
Abstract. Fertilized egg or totipotent zygote undergoes
cleavage divisions to form a blastocyst, consisting of outer
trophoectoderm cells and inner cell mass with pluripotent
primitive ectoderm cells. Epigenetic reprogramming, erasure
and maintenance of epigenetic modification, occurs during
early embryogenesis. In 2004, we identified and characterized
JMJD2A/JHDM3A, JMJD2B, JMJD2C, JMJD2D, JMJD2E
and JMJD2F. JMJD2A, JMJD2B and JMJD2C share the
common domain architecture with JmjN, JmjC, two PHD, and
two TUDOR domains. In 2006, other groups characterized
JMJD2 family members as the H3K9 and/or H3K36 histone
demethylases. Here, comparative integromics analyses on
JMJD2A, JMJD2B and JMJD2C were carried out. Mouse
Jmjd2a was expressed in fertilized egg and 2-cell embryos,
while human JMJD2A was expressed in undifferentiated and
differentiated ES cells. AP1-binding site and six bHLH-binding
sites within intron 13 of human JMJD2A gene were conserved
in mouse Jmjd2a gene. Mouse Jmjd2b was expressed in 8-cell
embryos and undifferentiated ES cells, while human JMJD2B
was expressed in undifferentiated and differentiated ES cells.
Two GATA-binding sites within intron 6 of human JMJD2B
gene were conserved in mouse Jmjd2b gene. Mouse Jmjd2c
and human JMJD2C were preferentially expressed in
undifferentiated ES cells. Four NANOG-binding sites, one
TCF/ LEF-binding site, and one bHLH-binding site were
located within evolutionary conserved region at the 3'-
flanking region of human JMJD2C gene. NANOG-
TCF/LEF-, and bHLH-binding sites within the 3'-flanking
region of human JMJD2C gene were conserved in
chimpanzee, cow, mouse and rat JMJD2C othologs. Together
these facts indicate that JMJD2C is the evolutionarily
conserved target of Homeo-domain transcription factor
NANOG, and that JMJD2C is the histone demethylase

implicated in the epigenetic reprogramming during the early
embryogenesis.

Introduction

Fertilized egg or totipotent zygote undergoes about six cleavage
divisions to form a blastocyst in the cell autonomous manner
(1). Blastocyst consists of inner cell mass (ICM) with pluri-
potent primitive ectoderm cells, and outer trophoectoderm
cells. After the implantation of a blastocyst, primitive
ectoderm cells give rise to epiblast cells differentiating into
three germ layers. Epigenetic reprogramming, erasure and
maintenance of epigenetic modification, occurs during the
preimplantation development (1).

Epigenetics is to study the genome information carried by
chromatin rather than coding sequence (2). Nucleosome,
consisting of 147 bp genomic DNA wrapped around the core
histone octamer is the fundamental unit of chromatin (3-5).
Core histones, such as H3, H4, H2A and H2B, are pre-
dominantly globular except for their N-terminal tail. Histone
tail is modified through methylation, acetylation, phospho-
rylation, ubiquitylation, sumoylation, and ADP-ribosylation.
Histone methylation at H3K4, H3K36 and H3K79 are
implicated in transcriptional activation, while those at H3K9,
H3K27 and H4K20 in transcriptional repression.

In 1995, Takeuchi et al cloned and characterized the
mouse Jumonji (Jmj) gene encoding a transcriptional
repressor with JmjN and JmjC domains, which is the
founding member of the Jumonji family (6). Because JmjC
domain is implicated in histone demethylase activity,
Jumonji family proteins play a key role during embryo-
genesis and carcinogenesis through the regulation of
chromatin structure and gene expression (7).

In 2003, we identified and characterized JMJD1C/TRIP8
gene encoding JmjC domain protein (8), which share the
common domain architecture with JMJD1A/TSGA (9) and
JMJD1B/5qNCA (10). In 2006, Yamane et al reported
JMJD1A, using their in-house name JHDM2A, as a histone
H3K9 demethylase (11). JMJD1 family members are histone
demethylase implicated in the transcriptional regulation of
target genes for nuclear receptors.

In 2004, we identified and characterized JMJD2 family
genes (12). JMJD2A gene at human chromosome 1p34.2,
JMJD2B gene at 19p13.3 and JMJD2C gene at 9p24.1,
consisting of multiple exons, encode Jumonji (Jmj) domain
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proteins with JmjN, JmjC, two PHD, and two TUDOR
domains (12). JMJD2D, JMJD2E and JMJD2F genes,
consisting of a single exon, are clustered at human chromo-
some 11q21, and encode proteins with JmjN and JmjC
domains (12). In 2006, Chen et al characterized JMJD2A as
histone demethylase for tri-methylated Lysine 9 and 36 on
histone H3 (H3K9me3 and H3K36me3) (13), and Cloos et al
characterized JMJD2C as histone demethylase for H3K9me3
and H3K9me2 (14). Here, comparative integromics analyses on
JMJD2A, JMJD2B and JMJD2C were carried out to elucidate
the JMJD2 family member implicated in the epigenetic re-
programming during early embryogenesis.

Materials and methods

In silico expression analyses. Expressed sequence tags (ESTs)
derived from human and mouse JMJD2 family genes were
searched for using the BLAST programs as described
previously (15,16). Human JMJD2A RefSeq (NM_014663.2),
JMJD2B RefSeq (NM_015015.1), JMJD2C RefSeq
(NM_015061.2), mouse Jmjd2a cDNA (AK129187.1), Jmjd2b
RefSeq (NM_172132.1), and Jmjd2c RefSeq (NM_144787.1)
were used as query sequences for the BLAST programs. The
sources of human ESTs were listed up for in silico expression
analyses.

Comparative proteomics analyses. Phylogenetic analyses on
human and mouse JMJD2 family members were carried out
using CLUSTALW program. Amino-acid sequences for
human JMJD2A (NP_055478.2), JMJD2B (NP_055830.1),
JMJD2C (NP_055876.2), mouse Jmjd2a (BAC97997.1),
Jmjd2b (NP_742144.1), and Jmjd2c (NP_659036.1) were
used for the phylogenetic analyses.

Comparative genomics analyses. Human genome sequences
corresponding to JMJD2 family genes were searched for using
the BLAST programs as described previously (17,18). Exon-

intron boundaries were determined based on the consensus
sequence of exon-intron junctions (‘gt ... ag’ rule of intronic
sequence) and codon usage within the coding region. Human
genome sequences around the JMJD2 family genes were then
compared with chimpanzee, cow, mouse, and rat genome
sequences to identify evolutionarily conserved regions. Binding
sites for transcription factors, such as TCF/LEF, POU5F1,
SOX2 and NANOG were then searched for as described
previously (19,20).

Results

Expression profile of JMJD2 family members during early
embryogenesis. Expression profiles of mouse Jmjd2a, Jmjd2b,
Jmjd2c mRNAs (Fig. 1A) and those of human JMJD2A,
JMJD2B, JMJD2C mRNAs (Fig. 1B) were investigated using
in silico expression analyses. Mouse Jmjd2a mRNA was
expressed in fertilized egg and 2-cell embryos, while human
JMJD2A mRNA was expressed in undifferentiated and
differentiated ES cells. Mouse Jmjd2b mRNA was expressed
in 8-cell embryos and undifferentiated ES cells, while human
JMJD2B mRNA was expressed in undifferentiated and
differentiated ES cells. Mouse Jmjd2c and human JMJD2C
mRNAs were preferentially expressed in undifferentiated ES
cells.

Comparative proteomics on JMJD2 orthologs. Preliminary
alignment of human and mouse RefSeq amino-acid sequences
of JMJD2A, JMJD2B and JMJD2C orthologs revealed that
mouse NM_172382.1 RefSeq encodes C-terminally truncated
Jmjd2a protein. Because AK129187.1 cDNA was the
representative mouse Jmjd2a cDNA, BAC97997.1 amino-
acid sequence translated from AK129187.1 cDNA was used
as the mouse Jmjd2a amino-acid sequence for the comparative
proteomics analysis. Phylogenetic analysis revealed that human
and mouse JMJD2A orthologs were relatively better
conserved than JMJD2B and JMJD2C orthologs (Fig. 1C).
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Figure 1. Comparative transcriptomics and proteomics on JMJD2 family members. (A), Expression profile of Jmjd2a, Jmjd2b, and Jmjd2c mRNAs during mouse
early embryogenesis. (B), Expression profile of JMJD2A, JMJD2B, and JMJD2C in human ES cells and their derivatives. (C), Phylogenetic analysis on human
and mouse JMJD2A, JMJD2B, and JMJD2C orthologs.
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Comparative genomics on JMJD2A. BLAST programs
revealed that human JMJD2A gene was located within
AC092815.2 and AL451062.12 genome sequences. Exons 1,
1B, and 2-12 were located within AC092815.2, and exons
12-22 within AL451062.12. Human JMJD2A gene, consisting
of 23 exons, was about 55-kb in size (Fig. 2A).

Twenty-one JMJD2A ESTs were transcribed from exon 1,
and three from exon 1B. JMJD2A major transcript consists of
exons 1 and 2-22, while JMJD2A minor transcript consists of
exons 1B and 2-22. Because initiator methionin is located
within exon 2, JMJD2A splicing variants encode the same
JMJD2A protein.

Human genome sequence around the JMJD2A gene was
used for the comparative genomics analyses. Although exons
1 and 1B of the JMJD2A gene were not well conserved
between human and mouse, 5'-promoter region, intron 1,
exons 2-13, intron 13, and exons 14-22 were well conserved.
AP1-binding site and two clusters of bHLH-binding sites
within intron 13 of human JMJD2A gene were conserved in
mouse Jmjd2a gene (Fig. 2A).

Comparative genomics on JMJD2B. BLAST programs
revealed that human JMJD2B gene was located within
AC053467.1, AC005595.1 and AC022517.1 genome
sequences. Exon 1 was located within AC053467.1, exons 2-5
within AC005595.1, and exons 6-23 within AC022517.1.

Human JMJD2B gene, consisting of 23 exons, was about
184-kb in size within NT_011255.14 human genomic contig
(Fig. 2B).

Exon 2 was included in seven JMJD2B ESTs, but was
spliced out in one JMJD2B EST. JMJD2B major transcript
consists of exons 1-23, while JMJD2B minor transcript consists
of exons 1 and 3-23. Because initiator methionin is located
within exon 3, JMJD2B splicing variants encode the same
JMJD2B protein.

Human genome sequence around the JMJD2B gene was
used for the comparative genomics analyses. Although 5'-
promoter region, exons 1 and 2 of the JMJD2B gene were not
well conserved between human and mouse, exons 3-6, intron
6, and exons 7-23 were well conserved. Two GATA-binding
sites within intron 6 of human JMJD2B gene were conserved
in mouse Jmjd2b gene (Fig. 2B).

Comparative genomics on the JMJD2C. BLAST programs
revealed that human JMJD2C gene was located within
AL354707.17, AL445592.15, AL137020.13 and AL161443.13
genome sequences. Exons 1-4 were located within
AL354707.17, exons 5-8 within AL445592.15, exons 9-19
within AL137020.13, and exons 20-22 within AL161443.13.
Human JMJD2C gene, consisting of 22 exons, was about
407-kb in size within NT_008413.17 human genomic contig
(Fig. 3).
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Figure 2. Comparative genomics on JMJD2A and JMJD2B. (A), Structure of human JMJD2A gene and evolutionarily conserved region. JMJD2A gene at human
chromosome 1p34.2 consists of 23 exons. Conserved regions are shown by gray bars. AP1-binding site and six bHLH-binding sites within intron 13 of human
JMJD2A gene are conserved in mouse Jmjd2a gene. (B), Structure of human JMJD2B gene and evolutionarily conserved region. JMJD2B gene at human
chromosome 19p13.3 consists of 23 exons. Two GATA-binding sites within intron 6 of human JMJD2B gene are conserved mouse Jmjd2b gene.
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Human genome sequence around JMJD2C gene was used
for the comparative genomics analyses. Although 5'-promoter
region of JMJD2C gene was not well conserved between
human and mouse, exons 1-17, intron 17, exons 18-22, and
3'-flanking region were well conserved (Fig. 3). Four NANOG-
binding sites, one TCF/LEF-binding site, and one bHLH-
binding site were located within evolutionary conserved region
at the 3'-flanking region of human JMJD2C gene. NANOG-
TCF/LEF-, and bHLH-binding sites within the 3'-flanking
region of human JMJD2C gene were conserved in chimpanzee,
cow, mouse and rat JMJD2C othologs.

Discussion

Comparative integromics on JMJD2A, JMJD2B and JMJD2C
were carried out in this study. Mouse Jmjd2a was expressed
in fertilized egg and 2-cell embryos, while human JMJD2A
was expressed in undifferentiated and differentiated ES cells.
Mouse Jmjd2b was expressed in 8-cell embryos and
undifferentiated ES cells, while human JMJD2B was
expressed in undifferentiated and differentiated ES cells.
Mouse Jmjd2c and human JMJD2C were preferentially
expressed in undifferentiated ES cells (Fig. 1).

Human JMJD2A gene, about 55-kb in size, was found
consisting of 23 exons. The 5'-promoter region, intron 1,
exons 2-13, intron 13, and exons 14-22 of human JMJD2A
gene were well conserved in mouse Jmjd2a gene. AP1-binding
site and six bHLH-binding sites within intron 13 of human
JMJD2A gene were evolutionarily conserved (Fig. 2A).

Human JMJD2B gene, about 184-kb in size, was found
consisting of 23 exons. Exons 3-6, intron 6, and exons 7-23 of
human JMJD2B gene were well conserved in mouse Jmjd2b
gene. Two GATA-binding sites within intron 6 of human
JMJD2B gene were evolutionarily conserved (Fig. 2B).

Human JMJD2C gene, about 407-kb in size, was found
consisting of 22 exons. Exons 1-17, intron 17, exons 18-22,

and 3'-flanking region of human JMJD2C gene were well
conserved in mouse Jmjd2c gene. NANOG- TCF/LEF-, and
bHLH-binding sites within the 3'-flanking region of human
JMJD2C gene were conserved in chimpanzee, cow, mouse
and rat JMJD2C othologs (Fig. 3).

POU5F1/OCT3/OCT4, SOX2, and NANOG are trans-
cription factors expressed in pluripotent stem cells, such as
ES cells and embryonic germ (EG) cells (1). POU5F1 and
SOX2 are expressed in zygote, blastomere, blastocyst, and
epiblast, while NANOG is transiently expressed in blastomere
and blastocyst. Notably, epigenetic reprogramming occurs in
the early embryogenesis during NANOG positive stages (1).
Together these facts indicate that JMJD2C is the evolutionarily
conserved target of Homeo-domain transcription factor
NANOG, and that JMJD2C is the histone demethylase
implicated in the epigenetic reprogramming during early
embryogenesis.
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