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Abstract
Genome-wide erasure of CpG methylation occurs along the paternal pronucleus in fertilized oocytes.
This process involves an active, replication-independent enzymatic step, which has remained
enigmatic. MBD3L1 and MBD3L2 are two mammalian homologues of the methyl-CpG-binding
protein genes MBD2 and MBD3 that arose from recent gene duplication events. Expression of
Mbd3l1 occurs specifically in haploid male germ cells. Mbd3l2 expression is restricted to metaphase
II oocytes and zygotes making both proteins candidates for the zygotic demethylation process.
Neither of these genes was able to promote reactivation of a methylation-silenced reporter gene. We
created Mbd3l1 and Mbd3l2 knockout mice, which were viable and fertile. We show that
demethylation of the paternal pronucleus in Mbd3l1−/− and Mbd3l2−/− mice is identical to that in
wildtype controls. These data suggest that Mbd3l1 and Mbd3l2 are not involved in genome-wide
demethylation of paternal genomes in mouse zygotes and are dispensable for normal development.
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INTRODUCTION
DNA methylation is an important means of epigenetic gene regulation, and the de novo and
maintenance methylation reactions carried out by DNA methyltransferases have been studied
extensively (Chen and Li, 2006). Despite the stable and heritable features of DNA methylation
patterns, genome-wide DNA demethylation occurs both in developing germ cells and in
fertilized oocytes. In the primordial germ cells (PGCs), genome-wide demethylation occurs
during a very short period of time (between E11.5 and E12.5) to allow reprogramming of sex-
specific methylation patterns in both male and female germ cells (Reik et al., 2001; Hajkova
et al., 2008; Latham et al., 2008). During preimplantation development, an asymmetric DNA
demethylation pattern of parental genomes can be observed within the same oocyte cytoplasm
beginning as early as 6 hours after fertilization when the paternal genome undergoes active
DNA demethylation (Mayer et al., 2000; Oswald et al., 2000; Santos et al., 2002). The maternal
genome is resistant to active demethylation, and undergoes passive demethylation that depends
on the absence of maintenance methyltransferase DNMT1 during DNA replication in early
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development (Reik, 2007). This replication-independent DNA demethylation of the paternal
genome would imply the existence of a mammalian DNA demethylase emzyme.

Despite intensive study, the DNA demethylase protein and its biochemical mechanism have
not yet been identified convincingly. Several candidate pathways have been established
including methyl-CpG binding domain (MBD) proteins, such as MBD2 and MBD4 that may
either actively remove the methyl group from 5-methylcytosine (5meC) or can remove the
entire methylated base or nucleotide. The functional role of MBD2 in transcriptional repression
has been well characterized in mammalian somatic cells. However, the role of this protein in
active DNA demethylation pathways is controversial (Bhattacharya et al., 1999; Hendrich et
al., 1999; Ng et al., 1999; Wade et al., 1999). Immunostaining studies using an anti-5meC
antibody with zygotes derived from Mbd2 knockout mice showed asymmetric methylation
patterns that are consistent with control wildtype mice, leading to the conclusion that MBD2
does not have a DNA demethylating activity in zygotes (Santos et al., 2002). Although MBD3,
a component of the NuRD complex, was reported to be unable to bind directly to methylated
DNA, a growing body of evidence supports a crucial role for Mbd3 during embryonic
development (Hendrich et al., 2001; Kantor et al., 2003; Kaji et al., 2007; Ruddock-D’Cruz et
al., 2008). However, a function of MBD3 in DNA demethylation has not been reported.
Recently, a role for the DNA damage response protein GADD45A in DNA demethylation has
been reported for Xenopus GADD45A (Barreto et al., 2007) but could not be confirmed for
human GADD45A (Jin et al., 2008). It is possible that the mammalian form has lost this activity
and this gene is not specifically expressed in oocytes or zygotes.

Another mechanism of demethylation involving deamination of 5meC by cytidine deaminases,
AID or APOBEC1, followed by DNA repair of the resulting T:G mismatch by base excision
repair has also been suggested. To date no conclusive evidence has been published that these
are the enzymes responsible for demethylation of the paternal genome in the zygote, although
AID and APOBEC1 are expressed at this stage of development (Morgan et al., 2004). In plants,
a demethylase pathway involving a DNA glycosylase activity has been identified (Agius et al.,
2006; Gehring et al., 2006), but these proteins, ROS1 and DEMETER, do not appear to have
mammalian homologues.

Suggestions for the identity of the DNA demethylase might come from the list of factors linked
to epigenetic reprogramming during embryonic development. It seems reasonable that viable
candidate genes could be those expressed in oocytes, zygotes, and 1- or 2- cell stage embryos
where active DNA demethylation has been well documented (Oliveri et al., 2007; Jin et al.,
2008). The cytoplasm of murine metaphase II (MII) oocytes is capable of remodeling the
structure and epigenetic programming of the incoming paternal genome after fertilization, and
of the nucleus of somatic cells following somatic cell nuclear transfer (SCNT) (Wilmut et al.,
1997). This activity, however, is not present in pre-meiotic germinal vesicle (GV) oocytes.
(Gao et al., 2002; Tesarik et al., 2003). Beaujean and co-workers have demonstrated that sheep
sperm DNA can be demethylated in mouse oocytes by using interspecies intracytoplasmic
sperm injection (Beaujean et al., 2004b), although in the zygotes of sheep no global
demethylation of the paternal genome occurs during the first cycle of cleavage (Beaujean et
al., 2004a). Interestingly, mouse sperm can also undergo demethylation to a limited extent
when injected into sheep oocytes, suggesting a limited sperm-derived demethylation activity
(Beaujean et al., 2004a; Beaujean et al., 2004b; Young and Beaujean, 2004). These findings
may indicate that active demethylation of the paternal genome may involve both the sperm and
the oocyte (Beaujean et al., 2004b).

MBD3L1 and MBD3L2 are two mammalian homologues of the methyl-CpG domain proteins
MBD2 and MBD3 that both lack the MBD, but can homo-and heterodimerize with MBD2 and
MBD3 (Jiang et al., 2002; Jiang et al., 2004; Jin et al., 2005). Recently, we conducted an in
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silico study for the expression profile of Mbd3l2 in the mouse. We observed that the expression
of mouse Mbd3l2 is elevated in oocytes and zygotes, but Mbd3l2 is not significantly expressed
in the later stages of embryonic development and in somatic tissues. This pattern of expression
is consistent with a role for Mbd3l2 in early embryonic development stages, similar to the
NuRD complex or its components such as p66 and MBD3 (Hendrich et al., 2001; Kantor et
al., 2003; Marino and Nusse, 2007; Oliveri et al., 2007; Ruddock-D’Cruz et al., 2008). The
MBD3L1 protein is expressed predominantly in the round spermatids of the testis (Jiang et al.,
2002). Thus, the unique expression patterns and the homology of MBD3L1 and MBD3L2 to
methyl-CpG binding proteins prompted us to test the role of these genes in early development
and in zygotic DNA demethylation.

RESULTS
Gene expression profiles of Mbd3l1 and Mbd3l2 in mouse developmental stages

Mbd3l1 is expressed predominantly in testis, specifically in round spermatids (Jiang et al.,
2002). We have reported previously that MBD3L2 is expressed ubiquitously at low levels in
human tissues using expression analysis by Northern blotting (Jin et al., 2005). However,
increasing evidence of possible roles of the MBD proteins and the components of the NuRD
complex in early development (Hendrich et al., 2001; Kantor et al., 2003; Marino and Nusse,
2007; Oliveri et al., 2007; Ruddock-D’Cruz et al., 2008) prompted us to investigate the roles
of Mbd3l1 and Mbd3l2 in mouse development. We obtained the gene expression profiles of
Mbd3l1 and Mbd3l2 in embryonic stages via the web interfaces of UniGene’s EST database
(Table 1) and the Novartis Research Foundation’s SymAtlas (data not shown). Interestingly,
we observed that Mbd3l2 was expressed predominantly in mouse oocytes, unfertilized ova,
zygotes and early cleavage stages but Mbd3l2 mRNA was virtually absent at later embryonic
stages and in adult tissues. We also noted limited expression of Mbd3l2 in 1-cell to 2-cell pre-
implantation embryos according to the GEO database. Furthermore, Mbd3l2 transcripts were
abundant in mature MII oocytes compared to immature germinal vesicle stage oocytes (GEO
database), suggesting a role of Mbd3l2 during early development rather than during oogenesis.
In contrast, Mbd3l1 mRNA was expressed specifically in testis tissue as expected (Table 1).
Thus, the expression profiles of Mbd3l1 and Mbd3l2 suggested a possible role for these genes
in gametogenesis, and early embryonic development. The specific expression of Mbd3l2 in
oocytes and zygotes would be consistent with a role of Mbd3l2 in zygotic DNA demethylation.
Expression of Mbd3l1 is specific to haploid male germ cells and, at least theoretically, this
protein could be incorporated into sperm chromatin, and after fertilization could participate in
demethylation of the paternal genome.

Testing a role for MBD3L1 and MBD3L2 in activation of methylation-silenced reporter
plasmids

The unique developmental stage-specific expression of Mbd3l1 and Mbd3l2 in the mouse, and
its homology to MBD proteins suggested that the two proteins could be involved in the process
of global DNA demethylation. To elucidate this hypothesis, we first tested if overexpression
of the two proteins has an effect on in vitro methylated reporter plasmids in somatic cells as a
simple assay for detecting DNA demethylation activity. First, we confirmed that the transfected
genes were expressed in HEK293 cells by Western blot (Figure 1A). Since no suitable antibody
for MBD3L1 is available, we confirmed its expression by RT-PCR. Using a Southern blot
assay, we tested the potential demethylation activity of MBD3L1 and MBD3L2 (Figure 1B).
After cotransfection into HEK293 cells, the methylated and unmethylated pOct4-EGFP
plasmids were recovered and digested with HincII and the methylation-sensitive restriction
enzyme HpaII. No HpaII cleavage was observed indicating that no demethylation had occurred
in presence of MBD3L1 and/or MBD3L2. The EGFP reporter plasmid (pEGFP-N2), which is
controlled by the CMV promoter, was methylated in vitro at all CpG sites with SssI DNA
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methylase, and transiently transfected or co-transfected with MBD3L1 and/or MBD3L2
mammalian expression vectors into HEK293 cells. After 48 hours, expression of EGFP was
determined by fluorescence microscopy (Figure 1C). The single transfected EGFP was
expressed from the unmethylated pEGFP-N2 plasmid, but the methylated pEGFP-N2 was not
expressed. The level of EGFP expression from methylated pEGFP-N2 in HEK293 cells
expressing MBD3L1 or MBD3L2 was similar to that of the control (Figure 1C). These results
suggest that MBD3L1 and MBD3L2 do not have an effect on the methylation-dependent
silencing of the EGFP reporter plasmid and do not promote DNA demethylation. In order to
test a potential role of the cytidine deaminase AID and the base excision repair protein MBD4
in 5-methylcytosine removal, we cotransfected these two genes in presence of methylated
reporters. We did not obtain evidence for demethylation by AID and MBD4 in this system
(Figure 1B, C).

Generation of Mbd3l1 and Mbd3l2 knockout mice
Although we can observe and evaluate the DNA methylation status of parental genomes in
zygotes after visualization by immunostaining with anti-5-methylcytosine antibody, the
process of DNA demethylation is not well understood. That is, in vitro experiments using over-
expression of exogenous genes in somatic cells may not be a suitable means to identify the
zygotic enzymatic DNA demethylation activity of candidate genes. To address these possible
limitations and examine the function of Mbd3l1 and Mbd3l2 in mouse early developmental
stages, we studied Mbd3l1 and Mbd3l2 knockout mice.

The generation of Mbd3l1 knockout mice has been described previously (Jiang et al., 2004).
The Mbd3l1-deficient mice are viable and fertile, but zygotic demethylation in these mice has
not yet been examined. The Mbd3l2 targeting vector was designed to replace 0.95-kb of exon
2, which represents 70% of the Mbd3l2 coding sequence, with the 1.8-kb loxP-neomycin
resistance (PGKneo) cassette (Figure 2A). Correctly targeted ES cell clones were screened by
PCR, and genotypes were confirmed by Southern blotting using external and internal probes
after digestion with MscI restriction enzyme (Figure 2B). Blastocyst embryos were injected
with the recombinant ES cell clones, and then transferred to the uteri of recipient females.
Heterozgyous Mbd3l2 knockout mice were produced by breeding the male chimeras with
129SV and C57BL/6J wild-type female mice. The heterozygous mice were inter-bred, and
homozygous mice were obtained at the expected Mendelian 1:2:1 ratio. In Figure 2C, the
genotype of Mbd3l2 homozygous mutant mice was confirmed by PCR-based genotyping using
the genomic DNA of Mbd3l2+/+ and Mbd3l2+/− littermates as a control. Homozygous
Mbd3l2 knockout mice were viable and fertile, and have shown no adverse health effects after
ten months of observation.

Immunofluorescence staining with anti-5meC antibody in Mbd3l1−/− and Mbd3l2−/− zygotes
To test if the global demethylation of the paternal genome is affected by the deletion of
Mbd3l1 or Mbd3l2 in one cell-stage zygotes, we immunostained zygotes with an anti-5-meC
antibody. The zygotes were incubated with anti-5-meC antibody, and then with an Alexa 568-
conjugated secondary antibody (red). The genomic DNA of the parental pronuclei was
counterstained with YOYO-1 (green). In Figure 3, positive signals with 5-meC antibody
staining were detectable only over the maternal (smaller) pronuclei in zygotes derived from
Mbd3l1−/− or Mbd3l2−/− null mice. These asymmetric DNA methylation patterns of parental
genomes in the zygotes are consistent with the methylation patterns seen in wildtype mice,
suggesting that Mbd3l1 and Mbd3l2 do not affect global DNA demethylation in mouse early
developmental stages. Since Mbd3l2 may be a maternal effect gene, we used F3 generation
zygotes derived by breeding Mbd3l2−/− males with Mbd3l2−/− females.
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We next examined the potential for redundancy of Mbd3l1 and Mbd3l2 so that a single
knockout would not lead to a demethylation phenotype. In the mouse genome, the two genes
are only 40 kb apart and it is difficult to create a conventional double knockout mouse. Because
of the specific expression patterns of the two genes, we reasoned that it was possible to create
a double knockout phenotype by mating Mbd3l1−/− male mice with Mbd3l2−/− female mice,
because the sperm that would potentially carry Mbd3l1 into the zygote will be null for Mbd3l1
and the oocyte that would express Mbd3l2 will be null for Mbd3l2. However, paternal genome
DNA demethylation was normal in this cross (Figure 3, bottom panels).

DISCUSSION
Despite extensive studies, the identity and composition of the mammalian DNA demethylase
machinery remains unknown. Interestingly, in silico studies showed that mouse Mbd3l2, a gene
coding for a protein homologous to the methyl-CpG binding domain containing proteins Mbd2
and Mbd3, is predominantly expressed in oocytes and in 1 cell to 2 cell stages of embryos.
Furthermore, Mbd3l2 transcripts were highly accumulated in mature MII oocytes (GEO
database; data not shown) that have the specialized ability to epigenetically reprogram the
sperm genome (Gao et al., 2002; Tesarik et al., 2003). Although human MBD3L2 acts as a
transcriptional repressor, is a component of the NuRD complex, and has the potential to recruit
the MeCP1 complex away from methylated DNA in human cell lines (Jin et al., 2005), the
function of MBD3L2 in vivo is still unknown. Thus, the expression profile of mouse Mbd3l2
strongly suggests a role of this protein in mouse early developmental stages. The in vitro
preliminary data and its homology to methyl-CpG binding (MBD) proteins MBD2 and MBD3
prompted us to test the role of MBD3L2 in genome-wide DNA demethylation. Overexpressed
human MBD3L2 did not affect the methylation status of in vitro methylated GFP plasmids in
human HEK293 cells (Figure 1). Also, immunostaining of zygotes using anti-5meC antibody
showed asymmetrical DNA methylation of the paternal pronucleus equivalent to wildtype
controls (Figure 3). The antibody staining technique has of course its detection limits. Thus,
we cannot exclude the possibility that specific sequences of the mouse genome may be
demethylated by Mbd3l2. However, the results suggest that Mbd3l2 is not involved in global
DNA demethylation in mouse early developmental stages.

The testis-specific gene Mbd3l1 has been initially characterized in our lab, but its in vivo
function is still unclear (Jiang et al., 2004). The possible involvement of Mbd3l1 in a sperm-
derived demethylation pathway in zygotes was predicted by the unique expression pattern and
its homology to methyl-CpG binding (MBD) proteins MBD2 and MBD3. Over-expression of
Mbd3l1 had no effect on de-repression of CMV-EGFP reporter plasmids silenced by in vitro
methylation, and the methylation-specific immunostaining assays with zygotes derived from
Mbd3l1 knockout mice appeared normal (Figures 1 and 3).

It was reported that base-excision repair has an important role in the erasure of DNA
methylation from imprinted plant genes (Agius et al., 2006; Gehring et al., 2006). Although
these proteins, ROS1 and DEMETER, do no have recognizable mammalian homologues, it is
possible that DNA glycosylase activity might be involved in mammalian demethylase
pathways. It was proposed that the mammalian cytidine deaminases AID and APOBEC1 in
vitro have 5meC deaminase activity (Morgan et al., 2004), and that the resulting thymine may
be removed by base excision repair pathways. Interestingly, AID and APOBEC1 are expressed
in ovaries and oocytes (Morgan et al., 2004), and the genes are located in a cluster of genes
with Stella, Gdf3 and Nanog, genes which have a critical role in mouse embryonic
development. Therefore, we tested if an efficient coupling of the deamination by AID and the
base excision by MBD4 might have a role in DNA demethylation. However, we failed to
observe DNA demethylation by the deamination-coupled DNA glycosylase enzymatic activity
using transfection assays (Figure 1). Above all, oocytes lacking Mbd4 still have DNA
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demethylation activity (Santos and Dean, 2004). Thymidine DNA glycosylase (TDG) and
MBD4 have similar T/G mismatch cleavage activity, and, could in theory, participate in a
deamination-coupled demethylation process. Although the TDG protein has recently been
implicated in cyclical DNA demethylation occurring at promoters in somatic cells
(Kangaspeska et al., 2008; Metivier et al., 2008), its role in paternal genome demethylation in
zygotes remains to be tested.

The biological function of Mbd3l1 and Mbd3l2 remains unknown. MBD3L-like genes have
only been found in placental mammals. The two genes have arisen by a relatively recent gene
duplication event. They are embedded in a gene-rich, rearrangement-prone genomic region on
chromosome 19 of the human and chromosome 9 of the mouse genomes. A comparison
between chicken and mammalian genomes has shown that synteny between the loci
MGC33407 and MUC16 is disrupted by lineage-specific gene expansion of OR2Z1,
ZNF558, and MBD3L1 in humans and is associated with a duplication site (Gordon et al.,
2007). This expansion is conserved in all other mammalian species examined. In humans, the
species-specific expansion at this site includes an expansion producing five presumably
functional MBD3L2-like loci that are 97% identical at the DNA level and over 98% identical
at the protein level suggesting very recent primate-specific duplications in this region (Gordon
et al., 2007). However, in mouse there are single functional Mbd3l1 and Mbd3l2 genes on
chromosome 9 and one Mbd3l2 pseudogene is found on the X chromosome. Also of note, the
homology between mouse Mbd3l1 and human MBD3L1 proteins is quite low (62% identical,
73% similar) and the homology between mouse Mbd3l2 and human MBD3L2 proteins is even
lower (37% identical, 54% similar). This suggests that the two genes are very recent additions
to the mammalian gene repertoire and are still continuing to evolve. This may, at least in part,
explain why Mbd3l1 and Mbd3l2 are nonessential genes in the mouse.

EXPERIMENTAL PROCEDURES
Cell culture and transfection

HEK293 and MCF7 cells were maintained as a monolayer in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum at 37°C in a 5% CO2 standard incubator.
DNA transfections were carried out in Opti-MEM-I medium using Lipofectamine 2000
(Invitrogen; Carlsbad, CA) according to the manufacturer’s instructions.

Plasmids and in vitro methylation
The ORF human cDNAs of MBD3L1 and MBD3L2 were subcloned in frame into the BamHI-
NotI and BamHI-XhoI sites of pcDNA3.1 (+) (Invitrogen; Carlsbad, CA), respectively. The
FLAG-tagged MBD4 construct was made by insertion of the human cDNA of MBD4 into the
EcoRI-XhoI sites of pcDNA3.0-FLAG, which was modified from pcDNA3.0 (Invitrogen;
Carlsbad, CA). The vector encoding human activation induced cytidine deaminase (AID) was
a kind gift from Tim O’Connor (City of Hope, Duarte, CA). All recombinant clones were
verified by DNA sequencing. For the pOct4-EGFP construct, the cytomegalovirus (CMV)
promoter of the pEGFP-N2 vector (Clontech; Palo Alto, CA) was replaced with the 2.4-kb
mouse Oct4 gene promoter. For this purpose, the AseI and EcoRI fragment of the pEGFP-N2
plasmid encoding the CMV promoter was excised by restriction nuclease cleavage. Next, the
2.4-kb Oct4 promoter region upstream of the translational start site was amplified by PCR
followed by AseI and EcoRI digestion of the PCR product and insertion into the AseI and
EcoRI sites of the pEGFP-N2 plasmid. The constructed pOct4-EGFP plasmid was verified by
DNA sequencing. For in vitro methylation of plasmids, 10 μg of pEGFP-N2 or pOct4-EGFP
were methylated in vitro with 20 units of SssI (pEGFP-N2), or with HpaII and HhaI DNA
methylases (pOct4-EGFP) (New England Biolabs), respectively. These methylated plasmids
were then phenol/chloroform extracted, ethanol-precipitated and resuspended in TE buffer.
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The extent of methylation was confirmed by methylation-sensitive restriction enzyme, HpaII,
digestion.

Western blot and RT-PCR
For Western blot analysis, HEK293 nuclear extracts were prepared by using NE-PER Reagents
(Pierce; Rockford, IL) and were separated by SDS/PAGE and blotted onto PVDF membranes.
The membranes were blocked with 5% nonfat milk at 4°C overnight. After washing, the
overexpressed proteins were detected using anti-MBD3L2 antiserum (1:7000), anti-AID (Cell
Signaling Technology Inc., 30F12; 1:1000), anti-MBD4 (Santa Cruz, E-19; 1:2000) or anti-
HDAC1 (Santa Cruz, H-51; 1:3000) antibodies, followed by peroxidase-conjugated anti-
rabbit, anti-mouse or anti-goat IgG (Jackson Laboratory; Bar Harbor, ME) secondary
antibodies. The signal was visualized by using ECL-Plus (Amersham Pharmacia Biotech). For
RT-PCR, total RNAs were isolated from HEK293 cells using the RNeasy Mini Kit (Qiagen;
Valencia, CA). cDNAs were produced with SuperScriptIII reverse transcriptase (Invitrogen;
Carlsbad, CA) and amplified by 25 cycles of PCR with Platinum Taq DNA polymerase High
Fidelity (Invitrogen; Carlsbad, CA) according to the manufacturer’s instructions. The
following primers were used: for MBD3L1, 5′-AGGTCTGCTGGCAGAGGAGACT-3′
(forward) and 5′-GGTCTCTCACTTTCTCTGCCTCA-3′ (reverse); for MBD3L2, 5′-
CTGTTCTGGGGAAGCTCAAAAGGAAC-3′ (forward) and 5′-
TGACCTGGTTGTCAGGATGAGACCTG-3′ (reverse); for MBD4, 5′-
GGATGTAGGAAGAGCTGTTCA-3′ (forward) and 5′-CACTGAGGGTCTCACCACAT-3′
(reverse); for AID, 5′-AAATGTCCGCTGGGCTAAGG-3′ (forward) and 5′-
GGAGGAAGAGCAATTCCACGT-3′ (reverse); for GAPDH, 5′-
CCTGTTCGACAGTCAGCCG-3′ (forward) and 5′-CGACCAAATCCGTTGACTCC-3′
(reverse).

DNA methylation analysis using Southern blot
Transfected plasmids were recovered by using QIAquick PCR-purification kits (Qiagen). The
recovered plasmids were digested with HincII and HpaII and analyzed by Southern blotting
using an EGFP gene probe.

GFP expression assay
HEK293 and MCF7 cells were grown on poly-L-lysine-coated coverslips in a six-well tissue
culture dish and then co-transfected with a total of 2 μg of pEGFP-N2 or methylated pEGFP-
N2 and pCDNA3.1-MBD3L1, pCDNA3.1-MBD3L2, MBD4 and/or AID. The cells were
incubated for 48 hours and were then washed twice with cold PBS. The cells were fixed in
3.7% (v/v) formaldehyde in PBS for 10 min at room temperature and were then washed with
PBS. The cells were stained with 0.25 μg/ml of 4′,6′-diamidino-2-phenylindole (DAPI)
(Sigma), washed three times with PBS and mounted with Fluoromount G (Southern
Biotechnology Associates; Birmingham, AL). Images were captured using a fluorescence
microscope (Olympus IX81) and processed by ImageProPlus high-end image analysis software
(Media Cybernetics, Silver Spring, USA) and Adobe Photoshop software.

Generation of Mbd3l2 knockout mice
The Mbd3l2 targeting vector was designed to replace 0.95-kb of exon 2, which presents 70%
of the Mbd3l2 coding sequence, with the loxP-neomycin resistance (PGKneo) cassette. The
targeting vector was made by high fidelity PCR with the proof-reading capable PfuUltra II
Fusion HS DNA polymerase (Stratagene) and 129S1 mouse ES cell genomic DNA as the
template. A 5-kb fragment encompassing the promoter region and exon 1, and a 1.65-kb
fragment containing sequence downstream of exon 2 were used as long and short arms,
respectively. The resultant construct replaced exon 2 of Mbd3l2 with the 1.8-kb PGKneo
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cassette. The constructed targeting vector was verified by DNA sequencing. Correctly targeted
ES cell clones were screened by PCR, and confirmed by Southern blotting using external and
internal probes after digestion with MscI restriction enzyme. The City of Hope Transgenic
Mouse Core Facility was used to generate the targeted ES cell lines and for the production of
mouse chimeras. Germline transmission was achieved by breeding the male chimeras with
C57BL/6J females, and then the heterozygous Mbd3l2 knockout mice were obtained and
confirmed by using Southern blot assays with external and internal probes.

Genotyping
A small piece of mouse tails was digested in 200 μl 50 mM TrisCl, pH 8.0, 20 mM EDTA,
0.45% Tween-80, 0.45% NP-40 and 0.5 mg/ml proteinase K overnight at 56°C. The digested
samples were diluted in sterile water and denatured in boiling water for 5 min; then 2 μl was
used for the multiplex PCR reaction using the following multiplex PCR primers: the forward
primer (L2KO3U2) 5′-CAAAAGCTTAACTCCGGCTAAGCAGGTCTT-3′, the reverse
primer (L2KO3L7) 5′-TCCTGACATTGAAAGACCTCCAAAGT-3′ and BPAU1 5′-
GATTGGGAAGACAATAGCAGGCA-3′. L2KO3U2 and L2KO3L7 produce a 2-kb
fragment, which is the wild type allele, and BPAU1 and L2KO3L7 produce a 1.8-kb fragment,
which is the targeted locus. PCR cycling conditions in 25 μl of reaction volume were as follows:
95°C for 3 min and then 36 cycles of PCR at 95°C for 30 sec, 60°C for 30 sec and 72°C for
30 sec, followed by a final extension step at 72°C for 2 min.

Preparation of mouse zygotes
Mouse zygotes were collected from superovulated females. 6 to 8-week-old female
Mbd3l1−/− (129S1) mice or 6-week-old female Mbd3l2−/− (129S1 × C57BL/6J) mice were
superovulated by intraperitoneal injection of 5 IU pregnant mares serum gonadotropin
(PMSG), and 47 h later, by injection of 5 IU human chorionic gonadotropin (hCG). The females
were mated with 14-week-old males of the same strains. Zygotes were collected from oviducts
of the females at 25 hr post-hCG injection. The cumulus cells were removed by digestion with
hyaluronidase at room temperature, and the zygotes were washed two times with M2 medium.
The zonae pellucidae were removed with acid thyrode solution, and the zygotes were washed
with Ca++-Mg++-protein-free M2 on agarose coated Petri dishes, and then attached to poly-L-
lysine-coated coverslips in pre-warmed Ca-Mg-protein-free M2 medium.

Zygote immunostaining
The zygotes were fixed in 3.7% formaldehyde for 15 min at room temperature and were then
washed with PBS twice for 10 min. Zygotes were permeabilized with 0.2% Triton-X100 for
30 min at room temperature and were then washed with PBS twice. The zygotes were treated
with 100 μg/ml RNase A in PBS for 30 min at 37°C and with 4 N HCl in 0.1% Triton-X100
for 10 min at room temperature, and then neutralized with 0.1 M Tris-HCl (pH 8.0) for 30 min
at room temperature. After washing twice with PBS, the zygotes were blocked with 1% BSA
(Sigma), 0.05% Tween-20 in PBS for 30 min at room temperature, followed by several washes
with 0.05% Tween-20 in PBS. For the visualization of DNA methylation, the zygotes were
incubated with a mouse monoclonal anti-5-MeC antibody (1:2000 dilution in 0.05% Tween-20
in PBS; Eurogentec, Seraing, Belgium) for 1 h at room temperature, then washed several times
in 0.05% Tween-20 in PBS and incubated with Alexa 568-conjugated anti-mouse secondary
antibody (1:1000 dilution in 0.05% Tween-20 in PBS; Molecular Probes, Inc., Eugene, OR)
for 1 h at room temperature, followed by several washes with 0.05% Tween-20 in PBS. Before
observation, for DNA staining, the zygotes were incubated in 50 nM of YOYO-1 iodide
(Molecular Probes, Inc., Eugene, OR) for 10 min at room temperature. After washing three
times with PBS and mounting with Fluoromount G (Southern Biotechnology Associates;
Birmingham, AL), images were captured using a fluorescence microscope (Olympus IX81)
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and processed by ImageProPlus high-end image analysis software (Media Cybernetics, Silver
Spring, USA) and Adobe Photoshop.
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Figure 1. Analysis of DNA demethylation with in vitro methylated plasmids
A. Expression of all tested genes in transfected HEK293 cells was monitored by Western
blotting (WB, upper panel) and RT-PCR (lower panel). B. A Southern blot assay was conducted
to monitor DNA demethylation. The methylated and unmethylated pOct4-EGFP plasmids were
recovered from HEK293 cells expressing the indicated genes and digested with HincII and the
methylation-sensitive restriction enzyme HpaII. The digested fragments were subjected to
Southern blot analysis with a 32P-labeled EGFP probe. HpaII-digested fragments were only
detectable from the unmethylated pOct4-EGFP, indicating that demethylation did not occur in
HEK293 cells that overexpress the tested genes. Me, methylated fragments; UM, unmethylated
(HpaII-digested) fragments. C. HEK293 cells were transiently transfected with an
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unmethylated (pEGFP-N2) or CpG-methylated (Me-pEGFP-N2) plasmid for the controls.
Cells were co-transfected with Me-pEGFP-N2 and pcDNA3.1-MBD3L1, pcDNA3.1-
MBD3L2 or both, or with MBD4 and AID expression plasmids. Fluorescence microscopy
observed at 48 hours after transfection indicates that the transfections have no effect on
reactivation of EGFP. DAPI was used to visualize the nuclei.
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Figure 2. Generation of Mbd3l2 knockout mice
A. The Mbd3l2 targeting vector was designed to replace 0.95-kb of exon 2, which presents
70% of the Mbd3l2 coding sequence, with the loxP-neomycin resistance (PGKneo) cassette.
The resultant construct replaces exon 2 of Mbd3l2 with the 1.8-kb PGKneo cassette. B.
Correctly targeted ES cell clones were confirmed by Southern blotting using digestion with
MscI restriction enzyme and external and internal probes. The example shows MscI-digested
DNA hybridized with the 5′-external and 3′-internal probes, and three clones (+/−) show the
correct size band for a homologous recombination event. C. PCR based genotyping of
Mbd3l2 knockout mice using the genomic DNA derived from littermate mice born from
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Mbd3l2+/− mice. The gel shows data for two wildtype (+/+), two heterozygous (+/−), and two
homozygous knockout (−/−) mice.
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Figure 3. Asymmetric methylation patterns of zygotes derived from wildtype, Mbd3l1 and
Mbd3l2 null mice
The zygotes were immunostained with 5-meC antibody and Alexa 568-conjugated secondary
antibody (red), and counterstained with YOYO-1 (green). The positive signals with 5-meC
antibody staining were detectable only over the maternal (smaller) pronuclei in zygotes derived
from wildtype, Mbd3l1−/− and Mbd3l2−/− mice. The bottom panels show zygote staining from
a cross of Mbd3l1−/− male mice and Mbd3l2−/− female mice. Counterstain with YOYO-1
shows the presence of the paternal and maternal pronuclei. P, paternal pronulceus; m, maternal
pronucleus; pb, polar body.
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Table 1
The expression profile of Mbd3l1 and Mbd3l2 in mouse developmental stagesa)

Developmental Stages

Mbd3l1 (Mm.160088b)) Mbd3l2 (Mm.17563)

TPMc) Gene EST/Total EST TPM Gene EST/Total EST

oocyte 0 0/19488 102 2/19488

unfertilized ovum 0 0/20351 589 12/20351

zygote 0 0/28380 352 10/28380

cleavage 0 0/27724 468 13/27724

morula 0 0/38117 0 0/38117

blastocyst 0 0/69929 0 0/69929

egg cylinder 0 0/12254 0 0/12254

gastrula 0 0/28672 0 0/28672

organogenesis 0 0/128575 0 0/128575

fetus 0 0/670708 0 0/670708

neonate 0 0/107167 0 0/107167

juvenile 0 0/293392 0 0/293392

adult 72 74/1025953 0 0/1025953

testis 677 80/118155 0 0/118155

a)
Expression profiles were determined by analysis of EST counts from Mus musculus UniGene database as of May 2008.

b)
UniGene ID,

c)
 TPM indicates transripts per million.
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