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Abstract A great many transcription factors, cytokines,
and cytokine receptors have been identified as indispens-
able elements in lymphocyte differentiation, but the
molecular mechanism that orchestrates the expression and
function of these molecular factors is unknown. The pro-
cess of lymphocyte differentiation involves both the
simultaneous activation of lymphoid-related genes and the
inactivation of non-lymphoid lineage-related genes, sug-
gesting that there should be critical molecules that regulate
such gene expression in both temporal and spatial dimen-
sions. Recent studies of chromatin-remodeling proteins
shed light on this complex process. In particular, special
AT-rich sequence-binding protein 1 has been studied
extensively. In this article, we review the wealth of infor-
mation characterizing this protein.

Keywords ARID - AT-rich sequence-binding proteins -
Epigenetics - Lymphopoiesis - SATB1

Introduction

Lymphocytes are generated from multipotent hematopoi-
etic stem cells (HSCs). The process of lymphocyte pro-
duction represents a paradigm for cell differentiation, in
which signaling pathways and transcription factors coor-
dinately induce the step-wise maturation of HSCs and
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multipotent progenitors into specialized effector cells [1-
3]. However, the expression of lymphoid lineage-specific
genes is determined by the combination of signaling
pathways and transcription factors and also by epigenetic
mechanisms such as DNA methylation, histone modifica-
tion, chromatin structure remodeling and small RNA [4-8].
The organization of chromatin structure that creates
accessibility to target genes is important in the regulation
of cell differentiation [9, 10]. A global genome organizer,
such as CCCTC-binding factor, regulates chromatin
topology, forming transcriptionally repressive and per-
missive compartments [11, 12]. Recent reports have
revealed the mechanisms by which genetic factors and
epigenetic modifications complementarily regulate B
lymphoid-lineage specification and commitment [13, 14].
In this review, we discuss the function of chromatin-
remodeling proteins in lymphocyte differentiation, partic-
ularly focusing on those that bind AT-rich sequences.

Proteins with AT-rich sequence-binding properties

The nuclear matrix was originally defined as residual
nuclear structure following extensive treatment with salts,
detergents and enzymes, which provides a frame to main-
tain the spherical shape of the nucleus [15]. Subsequent
studies suggested that the nuclear matrix is indispensable to
organize higher-order chromatin loops, and that DNA
sequences that bind specifically to the nuclear matrix are
critically involved in this loop formation [16, 17]. Such
DNA sequences are named matrix attachment regions
(MARSs) or scaffold-associated regions.

AT-rich DNA sequences are involved in DNA replica-
tion and RNA synthesis by acting as targets of nuclear
receptors,  transcription  factors, and DNA/RNA
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Fig. 1 Schematic representation of the domain structure of murine
SATB1, SATB2 and Bright/ARID3a. SATB1 and SATB2 have
similar structure which consists of a PDZ-like domain (PDZ), a
MAR-binding domain (MBD) and a homeodomain (HD). The PDZ
domain is important not only for the interaction with partner proteins
but also for the homodimerization. The MBD and HD are indispens-
able for recognition of MARs and specific binding to target genes.
The phosphorylation site (P) and the acetylation site (Ac) in the PDZ
domain of SATB1 and the sumoylation sites (S) in SATB2 are
depicted. The ARID family comprises 15 members which are
categorized into 7 subfamilies. The ARID3 subfamily differs from
other ARID members at the N and C terminals of ARID which form
alpha helices in the protein structure. These alpha helices are termed
the extended ARID (E). The C-terminal extended ARID is important
to recognize target genes. Among the ARID family proteins, only the
Bright/ARID3a is known to play roles in lymphopoiesis

SATB2 |

polymerases [18-20]. In particular, AT-rich sequences in
MARSs contribute to the formation of a higher-order
structure of chromatin and generate functional chromatin
loops, in which long-range interactions among enhancers,
promoters, and coding sequences are enabled [21-23]. This
chromatin-remodeling process involves MAR-binding
proteins that bind the AT-rich DNA sequences.

To date, two MAR-binding protein groups have been
found to play roles in the lymphoid lineage; one group is
the special AT-rich sequence-binding (SATB) family that
recognizes the ATC sequence context, and the other is the
AT-rich interaction domain (ARID) family (Fig. 1). The
former consists of two proteins: SATB1 and SATB2 [24-
27]. The latter comprises 15 ARID-containing proteins in
mouse and human, which can be classified into seven
distinct subfamilies—ARID1 through ARIDS, Jumonji-
ARID (JARID) 1, and JARID2 [28]. Among the 15 ARID-
containing proteins, ARID3a, also known as B cell regu-
lator of immunoglobulin (Ig) heavy chain (IgH) transcrip-
tion (Bright), is required for the development of HSCs and
B lymphocytes [29].

SATBI1 function in lymphopoiesis

SATB1 was originally identified by Kowhi-Shigematsu’s
group as a binding partner using a synthetic MAR probe,
which was created by concatemerizing the MAR
sequence located at the 3’ end of the IgH gene enhancer

[24]. Although the brain and testis express a minute
amount of SATBI transcripts, SATB1 is predominantly
expressed in the thymus [24]. Thus, SATBI1 is the first
known MAR-binding protein whose function is likely
tissue-specific.

A subsequent study by Kowhi-Shigematsu’s group
revealed that SATBI expression is highly associated with
thymocyte differentiation [30]. SATB1 deficiency causes
severe immunodeficiency and multiple defects in
T-lineage development. Immature CD37CD4 CD8" tri-
ple-negative subset of thymocytes is greatly reduced in
the thymus of SATBI1-deficient mice. Even more serious
problems in cell differentiation were observed at the
CD4"CD8" double-positive stage. The SATB1-deficient
CD4"CD8" double-positive thymocytes almost com-
pletely lost the differentiation potential to CD4" or
CDS8™ single-positive thymocytes [30]. These phenotypes
correlate with the expression levels of SATBI in thy-
mocytes. We previously observed that SATBI expression
is remarkably upregulated at the CD47CDS8' double-
positive stage and remains very high through the matu-
ration to single-positive cells (T.Y. unpublished obser-
vation). Under the SATB1-deficient condition, numerous
genes, including IL2Ro and IL7Ro, remain aberrantly
transcribed in the CD4"CD8" double-positive thymo-
cytes [30]. Thus, SATBI is thought to regulate the
temporal and spatial expression of various genes during
the early stages of T cell development.

SATBI is also involved in the late stages of T-lineage
differentiation. Interestingly, the downregulation of SATB/
expression is necessary for the generation and maintenance
of CD41CD25" regulatory T cells (Tregs) [31]. In this
process, the X-linked forkhead transcription factor, Foxp3,
plays critical roles; Foxp3 directly represses the SATBI
locus by binding to the transcriptional promoter site and the
genomic locus, and it indirectly inhibits SATBI expression
through the induction of microRNAs that bind to the
SATBI 3' untranslated region. The Tregs lose their sup-
pressive function and acquire the effector T cell pheno-
types, such as interferon gamma (/FN-y) and interleukin 5
(IL5) expression via ectopic expression of SATBI [31].
Thus, suppression of SATBI expression is thought to be
indispensable for the functional integrity of Tregs.

Compared with the T-lineage, the B-lineage appears to
be less sensitive to SATB1 ablation. Nevertheless, while
the B cell population in SATB 1-deficient mice appears to
be unaffected in terms of the expression of B220, IgM, and
IgD, the absolute number of B lymphocytes significantly
decreases [30]. In addition, our group identified increased
SATB1 expression in lymphoid-primed multipotent pro-
genitors and early lymphoid progenitors, both of which
have high potential to produce B- and T-lineage cells
in vivo [32]. These observations signify SATBI1 activity in
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the very early stages of B-lineage differentiation. In fact,
HSCs transduced with a SATBI-overexpressing vector
efficiently produce B-lineage cells in stromal cell co-cul-
tures. In addition, the production of natural killer lym-
phocytes is enhanced by SATBI overexpression. Of note,
those SATBI-overexpressing HSCs are less capable of
producing myeloid cells and dendritic cells in culture than
control HSCs [32].

A recent report also determined the significance of
SATBI expression in HSCs [33]. The SATBI-deficient
HSCs were found to be less quiescent and more prone to
differentiate, preferentially to myeloid—erythroid lineages
[33]. Our group also detected low levels of SATBI
expression in HSCs, in which levels remarkably declined in
myeloid-biased aged HSCs [32]. Thus, SATBI expression
is likely important for HSCs to maintain self-renewal
capacity and differentiation potential. However, we must
stress here that higher SATBI expression does not neces-
sarily improve HSC function. Our group observed that
SATBI-overexpressing HSCs effectively generate both T
and B lymphocytes for a short term after transplantation to
lethally irradiated mice, but the HSCs fail to establish long-
term reconstitution ([32] and T.Y unpublished observa-
tion). Taken together, we presume that a low level of
SATBI1 protein is necessary to inhibit spontaneous differ-
entiation of HSCs toward myeloid—erythroid cells and to
maintain HSC function, but a high level of SATBI strongly
induces the lymphoid differentiation program in HSCs
(summarized in Fig. 2).

SATBI1-targeted genes in lymphocyte differentiation

As described in “SATBI1 function in lymphopoiesis”,
SATBI1 exhibits lineage and differentiation stage-specific
function in lymphopoiesis. These specificities are pre-
sumably due to a discrete set of SATBI target genes in
each lineage or differentiation stage.

In SATB1-deficient thymocytes, expression levels of up
to 2 % of the total genes, including CD25/IL2Ra, IL7Ra,
and c-Myc, are greatly dysregulated [30]. Overexpression
of CD25/IL2Ra has also been confirmed by in vitro
experiments, in which SATBI1-deficient HSCs were co-
cultured with OP9-deltal stromal cells [32]. In human T
cell development, SATB1 binds directly to MARSs in the
CDS gene [34]. In the later stage of T cell differentiation,
SATBI1 controls multiple IL4 target genes and establishes
effector T cell function by inducing IL4, IL5, IFN-y, and
IL17a gene expression [31, 35].

In terms of primitive hematopoietic progenitors, aber-
rant enhancement of c¢-Myc and Numb, encoding a
repressor of the Notch signaling pathway, was observed in
SATBI1-deficient HSCs, and both appear to increase com-
mitment to myeloid—erythroid lineages of SATB1-deficient
HSCs [33]. In contrast, SATBI overexpression induces the
expression of various lymphoid-related genes in HSCs,
such as Ragl, CD8a, Blink, ILI7Ra, and IL4R, whereas it
represses GATAS, which encodes an essential transcription
factor of erythroid lineage, and Csf3R, encoding the G-CSF
receptor [32]. Irrespective of whether these genes are direct

Fig. 2 Influence of AT-rich
sequence-binding proteins on

Bright/ARID3a

lymphocyte differentiation.
Commitment of mesodermal
progenitors (Mesoderm) to
HSCs, self-renewal (curved
arrow) and subsequent
differentiation (straight gray
arrows) through intermediate
stages to effector cells are
illustrated. Blue arrows indicate
positive regulation whereas
blunt ended red lines suggest
that the influence is inhibitory.
Dashed arrows indicate possible —
relations, which remain to be
elucidated. LMPP, lymphoid- Mesoderm  Balanced
primed multipotent progenitor; Cc

ELP, early lymphoid progenitor;
CLP, common lymphoid
progenitor; ETP, early thymic
progenitor; GMP, granulocyte
macrophage progenitor; and
MegEP, megakaryocyte
erythrocyte progenitor
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or indirect targets of SATB1, the net effect of such changes
determines the fate of HSCs. Some differences observed
experimentally in expression of SATB1 target genes that
are influenced by a loss-of function or a gain-of function
likely reflect the dose-dependent function of SATBI
proteins.

Notably, in embryonic stem cells, SATB1 deficiency
impairs their differentiation potential and augments
expression of Nanog, KIf4, and Thx3, which function as the
pluripotency determinants [36]. Furthermore, during brain
development, SATB1 regulates multiple genes such as Fos,
Fosb, Egrl, Egr2, Arc, and Bdnf that serve as critical
neuronal genes to organize synaptic plasticity [37]. Thus,
SATBI targets genes in a context-dependent manner.

SATB1-associated molecules

In this section, we describe the basic characteristics of
SATBI as a transcription-regulating protein. SATB1 forms
multimers in the nucleus by homophilic interaction through
its PDZ-like domain [38]. The multimeric SATB1 proteins
are distributed in the euchromatin of thymocyte nuclei by
forming a three-dimensional cage-like structure surround-
ing dense chromatin regions [39]. SATBI1 also has a MAR-
binding domain and an atypical homeodomain [40, 41],
which presumably enable the protein to recruit its specific
targets onto the nuclear matrix/scaffold platform (Fig. 3).
Association with various proteins affords diverse func-
tions to SATB1. Notani et al. [42] showed that SATB1
interacts with B-catenin, which acts as a transcriptional
regulator mediating Wnt signaling. This SATB1/B-catenin
interaction coordinately induces GATA3 expression,
resulting in the determination of commitment to the CD4*
helper type 2 T (Ty2) cell lineage. Upon the activation of
Ty2 cells, SATB1 forms active chromatin structures at the
T2 cytokine locus of mouse chromosome 11, where 114,
115 and 1113 genes are clustered, in concert with GATA3,
STAT6, c-Maf and RNA polymerase II [43]. SATBI1 also
interacts with the promyelocytic leukemia body (PML)
[44]. The SATBI/PML complex induces higher-order
chromatin-loop structures in the major histocompatibility
complex (MHC) Class I locus and regulates the expression
profile of MHC Class I under inflammation stimuli.
Furthermore, SATB1 associated with epigenetic modi-
fiers. SATBI1 directly binds to several histone modification
enzymes and chromatin-remodeling factors. In thymocytes,
SATBI1 recruits the nucleosome remodeling and histone
deacetylase (HDAC) complex to the IL2Ra gene and
represses its expression [45]. Among the components of the
nucleosome remodeling and HDAC complex, SATBI
directly interacts with HDACI1, HDAC-associated co-
repressor metastasis-associated protein-2 (MTA-2), and

Fig. 3 SATBI constructs the chromatin-loop structure for global
gene regulation. This cartoon depicts the putative mechanism of
SATBI1 (green ovals) in regulating expression of multiple genes
(orange, light green and dark green rectangles) located in different
chromatins (blue, light purple and gray lines) through the interaction
with histone modifiers, such as HDAC1 (purple ovals) and CBF/p300
(red ovals). SATB1 also recruits diverse transcription factors (yellow
and orange circles), and thereby organizes transcriptional complexes
on the target genes. SATBI1 protein is thought to form transcription
machinery in association with the nuclear matrix structure (sky blue
rhombuses), but the biochemical characteristics of “nuclear matrix”
remain to be elucidated

ATP-dependent remodeling enzyme Mi-2. The interaction
between HDAC1 and SATBI is functionally important for
human T cell development. This importance is clearly
evident because the retroviral transactivator protein pro-
duced by human immunodeficiency virus type 1 displaces
HDACI by directly binding to SATBI, resulting in aber-
rant expression of IL2R [46]. Such mechanisms inhibiting
SATBI function presumably are involved in virus-induced
immunodeficiency.

In addition to association with co-repressors, SATBI
also interacts with transcriptional co-activator proteins
such as CBF/p300 [47]. Interestingly, depending on the
SATB1 phosphorylation status, SATB1 switches its inter-
acting molecules and completely reverses regulation of
gene expression [48]. HDACI is recruited to target genes
by phosphorylated SATB1, whereas CBF/p300 is recruited
by dephosphorylated SATB1 to sustain transcriptionally
active histone modifications such as H3K9/K14 acetyla-
tion. The dephosphorylated SATB1 preferentially associ-
ates with CBF/p300-associated factor acetyltransferase and
is likely to be acetylated at the 136th position lysine (see
Fig. 1). This acetylation abolishes the DNA-binding
activity of SATBI1. This mechanism suggests that SATB1
can reciprocally regulate the expression of target genes in
response to cell-activating stimuli. Therefore, SATBI
action appears to be protean and context-dependent
(Fig. 3).
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SATBI1 and hematopoietic malignancies

As a global regulator of gene expression, SATBI1 is
involved in the occurrence of hematopoietic malignancies.
High expression of SATB/ is implicated in aggressive
characteristics of breast cancer cells [49, 50]. Furthermore,
its aberrant expression was reported in various types of
cancers, including laryngeal squamous cell carcinoma,
endometrioid endometrial cancer, hepatocellular carci-
noma, and gastric cancer [51]. These reports demonstrated
that high SATBI expression is correlated with high meta-
static potential and poor prognosis. Contrary to observa-
tions in epithelial tumors, SATB1 appears to suppress the
progression of leukemia and lymphoma.

Hypomorphic mutation in a distal enhancer of the Sfpil/
gene, which encodes transcription factor PU.1, causes
acute myeloid leukemia (AML) in mice [52]. This muta-
tion is likely involved in human leukemogenesis, because a
single nucleotide polymorphism in this region is frequently
observed in human AML [53]. SATB1 binds to this distal
enhancer of Sfpil. The single nucleotide polymorphism
specifically influences SATB1 binding, resulting in
reduced PU.I expression in myeloid progenitor cells [54].
Thus, it is evident that SATB1 dysfunction is associated
with a subset of human AML patients.

X-chromosome inactivation is necessary for mammals
to compensate for the difference of X-chromosome num-
bers between males and females [55]. Noncoding Xist RNA
plays an essential role in the initiation of X-chromosome
silencing, and this silencing process is restricted to a
developmental context in early embryos and hematopoietic
progenitors [56]. Concomitant with the reduction of Xist
expression, inactivation of the X-chromosome is tran-
siently released in early lymphoid progenitors. Thereafter,
the Xist-mediated silencing revives along with their phys-
iological differentiation to mature B or T cells [56].
Ectopic Xist expression can induce cell death in vivo in
normal lymphoid progenitors and also in lymphoma cells,
but a small subset of the Xist-induced lymphoma cells
become resistant to Xist-mediated cell death during in vitro
culture. Agrelo et al. [57] performed genome-wide
expression profiling of Xist-responsive and Xisz-resistant
tumors and identified SATB! as an X-chromosome silenc-
ing factor associated with Xist in their experimental model.
Indeed, viral-induced SATBI expression restored the
silencing function of Xist in the resistant tumor cells and
reduced their survival upon Xist induction. Although the
physiological significance of SATB1 protein in the
X-chromosome inactivation is still contentious ([58] and
personal communication with Dr. Terumi Kohwi-Shig-
ematsu), the results above suggest that modulation of
SATB1 and Xist interaction may offer a new therapeutic
approach to lymphoid malignancies.

@ Springer

SATB2 function in lymphopoiesis

SATB2 is a MAR-binding protein closely related to
SATBI. It was originally identified as a binding protein of
the MAR flanking the intragenic Igh enhancer in pre-B
cells [26]. Sequence analysis of SATB2 revealed high
structural similarity with SATB1, determined by more than
80 % identity in the MAR domain and homeodomain
(Fig. 1). Accordingly, SATB2 interacts with HDAC1 and
MTA-2 and plays a role in integrating genetic and epige-
netic signals, as SATBI1 does [59]. On the other hand,
SATB2 differs from SATBI in the conjugation of small
ubiquitin-related modifiers, which regulate the activation
potential of SATB2 on its target genes. Further, the su-
moylation affects the localization of SATB2 by targeting
the protein to the nuclear periphery [26]. In embryonic
stem cells, SATB2 binds to the enhancer of Nanog, as
SATB1 does. However, the function of SATB1 and
SATB2 on Nanog expression is mutually antagonizing, and
SATB2 contributes to maintain reprogramming potential in
embryonic stem cells [36].

While SATBI1 function is significantly involved in the
lymphoid lineage, the physiological importance of SATB2
has been well documented for the development of other
lineages, particularly osteoblasts and neuronal cells [60-
62]. Using a human disease genomics approach, SATB2
was identified as a cleft palate-related gene, and its muta-
tion causes multiple abnormalities, including craniofacial
dysmorphism, mental retardation, and osteoporosis [63—
65]. Unfortunately, there is little information about the
phenotype of the human immune system for those SATB2
mutants. SATB2 expression is predominantly pre-B cell-
specific among the lymphoid lineage [26]. Our group has
also observed a remarkable increase in the ratio of SATB2/
SATBI expression levels when common lymphoid pro-
genitors differentiate to pre-B cells. Taken together, the
significance of SATB2 function in B-lymphopoiesis war-
rants further exploration.

Bright/ARID3a function in lymphopoiesis

Bright/ARID3a is the founding member of the ARID
family proteins. Like SATB1 and SATB2, this protein was
originally identified as a binding protein of the MAR on
Igh [66]. While the expression and function of SATB1 are
highly specific to the T-lineage, those of Bright/ARID3a
are rather restricted to the B-lineage. In Bright/ARID3a-
deficient mice, B-lineage development, including both B1
and B2 lineages, is significantly compromised, whereas the
population of T-lineage cells is preserved [29, 67, 68].
Bright/ARID3a functions in HSCs and in even more
primitive pluripotent stem cells. The majority of Bright/
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ARID3a-deficient mice die between the E11.5 and E13.5
stages, because of hematopoietic system developmental
failure [29]. The frequency and absolute number of HSCs
in the fetal livers of such deficient mice and in the adult
bone marrows of the rare survivors are significantly
reduced, suggesting an indispensable role of Bright/
ARID3a in the development and/or maintenance of HSCs.
Intriguingly, the repression of Bright/ARID3a spontane-
ously converts adult somatic cells to pluripotent cells [69].
Three experimental models using silencing hairpin RNA,
dominant-negative Bright/ARID3a transgenic mice, or
knockout mice independently confirmed this phenomenon.
When Bright/ARID3a is inhibited, pluripotent-associated
transcription factors such as Nanog and Sox2 are induced.
A recent report has also shown that Bright/ARID3a defi-
ciency enhances reprogramming of mouse embryonic
fibroblasts induced by four standard factors: Oct4, Sox2,
Klf, and c-Myc [70], and the Bright/ARID3a deficiency
even spontaneously induces pluripotency without those
four factors [71]. Bright/ARID3a directly binds to and
represses the enhancer regions of Oct4, Sox2, and Nanog in
the mouse genome; thus, the protein may contribute to
maintaining whole genome integrity in several somatic cell
types.

Among the AT-rich sequence-binding proteins intro-
duced in this review, Bright/ARID3a seems to be most
clearly associated with human lymphoid neoplasm. Over-
expression of this protein correlates with poor prognosis
and increased progression of human diffuse large B cell
lymphoma [72]. In mice, its ectopic overexpression con-
verts embryonic fibroblasts to tumor cells, bypassing nat-
ural or Ras-induced cellular senescence [73]. However,
while B lineage-specific overexpression of Bright/ARID3a
in mice perturbed the normal development of immature B
cells and caused autoimmune responses, the overexpres-
sion did not induce lymphoid neoplasm ([74] and personal
communication with Dr. Carol Webb). Therefore, the
mechanism clarifying the possible role of Bright/ARID3a
as a proto-oncogene remains to be determined.

Concluding remarks

Recent progress has contributed to our understanding of
how genetic and epigenetic mechanisms complementarily
regulate gene expression. As an epigenetic mechanism,
appropriate chromatin remodeling is necessary for vari-
ous regulatory factors to access their target genes and
assemble transcription machinery. The lymphoid lineage-
related chromatin-remodeling proteins, including SATBI1
and Bright/ARID3a, are indispensable for lymphocyte
differentiation, even in the very early stages. Further-
more, accumulating evidence introduced in this review

supports the idea that these proteins are involved in a
wide range of cellular processes, including stem cell
development. The specific environmental cues regulating
the expression and function of these chromatin remo-
delers remain to be elucidated. We believe that future
studies on this topic will inform epigenetic approaches to
control immune response, immuno-senescence, and
malignant transformation.
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