11. The locus control region (LCR) of f-globin gene
cluster, containing 5 DNase I-hypersensitive sites (HS), locates in
the far upstream region of the cluster and is able to enhance tissue-
specific f-globin genes expression[22,23]. In the f-globin locus, the
actively expressing globin genes are in close proximity to LCR to
form a specialized structure that was termed as ACH [7].
However, this higher order chromatin structure is not directly
associated with gene transcription. Erythroid-specific transacting
factors, such as EKLF, GATA-1, and FOG [8,9] are indispensable
factors to recruit the active f-like globin genes to the ACH. The
details of how this ACH structure was established and maintained
are still unclear. There are many candidate MARs in the f-globin
cluster appear to be important in regulating the f-like globin genes
expression[24]. MARs flanking the &- or y-globin genes or within
the f-globin second intervening sequence (IVS2) have been
proposed as regulatory elements for globin genes expression or
hemoglobin switching [25-28]. But how these MAR elements
regulate the gene expression is only addressed most recently.
SATB1 was found to be present in the erythroid cells and the
binding of SATBI to some MARs can up-regulate the expression
of e-globin gene [29]. These studies indicate that SATBI could
mediate the function of MAR elements in directing the expression
of B-globin genes.
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In this report, we identified a new MAR element within the B-
globin locus and observed the SATBI mediated inter-MAR
association by applying several approaches. We also demonstrated
that the inter-MAR association plays an important role in regulating
the expression of fi-like globin genes possibly through influencing the
establishment of the ACH(active chromatin harbor). In light of the
global regulatory role of SATBI, our data suggest that SATB1 is
possibly an important regulator of early erythroid differentiation by
influencing the chromatin organization.

Results

The identification of a new MAR element in the f-globin
cluster

We applied an improved method QACT (quantitative associ-
ated chromatin trap) to search the spatially associated chromatin
fragments with a previously identified MAR element, which locate
upstream of HS2 (MAR™?) in K562 cells [29,30]. The method is
based on the recently reported ACT method [12] and could
quantitatively identify previously unknown chromatin fragments
associated with a given chromatin fragment [31]. The MAR™? is
a well known MAR element that had been proved to regulate the
p-like globin genes expression [29]. There were totally 3 restriction
fragments identified by QACT assay that show obvious association
with the MAR™? (Fig. 1A and Fig. 1B). The fragments from the
5'-flanking region of &-globin gene promoter and 3’ -flanking region
of y! ~globin gene contain the supposed potential MARs (MAR®
and MARY) that have already been reported [22,25,26,30,32,33].
Another restriction fragment that showed high association
frequency with MAR™? locates at the interval region between
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HS4 and HS5. This newly identified fragment showed high MAR
potential when analyzed with MARwiz (Fig. S4A) [34]. The
nuclear extraction/DNA retention assay that is used to prove the
enrichment of this fragment in NM(nuclear matrix) associating
chromatin also confirmed the high MAR possibility of this
fragment (Fig. S4B)[28,35,36]. SATB1 specifically binds to double
stranded BUR sequences by recognizing a specialized DNA
context (an ATC sequence context), that frequently characterizes
the DNA content of MARs [37]. To test the MAR potential of this
newly identified fragment, the core sequence of this fragment with
predicted SATBI binding sites was detected for the SATBI
binding capacity by EMSA. Compared with the well-known
SATBI! binding sequence [29,37], the tested sequence showed
similar binding capability (data not shown). In addition, the ChIP
result also showed an obvious in vivo binding of SATBI to the two
core sequences of this region (Fig. 1C). Therefore, both the in vitro
and in vivo experiments proved that the newly identified fragment
has SATB1 binding capability, suggesting that a potential MAR is
enclosed in the interval region between HS4 and HS5. Here, we
name it as MARP®*,

MARs in f-globin gene cluster associate with each other

In the QACT assay, MAR™? was extensively associated with
MARS* MAR? and MAR”. To further validate the associations
among these MAR elements, 3C assay was performed using
MARM™*) MAR™?, and MAR” located restriction fragments as
the fixed fragment respectively. The results showed that the four
MAR elements in f-globin gene cluster can associate with each
other at obviously high frequencies (Fig. 2A, B, C), suggesting that
the four MAR elements are spatially close to each other. The
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Figure 1. Identification of MAR"S? associated chromatin fragments and SATB1 binding assay. A. Schematic representation of f-globin
gene cluster is shown. The vertical lines represent the positions of Hindlll digestion sites. The arrows represent the positions of the 3C primers and the
numbers from 1 to 8 represent 263521, MAR™*, MAR™?, MAR?, 223527, 222228, MAR" and 200386 respectively. The horizontal bars represent the
positions of ChIP primers. B. The histogram shows the capturing frequencies (Y-value) of the chromatin fragments in QACT assay when MAR"*? was
used as the leader fragment. The MAR"*? associated chromatin fragments identified by QACT including MAR™* and previously reported MAR® and
MAR” were indicated along X-axis. The leader fragment (MAR"*2) of QACT assay was shown as the vertical line. Three representative low frequency
fragments in B—%Iobin cluster region were also shown and the numbers represent the sequence number in NT009237(NCBI). C. ChlIP assay of SATB1
binding to MAR"**(including 2 separate fragments MAR™**-1 and MAR"5*-2), MAR"2, MAR® and MAR?. The positions of the ChIP primers are shown in
Fig. 1A. The Y value is the enrichment of SATB1 after normalized to input. The histogram represents the average of triplicated experiments and the
standard deviations were shown. Necdin was used as the negative control. An example of PCR-amplified products on 2% agrose gel is shown at the
top.

doi:10.1371/journal.pone.0004629.g001
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Figure 2. 3C assay of MAR associations and the expressions
assay of flike globin genes in both hemin induced and
uninduced K562 cells. The histograms show the association
frequencies between the leader fragment and other tested fragments.
The leader fragments are MAR™* (A), MAR™? (B) and MAR" (C)
respectively. The tested fragments are shown along the X-axis and the
leader is shown at top-right. Four fragments from other regions of f-
globin gene cluster were also analyzed. The positions of the primers are
shown in Fig. 1A. The Y values of the histograms represent the reading
of PCR signal of two-tested fragments ligation product after normal-
ization, which represent the ligation frequency of each pair of analyzed
fragments (see materials and methods for details). The PCR-amplified
re-ligation product from GAPDH locus was used to correct for the
amount of DNA (the 3C templates DNA prepared from hemin
uninduced K562 cells and hemin induced K562 cells) used in each
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PCR. Error bars represent the mean and standard errors from triplicate
and averaged determinations. D. Quantified assay of the expressions of
p-like globin genes during the hemin induction after normalizing to f-
actin.

doi:10.1371/journal.pone.0004629.g002

association results in the looping out of the intermediate regions
between different MARs. This observation is consistent with the
hypothesis that genomic DNA is attached to the NM through
MAR elements and the intermediate regions between two MAR
elements are organized as separate units. Also, the positions of
these four MAR elements on NM are spatially proximal which
indicates a “MAR core” structure in the f-globin gene locus in
K562 cells. The functional significance of this “MAR core” could
be observed when the terminal differentiation of K562 cells was
induced by hemin. More than 90% cells could be induced when
measured by, the Benzidine staining(Fig. S1) [38-41]. The
comparative 3C assay in uninduced and induced K562 cells
showed the obvious increasing of the ligation frequencies among
the MARSs after hemin induction (Fig. 2A, B, C), implying that the
“MAR core” formation is also significantly increased accompa-
nying the up-regulation of the f-like globin genes expression
(Fig. 2D). Taken together, these data indicate that the association
of the four MAR elements of f-globin gene cluster establishes a
“MAR-core” as the base to organize the intermediate regions. In
addition, the association of the MAR elements can be induced by
hemin and the association accompanies the activation of ¢ and y-
globin genes in K562 cells.

SATB1 can specifically bind to these potential MARs and
mediate the association among these MARs in f-globin
gene cluster

The p-like globin genes expressions are always accompanied by
the establishment of specific 3D chromatin structure [5,7,42]. The
transcription factors are supposed to be responsible for this active
process. SATBI is one of the candidates that have been reported
to regulate the f-globin genes expression by influencing the
chromatin structure [29]. We compared the varying binding
status of SATBI at the MAR elements in f-globin cluster during
the erythroid differentiation. As expected, we detected the strong
binding of SATBI to at least three of the four MARs including
MAR™* MAR™? and MARF in uninduced K562 cells (Fig. 3A).
Hemin induction of the K562 cells obviously increased the binding
of SATBI to MAR™* MAR™? and MAR®. Also worthy of
noting is that the binding of SATB1 to MAR” was much weaker
than other MARs regardless of the differentiation status (Fig. 3A).
This is not consistent with the previous in vitro assay[26], but
consistent with the in vivo binding assay reported recently [29].
The ChIP results also showed that there was no binding of SATB1
to the globin gene promoters including &- and y-globin genes or the
core regulatory elements including HS2 and HS4 (Fig. S2),
suggesting a binding specificity between SATB1 and MARs. This
result indicates that the increased SATB1 binding is a possible
reason of increased inter-MAR association when the polymeriza-
tion property of SATBI is taken into consideration [19]. To
further explore the essential role of SATBI in mediating the inter-
MAR association, we applied the “ChIP-3C” assay in both
uninduced and induced K562 cells. Compared with 3C assay, the
ChIP-3C assay allows us to examine a specific chromatin
interaction mediated by a particular protein [2,3]. As the ChIP-
3C result showed in both cells, the re-ligation products between
any two of MAR"* MAR'™? and MAR® can be observed
consistently (Fig. 3B), indicating that SATB1 mediates the inter-
MAR association at least among MAR™®* MAR™? and MAR®.
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Figure 3. SATB1 mediated inter-MAR association. A. ChIP assay
of the varying SATB1 binding at MAR elements during the hemin
induced K562 cells differentiation. The four detected MAR elements are
indicated along X-axis and Necdin is used as the negative control. The
positions of the ChIP primers are shown in Fig. 1A. The Y-value
represents the reading of PCR signal after being normalized to input. B.
ChlIP-3C analysis of inter-MAR association. The samples without ligase
(ligase-) are used as negative control. The positions of the tested
fragments were indicated at the top of each gel. The re-ligation
frequencies of two adjacent GAPDH fragments were used to normalize
the starting material of each assay. The histogram is to show three
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biological replicates of ChIP-3C assay and the error bars represent the
standard deviations of these three replicates. The Y values represent the
relative re-ligation frequencies indicated by gray and black bars
between fragment MAR™? or MAR"** as the leader fragment and the
other fragments of the locus.

doi:10.1371/journal.pone.0004629.9003

Sequencing of the PCR products further confirmed the re-ligation
products. We haven’t seen any signal of re-ligation products
between MAR™*/MAR™? and MAR” or other nonspecific
chromatin fragments from outside of MAR regions. However, we
did observe the association between MARY and MARMS*/
MAR™? a5 shown in 3C assay (Fig. 2), suggesting that the
association is possibly mediated by other trans-acting factor(s). In
fact, the binding of SATBI to MAR” was marginal compared with
others as shown in the ChIP assay (Fig. 1B). Additionally, Wen et
al also reported that the increasing of y-globin gene expression was
accompanied by the decreasing of SATBI expression after hemin
induction in the late passage K562 cells [29], supporting that
SATBI is not a critical regulator of y-globin gene expression.
Additionally, the ChIP-3C result also supports that hemin
induction of K562 cells significantly increases the association
frequency of these 3 MARs including MAR™* MAR™? and
MAR?® (Fig. 3B). This result is consistent with the increasing
binding of SATBI to these 3 MARs and increasing association
frequency among these 3 MARs as shown in Fig. 2.

SATB1 is important for higher order chromatin
organization and f-globin genes expression in K562 cells
We also applied the SATB1 specific RNAI vector that expresses
a short hairpin RNA against SATBI mRNA i vivo to detect the
role of SATBI1 in mediating establishment of the inter-MAR
association. We transfected K562 cells with the SATBI1-RNAi
vector or the control vector, and obtained the stably transfected
cells [43]. It could be observed that the expression of SATB1 was
markedly repressed in both mRINA and protein level (Fig. 4A). As
a result, the substantially reduced expression of &-globin gene could
also be observed in the K562-SATBI1-RNAI cells but not in the
K562-SATBI1-control cells (Fig. 4B, C). The expression of f-globin
gene was unaltered compared with K562-SATB1-control cells.
The expression of y-globin gene was also moderately reduced
(Fig. 4B, C). These results suggest that knocking down of SATB1
in K562 cells may influence the spatial chromatin structure of 8-
globin gene cluster. It is also noticeable that the {-globin gene, one of
the o-like globin genes predominantly expresses in fetal stage was
also obviously repressed in the K562-SATB1-RNAi cells(Fig. 4B),
suggesting a general role of SATBI in erythroid differentiation.
Interestingly, there were no significant expression changes of some
mmportant erythroid transcriptional factors in the K562-SATBI-
RNAI cells(Fig. S3). As expected, the bindings of SATBI at
MARM™* MAR™? and MAR® were reduced substantially in
SATBI1 knocking down cells, whereas the SATBI binding at
MARY was still marginal (Fig. 4E). Accordingly, the 3C assay
result showed that the association between MAR™*/MARMS?
and MAR? also obviously decreased (Fig. 4D). Additionally, the
active transcriptional = structure formed between HS2 core
sequence and é&-globin gene promoter was affected i K562-
SATB1-RNAI cells and the association between HS2core and y-
globin gene promoter also moderately decreased (Fig. 4F). These
results suggest that SATBI1 possibly contributes to the 7y-globin
expression. However, Wen et al has reported that knocking down
of SATBI resulted in the increasing of y-globin gene expression in
late passage of K562 cells, suggesting that SATBI is not an
important regulatory factor of y-globin gene expression[29]. This
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Figure 4. Knocking down of SATB1 has profound effect on the chromatin structure at f-globin gene locus. A. The detection of the
SATB1 level by RT-PCR and western-blotting after SATB1 being knocked down through RNA interference(RNAi). RNAi1, RNAi2 and RNAI3 represent 3
independent SATB1-knockdown K562 cell clones. The vector with non-specific RNAi cassette was used as negative control and the wild type (WT)
K562 cell was used as positive control. B. The expressions of ¢-globin, y-globin, f-globin, «-globin and (-globin genes were determined by semi
quantitative RT-PCR and normalized to f-actin in both wild type K562 cells and SATB1-knock-down cells RNAi3. C. The histogram is to show three
biological replicates of the expression assay of ¢-globin and y-globin genes by real-time PCR. D. 3C assay of inter-MAR association in wild type K562
cells and SATB1-knockdown cells RNAi3 with MAR™>* and MAR"*? as leader fragment respectively. E. ChIP assay of SATB1 binding to MARs in both
wild type K562 cells and SATB1-knockdown RNAI3 cells. F. 3C assay of the spatial proximity between HS2 and ¢-globin, y-globin or -globin genes
promoters. HS2core represents the core fragment of HS2 after Hindlll digestion which was used as the leader fragment. Error bars in C, D, E, and F
represent the mean and standard error from triplicate and averaged determinations.

doi:10.1371/journal.pone.0004629.g004
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discrepancy is possibly caused by the using of different passages of
K562 cells. There are both early passage of K562 cells and late
passage of K562 cells. In the early passage of K562 cells, the
expressions of both & and y-globin genes increase in response to
hemin induction as we observed in our experiments and other
previous reports[38-40]. The amount of SATBI1 in the early
passage of K562 cells we used showed no obvious change after
induction (Fig. 5A). While in the late passage of K562 cells used by
Wen, et al., &-globin gene decreased and y-globin gene increased
after hemin induction. Also, SATBI1 decreased in response to the
hemin induction. In our results, SATB1 knocking down probably
generated more direct and significant repressing influence on &-
globin gene expression than on y-globin gene expression in the early
passage of K562 cells (Fig. 4B, C). However, the decreased
expression of SATBI in the late passage K562 cells could up-
regulate the expression of y-globin gene but down-regulate the
expression of &-globin gene, indicating the different regulatory
patterns between these two subtypes of K562 cells.

The acetylation modification of SATB1 changes in
differentiated erythroid cells

As we observed, hemin induction of K562 cells could enhance
the inter-MAR association and the expression of globin genes.
Unexpectedly, SATBI gene expression showed no increase in both
mRNA level and protein level during the hemin induction of
K562 cells (Fig. 5 A, B). Because a recent report found that
SATBI could be acetylated in Jurkat cells in vivo and this
acetylation significantly impaired the DNA binding ability of
SATBI1 [44], we performed the immunoprecipitation assay with
SATBI1 specific antibody to identify if SATBI also could be
acetylated in K562 cells. As shown in Fig. 5C, SATBI that was
precipitated by anti-SATBI antibody could be recognized by
acetylated-lysine specific antibody. Importantly, the acetylated
SATB1 obviously decreased concomitant with the hemin
induction of K562 cells. This result indicates that the equilibrium
between the deacetylated and acetylated SATBI could be affected
by the hemin induction through promoting the deacetylation of
SATBI and increasing its DNA binding ability.

SATB1 is possibly important for reinitiating expression of
p-like globin genes during cell cycles

From the above results, we concluded that knocking down of
SATB1 mainly influences the inter-MAR association and the
structural basis for -globin gene expression. Some studies suggested
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that the basic transcriptional factors like TFIID and TFIIB keep
binding at active gene promoters in metaphase [45,46]. This
binding was supposed to preserve the transcription status of active
genes. We wondered if SATBI keeps binding at the MAR
elements of the f-globin gene locus in metaphase. To answer this
question, more than 90% K562 cells were synchronized into G2/
M phases (Fig. S5) and ChIP was performed to observe the
binding status of SATB1 at MAR™*, MAR™? and MAR®. As
shown in Fig. 6A, the bindings of SATB1 at these three MAR sites
were only decreased as mildly as what we observed on the histone
3 acetylation(H3Ac) (Fig. 6B) when the cells were synchronized
into mitosis phase[47], whereas the RNPII almost lost the binding
at both HS2 core sequence and &-globin gene promoter(Fig. 6C),
which is consistent with the abolishment of gene transcription
during mitosis[48]. Taken together, these results demonstrate that
SATBI keeps binding at the MAR elements of - globin gene
cluster, implying that SATB1 may be involved in the reactivation
of p-like globin genes during cell cycle.

Discussion

The aim of our study was to show how MAR elements are
mvolved in the gene regulation and how the MAR binding
proteins influence the gene regulation through MAR elements
using f-globin gene cluster in K562 cells as a model. By observing
the positions of the MAR elements and the interactions among
them, we showed the existence of a inter-MAR association
structure mediated by SATBI1 and the contribution of this
structure to f-globin genes expression. We also observed the
maintaining of the binding of SATBI to these MARs, that is
possibly important for inter-MAR association and the reactivation
of genes transcription in next cell cycle. Therefore, our data,
combined with other recent findings, imply a possibly new
regulatory role of MAR elements when the gene regulation is
depicted through the spatial chromatin organization level.

It is well known that the MARs/SARs are important players in
complex packaging of eukaryotic chromosomes in nuclei by
creating the chromatin loops attached to the nuclear matrix. For a
long time, the nuclear matrix was proposed as a static structure
that provides a platform or directly participates in diverse matrix-
supported processes. Until recently, SATB1 mediated long range
chromatin association was reported and this finding provided the
first evidence that MAR elements are important regulatory
elements helping to create the local looping structure [20,21].
Within the f-globin gene cluster, several supposed MAR elements

IP: SATB1

Q?p
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Figure 5. Expression and modification assay of SATB1 after hemin induction. The detection of SATB1 expression during the hemin
induction by RT-PCR(A) or Western-blotting(B). C. Acetylation analysis of SATB1 after hemin induction for 4 days. The Anti-SATB1 antibody
immunoprecipitated proteins were detected by either Anti-SATB1 antibody or Acetylation specific antibody. The wild type K562 cells(uninduced)
were used as the control.

doi:10.1371/journal.pone.0004629.9005
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Figure 6. The binding of SATB1 at MARs of f-globin gene
cluster in metaphase. The occupancy of SATB1(A), acetylated-H3
(H3Ac) (B) and RNP(C) at f-like globin gene clusters in asynchronous (As)
and synchronous (s) K562 cells. The occupancies of SATB1 at target sites
of f-globin clusters and c-myc gene in (As) and (s) cell populations were
compared after normalizing the DNA amount differences in (As) and (s)
populations through DNA input (In-As and In-s). Necdin was chosen as
negative control of ChIP assay. The &-pro indicates that the ChIP primer
position is at the ¢-globin promoter region. HS2core indicates that the
ChlIP primer position is at the core region of HS2. Error bars represent
the standard deviations of at least 3 replicates.
doi:10.1371/journal.pone.0004629.g006

have been identified with different approaches [26,29,30,49]. Most
of the studies showed these MARs are able to attach to the nuclear
matrix. In this study, we have identified the i situ association
among these elements. Unexpectedly, a new MAR element,
locating in the interval region between HS5 and HS4, has also
been identified. We also proved that the MAR elements contribute
significantly to the establishment of the local looping structure
within f-globin gene cluster. However, there was also a report
describing that the expression of globin genes were accompanied by
the moving out of the whole locus from the chromosomal domain
[50]. One of the suspected driving force was mediated by the
attachment of MARs to nuclear matrix [28] or other subnuclear
compartments. Therefore, the dual roles of MARs are also
anticipated during the f-globin genes activation.

During the f-globin gene cluster activation, several transcrip-
tional factors mediate the associations between the gene promoters
and the enhancers [8,9] to form active chromatin transcriptionally
structure [5,7] and our 3C assay has also confirmed that (Fig. S6).
Our results have indicated that the f-globin gene cluster specific
inter-MAR association is correlated with the formation of ACH.
According to our 3C and ChIP-3C results, the association directly
generates at least three intact loops, with HS3 and HS4 at one
loop, HS1 and HS2 at another loop and &- and y- globin genes at
the third loop. The three loops, therefore, provide the spatial
convenience for the conversation among these HSs and the gene
promoters. We presume that the formation of these loops is the
structural basis for the establishment of ACH. Though there is no
direct evidence for the relationship between the inter-MAR
association structure and the previously described ACH structure,
our data imply the co-existence of these structures mediated by
different transcriptional factors. Also, our 3C assay showed that
the association frequencys between MAR™5*/MAR™? and
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MAR? were higher than the frequency between MARPS/
MAR"? and y-globin promoter (Fig. S7). Importantly, our study
showed that the inter-MAR association can increase substantially
after hemin induction of K562 cells, that is consistent with the
changed active looping events. Here, the results give a hint that the
inter-MAR association structure may act as a pre-existing
structure facilitating this activation process. Therefore, this
structure should be relative stable and its establishment is not
presumed to be mediated by the more dynamic transcriptional
factor(s). However, it is only the beginning to realize the possible
importance of inter-MAR association structure and much more
efforts are required to further establish the role of the inter-MAR
association at other gene loci.

SATBI1 has the specific MAR binding property and can self-
polymerize to establish a birdcage-like structure that could
encapsulate the silenced genes [19]. SATBI was also reported to
mediate the long range chromatin associations in the TH2
cytokine locus, suggesting that the polymerization of SATBI
generates stable structure besides the binding to chromatin
fragments as a transcriptional factor [20]. We also proved that
SATBI is important in the establishment of active loop formation
between e-promoter and regulatory elements. The associations
among MAR®, MAR"? and the newly identified MAR"™* can
be consistently observed and be proved to be mediated by SATB1.
Because the signal between MARY and MAR™*/MAR™? can
not be detected by ChIP-3C, we speculate that SATBI is not a
necessary factor that mediates the recruitment of y-globin gene to
the ACH. Because MARY can be observed to be associated with
the other three MARs, we also presume that it is mediated by an
unknown factor. Looping events have been observed to be
mediated by distinct transcriptional factors[51], which may confer
the loops different regulatory functions and generate distinct
outcomes. Chromatin loops formed by CTCF are known as
independent regulatory units be protected from the surrounding
cis-elements [52]. While SATBI, as suggested by our present data,
may involved in the establishment of separate chromatin loops
that can easily communicate with each other. Additional
investigation will be necessary to propose a general partition in
the function of different loops events.

There are evidences supporting that most of the basal
transcription factors, RNA polymerases and enhancer binding
factors are absent from the condensed, mitotic chromosomes [53],
whereas the epigenetic markers of active and inactive genes can be
maintained throughout mitosis, as well as the basal transcriptional
factors like TFIID and TFIIB, which will not be excluded from
active gene promoters during mitosis [45-47,54,55]. This
maintaining is thought to be important for preserving the active
status of active genes. However, the reactivation of gene expression
also depends on the re-establishment of the active transcribing
structure. Although there is no direct evidence to prove that the
ACH structure breaks down during cell division, the enhancer-
promoter interaction was observed to be lost in metaphase[56].
Also, the transcriptional machinery and several gene specific
transcriptional factors required for the ACH formation are absent
during metaphase[9,45,47]. Therefore, we presume that the re-
establishment of ACH is possibly needed for the f-like globin genes
expression and SATBI binding at the MAR elements probably
contributes to this active process.

As a conclusion, here we propose a “MAR-core-loop” model
for better interpreting the function of SATB1 mediated inter-
MAR association in K562 cells (Fig. 7). The positions of these
MAR eclements divide the whole f-globin gene cluster into at least 5
parts in K562 cells (Fig. 7A). Establishment of “MAR core” by
MAR"* MAR'2 MAR® and MAR” interactions generates at
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Figure 7. The MAR-core-loop model. A. The diagram illustrates the genomic arrangement of -globin gene cluster. The orange squares represent
HS1 to HS5 and the blue squares represent the MAR elements. The triangles represent the f-like globin genes. The curves at the top indicate the
interactions among the four MAR elements. B. The supposed spatial organization of -globin gene cluster during terminal differentiation of K562 cells,
a “MAR-core-loop” model. The green spheres represent SATB1 which mediates the association of MAR elements. It is noticeable that the MAR” is

possibly recruited to the “MAR core” by unknown MAR binding protein(s

). Spatial proximity of the loops provides the chance for establishment of the

ACH. The left panel shows the loops extending from the “MAR-core” and the right panel shows the loop interactions mediated by “MAR-core”.

doi:10.1371/journal.pone.0004629.g007

least 3 separated loops with which HSs, ¢-globin and y-globin gene
promoters harbored. SATB1 is supposed to be the dominant
mediator of the inter-MAR association. A predicted unknown
factor is also involved in mediating the MARY association to other
members of this “MAR core”. As shown in Fig. 7B, the “MAR-
core-loop” structure is a stable higher order chromatin structure
that provides the structural convenience for the crosstalk among
HSs or between HSs and gene promoters to form an active
transcriptional structure termed as ACH. Importantly, the binding
of SATBI at MAR™*, MAR™? and MAR® during the mitotic
cell division helps to reactivate f-globin genes and high order
chromatin structure during cell cycles.

Materials and Methods

Quantitative ACT(QACT)

QACT is designed based on the recently reported ACT method
that could quantitatively identify the long distance associated
chromatin fragments to a given chromatin region[31]. Briefly, the
prepared 3C templates DNA were completely digested by the
secondary endonuclease Mspl and then purified. The digested DNNA
was used for self-ligation in 500 ul to promote the intra-molecule
ligation. The primers used for nested inverse PCR were as follows:
FMARM"S?F:CACTGAAAATAGTGTTTAGCAT; FMARYS? R:
GTATCTTATTCCCCACAAGAGT; SMAR"®’F: TCCAGCA-
TCCTCATCTCTGA; SMAR™?R: ACAGTTAATTATAAT-
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GTGCTCTGTC. The 5 side of SMAR™®? primers was modified
with biotin. PCR reactions were performed as follows: one cycle at
94°C: for 4 min; 25 cycles at 94°C for 30 s, 56°C for 40 s and 72°C
for 30 s; followed by one cycle at 72°C for 10 min. The first round
PCR products were used as the templates of second round inverse
PCR after 100 fold dilution. The second round PCR was performed
as follows: one cycle at 94°C for 4 min; 30 cycles at 94°C for 30 s,
60°C for 40 s and 72°C for 30 s; followed by one cycle at 72°C. for
10 min. The leader RCF was removed from the purified second
round PCR products and the HindIII adaptor was ligated to the left
ACPs. HindIII adaptor was obtained by annealing the following
primers: HindIII adaptorF 5" Biotin-ATACGACTCATGGATCC-
GACA; HindIIl adaptorR 5’ Phosphate-AGCTTGTCGGATC-
CATGAGTCGTAT. BamHI and Mmel restriction recognition
sites were included in the HindIII adaptor. Further Mmel digestion
excised 19/20 bp tags from the ACPs and the tags could be captured
by magnetic sphere through the HindIII adaptor and its biotin
modification. To quantitatively analyze the possible associated
chromatin fragments,a NN adaptor was ligated to the other side of
the tags. NN adaptor was obtained by annealing of the following
primers: NNadF: 5° GCAAGGTGCTCTGCTGCAGNN; and
NNadR: 5" phosphate-CTGCAGCAGAGCACCTTGC. A Pstl
restriction site was included in the NN adaptor. Tags were amplified
by additional PCR reaction with HindllladF and NNadF as
primers. The two sides of adaptor were removed by BamHI and
Pstl.. Self-ligation of these tags produces concatemers including
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several to nearly twenty tags. The concatemers around 500 bp in
length were cloned directly into the MCS(multi cloning site) of the
vector pUCI19. The inserted concatemers were sequenced. A
frequency can be showed according to the sequencing results. The
sequences of the tags could be mapped to the human genome with
the BLASTn tool.

Nuclear extraction/DNA retention

The nuclear extraction/DNA retention assay was performed as
previously described[28,35,36]. In brief, The K562 cells were
lysed on ice for 15 min using nuclei buffer to get nuclei.Nuclear
extraction (Halo nuclei) were prepared by extracting nuclei with
halo buffer and isolated by centrifugation through a glycerol step-
gradient. The restriction endonucleases were added (~100 U
cach, EcoRI/HindIII) and the DNA digested at 37°C for 4 h. The
nuclear matrix(NM) DNAs were separated from the loop-
associated(LA) DNA by centrifugation at 16,000 xg for 20 min.
Both NM and LA DNAs were isolated by reverse cross linking and
purified by extraction with phenol and chloroform. Both samples
were then subjected to 0.8% agarose gel electrophoresis and
Southern hybridization was performed.

3C (chromosomal conformation capture)assay

The 3C assay was performed as previously described[1,5] with a
few modifications[57]. Firstly, we chose four representative sites at
MAR"* MAR™2 MAR®, MAR” and some gene coding regions
to perform the agarose gel electrophoresis after HindIII diges-
tion(Fig. S8). RealtimePCR and semi-quantitative PCR with
primers encompass several Hind III digestion sites to show that the
digestion efficiencies at different sites are similar(Fig. S9). The B-
globin BAC clones used to correct for the PCR amplification
efficiency is screened from BAC library in our Lab(BAC 186D7)
and the vector is pBeloBAC11. Primer sequences are available
when required, GAPDH-1 (GCCCAATACGACCAAATCTAA)
and GAPDH-2 (ATTGTTGCCATCAATGACCC) are the
primers from two HindIIl restriction fragments of the GAPDH
gene used for correcting different template amount. All the test
primer pairs were verified by amplifying the control sample and
sequencing the PCR products. All the PCRs were triplicate and
averaged. The correction method is the same as that given in the
work of Dekker et al.[1] and Tolhuis et al[5]. The calculation gives
a relative ligation frequency for each analyzed sample, since it
corrects for the differences in PCR amplification efficiencies,
amounts of templates, and sizes of PCR products.

ChIP assay

ChIP analysis was carried out in hemin induced and uninduced
K562 cells or SATB1 RNA interference(RNAi) cells. In brief,
isolated, 1% formaldehyde-cross-linked cells, as described above,
were lysed in lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris,
pH 8.1) containing protease inhibitors and sonicated on ice until
cross-linked chromatin DNA was sheared to an average length
around 500 bp. The sonicated cell supernatant was diluted 10-fold
in ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM
EDTA, 16.7 mM Tris-HCI, pH 8.1, 167 mM NaCl). The
precleared chromatin using protein G-agarose (Upstate) was
incubated with anti-SATB1 antibody (sc-5990, Santa Cruz),
anti-acetylated-H3(06-599 Upstate), anti-acetylated-H4(06-866,
Upstate) or with pre-immune goat serum as the control, at 4°C
overnight. Immunoprecipitates were recovered by incubation with
protein G-agarose (Upstate) at 4°C for 2 h, followed by low-speed
centrifugation. The washed pellets were reverse cross-linked. The
DNA was extracted with phenol-chloroform/isoamyl alcohol
(25:24:1), precipitated with ethanol, and used for PCR analysis.
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ChIP-3C assay

The ChIP-3C assay was performed as previously described
[2]. In brief, the crosslinked chromatin was sonicated, digested
with specific restriction enzyme HindIII overnight, and immu-
noprecipitated with anti-SATB1 antibodies coupled to protein G
beads. The beads were then precipitated, resuspended in ligation
buffer, and overnight ligation was performed. The beads were
washed using RIPA buffer [58]and protein-DNA complexes
were eluted using ChIP elution buffer [59]. The crosslinking was
reversed at 65°C for 15 h and ligated DNA was purified. The
PCR primers for amplifying ligated DNA were as described in
supplemental data.

ColP (Coimmunoprecipitation) assay

K562 cell lyses was obtained in the RIPA buffer (50 mM Tris-
HCI(pH 7.5),100 mM NaCL2 Mm EDTA,1% NP40,1 mM
EGTA, protease inhibitor). Nuclear extract (100 pg) was first
precleared with rabbit-IgG(Ssanta Cruz) and protein A/G
beads(upstate). And the precleared extract was then incubated
with SATBI antibody or preimmune serum and proteinA/G
beads in 1.5 ml IP buffer (0.5% NP-40, 10 mM Tris HCL
150 mM NaCl, 2 mM EDTA, 10% glycerol, protease inhibitor)
at 4°C for 4-6 h. After a brief centrifugation, the pellet was
washed in IP buffer 4-5 times at 4°C for 10 min, and the protein-
antibody complexes were analyzed by Western blot analysis with
specific antibodies.

Knock down SATB1 by RNA interference in K562 cells

SATBI specific and non-specific siRNA vector were from X Han
and Y Sun[43]. The SATB1 shRNA comprised of: 5'-GCTGAAA-
GAGACCGAATATTTCAAGAGAATATTCGGTCTCTTTC-
AGC-3'. The non-specific shRNA sequences were: 5'-ACG
TGACACGTTCGGAGAATTCAAGAGATTCTCCGAACG-
TGTCACGT-3"K562 cells were transfected with SATB1 RNAI
plasmids or control plasmids using an Lipofectamine™ 2000
(Invitrogen).  Several stable clones were selected using
G418(500 pug/mL; Gibco, Grand Island, NY).The extent of siRNA
mediated inhibition of SATBI1 was evaluated by Western blot
analysis with specific antibodies.

Over-expression of SATB1 in K562 cells

An SATBI expression vector was constructed by fusing SATB!
c¢DNA into pEGFP-N2 (Clontech, PaloAlto, CA) to give pEGFP/
SATBI; accuracy was confirmed by DNA sequencing. For stable
cell lines, pPEGFP/SATBI1 or pEGFP was transfected by Lipofecta-
mine™ 2000 (Invitrogen) into K362 cells. Several Clones were
selected using G418 (500 pg/mL; Gibco, Grand Island, NY). The
extent of overexpression of SATB1 was evaluated by RT-PCR and
Western blot analysis with specific antibody.

Quantitative Real-Time PCR Analysis

Differences in DNA enrichment for ChIP samples and 3C
samples were determined by real-time PCR by using the 7500
Real Time PCR System (ABI). The threshold was set to cross a
point at which PCR amplification was linear, and the number of
cycles (Ct) required to reach the threshold was collected and
analyzed with Microsoft Excel. Primers sequences are available
upon request. The PCR product was measured by SYBR green
fluorescence.

Immunofluorescence

Immunofluorescence was carried out on synchronized K562
cells as described previously [47].
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Supporting Information

Figure S1 The Benzidine staining assay for uninduced and
induced K562 cells by Hemin. A.The uninduced K562 cells; B.
The induced K562 cells by hemin (4d)

Found at: doi:10.1371/journal.pone.0004629.s001 (0.15 MB TIF)

Figure 82 The SATBI binding analysis of MAR"? &-globin
promoter(e-pro), y-globin  promoter(y-pro), HS2Core and
HS4Core elements by ChIP.

Found at: doi:10.1371/journal.pone.0004629.s002 (0.21 MB TTF)

Figure 83 Expressions of GATAl, GATA2, CTCF, EKLF,
NFE2 and MAFK were determined by normalized to B-actin in
both wide-type K562 cells and SATBI-knockdown cells. A.
Example of gel electrophoresis of PCR result. B. Average of
triplicate experiments, error bars represent the standard deviations.
Found at: doi:10.1371/journal.pone.0004629.s003 (0.29 MB TIF)

Figure $S4 A. The analysis of MAR potential of MAR'S* by
MARwiz, a web-based analysis tool; B.Nuclear extraction/DNA
retention assay of MAR™5*, The nuclear extraction was digested
by the restriction enzyme(HindIII and EcoRI) and nuclear matrix
associated fraction(NM) and loop associated fraction(LA) samples
were separated by electrophoresis and hybrided by the MAR™S*
probe(2.6 kb). Genomic DNA digested by the same restriction
enzyme(HindIIl and EcoRI) was the positive control.

Found at: doi:10.1371/journal.pone.0004629.s004 (0.19 MB TTF)

Figure 85 'The synchronization of K562 cells after nocodazole
treating. A. Asynchronous K562 cells population; B. synchronous
mitotic K562 cells population.

Found at: doi:10.1371/journal.pone.0004629.s005 (0.27 MB TTF)

Figure S6 Relative crosslinking frequencies between HS2core
fragment as a leader and gene promoters including &-pro, y-pro
and B-pro of the locus. The histogram shows the association
frequencies between the leader fragment and other tested
fragments. The tested fragments are shown along the X-axis and
the leader is shown at top-right. The Y values of the histogram are
the reading of PCR signal of two-tested fragments ligation product
after normalization,, which represent the ligation frequency of
each pair of analyzed fragments (see materials and methods for
details). The PCR-amplified re-ligation product from GAPDH
locus was used to correct for the amount of DNA (the 3C

References

1. Dekker J, Rippe K, Dekker M, Kleckner N (2002) Capturing chromosome
conformation. Science 295: 1306-1311.

2. Wang Q, Carroll JS, Brown M (2005) Spatial and temporal recruitment of
androgen receptor and its coactivators involves chromosomal looping and
polymerase tracking. Mol Cell 19: 631-642.

3. Horike S, Cai S, Miyano M, Cheng JF, Kohwi-Shigematsu T (2005) Loss of
silent-chromatin looping and impaired imprinting of DLX5 in Rett syndrome.
Nat Genet 37: 31-40.

4. Cleard F, Moshkin Y, Karch F, Maeda RK (2006) Probing long-distance
regulatory interactions in the Drosophila melanogaster bithorax complex using
Dam identification. Nat Genet 38: 931-935.

5. Tolhuis B, Palstra RJ, Splinter E, Grosveld F, de Laat W (2002) Looping and
interaction between hypersensitive sites in the active beta-globin locus. Mol Cell
10: 1453-1465.

6. Carter D, Chakalova L, Osborne CS, Dai YF, Fraser P (2002) Long-
range chromatin regulatory interactions in vivo. Nat Genet 32: 623-
626.

7. Palstra RJ, Tolhuis B, Splinter E, Nijmeijer R, Grosveld F, et al. (2003) The
beta-globin nuclear compartment in development and erythroid differentiation.
Nat Genet 35: 190-194.

8. Drissen R, Palstra RJ, Gillemans N, Splinter E, Grosveld F, et al. (2004) The
active spatial organization of the beta-globin locus requires the transcription
factor EKLF. Genes Dev 18: 2485-2490.

9. Vakoc CR, Letting DL, Gheldof N, Sawado T, Bender MA, et al. (2005)
Proximity among distant regulatory elements at the beta-globin locus requires
GATA-1 and FOG-1. Mol Cell 17: 453-462.

@ PLoS ONE | www.plosone.org

10

MAR Elements & Gene Expression

templates DNA from Hemin uninduced K562 cells and Hemin
induced K562 cells) used in each PCR. Error bars represent the
standard errors. “Hemin—"" represents the uninduced K562 cells
and “Hemin+" represents the induced K562 cells by Hemin.

Found at: doi:10.1371/journal.pone.0004629.s006 (0.03 MB TIF)

Figure $7 Relative crosslinking frequencies between MARPS*/
MAR"™? and MAR? were higher than the frequency between
MAR™*/MAR™? and y-globin. A. The 3C assay using MAR™*
and HS4 core fragments as the leader fragment. B. The 3C assay
using MAR™? and HS2 core fragments as the leader fragment.
The histogram shows the association frequencies between the
leader fragment and other tested fragments. The Y values of the
histogram are the reading of PCR signal of two-tested fragments
ligation product after normalization,, which represent the ligation
frequency of each pair of analyzed fragments. Error bars represent
the standard errors.

Found at: doi:10.1371/journal.pone.0004629.s007 (0.15 MB TTF)

Figure S8 The detection of enzyme digestion efficiency for 3C
procedure template lanel and 5. A-Hind III marker; lane2 and 3.
Hind III digested crosslinked genomic DNA (3C template);
lane4.Hind III digested uncrosslinked genomic DNA.

Found at: doi:10.1371/journal.pone.0004629.s008 (0.14 MB TIF)

Figure 89 Enzyme digestion efficiency detection. The histogram
represents the analysis results from real-time PCR. Y-axis values
represent relative enzyme digestion efficiency of 3C template, X-
axis values represent primers that are designed to span one
HindIII digestion site that is close to MAR™*(primer1), MAR™
52(primer2), MAR®(primer3), MAR”(primer4), 263521 (primer5),
223527 (primer6), 222228(primer7), 200386(primer8) respectively.
Found at: doi:10.1371/journal.pone.0004629.s009 (0.11 MB TTF)

Acknowledgments

We thank Dr. Han, X from Nanjing Medical University for providing us
SATB1 RNAI constructs as a gift. We also thank Dr. Zhao, ZH from
Beijing Institute of Biotechnology for critical reading and suggestions.

Author Contributions

Conceived and designed the experiments: LW LD DPL CL. Performed the
experiments: LW LD WZ. Analyzed the data: LW LD XL ZX ZG DPL.
Wrote the paper: LW LD DPL.

. Murrell A, Heeson S, Reik W (2004) Interaction between differentially
methylated regions partitions the imprinted genes Igf2 and H19 into parent-
specific chromatin loops. Nat Genet 36: 889-893.

. Kurukuti S, Tiwari VK, Tavoosidana G, Pugacheva E, Murrell A, et al. (2006)
CTCF binding at the HI9 imprinting control region mediates maternally
inherited higher-order chromatin conformation to restrict enhancer access to
Igf2. Proc Natl Acad Sci U S A 103: 10684-10689.

. Ling JQ, Li T, Hu JF, Vu TH, Chen HL, et al. (2006) CTCF mediates
interchromosomal colocalization between Igf2/H19 and Wsb1/Nfl. Science
312: 269-272.

. Liu Z, Garrard WT (2005) Long-range interactions between three transcrip-
tional enhancers, active Vkappa gene promoters, and a 3" boundary sequence
spanning 46 kilobases. Mol Cell Biol 25: 3220-3231.

. Wurtele H, Chartrand P (2006) Genome-wide scanning of HoxBl-associated
loci in mouse ES cells using an open-ended Chromosome Conformation
Capture methodology. Chromosome Res 14: 477-495.

. Spilianakis CG, Flavell RA (2004) Long-range intrachromosomal interactions in
the T helper type 2 cytokine locus. Nat Immunol 5: 1017-1027.

6. Spilianakis CG, Lalioti MD, Town T, Lee GR, Flavell RA (2005) Interchromo-
somal associations between alternatively expressed loci. Nature 435: 637-645.

. Kohwi-Shigematsu T, Kohwi Y (1990) Torsional stress stabilizes extended base
unpairing in suppressor sites flanking immunoglobulin heavy chain enhancer.
Biochemistry 29: 9551-9560.

. Bode J, Kohwi Y, Dickinson L, Joh T, Klehr D, et al. (1992) Biological
significance of unwinding capability of nuclear matrix-associating DNAs.
Science 255: 195-197.

February 2009 | Volume 4 | Issue 2 | e4629



22.

23.

24.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

. Cai S, Han HJ, Kohwi-Shigematsu T (2003) Tissue-specific nuclear architecture

and gene expression regulated by SATBI. Nat Genet 34: 42-51.

. Cai S, Lee CC, Kohwi-Shigematsu T (2006) SATBI1 packages densely looped,

transcriptionally active chromatin for coordinated expression of cytokine genes.
Nat Genet 38: 1278-1288.

. Kumar PP, Bischof O, Purbey PK, Notani D, Urlaub H, et al. (2007) Functional

interaction between PML and SATBI regulates chromatin-loop architecture
and transcription of the MHC class I locus. Nat Cell Biol 9: 45-56.
Hanscombe O, Whyatt D, Fraser P, Yannoutsos N, Greaves D, et al. (1991)
Importance of globin gene order for correct developmental expression. Genes
Dev 5: 1387-1394.

Li Q, Peterson KR, Fang X, Stamatoyannopoulos G (2002) Locus control
regions. Blood 100: 3077-3086.

Boulikas T (1993) Homeodomain protein binding sites, inverted repeats, and
nuclear matrix attachment regions along the human beta-globin gene complex.

J Cell Biochem 52: 23-36.

. Case SS, Huber P, Lloyd JA (1999) The gammaPE complex contains both

SATBI and HOXB2 and has positive and negative roles in human gamma-
globin gene regulation. DNA Cell Biol 18: 805-817.

5. Cunningham JM, Purucker ME, Jane SM, Safer B, Vanin EF, et al. (1994) The

regulatory element 3’ to the A gamma-globin gene binds to the nuclear matrix
and interacts with special A-T-rich binding protein 1 (SATBI), an SAR/MAR-
associating region DNA binding protein. Blood 84: 1298-1308.

Jackson CE, O’Neill D, Bank A (1995) Nuclear factor binding sites in human
beta globin IVS2. J Biol Chem 270: 28448-28456.

Ostermeier GC, Liu Z, Martins RP, Bharadwaj RR, Ellis J, et al. (2003) Nuclear
matrix association of the human beta-globin locus utilizing a novel approach to
quantitative real-time PCR. Nucleic Acids Res 31: 3257-3266.

Wen J, Huang S, Rogers H, Dickinson LA, Kohwi-Shigematsu T, et al. (2005)
SATBI family protein expressed during early erythroid differentiation modifies
globin gene expression. Blood 105: 3330-3339.

Yan ZJ, Qian RL (1998) The 5'-flanking cis-acting elements of the human
epsilon-globin gene associates with the nuclear matrix and binds to the nuclear
matrix proteins. Cell Res 8: 209-218.

Di LJ, Wang L, Zhou GL, Wu XS, Guo ZC, et al. (2008) Identification of long
range regulatory elements of mouse alpha-globin gene cluster by quantitative
associated chromatin trap (QACT). J Cell Biochem 105: 301-312.

Boulikas T (1995) Chromatin domains and prediction of MAR sequences. Int
Rev Cytol 162A: 279-388.

Li Q, Stamatoyannopoulos JA (1994) Position independence and proper
developmental control of gamma-globin gene expression require both a 5’
locus control region and a downstream sequence element. Mol Cell Biol 14:
6087-6096.

Singh GB, Kramer JA, Krawetz SA (1997) Mathematical model to predict
regions of chromatin attachment to the nuclear matrix. Nucleic Acids Res 25:
1419-1425.

. Chou RH, Churchill JR, Flubacher MM, Mapstone DE, Jones J (1990)

Identification of a nuclear matrix-associated region of the c-myc protooncogene
and its recognition by a nuclear protein in the human leukemia HI.-60 cell line.
Cancer Res 50: 3199-3206.

Weber M, Hagege H, Murrell A, Brunel C, Reik W, et al. (2003) Genomic
imprinting controls matrix attachment regions in the Igf2 gene. Mol Cell Biol 23:
8953-8959.

Dickinson LA, Joh T, Kohwi Y, Kohwi-Shigematsu T (1992) A tissue-specific
MAR/SAR DNA-binding protein with unusual binding site recognition. Cell
70: 631-645.

@ PLoS ONE | www.plosone.org

1

38.

39.

40.

41.

42.

43.

44,

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.

MAR Elements & Gene Expression

Rowley PT, Ohlsson-Wilhelm BM, Wisniewski L, Lozzio CB, Lozzio BB (1984)
K562 human leukemia cell passages differ in embryonic globin gene expression.
Leuk Res 8: 45-54.

Dean A, Erard F, Schneider AP, Schechter AN (1981) Induction of hemoglobin
accumulation in human K562 cells by hemin is reversible. Science 212:
459-461.

Benz EJ Jr, Murnane M]J, Tonkonow BL, Berman BW, Mazur EM, et al. (1980)
Embryonic-fetal erythroid characteristics of a human leukemic cell line. Proc
Natl Acad Sci U S A 77: 3509-3513.

Smith RD, Malley JD, Schechter AN (2000) Quantitative analysis of globin gene
induction in single human erythroleukemic cells. Nucleic Acids Res 28:
4998-5004.

Vernimmen D, De Gobbi M, Sloane-Stanley JA, Wood WG, Higgs DR (2007)
Long-range chromosomal interactions regulate the timing of the transition
between poised and active gene expression. Embo J 26: 2041-2051.

Ma C, Zhang J, Durrin LK, Lv J, Zhu D, et al. (2007) The BCL2 major
breakpoint region (mbr) regulates gene expression. Oncogene 26: 2649-2657.
Pavan Kumar P, Purbey PK, Sinha CK, Notani D, Limaye A, et al. (2006)
Phosphorylation of SATBI, a global gene regulator, acts as a molecular switch
regulating its transcriptional activity in vivo. Mol Cell 22: 231-243.

5. Michelotti EF, Sanford S, Levens D (1997) Marking of active genes on mitotic

chromosomes. Nature 388: 895-899.

Christova R, Oelgeschlager T (2002) Association of human TFIID-promoter
complexes with silenced mitotic chromatin in vivo. Nat Cell Biol 4: 79-82.
Xin L, Zhou GL, Song W, Wu XS, Wei GH, et al. (2007) Exploring cellular
memory molecules marking competent and active transcriptions. BMC Mol Biol
8: 31.

Gottesfeld JM, Forbes DJ (1997) Mitotic repression of the transcriptional
machinery. Trends Biochem Sci 22: 197-202.

Jarman AP, Higgs DR (1988) Nuclear scaffold attachment sites in the human
globin gene complexes. Embo J 7: 3337-3344.

Ragoczy T, Telling A, Sawado T, Groudine M, Kosak ST (2003) A genetic
analysis of chromosome territory looping: diverse roles for distal regulatory
clements. Chromosome Res 11: 513-525.

Bartkuhn M, Renkawitz R (2008) Long range chromatin interactions involved in
gene regulation. Biochim Biophys Acta 1783: 2161-2166.

Hou C, Zhao H, Tanimoto K, Dean A (2008) CTCF-dependent enhancer-
blocking by alternative chromatin loop formation. Proc Natl Acad Sci U S A
105: 20398-20403.

Martinez-Balbas MA, Dey A, Rabindran SK, Ozato K, Wu C (1995)
Displacement of sequence-specific transcription factors from mitotic chromatin.
Cell 83: 29-38.

Gazit B, Cedar H, Lerer I, Voss R (1982) Active genes are sensitive to
deoxyribonuclease I during metaphase. Science 217: 648-650.

. John S, Workman JL (1998) Bookmarking genes for activation in condensed

mitotic chromosomes. Bioessays 20: 275-279.

Burke IJ, Zhang R, Bartkuhn M, Tiwari VK, Tavoosidana G, et al. (2005)
CTCF binding and higher order chromatin structure of the H19 locus are
maintained in mitotic chromatin. Embo J 24: 3291-3300.

Zhou GL, Xin L, Song W, Di L], Liu G, et al. (2006) Active chromatin hub of
the mouse alpha-globin locus forms in a transcription factory of clustered
housekeeping genes. Mol Cell Biol 26: 5096-5105.

Carroll JS, Liu XS, Brodsky AS, Li W, Meyer CA, et al. (2005) Chromosome-
wide mapping of estrogen receptor binding reveals long-range regulation
requiring the forkhead protein FoxAl. Cell 122: 33-43.

Shang Y, Myers M, Brown M (2002) Formation of the androgen receptor
transcription complex. Mol Cell 9: 601-610.

February 2009 | Volume 4 | Issue 2 | e4629



