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Genomic imprinting is a common epigenetic phenomenon in mammals. Dysregulation of genomic imprinting has
been implicated in a variety of human diseases. ZFP57 is a master regulator in genomic imprinting. Loss of ZFP57 causes
loss of DNA methylation imprint at multiple imprinted regions in mouse embryos, as well as in embryonic stem (ES)
cells. Similarly, mutations in human ZFP57 result in hypomethylation at many imprinted regions and are associated with
transient neonatal diabetes and other human diseases. Mouse and human Zfp57 genes are located in the same syntenic
block. However, mouse and human ZFP57 proteins only display about 50% sequence identity with different number
of zinc fingers. It is not clear if they share similar mechanisms in maintaining genomic imprinting. Here we report that
mouse and human ZFP57 proteins are functionally interchangeable. Expression of exogenous wild-type human ZFP57
could maintain DNA methylation imprint at three imprinted regions in mouse ES cells in the absence of endogenous
mouse ZFP57. However, mutant human ZFP57 proteins containing the mutations found in human patients could not
substitute for endogenous mouse ZFP57 in maintaining genomic imprinting in ES cells. Like mouse ZFP57, human ZFP57
and its mutant proteins could bind to mouse KAP1, the universal cofactor for KRAB zinc finger proteins, in mouse ES cells.
Thus, we conclude that mouse and human ZFP57 are orthologs despite relatively low sequence identity and mouse ES
cell system that we had established before is a valuable system for functional analyses of wild-type and mutant human

ZFP57 proteins.

Introduction

Genomic imprinting is a kind of parental effect observed
in eutherian mammals, marsupials and plants.”” It is essential
for the survival of mammalian embryos. It is estimated that
about 1% of mammalian genes may be imprinted. Based
on Harwell’s website (http://www.mousebook.org/catalog.
php?catalog=imprinting), roughly 150 imprinted genes have
been identified so far.! These imprinted genes display mono-
allelic expression patterns so that they are preferentially expressed
either from the maternal allele or from the paternal allele.>? Most
of these imprinted genes are clustered and co-regulated by a cis-
acting imprinting control region termed ICR.® A hallmark for
the ICRs is that they all contain germline-derived differentially
methylated regions (DMRs) that are either methylated on the

maternal chromosome or on the paternal chromosome.>*’
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Differential methylation at the ICRs is required for maintaining
genomic imprinting at the imprinted regions, i.e., parental
origin-dependent mono-allelic expression of the corresponding
imprinted genes."*

ZFP57 is a member of KRAB zinc finger proteins.®'* Mouse
ZFP57 binds to its cofactor mouse KAP1/Trim28 via its KRAB
box.® Similar to human ZFP57,° mouse ZFP57 is a master
regulator of genomic imprinting.® It is required for maintaining
DNA methylation imprint at a large subset of imprinted regions
in mouse embryos as well as in mouse ES cells.%'"2 We also
found that the KRAB box of mouse ZFP57 is necessary for the
maintenance of DNA methylation imprint at the Snrpn DMR
and the IG-DMR of DlkI-Dio3 imprinted region."! KAP1/
Trim28 is also required for maintaining genomic imprinting
in mouse.'"®* ZFP57 binds to the imprinting control regions
through its zinc finger domains.*'>' It recruits KAP1/Trim28
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which in turn recruits DNA methyltransferases to maintain
DNA methylation imprint at the imprinted regions.'"'?

Mouse Zfp57 and its human homolog are located in the same
syntenic block.® The encoded mouse and human ZFP57 proteins
only share about 50% sequence identity with different number of
zinc fingers.® Mutations in human ZFP57 cause hypomethylation
at multiple imprinted regions.”" These mutations were found in
patients with transient neonatal diabetes.”” With the exception
of one frame-shift mutation located within the N-terminal
KRAB box, these human mutations are distributed throughout
the zinc finger domains of human ZFP57°"% Two highly
conserved zinc finger domains between mouse and human
ZFP57 proteins were thought to be responsible for binding to
a consensus hexanucleotide sequence TGCCGC present in all
imprinting control regions examined.”” Indeed, mouse and
human ZFP57 peptides containing a point mutation in these
two highly conserved zinc fingers had been shown to lose their
DNA binding abilities to the oligonucleotides harboring the
consensus hexanucleotide recognition sequence.'*'® However, it
is not known how other point mutations in human ZFP57 may
affect its function in genomic imprinting. By taking advantage
of the mouse ES cell system that we had established before," we
expressed wild-type human ZFP57 and three mutant human
ZFP57 proteins, each containing a point mutation found in
human patients, in mouse ES cells and examined their capabilities
to substitute for endogenous mouse ZFP57 in maintaining
genomic imprinting.

Results

Conservation between mouse and human ZFP57 proteins

In our previous study, we discovered that mouse Zfp57 gene
and its human homolog are located in the same syntenic block.®
We constructed the cDNAs for three mutant human ZFP57
proteins by site-directed mutagenesis with corresponding point
mutations found in human patients (Fig. 1).° The predicted
protein sequence for human ZFP57 based on the UniGene
database in GenBank has an extra sequence of 20 amino acids
compared with what was reported in the previous paper (Fig. 1)
This extra sequence of 20 amino acids was confirmed by
sequencing of the entire cDNA clone that we obtained (Fig. 1).
Mouse and human ZFP57 proteins display about 50% identity in
primary amino acid sequence alignment, with a highly conserved
N-terminal KRAB box followed by different numbers of zinc
fingers with variable sequence conservation.® It is estimated that
mouse ZFP57 protein (mZFP57) has at most five zinc fingers
and human ZFP57 (hZFP57) may contain up to seven zinc
fingers (Fig. 2A).5*'> Three point mutations (R248H, H277N,
and H458D) are located, respectively, in the third (ZF3), fourth
(ZF4), and seventh (ZF7) zinc fingers of human ZFP57 protein
(Fig. 2A). The amino acids for these three point mutations are
identical between mouse and human ZFP57 proteins (Fig. 1).416

The most highly conserved regions between mouse and human
ZFP57 proteins are their N-terminal KRAB boxes and two zinc
fingers in the middle.® These two highly conserved zinc fingers
correspond to the second (ZF2) and third (ZF3) zinc fingers of
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mouse ZFP57 protein and the third (ZF3) and fourth (ZF4) zinc
fingers of human ZFP57 protein, respectively (Fig. 2A).%12
Indeed, these two zinc fingers were thought to form the DNA
binding domain of ZFP57 proteins that recognized the consensus
hexanucleotide sequence TGCCGC.">"'¢ Two of three point
mutations in this study are located in these two highly conserved
zinc fingers (R248H in ZF3 and H277N in ZF4 of hZFP57)
(Fig. 2A). The third point mutation (H458D) is located in the
seventh zinc finger (ZF7) of hZFP57 that is homologous to
ZF5 of mZFP57 (Fig. 2A). ZF1 and ZF5 of hZFP57 share high
sequence similarities to ZF1 and ZF4 of mZFP57, respectively
(Fig. 2A). However, ZF2 and ZF6 of hZFP57 are not conserved
in mZFPS7 (Fig. 2A).

Expression of human ZFP57 in mouse ES cells

Through PCR amplification of the ¢cDNAs encoding the
wild-type human ZFP57 and the 3XFLAG tag, we inserted a
tag of the 3XFLAG epitope at the carboxyl end of human ZFP57
(Fig. 1). Similarly, the 3XFLAG tag was fused in-frame with
three mutant human ZFP57 proteins at the carboxyl end carrying
a point mutation found in human patients. The wild-type
human ZFP57 and three mutant human ZFP57 proteins were
expressed in the mouse ES cell system that we had constructed
previously for testing the abilities of the exogenous proteins to
substitute for the endogenous mouse ZFP57 in maintaining
DNA methylation imprint." In this mouse ES cell system, both
alleles of the endogenous mouse Zfp57 gene were flanked by two
LoxP sites and were converted into two deleted null alleles of
Zfp57 upon Cre recombinase-mediated excision (Fig. 3D)."" Also
upon Cre recombinase-mediated integration, the plasmid vector
carrying an exogenous transgene was integrated into the fprt
locus on the X chromosome and the exogenous protein product
was constitutively expressed from the transgene driven by a chick
B-actin and CMV hybrid promoter."! Multiple independent ES
clones were obtained for expressing the wild-type or one of three
mutant human ZFP57 proteins. We confirmed that both alleles
of endogenous mouse Zfp57 gene for these mouse ES clones were
deleted after Cre recombinase-mediated excision by PCR-based
genotyping assays (Fig. 3D). Whole-cell lysate was obtained
from these ES clones and subjected to western blot analysis with
mouse monoclonal antibody against the FLAG epitope to detect
the tagged human ZFP57-3XFLAG proteins (Fig. 2B). Mouse
ES clones expressed the wild-type and mutant human ZFP57-
3XFLAG proteins at similar levels when the ES cells for these ES
clones were directly lysed in the whole-cell lysis buffer for western
blot analysis (Fig. 2B).

Interaction of human ZFP57 with mouse KAP1

ZFP57 is a KRAB zinc finger protein. Previously, we
demonstrated that mouse ZFP57 binds to its cofactor KAP1
via its KRAB box.*!" KAPI is an obligate cofactor for a few
hundred KRAB zinc finger proteins in mouse and human
genomes.'™” KAPI is likely an abundant protein in mouse ES
cells.’® We found that endogenous KAP1 protein level remained
constant in the mouse ES clones expressing wild-type or mutant
human ZFP57 proteins (Fig. 4A). To determine if human
ZFP57 can also bind to mouse KAP1 in mouse ES cells lacking
endogenous mouse ZFP57, we subjected these mouse ES clones
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hZFP57-3XFLAG MFEQLKPIEPVQKTLPWVGEVAATLQEAMKRDCWREARVKKKPVTFEDVAVNFTQEEWDC 60
NM_ 001109809 MFEQLKPIEPVQKTLPWVGEVAATLQEAMKRDCWREARVKKKPVTFEDVAVNFTQEEWDC 60
BC157878 MFEQLKPIEPVQKTLPWVGEVAATLQEAMKRDCWREARVKKKPVTFEDVAVNFTQEEWDC 60
BC171888 MFEQLKPIEPVQKTLPWVGEVAATLQEAMKRDCWREARVKKKPVTFEDVAVNFTQEEWDC 60
hZFP57-3XFLAG LDASQRVLYQDVMSETFKNLTSVARIFLHKPELITKLEQEEEQWREFVHLPNTEGLSEGK 120
NM_ 001109809 LDASQRVLYQDVMSETFKNLTSVARIFLHKPEL ITKLEQEEEQWREFVHLPNTEGLSEGK 120
BC157878 LDASQRVLYQDVMSETFKNLTSVARIFLHKPELITKLEQEEEQWREFVHLPNTEGLSEGK 120
BC171888 LDASQRVLYQDVMSETFKNLTSVARIFLHKPELITKLEQEEEQWREFVHLPNTEGLSEGK 120
hZFP57-3XFLAG KKELREQHPSLRDEGTSDDKVFLACRGAGQCPLSAPAGTMDRTRVLQASQAGPPFFCYTC 180
NM_ 001109809 KKELREQHPSLRDEGTSDDKVFLACRGAGQCPLSAPAGTMDRTRVLOASQAGPPFFCYTC 180
BC157878 KKELREQHPSLRDEGTSDDKVFLACRGAGQCPLSAPAGTMDRTRVLQASQAGPPFFCYTC 180
BC171888 KKELREQHPSLRDEGTSDDKVFLACRGAGQCPLSAPAGTMDRTRVLQASQAGPPFFCYTC 180
hZFP57-3XFLAG GKCFSRRSYLYSHQFVHNPKLTNSCSQCGKLFRSPKSLSYHRRMHLGERPFCCTLCDKTY 240
NM_ 001109809 GKCFSRRSYLYSHQFVHNPKLTNSCSQCGKLFRSPKSLSYHRRMHLGERPFCCTLCDKTY 240
BC157878 GKCFSRRSYLYSHQFVHNPKLTNSCSQCGKLFRSPKSLSYHRRMHLGERPFCCTECDKTY 240
BC171888 DKCFSRRSYLYSHQFVHNPKLTNSCSQCGKLFRSPKSLSYHRRMHLGERPFCCTLCDKTY 240
R248H H277N
hZFP57-3XFLAG CDASGLSRHRRVHLGYRPHSCSVCGKSFRDQSELKRHQKIHQNQEPVDGNQECTLRIPGT 300
NM 001109809 CDASGLSRHRRVHLGYRPHSCSVCGKSFRDQSELKRHQKIHQNQEPVDGNQECTLRIPGT 300
BC157878 CDASGLSRHRRVHLGYRPHSCSVCGKSFRDQSELKRHQKIHQONQEPVDGNQECTLRIPGT 300
BC171888 CDASGLSRHRRVHLGYRPHSCSVCGKSFRDQSELKRHQKIHQONQEPVDGNQECTLRIPGT 300
* *
hZFP57-3XFLAG QAEFQTPIARSQRSIQGLLDVNHAPVARSQEPIFRTEGPMAQNQASVLKNQAPVTRTQAP 360
NM_ 001109809 QAEFQTPIARSQRS IQGLLDVNHAPVARSQEPIFRTEGPMAQNQASVLKNQAPVTRTQAP 360
BC157878 QAEFQTPIARSQRSIQGLLDVNHAPVARSQEPIFRTEGPMAQNQASVLKNQAPVTRTQAP 360
BC171888 QAEFQTPIARSQGS IQGLLDVNHAPVARSQEPIFRTEGPMAQNQASVLKNQAPVTRTQAP 360
hZFP57-3XFLAG ITGTLCQDARSNSHPVKPSRLNVFCCPHCSLTFSKKSYLSRHQKAHLTEPPNYCFHCSKS 420
NM 001109809 ITGTLCQDARSNSHPVKPSRLNVFCCPHCSLTFSKKSYLSRHQKAHLTEPPNYCFHCSKS 420
BC157878 ITGTLCQDARSNSHPVKPSRLNVFCCPHCSLTFSKKSYLSRHQKAHLTEPPNYCFHCSKS 420
BC171888 ITGTLCQDARSNSHPVKPSRLNVFCCPHCSLTFSKKSYLSRHQKAHLTEPPNYCFHCSKS 420
H458D
hZFP57-3XFLAG FSSFSRLVRHQQTHWKQKSYLCPICDLSFGEKEGLMDHWRGYKGKDLCQSSHHKCRVILG 480
NM_ 001109809 FSSFSRLVRHQQTHWKQKSYLCPICDLSFGEKEGLMDHWRGYKGKDLCQSSHHKCRVILG 480
BC157878 FSSFSRLVRHQQTHWKQKSYLCPICDLSFGEKEGLMDHWRGYKGKDLCQSSHHKCRVILG 480
BC171888 FSSFSRLVRHQQTHWKQKSYLCPICDLSFGEKEGLMDHWRGYKGKDLCQSSHHKCRVILG 480
*
hZFP57-3XFLAG QOWLGFSHDVPTMAGEEWKHGGDQSPPRIHTPRRRGLREKACKGDKTKEAVSILKHKVDYK 540
NM 001109809 QWLGFSHDVPTMAGEEWKHGGDQSPPRIHTPRRRGLREKACKGDKTKEAVSILKHK--—- 536
BC157878 QWLGFSHDVPTMAGEEWKHGGDQSPPRIHTPRRRGLREKACKGDKTKEAVSILKHK--—- 536
BC171888 QWLGFSHDVPTMAGEEWKHGGDQSPPRIHTPRRRGLREKACKGDKTKEAVSILKHK--—- 536
hZFP57-3XFLAG DHDGDYKDHDIDYKDDDDKLAAANSSIV 568
NM 001109809
BC157878
BC171888

Figure 1. Sequence alignment is shown for the 3XFLAG-tagged human ZFP57 aligned with three predicted human ZFP57 proteins in the UniGene
database. We constructed a cDNA encoding human ZFP57 protein with a 3XFLAG tag (hZFP57-3XFLAG) at the carboxyl end. This hZFP57-3XFLAG
fusion protein has an identical amino acid sequence with the predicted human ZFP57 protein NM_001109809 in the GenBank database until it reaches
the junction of the 3XFLAG tag. The protein sequence for hZFP57-3XFLAG was aligned with three predicted human ZFP57 proteins (NM_001109809,
BC157878 and BC171888) in the GenBank UniGene database. Shaded amino acids indicate three amino acids that are different in one of the three
predicted proteins in the GenBank database. The amino acid positions for three mutations found in human patients are marked by an asterisk (¥).
Substitution mutations in bold letters are underlined and shown right above the mutated amino acids in the wild-type human ZFP57 protein. R248H,
H277N, and H458D correspond to R228H, H257N, and H438D, respectively, that were reported in the original paper.’ The amino acids from D538 to K559
for the 3XFLAG tag are indicated by bold letters at the carboxyl end of hZFP57-3XFLAG.
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to co-immunoprecipitation (co-IP) interaction assay when the
ES cells were lysed in RIPA buffer (see Materials and Methods).
Mouse monoclonal anti-FLAG M2 affinity gel (Sigma catalog
#A2220) was used for co-IP to pull down other proteins associated
with 3XFLAG-tagged human ZFP57 proteins in mouse ES cells
containing two deleted alleles of mouse Zfp57 (Fig. 3D). When
the immunoprecipitate was probed with the affinity-purified
rabbit polyclonal antibodies against mouse KAPI1, a specific
band corresponding to mouse KAP1 was present in the co-IP
samples derived from the Zfp57-null mouse ES clones expressing
wild-type human ZFP57 (Lane 2) or expressing one of three
mutant human ZFP57 proteins (R248H in Lane 3, H277N in
Lane 4, H458D in Lane 5) (Fig. 4A). As expected, no KAP1
was present in the immunoprecipitate derived from the Zfp5/-
null ES clone 2B6 when precipitated with mouse monoclonal
anti-FLAG M2 affinity gel (Lane 1) (Fig. 4A). Since KAPI is
ubiquitously expressed and is an abundant protein in mouse
ES cells,' we reason that KAP1 was not a limiting factor in the
co-IP assay. We estimated the relative binding affinities of mouse
KAP1 for wild-type or mutant human ZFP57 proteins based on
the ratio of KAP1 vs. 3XFLAG-tagged human ZFP57 proteins
present in the immunoprecipitate (Fig. 4B). Compared with the
wild-type human ZFP57 in Lane 2, we observed slightly more
KAPI present in Lane 4 and Lane 5 for the human ZFP57 point
mutants, H277N and H458D, respectively, and slightly less
KAP1 in Lane 3 for the human ZFP57 mutant R248H (Fig. 4A
and B). We repeated the co-IP at least three times for the wild-
type and mutant human ZFP57 proteins (data not shown). It
appears that wild-type and mutant human ZFP57 proteins had
comparable binding affinities for mouse KAP1 in mouse ES cells
based on the co-IP interaction assay.

Human ZFP57 could substitute for mouse ZFP57 in
maintaining genomic imprinting at three imprinted regions

Mouse and human ZFP57 proteins appear to play similar
roles in maintaining genomic imprinting. Mouse Zfp57 is a
maternal-zygotic effect gene.® Loss of just the zygotic function of
ZFP57 led to partial loss of DNA methylation imprint, whereas
elimination of both maternal and zygotic ZFP57 resulted in
complete loss of methylation at a large subset of imprinted
regions.® Similarly, mutations in human ZFP57 had been shown
to be associated with hypomethylation at multiple imprinted
regions as well.” Mouse Zfp57 gene and its human counterpart
are located in the same syntenic block.® However, mouse and
human ZFP57 proteins only share about 50% sequence identity
with different number of zinc fingers.® We wonder if mouse
and human ZFP57 are functionally interchangeable. Thus,
we tested if exogenous human ZFP57 could substitute for
endogenous mouse ZFP57 in maintaining genomic imprinting
in the mouse ES cell system that we established before.!" Based
on PCR genotyping, both floxed (Flox) alleles of Zfp57 present
in the parental ES cells (Lane 19) were excised by transiently
expressed Cre recombinase and converted into two deleted
(Del) alleles of Zfp57 in almost all ES clones analyzed in this
study except that one ES clone expressing the human ZFP57
point mutant, R248H (Lane 5), still retained a floxed allele
of Zfp57 in a small fraction of ES cells (Fig. 3D). We isolated
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Figure 2. Wild-type and mutant human ZFP57 proteins were expressed
in mouse ES cells lacking endogenous mouse ZFP57. (A) Schematic dia-
grams are shown for the wild-type human ZFP57 (hZFP57) and mouse
ZFP57 (mZFP57) proteins. Same colors indicate the conserved domains
with high amino acid sequence identities. Arrows with corresponding
amino acid substitutions above them indicate the positions of three point
mutations found in human patients. Both hZFP57 and mZFP57 contain a
highly conserved KRAB box (in blue) at the N-terminus. The full-length
hZFP57 is predicted to have seven zinc finger (ZF) domains. R248H and
H277N are located in ZF3 and ZF4 of hZFP57 (both in red), respectively.
H458D is located in the last zinc finger ZF7 of hZFP57 (in orange). By con-
trast, mouse ZFP57 (mZFP57) protein only has five zinc finger domains
(ZF1-ZF5). ZF3 and ZF4 of hZFP57 are highly homologous to ZF2 and ZF3
of mZFP57. ZF1, ZF5, and ZF7 of hZFP57 share high sequence similarities
to the corresponding ZF1, ZF4 and ZF5 of mZFP57. (B) Western blot analy-
sis of the whole-cell lysate isolated from the Zfp57-null mouse ES clones
expressing the wild-type human ZFP57 (hZFPWT) or one of three mutant
human ZFP57 proteins (R248H, H277N and H458D) with a 3XFLAG tag
at the C-terminus. Lanes 1-3, three independent Zfp57-null mouse ES
clones expressing the wild-type human ZFP57 (hZFPWT). Lanes 4-5,
two independent Zfp57-null mouse ES clones expressing the R248H
mutant human ZFP57 protein. Lanes 6-7, two independent Zfp57-null
mouse ES clones expressing the H277N mutant human ZFP57 protein.
Lanes 8-9, two independent Zfp57-null mouse ES clones expressing the
H458D mutant human ZFP57 protein. Top panel, western blot probed
with mouse monoclonal anti-FLAG antibody. Bottom panel, western blot
probed with mouse monoclonal antibody against B-actin.
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genomic DNA samples from these ES clones grown on gelatin-
coated plates and then subjected these individual mouse ES
clones to DNA methylation analysis to determine if constitutive
expression of wild-type human ZFP57 protein or any of three
mutant human ZFP57 proteins can substitute for endogenous
mouse ZFP57 in maintaining genomic imprinting in mouse ES
cells (Fig. 3).

COBRA analysis was performed on the genomic DNA
samples isolated from four independent mouse ES clones that
constitutively express wild-type human ZFP57 protein (Lanes
1-4 of Fig. 3). We also performed COBRA analysis on genomic
DNA harvested from four independent mouse ES clones for
each mutant human ZFP57 protein (Lanes 5-16 of Fig. 3). As
positive controls for COBRA, we utilized genomic DNA samples
from the parental (P) ES clone expressing endogenous mouse
ZFP57 (Lane 19 of Fig. 3), as well as the ES clones expressing
the exogenous mouse ZFP57 with a tag of the Myc epitope and
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Figure 3. COBRA analysis indicates that wild-type but not mutant human
ZFP57 can substitute for endogenous mouse ZFP57 in maintaining DNA
methylation imprint at three imprinted regions in mouse ES cells. The
mouse ES cell system we constructed before was used to drive expression
of wild-type or mutant human ZFP57-3XFLAG proteins in the Zfp57-null
mouse ES cells." Exogenous human ZFP57-3XFLAG protein was consti-
tutively expressed from an integrated transgene at the hprt locus after
Cre recombinase-mediated recombination." Simultaneously, expression
of the endogenous mouse ZFP57 was turned off after excision of both
floxed alleles of the mouse Zfp57 gene. Genomic DNA was isolated from
these ES clones grown on gelatin-coated plates before being subjected
to COBRA. Lanes 1-4, four independent Zfp57-null mouse ES clones
expressing the wild-type human ZFP57-3XFLAG protein (hZFPWT).
Lanes 5-8, four independent Zfp57-null mouse ES clones expressing the
R248H mutant human ZFP57-3XFLAG protein. Lanes 9-12, four indepen-
dent Zfp57-null mouse ES clones expressing the H277N mutant human
ZFP57-3XFLAG protein. Lanes 13-16, four independent Zfp57-null mouse
ES clones expressing the H458D mutant human ZFP57-3XFLAG protein.
Lanes 17-18, two independent control (Ctrl) Zfp57-null mouse ES clones
expressing mouse ZFP57 tagged with a Myc epitope and six histidines at
the C-terminal end. Lane 19, parental (P) mouse ES cells with two floxed
alleles of Zfp57. U, unmethylated bisulphite PCR product after restriction
enzyme digestion. M, methylated bisulphite PCR product after restric-
tion enzyme digestion. (A) COBRA analysis of the IG-DMR region at the
DIk1-Dio3 imprinted domain with Tagl digestion. (B) COBRA analysis of
the Snrpn imprinted region with Hhal digestion. (C) COBRA analysis of
the Zacl imprinted region with Tagl digestion. (D) PCR genotyping of the
endogenous mouse Zfp57 alleles in the ES clones.? Flox, the floxed allele
of Zfp57 with two LoxP sites flanking two exons of Zfp57.2 As expected,
parental cells in Lane 19 contain two floxed alleles. One ES clone express-
ing R248H mutant human ZFP57 in Lane 5 also has some ES cells con-
taining a floxed allele of mouse Zfp57. Del, the deleted allele of Zfp57
after Cre recombinase-mediated excision of the floxed allele of Zfp57.2
Asterisk (¥), the wild-type allele of mouse Zfp57. It appears that a small
fraction of the cells were the feeder cells carried over with the ES cells
when the ES clones were plated on gelatin-coated plates for genomic

DNA preparation.
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six histidines at the carboxyl end in the absence of endogenous
mouse ZFP57 (Lane 17 and Lane 18 of Fig. 3).

As shown in Figure 3A, significant DNA methylation was
observed at the IG-DMR of DlkI-Dio3 imprinted region in all
ES clones expressing the wild-type human ZFP57 (Lanes 1-4
of Fig. 3A) as well as in all the positive control samples (Lanes
17-19 of Fig. 3A). By contrast, DNA methylation imprint
was almost completely missing in the ES clones expressing the
mutant human ZFP57 proteins (Lanes 5-16 of Fig. 3A). These
results demonstrate that wild-type human ZFP57 but not
mutant human ZFP57 proteins can substitute for endogenous
mouse ZFP57 in maintaining DNA methylation imprint at the
IG-DMR of DIkiI-Dio3 imprinted region.

We also performed COBRA analysis for the Snrpn DMR
region of these ES clones (Fig. 3B). Similar to the IG-DMR
region, significant DNA methylation was detected at the Snrpn
DMR in the ES clones expressing the wild-type human ZFP57
protein (Lanes 1-4 of Fig. 3B). DNA methylation was also found
at the Snrpn DMR in the positive control ES clones expressing
mouse ZFP57 (Lanes 17-18) as well as in the parental ES cells
(Lane 19) (Fig. 3B). Faint methylated (M) COBRA product was
observed in two out of four ES clones expressing H277N mutant
human ZFP57 protein (Lanes 11-12 of Fig. 3B). However, the
Snrpn DMR was completely unmethylated in other ES clones
expressing the mutant human ZFP57 proteins (Lanes 5-10 and
Lanes 1316 of Fig. 3B). These data prove that wild-type human
ZFP57 but not mutant human ZFP57 proteins can substitute
for endogenous mouse ZFP57 in maintaining DNA methylation
imprint at the Snrpn DMR.

In addition, we performed COBRA analysis of the Zacl
DMR region for these ES clones (Fig. 3C). Significant DNA
methylation was detected at the Zzcl DMR in the ES clones
expressing the wild-type human ZFP57 protein (Lanes 1-4) that
was comparable to the methylation level observed in the control
ES clones expressing mouse ZFP57 (Lanes 17-18) or in the
parental ES cells (Lane 19) (Fig. 3C). By contrast, Zac/ DMR
was completely unmethylated in the ES clones expressing any of
three mutant human ZFP57 proteins (Lanes 5-16 of Fig. 3C).
These data suggest that wild-type human ZFP57 but not mutant
human ZFP57 proteins can substitute for endogenous mouse
ZFP57 in maintaining DNA methylation imprint at the Zacl
DMR as well.

Besides these three imprinted regions, we also examined
DNA methylation imprint at some other imprinted domains.
However, DNA methylation imprint was already variably lost in
the parental ES cells at the Pegl, Peg3, Peg5, Pegl0, and Rasgrfl
DMR regions (C Ray, F Bell and X Li, data not shown). Thus,
we could not use this mouse ES cell system to test if human
ZFP57 proteins can replace endogenous mouse ZFP57 protein
in maintaining DNA methylation imprint at these five other
imprinted regions.

Maintenance of DNA methylation imprint by human
ZFP57 was confirmed at three imprinted regions by bisulphite
sequencing

To further confirm if human ZFP57 could indeed substitute
for the endogenous mouse ZFP57 in maintaining genomic
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imprinting in mouse ES cells, we subjected the bisulphite
mutagenized genomic DNA samples from these ES clones
to bacterial colony bisulphite sequencing. Compared with
the parental cells in Clone #19 (Fig. 5E), DNA methylation
imprint was largely maintained at the IG-DMR of the D/kI-
Dio3 imprinted region in 1 out of 2 positive control ES clones
expressing exogenous mouse ZFP57 (Clone #18 in Fig. 5E) and
2 out of 4 ES clones expressing the wild-type human ZFP57
(Clone #3—4 in Fig. 5A). Medium-level of DNA methylation
was present at the IG-DMR of Clone #2 expressing the wild-
type human ZFP57 (Fig. 5A). Low levels of DNA methylation
imprint was also observed in Clone #17 (Fig. 5E) and Clone
#1 (Fig. 5A) expressing exogenous mouse ZFP57 and human
ZEP57, respectively. Except for Clone #8 expressing R248H
mutant protein with some sporadic methylation at the CpG
sites of the IG-DMR, all other 11 ES clones expressing one of
three mutant human ZFP57 proteins had completely lost DNA
methylation imprint at the IG-DMR region (Fig. 5B-D). Thus,
bisulphite sequencing results at the IG-DMR were consistent
with what we had observed with the COBRA analysis of these
ES clones (compare Fig. 5 with Fig. 3A). These data indicate
that wild-type human ZFP57 but not the mutant human ZFP57
proteins can functionally replace the endogenous mouse ZFP57
protein in the maintenance of DNA methylation imprint at the
IG-DMR of the D/kI-Dio3 imprinted region.

We performed similar bisulphite sequencing analysis for
Snrpn DMR in these ES clones. As shown in Figure 6, DNA
methylation imprint was maintained at the Snrpn DMR in the
parental ES cells (Clone #19 in Fig. 6E), two positive control
ES clones expressing exogenous mouse ZFP57 (Clone #17-18
in Fig. 6E) and four ES clones expressing wild-type human
ZFP57 (Clone #1-4 in Fig. 6A). Similar to the COBRA analysis
(Fig. 3B), a low level of DNA methylation was observed for two
ES clones expressing the human ZFP57 point mutant, H277N,
(Clone #11-12 in Fig. 6C). However, none of the other ES
clones expressing the mutant human ZFP57 proteins exhibited
any significant methylation at the Snrpn DMR (Fig. 6B-D).
Together with the COBRA data (Fig. 3B), we conclude that
human ZFP57 protein can substitute for mouse ZFP57 in
maintaining genomic imprinting at the Szrpn imprinted region
in mouse ES cells.

We also examined DNA methylation imprint at the Zacl
imprinted region in these ES clones by bisulphite sequencing
(Fig. 7). We observed similar levels of DNA methylation imprint
at the Zacl imprinted region in the parental ES cells (Clone #19
in Fig. 7E), two positive control ES clones expressing exogenous
mouse ZFP57 (Clone #17-18 in Fig. 7E) and four ES clones
expressing wild-type human ZFP57 (Clone #1-4 in Fig. 7A).
Very little methylation was present in the ES clones expressing
one of three mutant human ZFP57 proteins (Fig. 7B-D).
Bisulphite sequencing results of these ES clones are consistent
with the COBRA analysis at the Zac! imprinted region (compare
Fig. 7 with Fig. 3C). These data demonstrate that human ZFP57
can maintain DNA methylation imprint at the Zac/ imprinted
region in mouse ES cells in the absence of endogenous mouse

ZFP57.
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Figure 4. Wild-type and mutant human ZFP57 proteins bound to mouse
KAP1 in mouse ES cells. (A) Co-immunoprecipitation (co-IP) was per-
formed for endogenous mouse KAP1 and constitutively expressed exog-
enous human wild-type or one of the mutant ZFP57 proteins in mouse
ES cells. ES cells were lysed in RIPA buffer for co-IP. Mouse monoclonal
anti-FLAG M2 affinity gel (Sigma catalog #A2220) was used for immuno-
precipitation (IP) to pull down other proteins associated with constitu-
tively expressed exogenous wild-type or mutant human ZFP57 proteins
in mouse ES cells. The immunoprecipitate was subjected to western blot
(WB) analysis with affinity-purified rabbit polyclonal antibodies against
mouse KAP1.2° The immunoprecipitate was also probed with mouse
anti-FLAG monoclonal antibody (Sigma catalog #F1804). An asterisk indi-
cates the position of immunoglobulin (Ig). An arrow marks the position
of the wild-type or mutant human ZFP57 proteins with the 3XFLAG tag.
The input samples were probed with these two antibodies as well as the
mouse monoclonal anti-B-actin antibody (Sigma catalog #A1978). Lane
1, a Zfp57-null ES clone 2B6.%" Lane 2, an ES clone expressing wild-type
human ZFP57 (hZFPWT). Lane 3, an ES clone expressing R248H mutant
human ZFP57-3XFLAG protein. Lane 4, an ES clone expressing H277N
mutant human ZFP57-3XFLAG protein. Lane 5, an ES clone expressing
H458D mutant human ZFP57-3XFLAG protein. (B) Wild-type and mutant
human ZFP57 proteins exhibited similar binding affinities for KAP1 in
mouse ES cells. The intensities of each band in the western blot were
measured by Image J. Relative binding affinities were calculated based
on the ratios of the band intensity of anti-KAP1 over the band intensity
of anti-FLAG for each ES sample in the co-IP western blot in A, with the
binding affinity of the wild-type human ZFP57 for mouse KAP1 set at 1.
We reason that mouse KAP1 is much more abundant than human ZFP57
in mouse ES cells and KAP1 was not a limiting factor in the co-IP assay.
Thus, we did not take the concentration of KAP1 in various ES clones into
account in estimating the relative binding affinities between mouse
KAP1 and human ZFP57 proteins.

It appears that many of the sequenced bacterial clones had
exact same CpG methylation patterns at these three imprinted
regions (Figs. 5-7). This was particularly the case for the
ES clones expressing one of the three mutant human ZFP57
proteins because most sequenced bacterial clones were completely
unmethylated. Besides methylation patterns at the CpG sites,
it is known that unconverted non-CpG sites in the sequenced
imprinted regions due to incomplete bisulphite mutagenesis can
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Figure 5. Bisulphite sequencing result confirms that wild-type human
ZFP57 can substitute for endogenous mouse ZFP57 in maintaining DNA
methylation imprint at the IG-DMR of the DIki1-Dio3 imprinted region
in mouse ES cells. Genomic DNA samples from the ES clones plated
on the gelatin-coated plates were subjected to bisulphite mutagen-
esis, PCR amplification and bacterial colony sequencing. Filled circle, a
methylated CpG. Unfilled circle, an unmethylated CpG. Cross (X), a CpG
site that its methylation status cannot be determined. Each row stands
for a template DNA molecule directly sequenced from a single bacte-
rial colony containing the bisulphite PCR product. Numbers 1 to 19
indicate the same ES clones that were subjected to COBRA analysis in
Figure 3. Percentage of methylated CpG sites in all sequenced bacterial
colonies for each ES clone is listed directly below the diagram illustrating
methylated and unmethylated CpG sites. (A) Four independent Zfp57-
null mouse ES clones expressing the wild-type human ZFP57-3XFLAG
protein (hZFPWT). (B) Four independent Zfp57-null mouse ES clones
expressing the R248H mutant human ZFP57-3XFLAG protein. (C) Four
independent Zfp57-null mouse ES clones expressing the H277N mutant
human ZFP57-3XFLAG protein. (D) Four independent Zfp57-null mouse
ES clones expressing the H458D mutant human ZFP57-3XFLAG protein.
(E) control (Ctrl) ES clones. 17 and 18, two independent Zfp57-null mouse
ES clones expressing mouse ZFP57 tagged with a Myc epitope and six
histidines at the C-terminal end. 19, parental (P) mouse ES cells with two
floxed alleles of Zfp57.
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also be used to identify unique clones that were amplified from a
unique starting template DNA molecule. We applied this DNA
methylation analysis method to the same bisulphite sequencing
data we obtained through random bacterial colony sequencing of
bisulphite PCR product. Indeed, we found that there were some
changes in percentage of DNA methylation for each sequenced
sample when only unique clones were used for quantification
of DNA methylation level at these three imprinted regions
(Figs. S1-S3). For example, percentage of DNA methylation was
somewhat increased at the IG-DMR or Snrpn DMR in five ES
clones expressing the wild-type human or mouse ZFP57 protein
(see Clone #1-3, Clone #17 and Clone #19, compare Fig. 5 with
Fig. S1 and compare Fig. 6 with Fig. S2). It remained the same
for some ES samples (e.g., Clone #4 and Clone #18 in Fig. 5
and Fig. S1). Percentage of DNA methylation was somewhat
decreased in other ES samples (e.g., Clone #18 in Fig. 6 and
Fig. §2, Clone #1 in Fig. 7 and Fig. S3). Nevertheless, we found
that DNA methylation imprint was generally maintained in the
ES clones expressing wild-type human or mouse ZFP57 protein
but not in the ES clones expressing one of three mutant human
ZFP57 proteins (Figs. S1-S3). As explained in Discussion, both
DNA methylation analysis methods have some advantages and
some disadvantages. Therefore, the sequence analysis results
with both methods were presented as two separate sets of figures
(Figs. 5-7; Figs. S1-S3). In general, they are in agreement with
each other.

Taken together, both COBRA and bisulphite sequencing
analyses showed that wild-type human ZFP57 but not mutant
human ZFP57 proteins could functionally substitute for mouse
ZFP57 in maintaining genomic imprinting at the IG-DMR of
the DlkI-Dio3 imprinted region, the Snrpn imprinted region and
the Zacl imprinted region.

Discussion

Despite that they are located in the same syntenic block
regions, mouse and human ZFP57 proteins only share about
50% sequence identity based on amino acid sequence alignment.
They even have different numbers of zinc fingers. Two zinc
fingers in the middle of mouse and human ZFP57 proteins have
relatively high sequence conservation and have been proposed to
be responsible for recognition of the hexanucleotide consensus
target sequence present in all imprinting control regions.'>'*¢
The other most highly conserved region is the N-terminal KRAB
box that mediates the interaction between KRAB zinc finger
proteins and their universal cofactor KAP1/Trim28. Indeed, our
co-IP results in this study indicate that human ZFP57 proteins
can bind to mouse KAP1/Trim28 in mouse ES cells. These
findings have prompted us to hypothesize that human ZFP57
may be able to form similar functional complexes in mouse ES
cells and substitute for endogenous mouse ZFP57 in maintaining
DNA methylation imprint. These predictions were borne out.
Based on COBRA and bisulphite sequencing analyses, three
imprinted control regions remained methylated in mouse ES cells
expressing the wild-type human ZFP57 when the endogenous
mouse Zfp57 gene product was ablated by Cre recombinase.
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These results demonstrate that mouse and
human ZFP57 proteins are orthologs despite
relatively low sequence identity and they are
functionally interchangeable in maintaining
genomic imprinting. It will be interesting
to test if ZFP57 homologous proteins from
other species will also be able to functionally
substitute for mouse ZFP57 in genomic
imprinting. This may provide insights into the
evolution of ZFP57 family proteins as well as
evolution of genomic imprinting. This will be
the subject of a future study.

Mutations in  human ZFP57 cause
hypomethylation at multiple imprinted
regions, similar to what had been observed
in the Zfp57 knockout mutant mouse.
These point mutations are located mainly
in or around the zinc fingers of human
ZFP57 protein.”” Interestingly, the peptides
containing one of two point mutations in the
most highly conserved two zinc fingers lost
their abilities to bind to the oligonucleotides
containing the consensus target sequence
TGCCGC for ZFP57.%However, it is
unclear whether the full-length human ZFP57
containing any of these two point mutations
may also have lost their DNA-binding abilities
for the target sequence. It is still unknown if
these are strong loss-of-function mutations
either. Thus, we had constructed three full-
length mutant human ZFP57 proteins that
contain a point mutation found in human
patients (Fig. 1). The amino acids for these
three point mutations are identical between
mouse and human ZFP57 proteins. Two of
them are the same substitution mutations that
had been shown to affect DNA-binding ability
of the peptides containing two conserved zinc
fingers in previous studies. One mutation is
located in the last zinc finger of human ZFP57
protein and is also identical between mouse
and human ZFP57 proteins. As expected, all
three mutant human ZFP57 proteins failed to
maintain DNA methylation imprint in mouse
ES cells in the absence of endogenous mouse
ZFP57 protein (Figs. 3 and 5-7). Therefore,
our results have confirmed that two point
mutations in two highly conserved zinc finger
regions are strong loss-of-function mutations.
Furthermore, point mutations in other
regions may also act as strong loss-of-function
mutations like H458D in the last zinc finger
of human ZFP57. This means that other zinc
fingers of human ZFP57 may also be involved
in binding to target DNA sequences, together
with two highly conserved zinc fingers.
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Figure 6. Bisulphite sequencing result confirms that wild-type human ZFP57 can substitute
for endogenous mouse ZFP57 in maintaining DNA methylation imprint at the Snrpn DMR
region in mouse ES cells. Genomic DNA samples from the ES clones plated on the gelatin-
coated plates were subjected to bisulphite mutagenesis, PCR amplification and bacterial
colony sequencing. Filled circle, a methylated CpG. Unfilled circle, an unmethylated CpG.
Cross (X), a CpG site with unknown methylation status. Each row stands for a template DNA
molecule directly sequenced from a single bacterial colony containing the bisulphite PCR
product. Numbers 1 to 19 indicate the same ES clones that were subjected to COBRA anal-
ysis in Figure 3. Percentage of methylated CpG sites in all sequenced bacterial colonies for
each ES clone is listed directly below the diagram illustrating methylated and unmethylated
CpG sites. (A) Four independent Zfp57-null mouse ES clones expressing the wild-type human
ZFP57-3XFLAG protein (hZFPWT). (B) Four independent Zfp57-null mouse ES clones express-
ing the R248H mutant human ZFP57-3XFLAG protein. (C) Four independent Zfp57-null mouse
ES clones expressing the H277N mutant human ZFP57-3XFLAG protein. (D) Four independent
Zfp57-null mouse ES clones expressing the H458D mutant human ZFP57-3XFLAG protein.
(E) Control (Ctrl) ES clones. Numbers 17 and 18, two independent Zfp57-null mouse ES clones
expressing mouse ZFP57 tagged with a Myc epitope and six histidines at the C-terminal end.
19, parental (P) mouse ES cells with two floxed alleles of Zfp57.
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Figure 7. Bisulphite sequencing result confirms that wild-type human ZFP57 can substitute for
endogenous mouse ZFP57 in maintaining DNA methylation imprint at the Zac? DMR region in
mouse ES cells. Genomic DNA samples from the ES clones plated on the gelatin-coated plates
were subjected to bisulphite mutagenesis, PCR amplification and bacterial colony sequenc-
ing. Filled circle, a methylated CpG. Unfilled circle, an unmethylated CpG. Cross (X), a CpG
site with unknown methylation status. Each row stands for a template DNA molecule directly
sequenced from a single bacterial colony containing the bisulphite PCR product. Numbers 1 to
19 indicate the same ES clones that were subjected to COBRA analysis in Figure 3. Percentage
of methylated CpG sites in all sequenced bacterial colonies for each ES clone is listed directly
below the diagram illustrating methylated and unmethylated CpG sites. (A) Four indepen-
dent Zfp57-null mouse ES clones expressing the wild-type human ZFP57-3XFLAG protein
(hZFPWT). (B) Four independent Zfp57-null mouse ES clones expressing the R248H mutant
human ZFP57-3XFLAG protein. (C) Four independent Zfp57-null mouse ES clones expressing
the H277N mutant human ZFP57-3XFLAG protein. (D) Four independent Zfp57-null mouse
ES clones expressing the H458D mutant human ZFP57-3XFLAG protein. (E) Control (Ctrl) ES
clones. Numbers 17 and 18, two independent Zfp57-null mouse ES clones expressing mouse
ZFP57 tagged with a Myc epitope and six histidines at the C-terminal end. Number 19, parental
(P) mouse ES cells with two floxed alleles of Zfp57.
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Alternatively, other zinc fingers may mediate
the interactions of human ZFP57 with other
proteins or other components of the complex
required for the maintenance of DNA
methylation imprint. All three mutant human
ZFP57 proteins in this study could bind to the
universal cofactor KAP1 presumably through
an intact N-terminal KRAB box with relative
binding affinities comparable to the wild-
type human ZFP57. However, they could not
substitute for endogenous mouse ZFP57 in
maintaining genomic imprinting. Thus, we
hypothesize that some unknown components
that interact with ZFP57 may be needed for
maintaining genomic imprinting besides
KAP1.

Transient transfection of Cre recombinase
was sufficient to cause complete excision of
both floxed alleles of Zfp57 in almost all ES
clones except for ES Clone #5 expressing
human point mutant ZFP57 protein, R248H
(Fig. 3D). This suggests that any DNA
methylation imprint present in the genomic
DNA samples expressing the wild-type or
a mutant human ZFP57 protein was not
due to residual parental ES cells carrying
an intact Zfp57 floxed allele that could still
express endogenous mouse ZFP57. Indeed, no
methylation was observed at three imprinted
regions even in ES Clone #5 despite that
it still had some parental ES cells with an
incompletely excised floxed allele of Zfp57
(Fig. 43D).

We cultured ES clones on gelatin-coated
plates before genomic DNA preparation in
order to reduce the percentage of feeder cells
present in the ES cell population for each ES
clone. However, a small fraction of feeder cells
were carried over with ES cells when these ES
clones were plated onto gelatin-coated plates.
To minimize feeder cell contamination in
the ES cell populations, we usually diluted
ES cells before plating them onto gelatin-
coated plates, and would not harvest them
for genomic DNA preparation until the ES
cell culture became almost confluent. Indeed,
only a faint PCR product corresponding to the
wild-type allele of mouse Zfp57 was present
in most ES genomic DNA samples based on
PCR genotyping (Fig. 3D). Nevertheless, a
relatively strong PCR product derived from
the wild-type allele of mouse Zfp57 was
observed in ES Clone #4 expressing the wild-
type human ZFP57 (Fig. 3D). We reason that

presence of small fractions of feeder cells did
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not create a significant problem for our COBRA and bisulphite
sequencing analyses of most ES genomic DNA samples because
high level of DNA methylation was only observed in the ES
clones expressing the wild-type mouse or human ZFP57 protein
but not in the ES clones expressing any of three mutant human
ZFP57 proteins (Fig. 3D). Furthermore, the PCR product for
the wild-type allele of Zfp57 may be preferentially amplified in
three-primer PCR reactions for genotyping because of its much
smaller size than that of the deleted allele of Zfp57 (see Materials
and Methods). Therefore, the actual percentage of feeder cells
present in these ES clones may be less than it appeared in the gel
shown in Figure 3D. If a large portion of genomic DNA for ES
Clone #4 did come from the carryover feeder cells, then some
DNA molecules presented in COBRA and bisulphite sequencing
results for this ES genomic DNA sample may have reflected
the DNA methylation status of three imprinted regions in the
feeder cells instead (Figs. 3 and 5-7). This may partially explain
relatively high DNA methylation levels observed at the IG-DMR
and Snrpn DMR for this ES genomic DNA sample (Figs. 3, 5,
and 6), although it is not clear why DNA methylation level at
the Zacl DMR was shown to be lower in this ES clone compared
with most other ES clones expressing the wild-type mouse or
human ZFP57 (Fig. 7).

It is also notable that two ES clones (Clone #1 and Clone
#17) expressing the wild-type human or mouse ZFP57 did not
retain much DNA methylation imprint at the IG-DMR region
(Fig. 5; Fig. S1). By contrast, we observed substantial amount
of DNA methylation at the Sn7pn DMR in these two ES clones
(Fig. 6; Fig. S2). DNA methylation level was actually higher
at the Zacl DMR in these two ES clones compared with most
other ES clones expressing the wild-type mouse or human ZFP57
protein (Fig. 7; Fig. S3). Thus, it is likely that there are some
variations in the DNA methylation levels at different imprinted
regions in these ES clones. Interestingly, there were a lot of
variations in percentage of methylation among six CpG sites of
the sequenced IG-DMR region within each ES clone expressing
wild-type human or mouse ZFP57 (Fig. 5; Fig. S1). By contrast,
methylation level was relatively more constant at each CpG site
of the sequenced Snrpn DMR or Zacl DMR region within each
ES clone (Figs. 6 and 7; Figs. S2—S3). This may imply that
DNA methylatioin imprint at the IG-DMR may not be stably
maintained as it is in the other two imprinted regions.

After our detailed methylation analysis, we found that most
sequenced bacterial clones exhibited different methylation
patterns at the CpG sites or contained unique unconverted
non-CpG sites. Thus, they were unique clones. However, some
bacterial clones did appear to have the same CpG methylation
patterns without unique unconverted non-CpG sites. Therefore,
these were non-unique clones. Due to high conversion efficiencies
of the Zymo Research’s bisulphite mutagenesis kit, sometimes it
was hard to find any unconverted non-CpG sites. While unique
clones were derived from different template DNA molecules, it
does not necessarily mean that non-unique clones were amplified
from the same original template DNA molecules. We reason
that at least some of the non-unique clones shown here were
probably amplified from different template DNA molecules
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because sufficient amount of template DNA was used for PCR
amplification after bisulphite mutagenesis to ensure that there
was enough diversity for the starting template DNA molecules.
In addition, we constantly achieved good PCR amplification
efficiency for all DNA samples (Fig. 3). Thus, we believe that
it was unlikely that non-unique clones with the same CpG
methylation pattern but without unique unconverted non-CpG
sites were all amplified from the same original template DNA
molecule.

If we measure DNA methylation level solely based on
unique clones, we could possibly over-estimate the actual
DNA methylation level at these three imprinted regions (e.g.,
compare Clone # 17 in Fig. 6 and Fig. S2, Clone #19 in Fig. 6
and Fig. S2). Alternatively, we could under-estimate the actual
DNA methylation level (e.g., compare Clone # 18 in Fig. 6
and Fig. S2). For the reasons stated above, it seems to us that
DNA methylation analysis with just unique clones is not always
advantageous and sometimes it may not be accurate either.
Thus, we included the data from both analyses with one set of
figures covering every sequenced bacterial clones (Figs. 5-7)
and the other set of figures listing just unique clones (Figs. S1—
S3). No matter which methylation analysis method was used,
our findings remained the same: ES clones expressing the wild-
type mouse or human ZFP57 protein retained significant DNA
methylation imprint at these three imprinted regions whereas
ES clones expressing a mutant human ZFP57 protein could not
maintain DNA methylation imprint.

Our analyses of three mutant human ZFP57 proteins are
reminiscent of what have been observed with mutations in other
human proteins with DNA-binding abilities such as human p53."
Indeed, mutations in the DNA-binding domain of p53 result in
three different phenotypes: (1) defective in direct contact with
DNA base pairs but with normal protein stability; (2) disrupted
local structure of protein; (3) denatured protein.”” In this case,
two human ZFP57 point mutations (R248H and H277N) may
belong to the first class mutation with defect in DNA contact.
The point mutation H458D could be a mutation in the first class
with defect in DNA contact if the last zinc finger (ZF7) of human
ZFP57 is also required for DNA binding. Alternatively, H458D
could be a second-class mutation with disrupted local structure
of protein that affects its interaction with other components in
the ZFP57 complex. Since all three mutant proteins could bind
to mouse KAPI in co-IP with comparable binding affinities
similar to the wild-type human ZFP57, it is unlikely that any of
these three mutations belongs to the third class of mutation that
results in denatured proteins. More mutations in human ZFP57
may need to be examined to test this hypothesis.

In summary, the results obtained so far with our ES cell
system have proven that it is a valuable system for structure/
function analysis of wild-type and mutant human ZFP57
proteins. Previously, we had successfully demonstrated that
KAPI facilitated the interactions between ZFP57 and DNA
methyltransferases with this mouse ES cell system." We will
continue to take advantage of this ES cell system to dissect
the molecular mechanisms of ZFP57-associated complexes in
genomic imprinting and human diseases.
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Materials and Methods

Construction of cDNAs encoding mutant human ZFP57

Site-directed mutagenesis approach was employed to
introduce the point mutations into the cDNA encoding human
ZFP57. The QuikChange kit from Stratagene was used for this
mutagenesis experiment.

Tagging human ZFP57 with the 3XFLAG epitope

PCR was used to amplify and fuse the cDNA fragments for
human ZFP57 and the 3XFLAG epitope. The cDNA fragment
for the 3XFLAG epitope was amplified by PCR from the plasmid
p3XFLAG-CMYV (Sigma). Then it was digested with Sa/l and
EcoRV before being ligated into the Sa/l and EcoRV sites of the
pBluescript II KS(-) vector containing the cDNA for human
ZFP57. After this ligation, the 3XFLAG epitope was fused
in-frame with the C-terminal end of human ZFP57 to generate
the hybrid cDNA. Similarly, three mutant human proteins were
tagged with the 3XFLAG epitope at the C-terminal end.

Expression of human ZFP57 proteins in mouse ES cells

The mouse ES cell system that we had constructed previously
was employed to express wild-type and mutant human ZFP57
proteins.! Specifically, the cDNA fragments encoding the wild-
type and mutant human ZFP57-3XFLAG proteins were digested
with Kpnl and EcoRV before being inserted into the Kpnl and
Smal sites of the p2Lox vector containing the LoxP and LoxM
sites for Cre recombinase-mediated integration." The resultant
plasmids were individually transfected into the mouse ES cells
by electroporation, together with the pCAGGS-Cre plasmid
that expresses Cre recombinase under the control of chicken
B-actin and CMYV hybrid promoter. Transient expression of Cre
recombinase resulted in integration of the cDNA fragment into
the Aprt locus on the X chromosome of mouse ES cells.! This
integration event also restored expression of the puromycin-
resistant gene product at the /prt locus of this mouse ES cell
system." One to two days after electroporation, mouse ES cells
were subjected to selection with 1.5 pg of puromycin in the ES
cell medium until puromycin-resistant ES cell colonies appeared
in about 10 days. ES colonies were picked individually and
expanded on the irradiated feeder cells. They were plated on
gelatin-coated plates for one generation to remove most of the
feeder cells before being harvested for genomic DNA preparation.
These genomic DNA samples that were depleted of feeder cells
were used for PCR-based genotyping and DNA methylation
analysis.

Tagged wild-type or mutant human ZFP57-3XFLAG proteins
were constitutively expressed from the integrated transgene at
the hprt locus driven by the chicken B-actin and CMV hybrid
promoter placed immediately in front of the human ZFP57 cDNA
fragment. In the meantime, both floxed alleles of the endogenous
mouse Zfp57 gene were deleted upon Cre recombinase-mediated
excision. Deletion of endogenous mouse Zfp57 gene was
confirmed by PCR-based genotyping (Fig. 3D).%!!

Harvesting whole-cell lysate for western blot analysis

Expression of wild-type and mutant human ZFP57 proteins
was examined by western blot analysis with whole-cell lysate
samples directly harvested from the ES clones. ES clones were
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grown on gelatin-coated 6-well plates to deplete the feeder cells.
Once the ES cells reached confluency, 200 pl of whole-cell lysis
buffer comprising of 50 mM Tris, 10 mM EDTA, 1% SDS and
20 mM DTT was added to each well after removing the medium
from the ES cells. The cells were scrapped off the plates in the
whole-cell lysis buffer and the lysate samples were heated at 95 °C
for 10 min to denature proteins before being loaded for western
blot analysis. Mouse monoclonal anti-FLAG antibody (Sigma,
catalog # F1804) was used for western blot analysis to detect
3XFLAG-tagged human ZFP57 proteins.

Co-immunoprecipitation (co-IP) analysis of human ZFP57
and mouse KAP1

RIPA buffer was used for isolation of protein samples for co-IP
analysis. This RIPA buffer was made of 50 mM Tris-HCI (pH 7.4),
150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.1% SDS. PMSF was
freshly added to the RIPA buffer before use at a final concentration
of 1 mM, together with the complete cocktail protease inhibitors
from Roche (catalog # 11697498001). ES clones were grown on
gelatin-coated 6-well plates to remove most of the feeder cells.
Once the ES cells reached confluency, 0.5 ml of RIPA buffer with
PMSF and cocketail protease inhibitors was added to each well to
lyse the ES cells. Anti-c-Myc agarose affinity gel (Sigma catalog
#A7470) was used for pre-clearing of the lysate samples for co-IP.
Mouse monoclonal anti-FLAG M2 affinity gel (Sigma catalog
#A2220) was used for immunoprecipitation. Affinity-purified
rabbit polyclonal antibodies against mouse KAP1 were used to
probe the immunoprecipitate and input samples.®'"** Mouse
monoclonal anti-FLAG antibody (Sigma, catalog # F1804) was
used for western blot analysis to detect 3XFLAG-tagged human
ZFP57 proteins in the immunoprecipitate and input samples.
The input samples were also probed with the mouse monoclonal
anti-B-actin antibody (Sigma catalog #A1978).

PCR-based genotyping of the endogenous Zfp57 alleles in
mouse ES cells

Similar to our previous study,® we used three primers for
genotyping the wild-type, floxed (Flox) and deleted (Del) alleles
of Zfp57 in mouse ES cells by PCR amplification. The size for the
PCR product of the wild-type allele is 226 bp. The PCR products
amplified from the floxed allele and deleted allele are 307 bp and
512 bp in size, respectively.

Combined bisulphite restriction analysis (COBRA)

ES clones for genomic DNA preparation were grown on
gelatin-coated 6-well plates to deplete most of the feeder cells.
Once the ES cells reached confluency on 6-well plates, they
were harvested for genomic DNA preparation. Roughly 500 ng
of genomic DNA per sample was subjected to bisulphite
mutagenesis with EZ DNA Methylation-Gold™ Kit (Zymo
Research). COBRA analysis was performed afterwards as it was
in the previous study."

Bacterial colony bisulphite sequencing

Bisulphite mutagenized genomic DNA samples were amplified
by PCR and ligated into the pGEM-T vector system (Promega
catalog #A3610). Individual bacterial colonies were picked
and directly sequenced by Macrogen USA. DNA methylation
sequence analysis was performed with a web-based program

called QUMA (http://quma.cdb.riken.jp/).
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PCR primers for imprinted regions

Afterbisulphite mutageneis, aportion of genomic DNA derived
from these ES clones was used for two rounds of PCR amplification
for COBRA and bacterial colony bisulphite sequencing. The first-
round outside PCR primers for the Snrpn DMR are SN-bis-OF
5-AGTATTTGAT AATTTGGTTG GGTTTTATG and
SN-bis-OR  5-TCAAAAATCT TAATAAACCC AAATC.
The second-round nested PCR primers for the Snrpn DMR are
SN-bis-IF 5-ATGTAATATG ATATAGTTTA GAAATTAG
and SN-bis-IR 5-CCACAAACCC AACTAACCTT CCTC.
For the IG-DMR of the D/kI-Dio3 imprinted region, the first-
round outside PCR primers are IG-nF1 5-TGTGGATCCT
AGAGATGTTT TTGTTGA and IG-nR1 5 "-TTCGGATCCC
TACAACTTAA AAATTTCTCC AACC. The second-
round nested PCR primers for the IG-DMR are 1G-F2416
5TTTTAGTTTT TTGGGTTTTA GAGAA and IG-A2799
S5 TTTTAGTTTT TTGGGTTTTA GAGAA. For the Zacl
DMR, the first-round outside PCR primers are Zacl DMR-
Bis-OF1 5-GGTTAGGGTA GGTAAGTAGT G and Zacl

DMR-Bis-OR1 5-CAAAACCAAA ACCCTTACTA AC.
The second-round nested PCR primers for the Zac/ DMR are
Zacl DMR-Bis-OF2 5-GAGGTGATAA ATTTTGAATT
TGGGTG and Zacl DMR-Bis-OR2 5-CTCCCAAAAA
TTCTTAAAAA TCCAAC.
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