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Epigenetic modification of DNA via CpG methylation is essential for the proper regulation of gene expres-
sion during embryonic development. Methylation of CpG motifs results in gene repression, while CpG island-
containing genes are maintained in an unmethylated state and are transcriptionally active. The molecular
mechanisms involved in maintaining the hypomethylation of CpG islands remain unclear. The transcriptional
activator CpG binding protein (CGBP) exhibits a unique binding specificity for DNA elements that contain
unmethylated CpG motifs, which makes it a potential candidate for the regulation of CpG island-containing
genes. In order to assess the global function of this protein, mice lacking CGBP were generated via homologous
recombination. No viable mutant mice were identified, indicating that CGBP is required for murine develop-
ment. Mutant embryos were also absent between 6.5 and 12.5 days postcoitum (dpc). Approximately, one-
fourth of all implantation sites at 6.5 dpc appeared empty with no intact embryos present. However, histolog-
ical examination of 6.5-dpc implantation sites revealed the presence of embryo remnants, indicating that CGBP
mutant embryos die very early in development. In vitro blastocyst outgrowth assays revealed that CGBP-null
blastocysts are viable and capable of hatching and forming both an inner cell mass and a trophectoderm.
Therefore, CGBP plays a crucial role in embryo viability and peri-implantation development.

Cytosine methylation of the CpG dinucleotide is a major
epigenetic modification of DNA which functions in a wide
variety of cellular processes, including transcription repression,
neoplasia, genomic imprinting, X-chromosome inactivation,
and early mammalian development (48, 5, 43, 22). The pres-
ence of this dinucleotide is relatively rare, approximately 5 to
10% of its predicted frequency (48, 3, 4, 8). Approximately half
of all genes in the mouse and human genomes contain small
regions or islands of DNA that contain the expected frequency
of the CpG dinucleotide (3). Promoters containing these CpG
islands are relatively hypomethylated, and the associated gene
is active (11).

The molecular mechanisms involved in hypomethylation and
transcription activation have not been clearly defined. How-
ever, extensive data demonstrate the coupling of DNA meth-
ylation, chromatin condensation, and gene silencing (9, 16–18,
26, 36–38, 47, 55, 61). Methyl-CpG binding domain proteins 1
to 3 (MBD1 to -3) and methyl cytosine binding protein 2
(MeCP2) have been implicated in transcriptional repression
(9, 16, 17, 36–38, 55, 61), while MBD4 is a mismatch repair
protein (24). MeCP2 and MBD2 repress transcription through
the recruitment of histone deacetylases (26, 37, 38). MBD3 is
a member of the NuRD (Mi-2) histone deacetylase and nu-
cleosome remodelling complex (55, 61), while MBD2 is capa-
ble of recruiting the NuRD complex to methylated DNA in
vitro (61). In addition, mutations in MeCP2 and DNA meth-
yltransferase 3B have been linked to Rett and immunodefi-

ciency, centromere instability, and facial anomaly (ICF) syn-
dromes, respectively (2, 10, 20, 21, 40, 59).

DNA methylation is critical for embryonic mammalian de-
velopment (30, 40). A dramatic reduction in CpG dinucleotide
methylation occurs during early development in pre-implanta-
tion embryos (35, 48). At the time of implantation, de novo
methylation occurs at most CpG residues except for CpG is-
lands, which remain unmethylated and transcriptionally active
(27, 42). A small number of CpG island-associated genes on
the inactive X chromosome and several parentally imprinted
genes are methylated during development (14, 44, 51). In ad-
dition, DNA methylation represses expression of repetitive
DNA elements during mouse development (56). Although the
mechanisms involved in DNA methylation and gene repression
have been extensively studied, little is known regarding the
manner in which CpG island-containing genes are maintained
in the unmethylated state.

Our laboratory recently identified a novel transcriptional
activator, CpG binding protein (CGBP), which binds specifi-
cally to DNA elements containing unmethylated CpG motifs
(54). CGBP is expressed in a wide variety of adult tissues and
cell lines. In addition, analysis of expressed sequence tag da-
tabases revealed the presence of CGBP cDNA in embryonic
tissues at various stages of development, indicating that CGBP
is widely expressed in both adult and embryonic tissues. CGBP
contains a cysteine-rich CXXC motif that comprises the DNA-
binding domain (J.-H. Lee, K. S. Voo, and D. G. Skalnik,
submitted for publication). This domain is highly conserved
among several proteins, including DNA methyltransferase 1
(DNMT1) (6), human trithorax (HRX) (also known as MLL
or ALL-1) (13, 19, 32, 41, 52, 60), MBD1 (11, 23), and MLL-2
(15). CGBP also contains two plant homeodomains which are
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characteristic of chromatin-associating proteins and/or regula-
tors of gene expression (1).

A growing number of proteins that bind methylated CpG
motifs and repress gene activity, including DNMT1, MBD1 to
-3, and MeCP2, have been identified (9, 16–18, 23, 36–38, 55,
61). However, CGBP is the first identified protein that binds
specifically to unmethylated CpG dinucleotides and activates
gene expression. CGBP binding affinity increases with the
number of CpG motifs (Lee et al., submitted), suggesting that
CGBP may regulate CpG island-containing genes. Alterna-
tively, binding of CGBP to unmethylated CpG motifs may
prevent targeting of DNMT to CpG islands. Consequently,
delineation of the functional role of CGBP may enable us to
further understand the molecular mechanisms involved in the
epigenetic control of gene expression during development.

This study describes the generation via homologous recom-
bination of mice lacking CGBP. Results presented in this study
demonstrate that CGBP is crucial for early embryogenesis. No
viable CGBP-null animals were obtained, and no CGBP-null
embryos were obtained between 6.5 and 12.5 days postcoitum
(dpc). Approximately one-fourth of the implantation sites ex-
amined at 6.5 dpc appeared empty, with no intact embryos.
Furthermore, histological examination of 6.5-dpc implantation
sites revealed remnants of embryos in approximately one-
fourth of the sites. Blastocyst outgrowth experiments revealed
that CGBP-null blastocysts are viable and capable of hatching

and forming both an inner cell mass and a trophectoderm.
Therefore, CGBP is crucial for peri-implantation development
in the mouse.

MATERIALS AND METHODS

Disruption of the CGBP locus in embryonic stem cells. To generate a mutated
CGBP allele, a 129SVJ mouse lambda genomic library (Stratagene, La Jolla,
Calif.) was screened using a human expressed sequence tag cDNA (Genome
Systems Inc., St. Louis, Mo.). A clone that contains the entire CGBP gene locus
was isolated (data not shown, D. L. Carlone, S. R. L. Hart, P. D. Ladd, and D. G.
Skalnik, unpublished data). The mutated allele was constructed by inserting a
2.3-kb HindIII fragment upstream and a 3.0-kb NcoI-KpnI fragment downstream
of the neomycin gene in the pPNT vector (53) (Fig. 1). Homologous recombi-
nation results in a deletion of approximately 11 kb including the entire mouse
CGBP gene as well as 5 kb of upstream sequence.

Murine embryonic stem cells (CCE916) were transfected with the mutated
construct by electroporation as previously described (45, 46). Approximately 500
clones were analyzed for the homologous recombination event by Southern blot
analysis. Briefly, 10 �g of genomic DNA was digested with NcoI and separated
on a 0.55% agarose gel in 0.5� Tris-borate-EDTA. Following transfer to a nylon
membrane, blots were probed with a 500-bp KpnI-EcoRI fragment (Fig. 1A)
(probe A) corresponding to the 3� region of the locus outside the region of
homologous recombination. A single positive clone was identified, and an addi-
tional Southern blot analysis was performed to confirm that the disrupted allele
was in the correct chromosomal location. Genomic DNA isolated from wild-type
(CCE916) or heterozygous ES cells was digested with BamHI, subjected to
electrophoresis, and transferred to a nylon membrane. The blot was then probed
with a 1.2-kb NotI-EcoRI fragment (Fig. 1A) (probe B) corresponding to the 5�
region of the locus (Fig. 1B).

FIG. 1. Targeted disruption of the murine CGBP gene. (A) Schematic of the disrupted CGBP allele generated by homologous recombination.
The open box indicates the CGBP gene, while the black boxes denote the flanking genomic fragments. The gray box denotes PGK-neomycin (Neo).
The arrows indicate the sizes of the wild-type (13-kb) and the disrupted (11-kb) BamHI fragment. Probes A to C are designated by solid lines.
Oligonucleotide primers a to c used for PCR genotyping are designated by arrowheads. (B) Southern blot analysis was performed on genomic
DNAs isolated from wild-type ES cells (�/�) and the ES cell clone (�/�) that contains the disrupted CGBP allele. DNA was digested with BamHI
and hybridized with probe B (see above) corresponding to the 5� flank of the CGBP locus.
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Generation of CGBP mutant mice. Cells heterozygous for the disrupted CGBP
allele were injected into C57BL/6 blastocysts and implanted into pseudopregnant
C57BL/6 females (Jackson Laboratories, Bar Harbor, Maine) by standard pro-
tocols. Four germ line-transmitting males were then backcrossed to C57BL/6
females to generate heterozygous animals. Heterozygous mating pairs were es-
tablished, and the offspring were analyzed. Timed-pregnancy females were ob-
tained by mating them with heterozygous animals and examining them for a plug
the following day. Noon on the day of the plug was considered 0.5 day of
gestation. Embryos were then collected at various time points.

Genotyping of animals and embryos. Weaned pups and embryos were geno-
typed by either Southern blot or PCR analysis. Southern blot analysis was
performed using 10 to 20 �g of genomic DNA digested with BamHI as described
above. A competitive-PCR method was used to simultaneously detect the mu-
tated and wild-type alleles. An oligonucleotide primer common to both alleles
(primer a) was used in the same reaction with two primers specific for either the
wild-type (primer b) or mutated (primer c) alleles (Fig. 1A). The following
oligonucleotides were used: primer a, 5�-GGGCTCCCTTGTTCAAATAC-3�;
primer b, 5�-GATCCTGACCATGCTGCTTG-3�; and primer c, 5�-GCTAAAG
CGCATGCTCCAGACTG-3� (31). The PCR products were analyzed on a 1.5%
agarose gel in 0.5� Tris-borate-EDTA. For 6.5-dpc embryo genotyping, PCR
products were transferred to a nylon membrane following electrophoresis and
probed with an EcoRI-HindIII fragment (Fig. 1A) (probe C).

Histological analysis of embryos. Implantation sites were surgically removed
at 6.5 dpc, fixed in 10% formalin, and embedded in paraffin. Six-micrometer-
thick sections were stained with hematoxylin and eosin.

Blastocyst outgrowths. Six- to 8-week-old heterozygous females were super-
ovulated (7.5 to 10 IU of pregnant mare serum gonadotropin [Sigma-Alrich Co.,
St. Louis, Mo.], followed 48 h later by 7.5 to 10 IU of human chorionic gonad-
otropin [Sigma-Alrich Co.]) and mated with heterozygous males. Blastocysts (3.5
dpc) were collected and cultured for 4 days on gelatin in ES culture medium
containing leukemia inhibitory factor (LIF). The outgrowths were then photo-
graphed and genotyped by PCR. Briefly, outgrowths were washed with phos-
phate-buffered saline and lysed with 20 �l of PCR lysis buffer (10 mM Tris [pH
8.3] 50 mM KCl, 2.5 mM MgCl, 0.1 �g of gelatin per ml, 0.45% NP-40, 0.45%
Tween 20, 200 �g of proteinase K per ml) at 55°C for 1 h and then at 95°C for
15 min. Two microliters was then used to genotype the outgrowths by PCR as
described for the 6.5-dpc embryos.

RESULTS

Generation and characterization of CGBP-null mice. To
determine the cellular function of CGBP, mutant mice were
generated following homologous recombination in ES cells.
The mutated allele was constructed by deleting the entire
CGBP gene as well as approximately 5 kb of the upstream
sequence (Fig. 1A). A single ES clone exhibited the disrupted
allele as observed by the presence of a smaller 11-kb BamHI
fragment upon Southern blot analysis (Fig. 1B). Several re-
striction enzyme digestions and Southern blots were per-
formed to confirm that the disrupted allele was in the correct
chromosomal location (data not shown). Germ line transmis-
sion was obtained for four chimeric male mice. Each mouse
was then backcrossed to a C57B/6 female, and the resulting
heterozygous offspring were mated. Eleven heterozygous
breeding pairs were established, and the resulting pups were
genotyped by Southern blot analysis (Table 1). No CGBP-null
mice were obtained of the 123 analyzed, indicating that ani-
mals lacking CGBP are not viable. In addition, there was no
detectable difference in phenotype between wild-type and het-
erozygous animals. Both male and female heterozygous ani-
mals were fertile and transmitted the mutated allele equally
(data not shown).

To assess at which stage of development the lethality oc-
curred, 6.5- to 12.5-dpc embryos were collected and genotyped
by either PCR or Southern blot analysis. CGBP-null embryos
were not detected at any of the time points examined (Table
1). In addition, approximately 27% of the implantation sites (6

of 22) examined at 6.5 dpc appeared empty or reabsorbed
(data not shown), indicating that CGBP-null embryos are in-
capable of developing to the gastrulation stage. Histological
examination of 6.5-dpc implantation sites (Fig. 2) revealed the
presence of abnormal embryos in approximately 28% of the
sites examined (7 of 25). Both the embryonic ectoderm and the
embryonic endoderm were evident in normal embryos (Fig.
2A). However, presumptive mutant embryos failed to exhibit
these cell layers but rather appeared as a small mass of picnotic
cells (Fig. 2B). In addition, the ectoplacental cones of normal
embryos exhibited a cobblestone appearance, while in mutant
embryos a region comparable to the ectoplacental cone was
detectable but did not exhibit the cobblestone appearance
(compare Fig. 2A and B). We conclude that failure to express
CGBP results in early embryonic lethality.

Blastocyst outgrowth assays. Failure of CGBP-null embryos
to thrive may be due to the loss of cell viability or their inability
to develop and/or properly implant. To begin to assess these
possibilities, blastocysts were collected from heterozygous mat-

TABLE 1. Genotype analysis of progeny from
heterozygous matings

Status or
age (dpc)

No. of progeny with genotypea:
Total

�/� �/� �/�

Weaned 41 82 0 123
12.5 4 2 0 6
10.5 17 44 0 61
8.5 10 14 0 24
6.5 2 14 0 16

a Genotypes were determined by Southern blot or PCR analysis.

FIG. 2. Abnormal embryos are detected at 6.5 dpc. CGBP�/� an-
imals were mated, and 6.5-dpc implantation sites were fixed, paraffin-
embedded, and stained. (A) Normal 6.5-dpc embryo. The arrows in-
dicate the presence of the embryonic ectoderm (ec) and endoderm
(ee) as well as the ectoplacental cone (epc). (B) Abnormal (presump-
tively mutant) embryo. The lens objective was �40.
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ings and their ability to form blastocyst outgrowths in vitro was
examined. Blastocysts (3.5 dpc) were cultured for 4 days (in the
presence of LIF), at which time they were photographed and
genotyped. Mutant CGBP blastocysts were detected, indicat-
ing that CGBP-null cells are viable and that embryos lacking
CGBP are capable of developing to the preimplantation stage.
Of 38 blastocyst outgrowths from heterozygous matings, the
PCR-determined genotypes of 10 were �/�, those of 24 were
�/�, and those of 4 were �/�. In addition, mutant embryos
hatched and formed both an inner cell mass and a trophecto-
derm in outgrowth assays (Fig. 3B to D). No discernible mor-
phological difference was observed between the CGBP-null
and heterozgyous outgrowths (compare Fig. 3A with B to D).
Therefore, loss of CGBP results in peri-implantation embry-
onic lethality, indicating that this molecule is key for embryonic
survival.

DISCUSSION

Previously our laboratory demonstrated that CGBP binds
specifically to unmethylated CpG motifs and transactivates
reporter constructs containing this dinucleotide (54). However,
little was known regarding the function of this molecule in the
whole organism. This study has shown that CGBP is a critical
player during early embryogenesis. No CGBP-null animals
were detected, indicating that CGBP is critical for develop-
ment. Upon further examination, mutant embryos were deter-
mined to be viable at 3.5 dpc (blastocyst), but analysis of

embryos between days 6.5 and 12.5 dpc failed to detect CGBP-
null embryos. However, histological examination of 6.5-dpc
implantation sites revealed abnormal embryos, which identifies
the time of embryonic lethality as being between 3.5 and 6.5
dpc. In addition, the detection of CGBP-null blastocysts indi-
cates that CGBP is not essential for cell viability. Therefore,
lethality of CGBP-null embryos is a peri-implantation defect,
indicating that CGBP may be an important regulator during
development.

The molecular mechanism(s) by which CGBP regulates nor-
mal embryogenesis remains unclear. We had previously pos-
tulated that CGBP regulates gene expression via binding to
unmethylated CpG islands (54). However, the precise gene
targets of CGBP action have yet to be delineated. Extensive
evidence demonstrates the association of DNA methylation,
histone deacetylation, chromatin remodelling, and gene silenc-
ing (9, 17, 18, 36, 37, 47, 55, 61). MeCP2 and MBD2 function
as transcriptional repressors through binding to methylated
DNA and associating with histone deacetylases (26, 37, 38, 55,
61). Although MBD3 has not been shown to bind methylated
CpG motifs directly, it is a component of the NuRD (Mi-2)
histone deacetylase and nucleosome remodelling complex (55,
61) and may be recruited to methylated DNA via its interaction
with methyl-binding proteins. Whether or not CGBP regulates
gene activity through association either with coactivators or
directly with histone acetyltransferases remains to be deter-
mined. However, the early embryonic lethality of CGBP mu-

FIG. 3. CGBP�/� blastocysts exhibit normal outgrowth characteristics. Blastocysts from heterozygous matings were collected at 3.5 dpc and
cultured for 4 days. The presence of both the inner cell mass (ICM) and the trophectoderm (TE) was determined. Each outgrowth was genotyped
by PCR. The lens objective was �32.
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tant embryos may indicate the loss of activation of key devel-
opmental genes.

The loss of embryonic viability of CGBP-null embryos coin-
cides with the global switch in genome methylation. Following
implantation, the murine genome normally becomes methyl-
ated and failure to adequately methylate genomic DNA results
in embryonic lethality (30, 40). In addition, mutations in DNA
methyltransferase 3B and MeCP2 results in the ICF and Rett
syndromes, respectively (2, 21, 40, 59). Therefore, tight control
of cytosine methylation is crucial for proper development and
cell function. CpG islands, on the other hand, retain their
hypomethylated state during development, with the exception
of those associated with genes on the inactive X chromosome
and some parentally imprinted genes (5, 22, 48). The molecu-
lar mechanisms involved in maintaining CpG islands as hy-
pomethylated remains unclear. Demethylase activity has been
identified (49), and the short form of MBD2 (23) was originally
proposed to directly demethylate DNA through removal of the
methyl group from 5-methylcytosine (7). However, this obser-
vation has not been substantiated (55). In addition, the tran-
scription factor Sp1, which binds to GC-rich sequences, was
proposed to protect genomic DNA from methylation. How-
ever, loss of Sp1 did not affect DNA methylation (33). The
ability of CGBP to bind specifically to DNA containing un-
methylated CpG dinucleotides and the loss of viability of
CGBP-null embryos at the same time period as the switch in
DNA methylation indicate that CGBP is a potential candidate
for maintaining hypomethylation of CpG islands. Therefore,
the loss of CGBP may result in hypermethylation and gene
inactivation, thereby resulting in embryonic lethality. Interest-
ingly, the failure to express CGBP results in an earlier pheno-
type compared to the loss of maintenance of de novo DNMTs,
MeCP2, MBD2, or MBD3, which exhibit their phenotypes at
mid-gestation or later (10, 20, 25, 30, 40, 50). Additional stud-
ies examining both global changes in DNA methylation and
gene-specific changes in CGBP-null embryos are required be-
fore a role for CGBP in the maintenance of unmethylated
DNA can be determined.

Finally, further study of CGBP may begin to elucidate the
mechanisms involved in the regulation of CpG island-contain-
ing genes crucial for proper development and/or the establish-
ment and maintenance of unmethylated CpG motifs. The early
lethality of CGBP-null embryos makes deciphering these mo-
lecular events quite difficult. We are currently generating
CGBP-null ES cell lines in order to delineate CGBP target
genes as well as assess CGBP’s contribution in the mainte-
nance of unmethylated CpG islands.
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