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ABSTRACT

In vertebrates there are two acquired immune systems,
i.e., humoral immune response and cellular immune
response. Of mature cells (plasma cells), B cells
are differentiated from early progenitor cells and
are responsible for humoral immune response, which
is an antigen-specific immune system producing
antibodies. Normal development and differentiation
of B cells require various specific transcription
factors. Recently, we systematically analyzed the
roles of some transcription factors at immature
stage of B cell development using gene-targeting
techniques in chicken immature B cell line, DT40
cells, which are very advantageous for analyzing
the physiological functions of the B cell-specific
transcription factors and others. Many studies using
knockout mice have provided important data on
the roles of these transcription factors in B cell
development. For instance, Aiolos regulates immature
B cell apoptosis mediated by B cell receptor signaling.
Helios regulates the gene expression of protein
kinase Cs (PKCs). E box binding protein 2A (E2A)
regulates gene expressions of survivin, I1AP2 and
caspase-8. Early B cell factor 1 (EBF1) dramatically
regulates gene expressions of B lymphocyte-induced
maturation protein-1 and PKC6. In addition, Paired
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box gene 5 (Pax5) regulates gene expressions of
p300/CBP-associated factor, histone deacetylase-7
(HDACT), HDACY9, Aiolos, Origin binding factor-1
(OBF1), Ikaros, E2A, EBF1 and PU.1 dramatically
and moderately. Further, Pax5 isoforms A and B
differentially regulate other B cell development-
related factors. These results, together with enormous
previous related data, significantly contribute to the
elucidation of roles of these transcription factors
in normal development and differentiation of B cells.

KEYWORDS: DT40, gene targeting techniques,
immature B cells, transcription factors.

INTRODUCTION

In vertebrates, the body defense against pathogens
is mediated by both innate immune system and the
acquired immune system. The former is characterized
by early non-specific reactions and the latter is
characterized by late specific responses as described
below in detail. The first line of body defense
against pathogens is the innate immune system in
every multicellular organism. The innate immune
system is characterized by non-specific reactions and
consists of physical (skin), chemical (anti-bacterial
peptides, lysozyme) and cellular (phagocytes)
defenses against various pathogens. The main purpose
of the innate immune system is to prevent the
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proliferation, spread and movement of foreign
pathogens throughout the human body at the
infection sites immediately. On the other hand, the
second line of body defense against various
pathogens, the acquired immune system, is an
antigen-specific immune system and exists only in
vertebrates. This system consists of two types of
lymphocytes, i.e. B cells and T cells, which are
derived from multipotent hematopoietic stem cells
in the bone marrow. After differentiation into these
two cell types, they would develop into a large
number of mature cells. Thus, the distinctive feature
of the acquired immune system is clonal expansion
of B cells and T cells, which is the rapid
proliferation from one or few original cells to
enormous number of mature cells. Each of the
clone cells derived from the original mature B cell
or T cell has the same antigen receptor and thereby
eliminates the same pathogen. After all, T cells
contribute to cellular immunity. In contrast, B cells
differentiate into plasma cells that can produce
antibodies and thereby are responsible for humoral
immunity [1, 2].

The B cell development requires not only controlled
lineage and locus-specific immunoglobulin gene
recombination, which establishes the unique antigen
specificity of B cell receptors (BCRs), but also
developmental stage-specific gene expression, which
participates in lymphoid cell proliferation and
synthesis of mediators involved in the establishment
of immune system. In addition, the normal B cell
development requires numerous transcription
factors, i.e. E box binding protein 2A (E2A), Early B
cell factor 1 (EBF1), Paired box gene 5 (Pax5),
PU.1, Aiolos, Ikaros, and so on [3, 4]. However,
the detailed understanding of the physiological
functions of these transcription factors involved in
B cell development has not yet been completely
clarified in vertebrate cells. Many experiments using
knockout mice have revealed the developmental
and physiological roles of disrupted genes coding
the corresponding B cell-specific transcription
factors [5-10]. But, the roles of these B cell-
specific transcription factors remain unknown in
cases where the gene disruption causes embryonic
lethality or block at the early developmental stage.
Therefore, to further investigate the roles of some
transcription factors at immature stage of B cell
development, we systematically generated chicken

homozygous DT40 mutants, devoid of two alleles
using gene-targeting techniques [11-13]. In this
review article, we describe the developmental and
physiological functions of various B cell-specific
transcription factors.

Aiolos is involved in the regulation of BCR-
mediated signal transduction resulting in
apoptosis of immature B cells

The transcription factor Ikaros family consists of
five zinc-finger proteins: lkaros, Aiolos, Helios,
Eos and Pegasus. These proteins except Pegasus are
essential for the development and differentiation of
lymphocytes [14, 15]. Aiolos, a member of Ikaros
family [14], was first detected in precursors of
lymphocytes and dramatically enhanced at the
pre-B cell stage, and its highest expression was
observed in mature B cells [16, 17]. Moreover, the
Aiolos gene is widely expressed throughout the
normal developmental stage from pro-B cells to
mature B cells [18]. In Aiolos-deficient mice,
each B cell exhibits an activated cell surface
phenotype and possesses an enhanced response
against BCR signaling [19]. In addition, Aiolos-
deficient mice develop a systemic lupus
erythematosus-type autoimmune disease [20]. It
was also reported that Aiolos is up-regulated in
chronic lymphocytic leukemia [21]. However, its
physiological functions remain poorly defined,
particularly in each developmental stage of B cells.
Interestingly, it was revealed that Aiolos controls
gene conversion and cell death in DT40 cells
(chicken immature B cells) using gene targeting
techniques [22]. However, molecular mechanism
of the acceleration of apoptosis in the Aiolos-
deficient DT40 mutant, Aiolos™, remains to be
resolved. Moreover, chicken Aiolos is alternatively
spliced to form two isoforms, full-length form
(Aio-1) and exon 3-lacking shorter form (Aio-2)
[23]. But, the difference between Aio-1 and Aio-2
functions is still unknown.

Therefore, to investigate the physiological functions
of Aiolos, we analyzed Aiolos '~ established by us
(Fig. 1) [24]. As a result, the lack of Aiolos certainly
accelerates apoptosis of DT40 cells mediated by
BCR signaling mimicked by phorbol 12-myristate
13-acetate (PMA)/ionomycin treatment. Moreover, the
Aiolos-deficiency and BCR signaling cooperatively
control apoptotic cell death through dramatically
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Fig. 1. Aiolos is involved in the regulation of BCR-mediated signal transduction resulting in apoptosis of immature B
cells. Concerning BCR-stimulation, the Aiolos-deficiency causes elevation of cytochrome c¢ release from
mitochondria to cytosol and caspase (caspase-3, -8 and -9) activities, resulting in drastically diminished amounts
of ICAD followed by increased DNA fragmentation. As a result, apoptosis should be dramatically accelerated in

Aiolos ™ cells compared with wild-type DT40 cells.

elevated cytochrome c release from mitochondria
to cytosol, and elevated activities of caspases
(caspase-3, -8 and -9), resulting in drastically
diminished amounts of inhibitor of CAD (ICAD)
followed by increased DNA fragmentation. Very
interestingly, the re-expression study revealed that
Aio-2, but not Aio-1, controls PMA/ionomycin-
mediated apoptosis via up-regulation and down-
regulation of the protein kinase C6 (PKC3) and bak
genes, respectively. These findings may contribute
to resolving the molecular mechanisms of negative
selection of B cells and also auto-immune diseases.

Helios is involved in the regulation of some
immature B cell functions via transcriptional
regulation of PKCs

As mentioned above, Helios is also a member of
Ikaros family [14]. Though Helios is constitutively
expressed in hematopoietic cells [14], it is mainly
detected in T cells after differentiation and involved
in both T cell development and function [14, 25].
Helios is also expressed in B cells [14, 26, 27],
and silencing of Helios is critical for normal
function of B cells [26]. However, in B cells, the

physiological role of Helios remains to be elucidated
yet, because its expression level is very low. To
know the physiological role of Helios in B cells,
we generated and analyzed the Helios-deficient
DT40 cells, Helios”™ (Fig. 2) [28]. The Helios-
deficiency brings about significant increases in
transcriptions of four protein kinase C (PKC)
isoforms; PKC3, PKCg, PKCn and PKCC [28],
whereas their expressions are drastically down-
regulated in Aiolos™~ [24]. In addition, Helios "~
is remarkably resistant against PMA/ionomycin
treatment, which mimics the BCR-mediated
stimulation. In the presence of PMA/ionomycin,
their viability is remarkably higher than that of
DT40, and their DNA fragmentation is less severe
than that of DT40 and is in the opposite manner
for the Aiolos-deficiency. The resistance against
the PMA/ionomycin-induced apoptosis of Helios /"~
is sensitive to Rottlerin (selective inhibitor for
PKCS and PKCO) but not to Go6976 (selective
inhibitor for PKCa. and PKCf). In addition, the
Helios-deficiency causes remarkable up-regulation
of the Rottlerin-sensitive superoxide (O,)-generating
activity, which is induced by BCR-mediated
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Fig. 2. Helios is involved in the regulation of some immature B cell functions via transcriptional regulation
of PKCa. The Helios-deficiency causes remarkable up-regulation of PKCS gene expression (to ~300%) in comparison
with wild-type DT40 cells. In Helios ™ cells, increased PKCS inhibits the BCR-mediated apoptosis pathway, but
it promotes the O, -generating system induced by PMA stimulation.

signaling. These data suggest that Helios may
contribute to the regulation of the BCR-mediated
apoptosis and the O, -generating activity via
transcriptional regulation of the four PKCs (especially
PKC38) in immature B cells. Our findings, together
with previous data, may significantly help in the
understanding of the B cell-specific expressions of
PKC genes and molecular mechanisms of both the
BCR-mediated apoptosis involved in negative
selection and the O,-generating system in immature
B cells.

E2A is involved in the regulation of BCR-
mediated apoptosis via promoting caspase
activation caused by down-regulation of survivin
and IAP2 gene expressions in immature B cells

E2A has been directly implicated in the transcription
regulation of several B lineage-specific genes and
shown to be essential for immunoglobulin (Ig) H
and L-chain recombination [29]. Moreover, E2A
is required to initiate expressions of some B
lineage-specific genes such as EBF1, mb-1 and B29,
but not to maintain expressions of these genes [29].
In general, E2A has also been shown to promote
proliferation and survival of various cell types [29,
30]. E2A-deficient mice develop T cell-derived
lymphoma, enforcing expression of inhibitor of

differentiation proteins, which indirectly inhibit
E2A function [31]. It is also known that E2A plays
important roles in apoptosis of B cells [32, 33]. In
addition, 1d3 protein, an E2A antagonist, induces
growth arrest and apoptosis in B cell progenitor
[34]. However, the role of E2A in controlling the
BCR-mediated apoptosis of immature B cells still
remains unclear. To know the role of E2A in BCR-
mediated apoptosis of immature B cells, we
generated and analyzed the E2A-deficient DT40
cell line, E2A™"". The E2A-deficiency prevents in
part immature B cells from apoptosis mediated by
BCR signaling (Fig. 3) [35]. In addition, the E2A-
deficiency suppresses the BCR-mediated apoptosis,
through relatively elevated survivin plus 1AP-2
amounts, and reduces caspase-3, -8 and -9 activities,
resulting in relatively increased amounts of ICAD,
compared with those in the presence of E2A,
followed by the diminution of DNA fragmentation.
These findings may contribute to resolving the
molecular mechanisms of negative selection of B
cells and also auto-immune diseases.

EBF1 is involved in transcriptional regulation
of Blimp-1 and PKC6

EBF1 is a transcription factor having an atypical
zinc-finger and helix-loop-helix motif and is essential
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Fig. 3. E2A is involved in the regulation of BCR-mediated apoptosis via promoting caspase activation caused by
down-regulation of survivin and 1AP2 gene expressions in immature B cells. Concerning BCR-stimulation, The
E2A-deficiency causes elevation of survivin and 1AP-2 proteins, resulting in the down-regulation of caspase (caspase-3,
-8 and -9) activities. Inhibition of caspases should drastically cause the increase in amounts of ICAD followed by decreased
DNA fragmentation. As a result, apoptosis should be suppressed in E2A ™" cells compared with wild-type DT40 cells.

for the development and differentiation of
lymphocytes [36, 37]. In mice, EBF1 participates
in the generation of pre-pro B cells (the first
specified progenitors of B cells) from common
lymphoid progenitors (CLPs) and also in
transcriptional regulations of various genes (e.g.,
mb-1 and Pax5) involved in B cell development
[6, 38, 39]. During B cell development, EBF1 is
detected throughout from CLPs to mature B cells
[40]. However, in immature B cells, the physiological
role of EBF1 remains to be elucidated. To know
the physiological role of EBF1 in immature B
cells, we analyzed the phenotype of EBF1-deficient
DT40 cells, EBF1™", generated by us (Fig. 4)
[41]. The EBF1-deficiency brings about significant
increases (to ~800%) in both mRNA and protein
levels of B lymphocyte-induced maturation protein-1
(Blimp-1), the gene of which is the master gene
for plasma cell differentiation [42]. In addition,
both transcription and protein synthesis of Blimp-1
are remarkably down-regulated (to ~20%) by
the re-expression of EBF1. Chromatin
immunoprecipitation (ChlIP) assay revealed that
EBF1 binds to proximal 5’-upstream regions around
two putative EBF1 binding motifs of the gene in
vivo. These results suggest that EBF1 participates
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Fig. 4. EBF1 inhibits transcription of Blimp-1. The EBF1-
deficiency causes dramatic up-regulation of transcription
of Blimp-1, resulting in the accumulation of Blimp-1 protein
(to ~800%) in comparison with wild-type DT40 cells.

in the transcriptional regulation of the Blimp-1
gene in immature B cells and thereby plays a key
role in B cell differentiation.
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In addition, we revealed that general control non-
derepressible 5 (GCN5) [43, 44] and EBF1 are
involved in the regulation of PKCH transcription in
the opposite manner in immature B cells (Fig. 5)
[45]. The GCN5-deficiency in DT40 causes drastic
down-regulation of transcription of PKCO. In
contrast, The EBF1-deficiency causes remarkable
up-regulation of that of PKC6, and the re-expression
of EBF1 dramatically suppresses transcription of
PKC6. ChIP assay revealed that GCN5 binds to
the 5’-flanking region of the PKCO gene and
acetylates histone H3, and EBF1 binds to the 5’-
flanking region of the gene surrounding putative
EBF1 binding motifs.

Pax5 is involved in the transcriptional
regulation of IgM H- and L-chains, chromatin-
modifying enzymes (PCAF, HDAC7, HDAC9)
and transcription factors (Aiolos, Ikaros,
EBF1, E2A, PU.1 and OBF1) in different
manners in immature B cells

Pax5 belongs to the Pax transcription factor family
(Pax1 ~ Pax9) and is essential for the development
of B cells [46, 47]. Gene knockout studies in mice
revealed that B cell development is arrested at the
early pro-B cell stage in bone marrow [48].
Moreover, Pax5 plays important roles throughout
B cell development from the pro-B to mature B
cell stages, and its down-regulation in stimulated
B cells promotes the terminal differentiation into
plasma cells [46, 47, 49]. And then the Pax5 gene
consists of two promoters, two first exons 1A and
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1B and nine other exons, resulting in the generation
of two types of transcripts by alternative splicing
followed by production of two isoform proteins:
Pax5A and Pax5B in humans, mice and chicken
[50, 51]. Transcription of the former is B cell
specific phenomenon, while that of the latter is
performed in not only B cells but also other cell
types [50]. However, individual roles of Pax5 and
the two Pax5 isoforms remain to be elucidated.

To know the physiological functions of Pax5 and
its isoforms, we generated Pax5-deficient DT40
mutant cells, Pax5", devoid of the Pax5 gene
existing on Z sex chromosome that is monosomy
in chickens (USCS Genome Browser data base)
[52, 53]. The Pax5 cells are obviously distinct
from the homozygous Pax5-deficient DT40 mutant
cells previously reported by Nera et al. [54]. The
discrepancy must be due to the fact that the Pax5
homologues exist on other autosomes, but the real
reason for this discrepancy is still unsolved. We
first analyzed several characteristics of Pax5™ using
some experimental methods including
immunoblotting, reverse transcription-polymerase
chain reaction (RT-PCR) and so on [52]. The
Pax5-deficiency dramatically increases gene

expressions of IgM H- and L-chains. Moreover, in
Pax5~, whole and secreted forms of IgM H-chain
MRNA are dramatically elevated, and membrane-
bound form of IgM H-chain mRNA and IgM L-
chain mMRNA are considerably increased. In addition,
p300/CBP-associated factor (PCAF) and histone
deacetylase-9

(HDAC9) mRNA levels are
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Fig. 5. EBF1 and GCN5 oppositely regulate transcription of the PKCO gene in
immature B cells. EBF1 suppresses transcription of PKC6, but GCN5 activates it.
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dramatically elevated, and the HDAC7 mRNA
level is slightly decreased. Aiolos and OBF1 mRNA
levels are obviously decreased, and Ikaros and
E2A mRNA levels are slightly elevated. The EBF1
MRNA level is completely decreased, and the
PU.1 mRNA level is remarkably reduced.

With regard to these changed genes, there are very
interesting and important phenomena on alterations
in their gene expression patterns in Pax5~ during
continuous cultivation, although the phenomena
are not entirely related to the function of Pax5
[52]. Increased protein levels of IgM H- and L-
chains in Pax5 ™ are dramatically decreased during
cultivation and finally at the later cultivation stage
reach comparable levels in DT40 cells. In addition,
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PCAF and HDAC9 mRNA levels are gradually
elevated during cultivation, and the HDAC7 mRNA
level is moderately changed. Aiolos and OBF1
MRNA levels are gradually reduced during
cultivation, whereas dramatically elevated Ikaros
and E2A mRNA levels are gradually decreased
until the later stage. The completely decreased EBF1
MRNA level remains unchanged during cultivation,
and the remarkably reduced PU.1 mRNA level is
gradually elevated until the later stage. These
results, together with our previous findings, revealed
that gene expressions of the two immunoglobulin
proteins are indirectly regulated by HDAC?2 through
opposite regulations of gene expressions of Pax5,
Aiolos, EBF1, lkaros and E2A in DT40 cells.
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Fig. 6. Pax5 isoforms are involved in the transcriptional regulation of B cell development-related
genes in different manners. Pax5A and Pax5B remarkably rescue transcription of Bach2. Pax5B
certainly recovers transcription of Aiolos, but Pax5A has no effect on it. In addition, Pax5B causes
dramatic up-regulation of Bcl-6, and Pax5A shows a slight positive effect on its expression. On the other
hand, both Pax5A and Pax5B relatively increase the transcription of EBF1.
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Pax5 isoforms are involved in transcriptional
regulation of B cell development-related genes
in different manners

To understand individual roles of isoforms Pax5A
and Pax5B, we carried out re-expression study using
cloned cDNAs of Pax5A and Pax5B in Pax5"
[55]. The resultant transfectants were used for the
complementation assay of six B cell development-
related genes: activation-induced cytidine deaminase
(AID), Aiolos, BTB and CNC homology 2 (Bach2),
B cell lymphoma-6 (Bcl-6), EBF1 and OBF1, whose
transcriptions are remarkably down-regulated in
Pax5". Among them, the transcription of Bach2 is
remarkably rescued by Pax5A and Pax5B (to ~130%
and ~150%, respectively). Pax5A has no effect on
the transcription of Aiolos, while Pax5B certainly
recovers it (to ~60%). Pax5B causes dramatic up-
regulation of Bcl-6 (to ~120%), whereas Pax5A
shows slight positive effects on its expression (to
~35%). Both Pax5A and Pax5B weakly increase
the transcription of EBF1 (to ~15%). These results
of the four genes (Aiolos, Bach2, Bcl-6 and EBF1)
are shown in Fig. 6. Our data obtained in this
study may contribute to understanding the role of
each Pax5 isoform during B cell development.

CONCLUSION

The acquired immune system of vertebrates is the
antigen-specific immune system, which consists
of B cells (responsible for humoral immunity) and
T cells (responsible for cell immunity). B cells
differentiate into plasma cells that produce antibodies.
The B cell development requires numerous
transcription factors, i.e. EBF1, Pax5, PU.1, E2A,
GATA-3, Aiolos, lkaros, Helios and so on [3, 4].
In addition, the Ig gene expression also requires
numerous transcription factors, i.e. USF, TFEB,
Ig/EBP, NF-1L6, OCA-b, YY-1, E2A, PU.1 and
so on [56-63].

As a first attempt to know respective roles of
these transcription factors, using gene-targeting
techniques, we have systematically generated five
chicken DT40 mutants, devoid of Aiolos, E2A,
Helios, EBF1 and Pax5, respectively. Analyses of
these resultant mutants revealed physiological roles
of the five transcription factors in immature B
cells as follows. 1) The Aiolos-deficiency accelerates
immature B cell apoptosis mediated by BCR
signaling via elevation in cytochrome c release

from mitochondria to cytosol [24]. 2) Helios is
involved in the control of immature B cell functions
via regulation of protein kinase Cs gene expression
[28]. 3) E2A is involved in the regulation of
survivin, IAP2 and caspase-8 gene expressions
[35]. 4) EBF1 functions as a strong repressor of
Blimp-1 gene expression, and EBF1 and GCN5
oppositely regulate PKCO gene expression [41,
45]. 5) Protein and mRNA levels of IgM H- and
L-chains artificially and excessively accumulated
in Pax5-deficient DT40 mutants are rapidly and
dramatically reduced through various generations
during continuous cultivation [52, 53]. 6) Pax5
isoforms A and B possess distinct functions in the
regulation of B cell development-related gene
expressions [55].

These results, together with those of DT40
mutants, devoid of remaining transcription factors
(will be obtained in the near future), may significantly
help in the understanding of the overall picture of
the acquired immune system of vertebrates, including
development and differentiation of lymphocytes,
negative selection of B cells, BCR-mediated
apoptosis, O,  generating system and so on. In
addition, these results could contribute to resolving
the molecular mechanism of auto-immune diseases
in the near future.

ACKNOWLEDGMENTS

We thank Kaori Harata for support in the preparation
of the manuscript.

CONFLICT OF INTEREST STATEMENT
There are no conflicts of interest.

REFERENCES

1.  Bonilla, F. A. and Oettgen H. C. 2010, J.
Allergy Clin. Immunol., 125, S33-40.

2.  Riera Romo, M., Perez-Martinez, D. and
Castillo Ferrer, C. 2016, Immunology, 148,
125-139.

3. Singh, H., Medina, K. L. and Pongubala, M.
R. 2005, Proc. Natl. Acad. Sci. USA, 102,
4949-4953,

4.  Hagman, J. and Lukin, K. 2006, Curr. Opin.
Immunol., 18, 127-134.

5. Sugai, M., Gonda, H., Nambu, Y., Yokota, Y.
and Shimizu, A. 2004, J. Mol. Med., 82,
592-599.



Roles of B cell development-related transcription factors

51

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

O'Riordan, M, Grosschedl, R. 1999, Immunity,
11, 21-31.

Sato, H., Saito-Ohara, F., Inazawa, J. and Kudo,
A. 2004, J. Immunol., 172, 4858-4865.
Fisher, R. C. and Scott, E. W. 1998, Stem
Cells, 16, 25-37.

Quirion, M. R., Gregory, G. D., Umetsu, S.
E., Winandy, S. and Brown, M. A. 2009, J.
Immunol., 182, 741-745.

Cortes, M. and Georgopoulos, K. 2004, J.
Exp. Med., 199, 209-219.

Buerstedde, J. M. and Takeda, S. 1990, Cell,
67, 179-188.

Alinikula, J., Lassila, O. and Nera, K. P.
2006, Subcell. Biochem., 40, 189-205.
Kikuchi, H., Barman, H. K., Nakayama, M.,
Takami, Y. and Nakayama, T. 2006, Subcell.
Biochem., 40, 225-243.

Rebollo, A. and Schimitt, C. 2003, Immunol.
Cell Biol., 81, 171-175.

John, L. B. and Ward, A. C. 2011, Mol.
Immunol., 48, 1272-1278.

Morgan, B., Sun, L., Avitahl, N,
Andrikopoulos, K., Ikeda, T., Gonzales, E.,
Wu, P., Neben, S. and Georgopoulos, K.
1997, EMBO J., 16, 2004-2013.

Cortes, M., Wong, E., Koipally, J. and
Georgopoulos, K. 1999, Curr. Opin. Immunol.,
11, 167-171.

Reya, T. and Grosschedl, R. 1998, Curr.
Opin. Immunol., 10, 158-165.

Wang, J. H., Avitahl, N., Cariappa, A.,
Friedrich, C., lkeda, T., Renold, A.,
Andrikopoulos, K., Liang, L., Pillai, S.,
Morgan, B. A. and Georgopoulos, K. 1998,
Immunity, 9, 543-553.

Sun, J., Matthias, G., Mihatsch, M. J.,
Georgopoulos, K. and Matthias, P. 2003, J.
Immunol., 170, 1699-1706.

Duhamel, M., Arrouss, ., Merle-Beral, H. and
Rebollo, A. 2008, Blood, 111, 3225-3228.
Narvi, E., Nera, K. -P., Terho, P., Mustonen,
L., Granberg, J. and Lassila, O. 2007, Scand.
J. Immunol., 65, 503-513.

Liippo, J., Mansikka, A. and Lassila, O. 1999,
Eur. J. Immunol., 29, 2651-2657.

Kikuchi, H., Yamashita, K., Nakayama, M.,
Toyonaga, K., Tsuneyoshi, I., Takasaki, M.
and Nakayama, T. 2009, Biochim. Biophys.
Acta -Mol. Cell Res., 1793, 1304-1314.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.
37.
38.

39.

40.

41.

42.

43.

Hahm, K., Cobb, B. S., McCarty, A. S,
Brown, K. E., Klug, C. A, Lee, R., Akashi, K.,
Weissman, I. L., Fisher, A. G. and Smale, S.
T. 1998, Genes Dev., 12, 782-796.

Dovat, S., Montecino-Rodriguez, E., Schuman,
V., Teitell, M. A., Dorshkind, K. and Smale,
S. T. 2005, J. Immunol., 175, 3508-3515.
Kohone, P., Nera, K. -P. and Lassila, O.
2004, Scan. J. Immunol., 60, 100-107.
Kikuchi, H., Nakayama, M., Takami, Y.,
Kuribayashi, F. and Nakayama, T. 2011,
Results Immunol., 1, 88-94.

Greenbaum, S. and Zhuang, Y. 2002, Semin.
Immunol., 14, 405-414.

Riley, R. L., Blomberg, B. B. and Frasca, D.
2005, Immunol. Rev., 205, 30-47.

Rivera, R. and Murre, C. 2001, Oncogene,
20, 8308-8316.

Lazorchak, A. S., Wojciechowski, J., Dai,
M. and Zhuang, Y. 2006, J. Immunol., 177,
2495-2504.

Murre, C. 2005, Nat. Immunol., 6, 1079-1086.
Foreman, A. L., Van de Water, J., Gougeon,
M. L. and Gershwin, M. E. 2007, Autoimmun.
Rev., 6, 387-401.

Toyonaga, K., Kikuchi, H., Yamashita, K.,
Nakayama, M., Chijiiwa, K. and Nakayama,
T. 2009, FEBS J., 276, 1418-1428.

Liao, D. 2009, Mol. Cancer Res., 7, 1893-1901.
Lukin, K., Fields, S., Hartley, J. and Hagman,
J. 2008, Semin. Immunol., 20, 221-227.

Lin, H. and Grosschedl, R. 1995, Nature,
376, 263-267.

Sigvardsson, M., Clark, D. R., Fitzsimmons,
D., Doyle, M., Akerblad, P., Breslin, T., Bilke,
S., Li, R, Yeamans, C., Zhang, G. and
Hagman, J. 2002, Mol. Cell Biol., 22, 8539-
8551.

Ramirez, J., Lukin, K. and Hagman, J. 2010,
Curr. Opin. Immunol., 22, 177-184.
Kikuchi, H., Nakayama, M., Takami, Y.,
Kuribayashi, F. and Nakayama, T. 2012,
Biochem. Biophys. Res. Commun., 422,
780-785.

Nutt, S. L., Fairfax, K. A. and Kallies, A.
2007, Nat. Rev. Immunol., 7, 923-927.
Brownell, J. E., Zhou, J., Ranalli, T.,
Kobayashi, R., Edomondson, D. G., Roth, S.
Y. and Allis, C. D. 1996, Cell, 84, 843-851.



52

Hidehiko Kikuchi et al.

44,

45.

46.

47.

48.

49.

50.

51.
52.

Kikuchi, H., Takami, Y. and Nakayama, T.
2005, Gene, 347, 83-97.

Kikuchi, H., Nakayama, M., Kuribayashi, F.,
Imajoh-Ohmi, S., Nishitoh, H., Takami, Y.
and Nakayama, T. 2014, FEBS Lett., 588,
1739-1742.

Cobaleda, C., Schebesta, A., Delogu, A. and
Busslinger, M. 2007, Nat. Immunol., 8, 463-
470.

Igarashi, K., Ochiai, K. and Muto, A. 2007,
J. Biochem., 141, 783-789.

Nutt, S. L., Urbanek, P., Rolink, A. and
Busslinger, M. 1997, Genes Dev., 11, 476-491.
Busslinger, M. 2004, Annu. Rev. Immunol.,
22, 55-79.

Busslinger, M., Klix, N., Pfeffer, P,
Graninger, P. G. and Kozmik, Z. 1996, Proc.
Natl. Acad. Sci. USA, 93, 6129-6134.

Fujita, T. and Fujii, H. 2011, Gene, 477, 24-31.
Nakayama, T., Nakayama, M. 2015,
Chromatin Conformation Change Code (4C)
Theory on Gain of New Cell Function through
Irreversible Creation of Chromatin Structure
Plasticity with Epigenetic Modifications via
a Lot of Generations. Miyazaki, Japan:
Miyakonojoh Insatsu, 45-70. The original
article is available from following URLS:
http://opac2.lib.miyazaki-u.ac.jp/webopac/
TC10123995 and URL:http://opac2.lib.
miyazaki-u.ac.jp/webopac/TC10145176
The revision of the article published in 2018
is available from following URLs:
http://opac2.lib.miyazaki-u.ac.jp/webopac/
TC10169365 and http://opac2.lib.miyazaki-
u.ac.jp/webopac/TC10170947

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Nakayama, T. and Nakayama M. 2017,
Current Topics in Biochemical Research, 18,
65-86. The article is available from following
URLs:  http://www.researchtrends.net/tia/
title_issue.asp?id=40&in=0&vn=18&type=3
and http://opac2.lib.miyazaki-
u.ac.jp/webopac/TC10168800

Nera, K. -P., Kohonen, P., Narvi, E., Peippo,
A., Mustonen, L., Terho, P., Koskela, K.,
Buerstedde, J. M. and Lassila, O. 2006, Cell,
24, 283-293.

Kikuchi, H., Nakayama, M., Kuribayashi,
F., Mimuro, H., Imajoh-Ohmi, S., Nishitoh,
H., Takami, Y. and Nakayama, T. 2015,
Microbiol. Immunol., 59, 426-431.

Chang, L. A., Smith, T., Pognonec, P., Roeder,
R. G. and Murialdo, H. 1992, Nucleic Acids
Res., 20, 287-293.

Nabar, N. R. and Kehri, J. H. 2017, Yale J.
Biol. Med., 90, 301-315.

Cooper, C. L., Johnson, D., Roman, C.,
Avitahl, N., Tucker, P. and Calame, K. L.
1992, J. Immunol., 149, 3225-3231.

Cooper C. L., Berrier, A. L., Roman, C. and
Calame, K. L. 1994, J. Immunol., 153,
5049-5058.

Stevens, S., Ong, J., Kim, U., Eckhardt, L.
A. and Roeder, R. G. 2000, J. Immunol.,
164, 5306-5312.

Park, K. and Atchison, M. L. 1991, Proc.
Natl. Acad. Sci. USA, 88, 9804-9808.
Quong, M. W., Harris, D. P., Swain, S. L.,
Murre, C. 1999, EMBO J., 18, 6307-6318.
Marecki, S., McCarthy, K. M. and Nikolajczyk,
B. S. 2004, Mol. Immunol., 40, 723-731.



