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maintaining DNA methylation imprint in ES cells.

interaction.
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(Background: ZFP57 is a maternal-zygotic effect gene that maintains genomic imprinting in mouse embryos.
Results: KAP1 facilitates the interaction between ZFP57 and DNA methyltransferases. The KRAB box of ZFP57 is required for

Conclusion: ZFP57 recruits DNA methyltransferases and maintains DNA methylation imprint through KRAB box-mediated

Significance: This work implies that ZFP57 recruits DNA methyltransferases via KAP1 to maintain DNA methylation imprint.
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Previously, we discovered that ZFP57 is a maternal-zygotic
effect gene, and it maintains DNA methylation genomic imprint
at multiple imprinted regions in mouse embryos. Despite these
findings, it remains elusive how DNA methyltransferases are
targeted to the imprinting control regions to initiate and main-
tain DNA methylation imprint. To gain insights into these
essential processes in genomic imprinting, we examined how
ZFP57 maintains genomic DNA methylation imprint in mouse
embryonic stem (ES) cells. Here we demonstrate that the loss of
ZFP57 in mouse ES cells led to a complete loss of genomic DNA
methylation imprint at multiple imprinted regions, similar to its
role in mouse embryos. However, reintroduction of ZFP57 into
Zfp57-null ES cells did not result in reacquisition of DNA meth-
ylation imprint, suggesting that the memory for genomic
imprinting had been lost or altered in Zfp57-null ES cells in
culture. Interestingly, ZFP57 and DNA methyltransferases
could form complexes in the presence of KAP1/TRIM28/TIF13
when co-expressed in COS cells. We also found that the wild-
type exogenous ZFP57 but not the mutant ZFP57 lacking the
KRAB box that interacts with its co-factor KAP1/TRIM28/
TIF1p could substitute for the endogenous ZFP57 in maintain-
ing the DNA methylation imprint in ES cells. These results sug-
gest that ZFP57 may recruit DNA methyltransferases to its
target regions to maintain DNA methylation imprint, and this
interaction is likely facilitated by KAP1/TRIM28/TIF1p.
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Genomic imprinting is a special kind of parental control over
the progeny (1, 2). It was discovered more than three decades
ago and is mainly observed in mammals, marsupials, and plants
(3—8). In contrast to the normal bi-allelic expression of the vast
majority of genes, imprinted genes are expressed either from
the paternal chromosome or maternal chromosome. So far,
~100 imprinted genes have been identified in mammals (9).
Most of the imprinted genes are clustered, so that a few of them
ranging from two to over a dozen imprinted genes are co-reg-
ulated by a cis-acting imprinting control region (10-13).

DNA methylation at the cytosine residue usually occurs at
CpG dinucleotides in mammals (14, 15). Cytosine methylation
is also frequently observed at non-CpG sites in plants as well as
in ES cells (5, 16). This modification is catalyzed by DNA meth-
yltransferases (17). DNA methyltransferase I (DNMT1)? is the
main maintenance DNA methyltransferase, whereas two
related DNA methyltransferases DNMT3a and DNMT3Db are
involved in de novo DNA methylation (18 —20). DNMT3L does
not have its own catalytic enzyme ability, but it can enhance the
enzymatic activities of DNMT3a and DNMT3b (21-24).

One hallmark of the imprinting control regions is that they
contain a germ line-derived differentially methylated region
(DMR) that is inherited either on the paternal chromosome or
on the maternal chromosome (4, 10, 12, 25). Up until recently,
it was largely unknown how this differential methylation is
established in the germ line and stably maintained thereafter.
Two maternal effect genes, PGC7/Stella and ZfpS57, were found
to play partially overlapping roles in the maintenance of differ-
ential DNA methylation at the imprinting control regions (26 —

3 The abbreviations used are: DNMT, DNA methyltransferase; ES, embryonic
stem; DMR, differentially methylated region; CMV, cytomegalovirus; co-IP,
co-immunoprecipitation; COBRA, combined bisulfite restriction analysis;
BCC, B-Box coiled coil; RBCC, RING B-Box coiled coil; BRM, bromodomain.
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TABLE 1

Oligonucleotides used for PCR to generate deletion mutants of KAP1 and ZFP57

Deletion mutant Oligonucleotide name

Oligonucleotide sequence

KAP1ARING KAP1-RING-FH
KAP1ARING huKAP1-RING-RH
KAP1ABCC KAP1-RBCC-FH
KAP1ABCC KAP1-BCC-RH
KAP1ARBCC KAP1-RBCC-FH
KAP1ARBCC huKAP1-RING-RH
KAP1AHP1 KAP1-HP1-FH
KAP1AHP1 KAP1-HP1-RH2
KAP1APhD KAP1-PhD-FH
KAP1APhD KAP1-PhD-RH
KAP1ABRM KAP1-BRM-FH
KAP1ABRM huKAP1-BRM-RH

KAP1APhD-BRM
KAP1APhD-BRM
ZFP57AKRAB
ZFP57AKRAB

KAP1-BRM-FH
KAP1-PhD-RH
KRAB-SPHF
KRAB-SPHR

tgcaagcttcagtgctactccaaagac
caaagcttcagcagctccagecgectegg
gtgaagcttgtggagcctcatggtgagatg
agaaagcttactgccactatcacg
gtgaagcttgtggagcctcatggtgagatg
caaagcttcagcagctccagecgectecgg
ctgaagcttacctctgacagccagccac
aaaagcttacttacctctccctcacc
ctaaagcttgaagatggaagcctcagc
ggtaagcttaggagccaccacctc
accaagctttctgctgtgctggtag
gaaagcttggccaccacgccag
accaagctttctgctgtgectggtag
ggtaagcttaggagccaccacctc
ttcgcatgcgaagcaagaagaaacctcaagaac
acagcatgcgtgtcecctggatggctgggaag

29). Zfp57 is the first identified mammalian maternal-zygotic
effect gene, and it has both maternal and zygotic functions (2,
26). Zfp57 is also required for the establishment of differential
DNA methylation at the Snrpn imprinted region in the female
germ line (26). Furthermore, ZFP57 associates with the Snrpn
DMR based on a ChIP assay in ES cells (26). Therefore, we
hypothesize that ZFP57 may target DNA methyltransferases to
the imprinting control regions to establish and/or maintain dif-
ferential DNA methylation imprint at the imprinting control
regions.

In our previous study, ZFP57 was found to be an ES cell-
specific gene that is highly expressed in undifferentiated ES
cells but dramatically down-regulated during ES cell differenti-
ation (30). ZFP57 is a member of KRAB zinc finger family of
proteins, and it is estimated that there are over 300 members in
the human genome (26, 31). KAP1/TRIM28/TIF13 is the obli-
gate co-factor for KRAB zinc finger proteins, including ZFP57
(32, 33). Indeed, our previous study confirmed that ZFP57
binds to KAP1/TRIM28/TIF1 both in ES cells as well as in
COS cells (26). KAP1/TRIM28/TIF1f contains multiple func-
tional domains. It has a RING finger at the N terminus followed
by B-Boxes and coiled coil domains (34, 35). It also has an HP1-
binding motif in the middle (36 —-38). Its carboxyl end is com-
posed of PhD and BRM domains that are essential for the inter-
action of KAP1/TRIM28/TIF1B with histones and other
chromatin-associated proteins (39). The PhD domain also
functions as an intramolecular E3 ligase for SUMO modifica-
tion of the adjacent BRM domain (40). Indeed, sumoylation of
the BRM domain facilitates the recruitment of the SETDB1
histone methyltransferase and the NuRD complex to initiate
gene silencing (40, 41).

In this study, we carried out extensive biochemical interac-
tion analyses to assess whether ZFP57 can interact with DNA
methyltransferases either directly or indirectly via an interme-
diate protein. We found that ZFP57 does not appear to be able
to bind DNA methyltransferases directly. By contrast, KAP1/
TRIM28/TIF18 can bind multiple DNA methyltransferases
and mediates the interactions between ZFP57 and DNA
methyltransferases.

ES cells have been increasingly employed as a model system
for studying genomic imprinting (9, 25, 42—46). Indeed, we
found that ZFP57 maintains DNA methylation imprint at a
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large subset of imprinted regions in ES cells. This function of
ZFP57 requires its KRAB box, suggesting that the interaction
between ZFP57 and its co-factor KAP1/TRIM28/TIF1f is
essential for the maintenance of DNA methylation imprint.

EXPERIMENTAL PROCEDURES

Plasmid Construction—KAP1/TRIM28/TIF1 deletion mu-
tants were mostly constructed by PCR. Specifically, the cDNA
encoding KAP1/TRIM28/TIF1f was subcloned into pBlue-
script. One internal primer with a HindIII site at the 5" end was
paired with an external primer in the vector backbone (T7 or
M13Rev) to amplify the N- or C-terminal portion of the KAP1/
TRIM28/TIF1B8 ¢cDNA by PCR. Then these two portions of
KAP1/TRIM28/TIF1p cDNA were linked by T4 DNA ligase-
mediated ligation after HindIIl digestion. The primer pairs
used for construction of these KAP1/TRIM28/TIF1f deletion
mutants are listed in Table 1.

The ZFP57 mutant lacking the KRAB domain was simi-
larly constructed by PCR, and the primers used are listed in
Table 1. An HindIII/Pmel cDNA fragment containing the
Myc epitope tag and the six-histidine tag derived from the
pcDNA3.1/Myc-His vector (Invitrogen) was fused to the C
terminus of the ¢cDNAs for the wild-type ZFP57 or the
mutant ZFP57 lacking the KRAB box. This fusion was facil-
itated by an HindIII restriction site introduced into the
Zfp57 cDNA at the C terminus. The pBluescript vector har-
boring Zfp57 or the mutant Zfp57 cDNA was digested with
HindIII and EcoRV before ligation with the HindIII/Pmel
c¢DNA fragment encoding the Myc-His tag. The tagged
Zfp57 cDNA or the mutant Zfp57 cDNA was inserted into
Kpnl and NotI sites of an mammalian expression vector con-
taining the chicken B-actin and CMV hybrid promoter (a gift
from Dr. Jianrong Lu of University of Florida).

Transfection—COS cells were split the day before transfec-
tion. Plasmid DNA was mixed at appropriate ratios and co-
transfected into COS cells with FuGENE 6 (Roche Applied Sci-
ence). After 2 days of culture at 37 °C, transiently transfected
cells were harvested for co-immunoprecipitation (co-IP) inter-
action assays.

Isolation of Doxycycline-inducible ES Clones—ES cells were
cultured as previously described (26). The A2lox ES cell line was
used for isolation of doxycycline-inducible ES clones that
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TABLE 2
Oligonucleotides for PCR amplification of the bisulfite-treated DNA

ZFP57 Recruits DNA Methyltransferases via KAP1

Imprinted region Inside/outside nested primer

Oligonucleotide name

Oligonucleotide sequence

Snrpn DMR Outside gSn-F642 GGGCTTCATGTTTGATTGTGTG

Snrpn DMR Outside SnR1204 AATCAAATAAAATACACTTTCACTACT
Snrpn DMR Inside Sn-F780 TGTGTGATGTTTGTAATTATTTGGGAG
Snrpn DMR Inside Sn-R1180 ACTAAAATCCACAAACCCAACTAAC
IG-DMR Outside 1G-nF1 TGTGGATCCTAGAGATGTTTTTGTTGA
IG-DMR Outside 1G-nR1 TTCGGATCCCTACAACTTAAAAATTTCTCCAACC
IG-DMR Inside 1G-F2416 TTTTAGTTTTTTGGGTTTTAGAGAA
IG-DMR Inside 1G-A2799 AATAATCACCCTAACCCAAC

HI19 DMR Outside H19-F1172 GAAAGAAAAAGGTTGGTGAGAAAA

HI19 DMR Outside H19A1745 AACTAACATAAACCCCTAACCTCA

HI9 DMR Inside H19-F1278 GAGTATTTAGGAGGTATAAGAATTTTG
HI19 DMR Inside H19 R1738 ATAAACCCCTAACCTCATAAAACC

Line-1 Outside Line OF GTTAGAGAATTTGATAGTTTTTGGAATAGG
Line-1 Outside Line OR CCAAAACAAAACCTTTCTCAAACACTATAT
Line-1 Inside Line IF TAGGAAATTAGTTTGAATAGGTGAGAGGGT
Line-1 Inside Line IR TCAAACACTATATTACTTTAACAATTCCCA
IAP Outside IAP-OF TTGATAGTTGTGTTTTAAGTGGTAAATAAA
IAP Outside IAP-OR CAAAAAAAACACCACAAACCAAAAT

IAP Inside IAP-IF TTGTGTTTTAAGTGGTAAATAAATAATTTG
IAP Inside IAP-IR AAAACACCACAAACCAAAATCTTCTAC
Pegl Outside Pel F504 TTGGGATATAAAAGGTTAATGAGA

Pegl Outside Pel R1190 TCATTAAAAACACAAACCTCCTTTAC

Pegl Inside Pel F533 TTTTAGATTTTGAGGGTTTTAGGTTG

Pegl Inside Pel R1096 AATCCCTTAAAAATCATCTTTCACAC

express FLAG epitope-tagged DNMT3L or DNMT?3a (47). The
hybrid cDNA encoding FLAG-tagged DNMT3L or DNMT3a
was subcloned into the p2Lox targeting construct (47). The
resultant constructs were transfected, together with pCAGGS-
Cre that constitutively expresses Cre recombinase, into A2lox
ES cells by electroporation. The transfected ES cells were plated
on 10-cm plates seeded with irradiated feeder fibroblast cells.
The following day, ES cell culture was switched to growth
medium containing 260 ug/ml of G-418. After G-418 selection
for 1 week to 10 days, stably transfected colonies were picked
individually and grown on 24-well plates seeded with irradiated
feeder fibroblast cells. ES cells derived from these colonies were
induced with 1 ug/ml of doxycycline for 3 days, and protein
lysate was subjected to Western blot analysis with monoclonal
antibody against the FLAG epitope (Sigma) to examine whether
the FLAG-tagged DNMT3L or DNMT3a was expressed after
doxycycline induction. Candidate ES clones with doxycycline-
inducible expression of FLAG-tagged DNMT3L or DNMT3a
were used for co-immunoprecipitation interaction assays to
detect the interaction between endogenous KAP1 and FLAG-
tagged DNMT3L or DNMT3a.

Co-immunoprecipitation Interaction Assay—The cells were
lysed in buffer containing 20 mm of Tris-HCI (pH 7.3), 150 mm
of NaCl, 0.5% of Nonidet P-40, 10% of glycerol, 1 mm of PMSEF,
as well as the mixture of protease inhibitors (Roche Applied
Science). After brief sonication to rupture the cell membrane,
the cell lysate was centrifuged, and the supernatant was trans-
ferred to a new Eppendorf tube. Mouse monoclonal antibody
against the FLAG epitope was added to the supernatant, and
protein A/G beads were added thereafter to precipitate the
immunocomplexes.

Bisulfite Sequencing—Genomic DNA was isolated from ES
cells grown on the 6-well plates coated with 0.1% gelatin for one
passage after being cultured in the presence of feeder fibro-
blasts. These genomic DNA samples were subjected to bisulfite
mutagenesis with the EpiTect bisulfite kit (Qiagen) or the EZ
DNA methylation kit (Zymo Research). After the bisulfite
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treatment, genomic DNA was purified and amplified by PCR
with the primers corresponding to the imprinted DMR regions
and nonimprinted repeat regions. The amplified PCR product
was cloned into the pGEM-T vector system and transformed
into competent DH5a cells. Single bacterial colonies were
picked and grown on 96-well plates before being sent for
sequencing. PCR primers are listed in Table 2 with the excep-
tion of the primers for IG-DMR in Fig. 6A.

Combined Bisulfite Restriction Analysis (COBRA)—Genomic
DNA samples were harvested and subjected to the similar bisul-
fite mutagenesis as above. PCR product amplified from the
bisulfite-treated samples was digested with the restriction
enzymes that recognize the CpG sites present in the imprinted
DMR regions and nonimprinted repeat regions. These CpG
sites when unmethylated were sensitive to bisulfite mutagene-
sis, and the restriction enzyme sites were lost, but the restric-
tion enzyme sites were preserved if these CpG sites were meth-
ylated. After gel electrophoresis, the methylated product and
the unmethylated DNA product displayed different patterns of
restriction enzyme digestion. For PCR primers, see Table 2.

RESULTS

Binding of ZFP57 to KAP1/TRIM28/TIF1B via Its KRAB
Box—ZFP57 contains putative KRAB Box (26). Previously, we
found that ZFP57 bound to KAP1 in COS cells when co-ex-
pressed (26). As expected, this interaction appears to be medi-
ated by the KRAB box. When the ZFP57 mutant lacking the
KRAB box was co-expressed with KAP1/TRIM28/TIF1f3
tagged with the FLAG epitope in COS cells, no detectable
ZFP57 product was present in the immunoprecipitate when the
monoclonal antibody against the FLAG epitope tag was used
for immunoprecipitation (Fig. 14). By contrast, wild-type
ZFP57 was present in the immunoprecipitate when it was co-
expressed with FLAG-tagged KAP1/TRIM28/TIF1B. These
data suggests that the KRAB box is essential for binding of
ZFP57 to KAP1/TRIM28/TIF1f3, similar to what has been
observed in other KRAB zinc finger proteins.
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FIGURE 1.ZFP57 binds to the BCC domain of KAP1 via its KRAB box. FLAG-
tagged KAP1 or KAP1 deletion mutants were co-expressed in COS cells with
ZFP57 or the ZFP57 deletion mutant without the KRAB box (ZFP57AKRAB).
The monoclonal antibody against the FLAG epitope was used to precipitate
KAP1-associated proteins, and the polyclonal antibodies against ZFP57 were
used to probe the immunoprecipitate. A, PCR was used to create the cDNA for
ZFP57AKRAB. FLAG-tagged KAP1 was co-expressed with ZFP57 or
ZFP57AKRAB in COS cells. B, doxycycline-inducible ES clones that can express
FLAG-tagged KAP1 were isolated from A2lox ES cells (47). Co-IP was per-
formed for ES cells grown in the presence (+) or absence (—) of 1 ug/ml of
doxycycline (Dox). C, a diagram for the functional domains of KAP1. HP1, HP1-
binding motif. The RING and BCC domains together form the RBCC domain. D,
PCR was used to generate the cDNAs encoding KAP1 deletion mutants that
lack one or two functional domains of KAP1. Lane 1, wild-type KAP1; lane 2,
vector only (pcDNA3-FLAG); lane 3, KAP1ARING; lane 4, KAPTABCG; lane 5,
KAP1AHP1; lane 6, KAP1APhD; lane 7, KAP1ABRM; lane 8, KAP1APhD-BRM
(lacking both PhD and BRM domains); lane 9, KAPTARBCC.

Binding of Endogenous ZFP57 to FLAG-tagged KAPI in ES
Cells—Previously, we demonstrated that endogenous ZFP57
binds to endogenous KAP1 based on the co-IP result with affin-
ity-purified polyclonal antibodies against ZFP57 (26). To test
whether endogenous ZFP57 can also interact with FLAG-
tagged KAP1 in a co-IP assay in ES cells, we isolated ES clones
that can inducibly express FLAG-tagged KAP1 in response to
doxycycline in A2lox ES cells (47) (Fig. 1B). Indeed, we found
that endogenous ZFP57 was present in the immunoprecipitate
when monoclonal antibody against the FLAG epitope was used
for immunoprecipitation (Fig. 1B), suggesting that endogenous
ZFP57 can bind to FLAG-tagged KAP1 in ES cells.

The B-Box Coiled Coil (BCC) Domain of KAPI Is Essential for
Its Binding to ZFP57—KAP1/TRIM28/TIF1p is a scaffold pro-
tein and has multiple functional domains including the RING,
B-Boxes, coiled coil, HP1-binding, PhD, and BRM domains or
motifs (39). The B-Boxes and the coiled coil domains form the
BCC domain. Together with the RING domain, they form the
functional RBCC domain. To determine which domain of
KAP1/TRIM28/TIF1B is required for its interaction with
ZFP57, we have generated a series of KAP1/TRIM28/TIF1f3
deletion mutants that lack one or two functional domains of
KAP1/TRIM28/TIF1B (Fig. 1C). We found that KAP1/
TRIM28/TIF18 mutants lacking a single functional domain of
the RING (Fig. 1D, lane 3), HP1-binding (Fig. 1D, lane 5), PhD
(Fig. 1D, lane 6), or BRM (Fig. 1D, lane 7) domain or both PhD
and BRM domains (Fig. 1D, lane 8) still retained their binding
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capability. In contrast, the KAP1/TRIM28/TIF183 deletion
mutant lacking the BCC domain (Fig. 1D, lane 4) or the RBCC
domain (Fig. 1D, lane 9) did not bind ZFP57 in COS cells when
co-expressed. These results suggest that the BCC domain acts
as the binding domain of KAP1/TRIM28/TIF1 for ZFP57.

Binding of DNMT3a to RBCC Domain of KAPI—In our pre-
vious study, we found that ZFP57 is involved in the mainte-
nance of DNA methylation imprints at multiple imprinted
regions (26). In addition, ZFP57 is required for the acquisition
of DNA methylation imprint at the Surpn imprinted domain.
These findings suggest that ZFP57 and its associated complexes
may recruit DNA methyltransferases to the imprinting control
regions of the affected imprinted domains. Our initial test
results indicated that ZFP57 does not bind to DNA methyl-
transferases directly (see Fig. 4). To examine whether KAP1
may mediate the interactions between ZFP57 and DNA meth-
yltransferases, we performed co-IP assays between KAP1 and
DNMT3a when they were co-expressed in COS cells. Interest-
ingly, we found that KAP1 did bind to DNMT3a when co-ex-
pressed (Fig. 24, lane 1). Then we used various KAP1 deletion
mutants to determine the functional interaction domain of
KAP1 that is essential for its interaction with DNMT3a (Fig.
2A). Similar to the results obtained between ZFP57 and KAP1,
the BCC domain is the essential interaction domain of KAP1
for DNMT3a. As shown in Fig. 24, KAP1 deletion mutants
lacking either the BCC (lane 3) or the RBCC domain (lane 7)
were defective in binding to DNMT3a in COS cells when co-
expressed. In contrast, those KAP1 mutant proteins lacking the
RING (Fig. 24, lane 2), HP1-binding (Fig. 24, lane 4), PhD (Fig.
2A, lane 5), or BRM (Fig. 24, lane 6) domain or both PhD and
BRM domains (Fig. 24, lane 8) displayed similar DNMT3a
binding ability to the wild-type KAP1. Furthermore, the trun-
cated protein containing just the RBCC domain was sufficient
in binding to DNMT?3a (Fig. 2B, lane 3). We also found that
KAP1 was present in the immunoprecipitate when the mono-
clonal antibody against the FLAG epitope was used to precipi-
tate DNMT3a-associated proteins (Fig. 2C, lane I). These
results suggest that the RBCC domain of KAP1 is both neces-
sary and sufficient for its interaction with DNMT3a.

To examine whether there is a distinct domain of DNMT3a
that is responsible for this interaction, we employed previously
constructed DNMT3a truncation proteins that contain either
the C-terminal catalytic domain or the N-terminal noncatalytic
domains with or without the PWWP region (48). Interestingly,
these truncated DNMT3a proteins all bound to KAP1 in co-IP
when co-expressed in COS cells, although the interaction of the
N-terminal noncatalytic domains (Fig. 2D, lanes 2 and 3) with
KAP1 appeared to be stronger than that of the C-terminal cat-
alytic domain (Fig. 2D, lane 4). These results suggest that the
N-terminal noncatalytic domain of DNMT?3a is the major
interaction site for KAP1, and the C-terminal catalytic domain
of DNMT?3a plays a minor role as well.

The interaction between DNMT3a and KAP1 appears to be
specific because a negative control involving the FLAG-tagged
EGFP protein did not bind to KAP1 in co-IP when they were
co-expressed in COS cells (Fig. 2E, lane 1). By contrast, KAP1
was present in the immunoprecipitate when the monoclonal
antibody against the FLAG epitope was used for immunopre-
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FIGURE 2. KAP1 binds to DNMT3a via its RBCC domain. A, HA-tagged
DNMT3a was co-expressed with FLAG-tagged KAP1 or KAP1 deletion
mutants in COS cells. The monoclonal antibody against the FLAG epitope was
used to precipitate KAP1-associated proteins, and the monoclonal antibody
against the HA epitope was used to probe the immunoprecipitate. Lane 1,
wild-type KAP1; lane 2, KAPTARING; lane 3, KAP1ABCG; lane 4, KAP1AHP1;
lane 5, KAP1APhD; lane 6, KAP1ABRM; lane 7, KAP1ARBCC; lane 8, KAP1APhD-
BRM (lacking both PhD and BRM domains). B, HA-tagged DNMT3a was co-ex-
pressed with FLAG-tagged KAP1 or FLAG-tagged RBCC in COS cells. The
monoclonal antibody against the FLAG epitope was used to precipitate
KAP1- or RBCC-associated proteins, and the monoclonal antibody against the
HA epitope was used to probe the immunoprecipitate. Lane 1, FLAG:KAP1;
lane 2, vector only; lane 3, FLAG:RBCC. C, FLAG epitope-tagged DNMT3a was
co-expressed with Myc epitope-tagged KAP1 in COS cells. The monoclonal
antibody against the FLAG epitope was used to precipitate DNMT3a-associ-
ated proteins, and the monoclonal antibody against the Myc epitope was
used to probe the immunoprecipitate. Lane 1, FLAG:DNMT3a; lane 2, vector
only. D, FLAG-tagged KAP1 was co-expressed with HA-tagged DNMT3a or
DNMT3a truncation mutants in COS cells. The monoclonal antibody against
the FLAG epitope was used to precipitate KAP1-associated proteins, and the
monoclonal antibody against the HA epitope was used to probe the immu-
noprecipitate. Arrow, IgG heavy chain. Lane 1, wild-type DNMT3a; lane 2, N1
mutant of DNMT3a; lane 3, N2 mutant of DNMT3a; lane 4, C mutant of
DNMT3a. These truncation mutants had been used previously in another
study (48). E, Myc-tagged KAP1 was co-expressed with FLAG-tagged EGFP or
FLAG-tagged DNMT3a in COS cells. The monoclonal antibody against the
FLAG epitope was used for immunoprecipitation, and the monoclonal anti-
body against the Myc epitope was used to probe the immunoprecipitate.
Lane 1, FLAG:EGFP; lane 2, FLAG::DNMT3a.

cipitation to pull down FLAG::DNMT3a-associated proteins in
COS cells co-transfected with KAP1 and FLAG::DNMT3a (Fig.
2E, lane 2).

Binding of Other DNA Methyltransferases to KAP1—Because
ZFP57 is involved in both acquisition and maintenance of DNA
methylation imprints, it is possible that KAP1 will bind to both
maintenance as well as de novo DNA methyltransferases.
Indeed, we found that KAP1 binds to DNMT1, the major main-
tenance DNA methyltransferase, in co-IP when co-expressed in
COS cells (Fig. 3A, lanes 1 and 3). Similarly, this interaction is
mediated by the BCC domain of KAP1 because the KAP1 dele-
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FIGURE 3. KAP1 binds to other DNA methyltransferases. A, Myc-tagged
DNMT1 was co-expressed with FLAG-tagged KAP1 or KAP1 deletion mutants
in COS cells. The monoclonal antibody against the FLAG epitope was used for
immunoprecipitation, and the monoclonal antibody against the MYC
epitope was used to probe the immunoprecipitate. Lane 1, wild-type KAP1;
lane 2, vector only; lane 3, wild-type KAP1; lane 4, KAP1ABCGC; lane 5,
KAP1AHP1; lane 6, KAP1APhD-BRM. B, FLAG-tagged DNMT1 was co-ex-
pressed with Myc-tagged KAP1 in COS cells. The monoclonal antibody
against the FLAG epitope was used for immunoprecipitation, and the mono-
clonal antibody against the Myc epitope was used to probe the immunopre-
cipitate. Lane 1, wild-type DNMTT; lane 2, vector only. C, FLAG-tagged
DNMT3L was co-expressed with Myc-tagged KAP1 in COS cells. The monoclo-
nal antibody against the FLAG epitope was used for immunoprecipitation,
and the monoclonal antibody against the Myc epitope was used to probe the
immunoprecipitate. Lane 1, vector only; lane 2, FLAG:DNMT3L. D, FLAG-
tagged DNMT3a (lanes 1-3) or HP1a (lanes 4 - 6) was co-expressed with Myc-
tagged KAP1 or KAP1 deletion mutants. The monoclonal antibody against
the FLAG epitope was used for immunoprecipitation, and the monoclonal
antibody against the Myc epitope was used to probe the immunoprecipitate.
Lane 1, KAP1ARBCG; lane 2, wild-type KAP1; lane 3, KAP1AHP1; lane 4,
KAP1AHP1; lane 5, wild-type KAP1; lane 6, KAP1ARBCC.
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tion mutant lacking the BCC domain was defective in binding
of DNMT1 (Fig. 34, lane 4), whereas all other KAP1 deletion
mutants lacking just the HP1-binding domain (lane 5) or both
the PhD and BRM domains (lane 6) were capable of binding to
DNMT1. Consistent with this, KAP1 was also present in the
immunoprecipitate when the monoclonal antibody against the
FLAG epitope was used for co-IP against FLAG-tagged
DNMT1 when Myc-tagged KAP1 and FLAG-tagged DNMT1
were co-expressed in COS cells (Fig. 3B, lane 1). Furthermore,
DNMT3L bound to KAP1 as well when they were co-expressed
in COS cells (Fig. 3C).

Interactions between RBCC Domain of KAP1 and DNA Meth-
yltransferases Appear to Be Specific—Based on the above co-IP
results, the RBCC domain appears to be both necessary and
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FIGURE 4. KAP1 mediates the interaction between ZFP57 and DNA methyltransferases. ZFP57 and FLAG-tagged DNMT3a, DNMT1, or DNMT3L were
co-transfected into COS cells with or without KAP1. The monoclonal antibody against the FLAG epitope was used for immunoprecipitation, and polyclonal
antibodies against ZFP57 or KAP1 were used to probe the immunoprecipitate. In addition, the monoclonal antibody against the FLAG epitope was used to
confirm thatan equal amount of FLAG-tagged DNMT3a, DNMT1, or DNMT3L was present in the immunoprecipitate. A, FLAG-DNMT3a was co-transfected with
ZFP57 into COS cells with or without KAP1. B, FLAG-DNMT1 was co-transfected with ZFP57 into COS cells with or without KAP1. C, FLAG-DNMT3L was

co-transfected with ZFP57 into COS cells with or without KAP1.

sufficient for the interaction between KAP1 and DNA methyl-
transferases in COS cells when co-expressed. To further test
whether this interaction involving the RBCC domain is specific,
we also examined the binding between KAP1 and the previ-
ously identified interaction protein HP1a. As shown in Fig. 3D,
wild-type KAP1 did indeed bind to HP1a (/ane 5). In contrast,
KAP1 mutants lacking either the HP1-binding (lane 4) or the
RBCC domain (lane 6) were defective in binding to HP1la.
These data suggest that the interaction between KAP1 and
HP1a requires both the RBCC domain and the HP1-binding
motif of KAP1. This is distinct from those involving KAP1 and
DNA methyltransferases in which only the RBCC domain of
KAP1 is required. The KAP1 deletion mutant lacking just the
HP1-binding motif retained its ability to bind to DNMT?3a (Fig.
3D, lane 3), whereas KAP1 without the RBCC domain was com-
pletely defective in its binding to DNMT3a (Fig. 3D, lane 1).
Therefore, the interaction between the RBCC domain and
DNMT3a appears to be specific because the KAP1 deletion
mutant lacking just the HP1-binding motif did not bind to
HP1a, even though it contains an intact RBCC domain (Fig. 3D,
lane 4).

KAPI Mediates Interaction between ZFP57 and DNMT3a—
KAP1 binds to ZFP57 via its BCC domain. Similarly, the BCC
domain is also the interaction domain between KAP1 and
DNMT3a. It is possible that ZFP57 and DNMT3a may not be
able to bind to the BCC domain simultaneously because of
potential competition for the same binding domain. Alterna-
tively, they may form a ternary complex, with KAP1 as the scaf-
fold protein. To distinguish these possibilities, we co-trans-
fected ZFP57 and FLAG::DNMT3a with or without KAP1 into
COS cells and then immunoprecipitated DNMT3a-associated
proteins with the monoclonal antibody against the FLAG
epitope. Detectable ZFP57 was present in the immunoprecipi-
tate only when KAP1 was included as one of the co-transfected
proteins (Fig. 44). Consistent with this, KAP1 was also present
as one of the FLAG::DNMT3a-associated proteins immuno-
precipitated with the monoclonal antibody against the FLAG
epitope when ZFP57, KAP1, and DNMT3a were co-transfected
into COS cells (Fig. 4A). By contrast, no detectable ZFP57 was
observed in the immunoprecipitate from the cell lysate
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co-transfected with ZFP57 and FLAG:DNMT3a when the
antibody against the FLAG epitope was used to precipitate the
DNMT3a-associated proteins (Fig. 44). These results suggest
that ZFP57 does not bind to DNMT3a directly, and KAP1
forms a bridge between ZFP57 and DNMT3a (see Fig. 10).

Indirect Interaction between ZFP57 and Other DNA
Methyltransferases—Besides DNMT3a, KAP1 bound to
DNMTT1 via the BCC domain when co-expressed in COS cells
(Fig. 3A). KAP1 also interacted with DNMT3L in a co-IP assay
in COS cells (Fig. 3C). To test whether KAP1 also mediates the
interaction between ZFP57 and these two DNA methyltrans-
ferases, we performed similar co-IP assays for interaction of
ZFP57 with DNMT1 or DNMTS3L, with or without KAP1 co-
transfected into COS cells. Similar to what had been observed
between ZFP57 and DNMT3a, ZFP57 was detected in the
immunoprecipitate pulled down with the monoclonal antibody
against the FLAG epitope only when KAP1 was included as a
co-transfected protein, together with the FLAG:DNMT1 or
FLAG:DNMTS3L (Fig. 4, B and C). These results suggest that
KAP1 also mediates the interaction between ZFP57 and other
DNA methyltransferases, similar to what had been observed
between ZFP57 and DNMT3a (Fig. 4A).

Endogenous KAPI Binds to FLAG-tagged DNMT3a in Mouse
ES Cells—To test whether KAP1 binds to DNMT3a in ES cells
as well, we isolated doxycycline-inducible ES clones that can
express FLAG-tagged DNMT3a in response to doxycycline
(Fig. 5A). Then we used the monoclonal antibody against the
FLAG epitope to precipitate FLAG::DNMT3a-associated pro-
teins in doxycycline-induced ES cells. Indeed, KAP1 was
detected in the immunoprecipitate from the ES cells in the
presence of 1 ug/ml of doxycycline but not from the ES cells
without the addition of doxycycline (Fig. 54), suggesting that
endogenous KAP1 binds to FLAG::DNMT3a in mouse ES cells.

DNMTS3L Binds to Endogenous KAPI in ES Cells—To test
whether KAP1 binds to DNMT3L in ES cells, we isolated doxy-
cycline-inducible ES clones that can express FLAG-tagged
DNMTS3L in A2lox ES cells in response to doxycycline induc-
tion (Fig. 5B). Then we performed co-IP with the monoclonal
antibody against the FLAG epitope to precipitate FLAG:
DNMT3L-associated proteins. We found that KAP1 was pres-
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FIGURE 5. Endogenous KAP1 binds to exogenous DNMT3a or DNMT3L in
mouse ES cells. Doxycycline-inducible ES clones that can express FLAG-
tagged DNMT3a or DNMT3L were used for co-IP to examine potential inter-
actions between endogenous KAP1 and FLAG:DNMT3a or FLAG:DNMT3L.
The monoclonal antibody against the FLAG epitope was used for immuno-
precipitation, and polyclonal antibodies against KAP1 were used to probe the
immunoprecipitate. Dox, doxycycline. FLAG-tagged proteins were induced
by 1 ug/ml of doxycycline added to the ES cell culture. A, FLAG:DNMT3a. B,
FLAG:DNMT3L.

ent in the immunoprecipitate derived from the ES cells in the
presence of 1 ug/ml of doxycycline, but not in that from the ES
cells without doxycycline (Fig. 5B), suggesting that endogenous
KAP1 binds to FLAG:DNMT3L in ES cells as well.

ZFP57 Maintains DNA Methylation Imprint in ES Cells—
We constructed Zfp57-null ES cells by transiently expressing
Cre recombinase in ES cells containing one floxed allele and
one targeted allele of Zfp57 (26). We harvested genomic DNA
samples from the original wild-type ES cells, as well as from two
independent Zfp57-null ES clones. Then we subjected these
genomic DNA samples to COBRA and bisulfite sequencing to
analyze the DNA methylation status at the imprinted control
regions, as well as nonimprinted repeat regions (Fig. 6, A and B).
We found that DNA methylation imprint at Surpr DMR and
IG-DMR was lost in Zfp57-null ES cells but not in the wild-type
ES cells (Fig. 6, A and B). For the H19 DMR, DNA methylation
imprint was partially missing in the Zfp57-null ES cells in com-
parison with the wild-type ES cells (Fig. 6, A and B). By contrast,
DNA methylation was stably maintained in nonimprinted
repeat regions such as Line-1 elements and IAP repeats (Fig. 6,
A and B). These results suggests that ZFP57 is required for the
maintenance of DNA methylation imprint at a subset of
imprinted regions in ES cells, similar to what we had observed
previously in mouse embryos (26).

Reintroduction of Exogenous ZFPS7 into ZfpS7-null ES
Cells—In our previous study, we found that DNA methylation
imprint at the Surpn DMR was regained in approximately half
of the mouse embryos in the presence of zygotic ZFP57 (26).
We wondered whether reintroduction of ZFP57 into Zfp57-
null ES cells would lead to reacquisition of DNA methylation
imprint at the Surpn DMR as well. For this, we targeted an
expression construct to the /iprt locus of Zfp57-null ES cells via
homologous recombination, which can constitutively express
the exogenous ZFP57 driven by a chicken B-actin and CMV
hybrid promoter (Fig. 7A, lanes 4 and 5). Despite the fact that
exogenous ZFP57 is highly expressed in two independent ES
clones that lack endogenous ZFP57, the DNA methylation
imprint was not reacquired at the Snrpn DMR region (Fig. 7C).
With the exception of the H19 DMR (Fig. 7F), we also observed
no effect on other imprinted regions or nonimprinted AP
repeats (Fig. 7, B, D, and E). Methylation was in fact lost at the
HI19 DMR whose methylation imprint has been shown previ-
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FIGURE 6. DNA methylation imprint is lost at multiple imprinted regions
in Zfp57-null ES cells. Zfp57-null ES cells were generated from the ES clones
containing one floxed allele and one targeted allele of Zfp57 after Cre recom-
binase-mediated excision (26). Genomic DNA derived from the wild-type TC1
ES cells (+/+) and Zfp57-null ES cells (—/—) were subjected to bisulfite
sequencing. A web-based software QUMA was used for DNA methylation
analysis. A, bisulfite sequencing data are shown for the imprinted regions
(IG-DMR, Snrpn DMR, H19 DMR) and nonimprinted repeat regions (Line-1 and
IAP). @, methylated CpG. O, unmethylated CpG. X, definitive sequencing
resultis not available for that particular CpG site. Each row indicates a unique
clone based on bisulfite sequencing results. The outside nested PCR primers
for the IG-DMR are: IG-F770, 5'-TTTGTAGTATTTTGTGTAGTTGTG and
IG-A1588, 5'-CCAACTAACCTAAACTCCATACTA. The inside nested PCR prim-
ers for the IG-DMR are: IG-F941, 5'-ATATTATGTTAGTGTTAGGAAGGATTGTG
and1G-A1371,5'-TACAACCCTTCCCTCACTCCAAAAATT. B, adiagramis shown
for the percentage of methylated CpG sites at the imprinted regions (IG-DMR,
Snrpn DMR, and H79 DMR) and nonimprinted regions (Line-1 and IAP) in ES
cells. Open bar, wild-type ES cells. Hatched bar, Zfp57-null ES cells.

ously to be relatively unstable in ES cells before (49, 50). These
results suggest that the imprinting memory at the Snrpn DMR
and other imprinted regions have been lost in Zfp57-null ES
cells, and reintroduction of exogenous ZFP57 is not sufficient
to reinitiate the acquisition of DNA methylation imprint in ES
cells.

The KRAB Box of ZFPS7 Is Indispensible for Maintaining
DNA Methylation Imprint—Without ZFP57, DNA methyla-
tion imprint is lost at a subset of imprinted regions in both
mouse embryos, as well as in ES cells (26) (Fig. 6). ZFP57 binds
to its co-factor KAP1/TRIM28/TIF1p via its KRAB box (26)
(Fig. 1A). To test whether this interaction is essential for the
role of ZFP57 in maintenance of DNA methylation imprint, we
had constructed an ES cell system that can replace the endog-
enous ZFP57 with the exogenous ZFP57 or its variants consti-
tutively expressed from the chicken B-actin and CMV hybrid
promoter inserted into the /prt locus (47) (Fig. 8B). First, we

JOURNAL OF BIOLOGICAL CHEMISTRY 2113



ZFP57 Recruits DNA Methyltransferases via KAP1

A C Snrpn E . 2”;914 .
123 4 5 L - P +/+ - -I- Tg1 Tg2
++ - - Tg1Tg2 LA N I 1
u
- Clal
b Hhal
N — M[ M[ -
N o i — o /\Cli1 -
u
m ! ! HpyCH4IV -_— Rsal
M[” M[ ¥ "'i‘ -
B 1 2 ?sz 5 o 3
+/4+ -/~ -/- Tg1 Tg2 iC-DME H19
a Lo 0 2.0 1 2 3 4 5

++ /- -- Tg1Tg2

++ - - Tg1Tg2
HpyCH4IV — — =

U ; Clal
M ———

L=====
HoyCHAIV M[ Bstul

FIGURE 7. Reintroduction of the exogenous wild-type ZFP57 does not restore the DNA methylation imprint in ES cells. A mammalian expression
construct harboring the Zfp57 cDNA under the control of chicken B-actin and CMV hybrid promoter was inserted into the hprt locus Zfp57-null ES cells via
homologous recombination. Genomic DNA was isolated from the wild-type TC1 ES cells (+/+), two independent Zfp57-null ES clones (—/—) and two
independent ES clones (Tg1 and Tg2) that constitutively express exogenous ZFP57 in Zfp57-null ES cells lacking the endogenous ZFP57. A, Western blot
analysis of the ES clones with purified polyclonal antibodies against ZFP57 (top panel) or with an monoclonal antibody against B-actin (bottom panel). Arrow,
position of the endogenous ZFP57. Asterisk, exogenous ZFP57 with an Myc epitope tag and a six-histidine tag at the C terminus. COBRA analysis was performed
for the nonimprinted /AP repeat region with HpyCH4IV (B), the imprinted Snrpn DMR with Hhal and HpyCH4IV (C), the imprinted IG-DMR of the DIk1-Dio3
imprinted region with Taql and HpyCH4IV (D), the imprinted Peg1 DMR with Clal and Rsal (E), and the imprinted H79 DMR with Clal and BstUI (F). U, restriction

Taql

Taql

enzyme digestion fragment of unmethylated DNA. M, restriction enzyme digestion fragment of methylated DNA.

obtained the ES clone (F/F) containing two floxed alleles at the
Zfp57locus that retains DNA methylation imprint at the Surpn
DMR and IG-DMR imprinted regions (Figs. 84 and Fig. 9B,
lanes 1 and 2). Then a puromycin cassette that contains a
canonical LoxP site and a mutant LoxP site (LoxM) as well as a
puromycin-resistance gene lacking the initiation codon ATG
was inserted into the iprt locus of the ES clone (F/F) through
homologous recombination with a targeting vector containing
a fragment of the hprt gene (Fig. 84 and data not shown). Next,
the plasmid containing Zfp57 (p2lox-Zfp57 in Fig. 8A) or its
variants or GFP cDNA was electroporated, together with the
plasmid pCAGGS-Cre that can constitutively express Cre
recombinase, into the cells of the above ES clone (F/F) carrying
the puromycin cassette. Upon transient expression of Cre
recombinase from pCAGGS-Cre, both floxed alleles of Zfp57
were excised, and expression for the endogenous ZFP57 was
terminated (Figs. 8B and 9A, lanes 2-6). Simultaneously,
expression constructs carrying the cDNAs for the GFP
reporter, the wild-type ZFP57, or the mutant ZFP57 lacking the
KRAB box were integrated into the LoxP and LoxM sites at the
hprt locus upon Cre recombinase-mediated insertion of the
plasmid (p2lox-Zfp57) or its derivatives (Fig. 8, A and B). Mul-
tiple independent ES clones for each transfected construct were
picked individually. As expected, these ES clones express the
integrated transgenes (Fig. 94, lane 1, wild-type ZFP57 with a
tag; lanes 3 and 4, mutant ZFP57 with a tag and no KRAB box;
lanes 5 and 6, EGFP). Green fluorescence was observed for the
ES clones expressing EGFP under fluorescence microscope
(data not shown). Genomic DNA samples harvested from these
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ES clones were subjected to COBRA analysis. Indeed, the ES
clones expressing GFP had all lost DNA methylation imprint at
the Surpn DMR and IG-DMR in the absence of endogenous
ZFP57 upon Cre recombinase-mediated excision (Fig. 9, B and
C, lanes 3 and 4). Methylaton imprint was maintained at these
imprinted regions in the ES clones that express the wild-type
ZFP57 (Fig. 9, Band C, lanes 5-7). By contrast, the DNA meth-
ylation imprint was lost at the Snrpn DMR and IG-DMR in the
ES clones that constitutively express the mutant ZFP57 lacking
KRAB box (Fig. 9, B and C, lanes 8 —13). These results indicate
that exogenous wild-type ZFP57 but not the mutant ZFP57
lacking the KRAB box can substitute for the endogenous ZFP57
in maintaining DNA methylation imprint in ES cells.

DISCUSSION

It is interesting to find that KAP1 can bind multiple DNA
methyltransferases when co-expressed in COS cells. This inter-
action is mediated by the BCC domain of KAP1. We employed
two different strategies to rule out the possibility of nonspecific
interactions caused by the BCC domain. First, a negative con-
trol with a FLAG-tagged EGEP protein was used to test whether
the full-length KAP1 containing the BCC domain will bind an
unrelated protein such as EGFP. As expected, no interaction
was detected between KAP1 and FLAG:EGFP. Second, we
employed a known interaction protein HPla that binds to
another domain (HP1-binding motif) of KAP1 to rule out the
possibility that the presence of the BCC domain is sufficient to
cause nonspecific interactions with other proteins. As shown in
Fig. 3D, a KAP1 mutant lacking the HP1-binding motif but with
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FIGURE 8. A diagram is shown for the strategy for creating an ES cell system to test the maintenance function of exogenous ZFP57 and its variants.
Mouse Zfp57 gene has four exons (exons 1, 2, 3,and 4) and is located on mouse chromosome 17 (26). ES clones containing two floxed alleles of Zfp57 (F/F) were
generated by Flp recombinase-mediated excision of the Neo and Zeo cassette flanked by two FRT sites from the targeted allele in the ES clone containing one
targeted allele and one floxed allele of Zfp57 (F/T) (26). Homologous recombination was used to insert a puromycin cassette into the hprt locus containing a
canonical LoxP site and a mutant LoxM site, as well as a puromycin-resistant gene lacking the initiation codon ATG (APuro). Similar to the strategy described
in the previous study (47), Cre recombinase-mediated recombination was used to generate the ES cell clones for testing whether exogenous ZFP57 or its
variants could substitute for the endogenous ZFP57. Diagrams were shown for the ES clone transfected with the plasmid containing the exogenous Zfp57
cDNA before (A) and after (B) Cre recombinase-mediated recombination. A, the cDNA for the wild-type Zfp57 or the mutant Zfp57 under the control of chicken
B-actin and CMV promoter was cloned into the p2Lox vector. The resultant plasmid was co-transfected with a mammalian expression plasmid pCAGGS-Cre
that constitutively expresses Cre recombinase into ES cells containing two floxed alleles of Zfp57 and a puromycin cassette at the hprtlocus located on mouse X
chromosome. B, upon transient expression of Cre recombinase, both floxed alleles of Zfp57 were excised. Simultaneously, the constitutive PGK promoter with
the initiator codon ATG, together with the cDNA for Zfp57 or its mutants under the control of chicken B-actin and CMV promoter was integrated onto the LoxP
and LoxM sites of hprt locus. The subsequent recombination between two LoxP sites results in in-frame fusion of the constitutive PGK promoter containing the
initiator codon ATG and the puromycin-resistance gene lacking the initiator codon ATG, allowing expression of the full-length puromycin-resistant gene (47).
These puromycin-resistant ES clones will also express the exogenous ZFP57 or its variants under the control of the constitutive chicken B-actin and CMV

promoter (pCBA).

an intact BCC domain still did not bind to HP1a. This result
suggests that the BCC domain of KAP1 does not bind to other
proteins promiscuously, and its interactions with DNA meth-
yltransferases appear to be specific.

Based on previously published literature, KAP1 acts as a scaf-
fold protein with multiple functional domains. Thus, we tested
the possibility that it can mediate the interaction between
ZFP57 and DNA methyltransferases. Indeed, we found that
ZFP57 and DNA methyltransferases bound to KAP1 simulta-
neously when co-expressed in COS cells, suggesting that they
can form a complex. This raises an interesting possibility that
ZFP57 can recruit DNA methyltransferases to its target regions
via KAP1 (Fig. 10). Consistent with this hypothesis, it was
shown that an artificial KRAB box-containing protein can ini-
tiate de novo DNA methylation in early mouse embryos (51). If
that is the case, ZFP57 will be the first known transcription
factor that can potentially provide sequence-specific targeting
activity for DNA methyltransferases to initiate and/or maintain
DNA methylation. Intriguingly, KAP1 can bind to both the
maintenance DNA methyltransferase and de novo DNA meth-
yltransferases. This indicates that KAP1, like ZFP57, may be
also involved in establishment as well as maintenance of DNA
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methylation imprint (26). More study is needed to dissect the
roles of ZFP57 and KAP1 in these processes.

To test whether these interactions originally found in COS
cells are physiologically relevant, we employed ES cells as a
model system in which ZFP57, KAP1, and DNA methyltrans-
ferases are all expressed (30, 52—55). KAP1 has been shown to
be important for the maintenance and differentiation of embry-
onic stem cells (53, 56, 57). In addition, DNA methylation
genomic imprint is maintained in ES cells, and de novo methy-
lation is established during ES cell differentiation (58). In our
previous study, we found endogenous ZFP57 interacts with
endogenous KAP1 (26). However, we do not have good anti-
bodies against DNA methyltransferases. Therefore, we estab-
lished doxycycline-inducible ES clones in which FLAG epitope-
tagged DNMT3a or DNMT1 can be expressed in response to
doxycycline induction. Indeed, they can also bind to the endog-
enous KAP1 present in ES cells. These results indirectly suggest
that endogenous KAP1 interacts with DNA methyltransferases
in ES cells, and they may form a ternary complex with ZFP57
(Fig. 10).

To further test whether these interactions among ZFP57,
KAP1, and DNA methyltransferases are functionally relevant,
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FIGURE 9. Exogenous wild-type ZFP57 can substitute for the endogenous
ZFP57 in maintaining genomic imprinting. ES clones expressing the exog-
enous wild-type ZFP57 or the mutant ZFP57 or EGFP from the hprt locus in
place of the endogenous ZFP57 were generated as depicted in Fig. 8. Total
cell lysate was harvested from these clones for Western blot analysis with
affinity-purified polyclonal antibodies against ZFP57 (A, top panel). Western
blot with an monoclonal antibody against B-actin was also performed for
these total cell lysate samples (A, bottom panel). ES clones in lanes 2-6 lack
endogenous ZFP57 after Cre recombinase-mediated excision. Lane 1, wild-
type TC1 ES cells; lane 2, an ES clone expressing the wild-type ZFP57 with an
Myc epitope tag and a six-histidine tag; lanes 3 and 4, two independent
Zfp57(—/—) ES clones expressing the mutant ZFP57 with an Myc epitope tag
and a six-histidine tag but without the KRAB box; lanes 5 and 6, two independ-
ent Zfp57(—/—) ES clones expressing EGFP; lane 7, COS cells expressing the
wild-type ZFP57 with an Myc epitope tag and a six-histidine tag. Genomic
DNA was isolated from these clones as well as from two ES clones containing
two floxed alleles of Zfp57. COBRA analysis was performed at the Snrpn DMR
with Hhal (B) and at the IG-DMR of the DIk1-Dio3 imprinted region with Taql
(O). U, restriction enzyme digestion fragment of unmethylated DNA. M,
restriction enzyme digestion fragment of methylated DNA. F1 and F2, two
independent ES clones containing two floxed alleles of Zfp57.G1 and G2, two
independent Zfp57(—/—) ES clones expressing EGFP. W1-W3, three inde-
pendent Zfp57(—/—) ES clones expressing the wild-type ZFP57 with an Myc
epitope tag and a six-histidine tag. M1-Mé, six independent Zfp57(—/—) ES
clones expressing the mutant ZFP57 with an Myc epitope tag and a six-histi-
dine tag but without the KRAB box.
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FIGURE 10. A hypothetical model for recruitment of DNA methyltrans-
ferases by ZFP57 via KAP1. As shown in the diagram, the zinc finger domain
of ZFP57 presumably binds to its target regions such as a differentially meth-
ylated region (DMR) in an imprinted domain. The KRAB box of ZFP57 can bind
to KAP1, which in turn recruits DNA methyltransferases (DNMT). DNA meth-
yltransferases then can either initiate or maintain DNA methylation at the
DMR.

we have examined the roles of ZFP57 and its KRAB box in DNA
methylation genomic imprint in ES cells. Similar to what had
been observed in mouse embryos, ZFP57 is also required for the
maintenance of genomic DNA methylation imprint at multiple
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imprinted regions in ES cells (Fig. 6). In addition, we found that
exogenous wild-type ZFP57 but not the mutant ZFP57 lacking
the KRAB box could substitute for the endogenous ZFP57 in
maintaining genomic imprinting in ES cells (Fig. 9). Because
KAP1 is the obligate co-factor for KRAB zinc finger proteins
including ZFP57 and the KRAB box of ZFP57 is the interaction
domain for KAP1, these results imply that the interaction
between ZFP57 and KAP1 is essential for maintaining DNA
methylation imprint. This also supports our hypothesis that
KAP1 facilitates the interaction between ZFP57 and DNA
methyltransferases.

The loss of ZFP57 causes loss of DNA methylation imprint at
multiple imprinted regions in ES cells (Fig. 6). However, rein-
troduction of the exogenous wild-type ZFP57 into Zfp57-null
ES cells did not lead to reacquisition of DNA methylation
imprint at these imprinted regions (Fig. 7). This suggests that
the imprinting memory may have been lost because of the lack
of continued presence of ZFP57 in cultured Zfp57-null ES cells
that were generated from the ES clones containing one floxed
allele and one targeted allele of Zfp57 after Cre recombinase-
mediated excision (26). By contrast, DNA methylation imprint
was maintained when the exogenous wild-type ZFP57 was
expressed presumably before the endogenous ZFP57 disap-
peared after introduction of Cre recombinase into the ES cells
harboring two floxed alleles of Zfp57 (Figs. 8 and 9). These
results suggest that ZFP57 is continuously required for main-
taining DNA methylation imprint in ES cells, and maintenance
of genomic imprinting may be an active process. Similar find-
ings have been discovered previously for the mechanisms of the
maintenance DNA methyltransferase DNMT1 in DNA meth-
ylation imprint (45, 59, 60).

Although loss of ZFP57 had no effect on the H19 DMR in
mouse embryos (26), DNA methylation imprint at the HI19
DMR region was partially lost in Zfp57-null ES cells, as well as
in the Zfp57-null ES cells transfected with the wild-type ZFP57
(Figs. 6 and 7F). This is consistent with the published literature
that DNA methylation imprint at the H19 DMR region is rela-
tively unstable in ES cells (49, 50).
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