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Zfp57 is a maternal–zygotic effect gene that maintains genomic
imprinting. Here we report that Zfp57 mutants exhibited a variety
of cardiac defects including atrial septal defect (ASD), ventricular
septal defect (VSD), thin myocardium, and reduced trabeculation.
Zfp57 maternal-zygotic mutant embryos displayed more severe
phenotypes with higher penetrance than the zygotic ones. Cardiac
progenitor cells exhibited proliferation and differentiation defects
in Zfp57 mutants. ZFP57 is a master regulator of genomic imprint-
ing, so the DNA methylation imprint was lost in embryonic heart
without ZFP57. Interestingly, the presence of imprinted DLK1, a tar-
get of ZFP57, correlated with NOTCH1 activation in cardiac cells.
These results suggest that ZFP57 may modulate NOTCH signaling
during cardiac development. Indeed, loss of ZFP57 caused loss of
NOTCH1 activation in embryonic heart with more severe loss ob-
served in the maternal-zygotic mutant. Maternal and zygotic func-
tions of Zfp57 appear to play redundant roles in NOTCH1 activation
and cardiomyocyte differentiation. This serves as an example of a
maternal effect that can influence mammalian organ development.
It also links genomic imprinting to NOTCH signaling and particular
developmental functions.
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Approximately 0.8% of live births carry congenital heart de-
fects (CHDs) (1). Nearly 30% of lost pregnancies may have

cardiac malformations (2–4). Cardiac septation defects are among
the most common CHDs (2). Certain transcription factors in-
cluding NKX2.5, GATA4, and TBX5 are required for cardiac
septation (2).
LIN-12/NOTCH signaling is an important pathway in cell-fate

specification (5–7). It is conserved in metazoa from Caenorhabditis
elegans to humans (8). During cardiac development, it is essential
for cardiomyocyte differentiation, valve development, ventricular
trabeculation, and outflow tract development (9–11). It is reported
that Nkx2.5 is a direct downstream target gene of NOTCH sig-
naling in cardiac development (12).
Zfp57 is the first identified mammalian maternal-zygotic effect

gene (13). Loss of zygotic Zfp57 causes partial neonatal lethality,
whereas eliminating both maternal and zygotic Zfp57 results in
highly penetrant embryonic lethality around midgestation (13).
ZFP57 is a master regulator of many imprinted genes character-
ized by parental origin-dependent expression (14–16). Many im-
printed genes are clustered and coregulated by a cis-acting im-
printing control region (ICR) (14). ZFP57 maintains the DNA
methylation imprint at ICRs (13, 17). The imprint is partially
lost in the Zfp57 zygotic mutant but absent in the maternal-
zygotic mutant (13). Expression of the imprinted genes is de-
regulated without ZFP57 (13).
Based on the literature, we hypothesized that the midgesta-

tional embryonic lethality present in the Zfp57 maternal-zygotic
mutant may result from abnormalities in cardiac development
(18). Indeed, Zfp57 mutants exhibited atrial septal defects
(ASDs), ventricular septal defects (VSDs), thin myocardium,
and reduced trabeculation, with more penetrant and worse
phenotypes present in the maternal-zygotic mutant. We found

NOTCH signaling was attenuated in the heart of Zfp57 mutant
embryos, which may underlie these cardiac defects.

Results
Multiple Cardiac Defects Were Observed in the Zfp57 Mutant. Zfp57
has both maternal (M) and zygotic (Z) functions (13) (SI Ap-
pendix, Fig. S1). Loss of just zygotic function of Zfp57 (M+Z−)
causes partial neonatal lethality, whereas elimination of both
maternal and zygotic functions of Zfp57 (M−Z−) results in highly
penetrant maternal-zygotic embryonic lethality around midg-
estation (13) (SI Appendix, Fig. S1). Zfp57 maternal-zygotic
mutant, −/−mz (M−Z−), embryos begin dying at embryonic day
11.5 (E11.5) (13). Because lethality around midgestation can be
associated with cardiac defects, we examined the hearts of −/−mz
(M−Z−) embryos derived from the timed matings between Zfp57
homozygous (−/−) female mice and Zfp57 heterozygous (+/−) male
mice or the hearts of Zfp57 zygotic mutant, −/−z (M+Z−), em-
bryos obtained from the matings between Zfp57 heterozygous
(+/−) female mice and Zfp57 homozygous (−/−) male mice (SI
Appendix, Fig. S1). As illustrated below, we found that Zfp57
mutants, −/−mz (M−Z−) and −/−z (M+Z−), exhibited ASDs,
VSDs, thin myocardium, and trabeculation defects, with higher
penetrance and worse defects present in the −/−mz (M−Z−) than in
the −/−z (M+Z−) hearts (Fig. 1).
ASD. Mouse cardiac septation occurs between E11.5 and E14.5
(2). The hearts of live E14.5 embryos were subjected to serial
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sectioning followed by hematoxalin and eosin (H&E) staining,
with the whole-heart and section heart images of −/+ (M−Z+) and
−/−mz (M−Z−) embryos shown here (Fig. 1A and SI Appendix,
Fig. S2 A and B). All (n = 14) live −/−mz (M−Z−) E14.5 embryos
displayed secundum ASD, whereas none of the live +/− (M+Z+)

(n = 7) or −/+ (M−Z+) (n = 13) E14.5 embryos had ASD (Fig. 1 A
and B). About 44% (n = 9) of the live −/−z (M+Z−) E14.5 embryos
also exhibited ASD (Fig. 1B).
Zfp57 zygotic mutants, −/−z (M+Z−), displayed partial neonatal

lethality with 40% death by postnatal day 1 (P1) (13). Indeed,
most (>80%, n = 14) dead −/−z (M+Z−) neonatal (P0–P2) pups
had ASD, whereas no ASD was observed in the hearts of live −/−z
(M+Z−) (n = 5) or live +/− (M+Z+) (n = 5) neonatal pups (Fig. 1
F and G and SI Appendix, Fig. S2 C–E). We also examined the
hearts of E18.5 embryos. About 40% (n = 19) of live −/−z (M+Z−)
E18.5 embryos displayed secundum ASDs, whereas none (n =
12) of the +/− (M+Z+) E18.5 embryos exhibited ASD (SI Appendix,
Fig. S2 F–H).
VSD. In addition to ASDs, we observed VSDs in 80% (n = 13) of
live −/−mz (M−Z−) E14.5 embryos. Although none of the live −/+

(M−Z+) E14.5 embryos had ASD (Fig. 1B), 20% (n = 15) of −/+

(M−Z+) E14.5 embryos lacking maternal Zfp57 exhibited VSDs
(Fig. 1C). VSDs were also observed in 20% (n = 10) of live −/−z
(M+Z−) E14.5 embryos, but not in live +/− (M+Z+) E14.5 embryos
(0%, n = 10) derived from heterozygous female mice (Fig. 1C).
VSD was not observed in live +/− (M+Z+) (n = 5) or live −/−z
(M+Z−) (n = 5) neonatal P2 pups (Fig. 1H). About 20% (n = 14) of
dead −/−z (M+Z−) P2 pups had VSDs (Fig. 1H).
Thin myocardium. The ventricular myocardium (vm) of −/−z (M+Z−)
E14.5 embryos was significantly thinner than that of +/− (M+Z+)
E14.5 embryos (Fig. 1D). −/−mz (M−Z−) E14.5 embryos also had a
thinner vm than −/+ (M−Z+) or +/− (M+Z+) E14.5 embryos (Fig. 1
A andD). The vm of −/−mz (M−Z−) E14.5 embryos appeared to be
thinner than that of −/−z (M+Z−) E14.5 embryos although the dif-
ference was not statistically significant (Fig. 1D). Interestingly, −/−z
(M+Z−) and −/+ (M−Z+) E14.5 embryos had similar vm, and they
both had a thinner vm than +/− (M+Z+) E14.5 embryos (Fig. 1D).
Thus, loss of either maternal or zygotic Zfp57 (M− or Z−) causes
reduced vm. This implies that both maternal and zygotic Zfp57
contribute to the normal development of ventricular myocardium
and they have partially redundant roles.
Trabeculation defect. Mouse cardiac trabeculation begins at E9.5
shortly after cardiac looping occurs (19). We examined and
measured the trabeculae (trab) of E14.5 embryos (Fig. 1 A and
E). −/−z (M+Z−) and −/−mz (M−Z−) E14.5 embryos had similar
trab that was diminished compared with +/− (M+Z+) E14.5
embryos (Fig. 1E). −/+ (M−Z+) E14.5 embryos also appeared to
have reduced trab compared with +/− (M+Z+) E14.5 embryos
although the difference was not statistically significant (Fig.
1E). There was no significant difference in trab between −/+ (M−Z+)
embryos lacking maternal Zfp57, −/−z (M+Z−) embryos lacking
zygotic Zfp57, and −/−mz (M−Z−) embryos lacking both ma-
ternal and zygotic Zfp57. This finding indicates that zygotic
Zfp57 is required for ventricular trabeculation and maternal
Zfp57 does not appear to be redundant with zygotic Zfp57 in
this process (Fig. 1E).

Expression of Zfp57 in the Heart. We used alkaline phosphatase-
conjugated digoxigenin (DIG)-labeled RNA probes to detect
expression of Zfp57 in wild-type E10.5 and E13.5 embryos by
RNA in situ hybridization (Fig. 2A and SI Appendix, Fig. S3).
Zfp57 was highly expressed in the spine (neural tube in SI Ap-
pendix, Fig. S3A and central canal in SI Appendix, Fig. S3B) and
lung (lu in SI Appendix, Fig. S3B). Zfp57 was also clearly
expressed in the heart, although not as highly as in the spine or
lung (Fig. 2 A and H and SI Appendix, Fig. S3). Zfp57-expressing
cells were broadly but not uniformly distributed in the four heart
chambers of wild-type, +/+ (M+Z+), E10.5 embryos (SI Appendix,
Fig. S3C). Notable expression of Zfp57 was observed in the atrial
septum (as), cushion tissue (ct), vm, and epicardium of wild-type,
+/+ (M+Z+), E13.5 embryos (Fig. 2A). Some spotty expression
was also detected in the ventricular septum (vs) and endocar-
dium (SI Appendix, Fig. S3 C and D). Consistent with the pres-
ence of a weak aberrant transcript in Zfp57 mutant embryos
carrying two deleted alleles of Zfp57 based on Northern blot
(13), a much reduced signal was detected in −/−mz (M−Z−) E13.5

Fig. 1. Loss of ZFP57 causes multiple cardiac defects in mouse embryos and
neonatal pups. The Zfp57−/+ (M−Z+) and −/−mz (M−Z−) samples were gener-
ated from the crosses between homozygous (−/−) female mice and heterozy-
gous (+/−) male mice. The +/− (M+Z+) and −/−z (M+Z−) samples were generated
from the heterozygous intercrosses. ra, right atrium; rv, right ventricle; la, left
atrium; lv, left ventricle; as, atrial septum (arrow); ASD, atrial septal defect (*);
vs, ventricular septum; VSD, ventricular septal defect (**); vm, ventricular
myocardial wall (bracket); trab, trabeculae. (A) H&E-stained transverse sec-
tions through the heart of Zfp57 −/+ and −/−mz E14.5 embryos with an image
of 5× object lens (Left) and the images of 20× object lens for the enlarged
area of as or ASD, vs or VSD, vm and trab, respectively. (B and C) Percentage
(%) of the embryos with ASD (B) or VSD (C). The number above each bar
indicates the number of embryos analyzed for each genotype. (D and E)
Average ventricular wall (vm) thickness (D) or trabecular area (E). ImageJ
software was used to measure multiple areas of the heart sections for each
sample. Values are mean ± SEM. ANOVA was performed for statistical com-
parisons, followed by the post hoc independent sample t test with Bonferroni
correction. *P < 0.05. n.s., statistically not significant. (F) Images (5× object
lens) of live (Top) or dead (Bottom) neonatal (P0–P2) zygotic mutant, −/−z
(M+Z−), pups. (G and H) Percentage of neonatal live or dead pups with ASD
(G) or VSD (H). The number above each bar indicates the number of pups
analyzed for each group.
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embryos including the spine, lung, and heart regions (SI Ap-
pendix, Fig. S3E). These results suggest that Zfp57 is expressed in
the embryonic heart including the corresponding regions where the
aforementioned cardiac defects were observed in Zfp57 mutants.

Genomic Imprinting Was Lost in the Heart of Zfp57 Mutants. Pre-
viously, we found that ZFP57 maintains the DNA methylation
imprint in mouse embryos (13). To examine if genomic im-
printing was lost in the heart without ZFP57, we performed
combined bisulphite restriction analysis (COBRA) of genomic
DNA samples from the hearts of Zfp57 −/−mz (M−Z−) E13.5
embryos and littermate −/+ (M−Z+) embryos. Indeed, the DNA
methylation imprint was lost in the embryonic heart at the inter-
genic germline-derived differentially methylated region (IG-DMR)
of the Dlk1-Dio3 imprinted region as well as at the Peg1, Peg3,
and Peg5 but not H19 imprinted regions (SI Appendix, Fig. S4A).

NOTCH Signaling Pathway Was Perturbed in the Heart of Zfp57
Mutants. The imprinted Dlk1 gene at the Dlk1-Dio3 imprinted
domain encodes a protein that shares homology with classical
ligands for NOTCH receptors (20–23). However, DLK1 lacks
the Delta/Serrate/LAG-2 (DSL) domain present in all canoni-
cal DSL family of ligands for NOTCH receptors (8, 24). It was
reported that OSM-11, a C. elegans homolog of DLK1, facilitates
LIN-12/NOTCH signaling (24, 25). However, it is controversial
whether it is a positive or negative regulator of NOTCH sig-
naling in mammals (25–27).
It was previously reported that the DNA methylation imprint

at the IG-DMR of the Dlk1-Dio3 imprinted region was required
for proper expression of the imprinted Dlk1 gene (22). Similarly,
we found that DNA methylation imprint at the IG-DMR of the
Dlk1-Dio3 imprinted region was lost and expression of the
imprinted Dlk1 gene was decreased in Zfp57 mutant embryos
(13). Those studies prompted us to investigate whether NOTCH
signaling may be perturbed in the heart without ZFP57.
Dlk1 expression in the heart. Based on RNA in situ hybridization,
Dlk1 was highly expressed in the epicardium of −/+ (M−Z+)
E13.5 embryos, with some spotty Dlk1+ cells in the myocardium
(Fig. 2B). By contrast, its expression was dramatically reduced at
the epicardium and myocardium of −/−mz (M−Z−) E13.5 em-
bryos (Fig. 2B). Dlk1 was expressed in the as and vm of Zfp57
−/+ (M−Z+) embryos but not in the as and vm of −/−mz (M−Z−)
embryos (Fig. 2B). The expression pattern of Dlk1 resembles
that of Zfp57 in the embryonic heart (Fig. 2 A and B). We
obtained similar results with DLK1 immunostaining (Fig. 2C
and SI Appendix, Fig. S4B). Indeed, DLK1 was similarly expressed
at the epicardium of Zfp57 +/− (M+Z+) and −/+ (M−Z+) E13.5
embryos (Fig. 2C). It was partially reduced at the epicardium
in −/−z (M+Z−) but almost completely missing in −/−mz (M−Z−)
E13.5 embryos (Fig. 2C). DLK1 was also reduced in the myocar-
dium of −/−mz (M−Z−) E13.5 embryos in comparison with −/+

(M−Z+) E13.5 embryos in the repeat experiments (see the enlarged
Inset images of SI Appendix, Fig. S4B). Loss of just zygotic Zfp57
led to partial loss of Dlk1 expression in the heart of −/−z (M+Z−)
embryos, whereas Dlk1 expression was not impaired in the −/+

(M−Z+) embryos. By contrast, elimination of both maternal and
zygotic Zfp57 resulted in almost complete loss of Dlk1 expression
in the heart of −/−mz (M−Z−) embryos. These results suggest
that maternal Zfp57 and zygotic Zfp57 are partially redundant
in the expression of Dlk1 in the embryonic heart.
Activation of NOTCH1 was inhibited. NOTCH1 is the predominant
member of NOTCH receptors expressed in the embryonic heart
(12). We used a monoclonal antibody against full-length NOTCH1
to examine its expression. We found NOTCH1 was similarly

Fig. 2. Dlk1 expression and NOTCH1 activation were both inhibited in the
heart without ZFP57. The embryonic heart sections were subjected to RNA in
situ hybridization (A and B) or immunostaining (C–G). Wild-type, +/+ (M+Z+),
E13.5 embryos in A were derived from the cross between wild-type female
mice and wild-type male mice. −/−mz (M−Z−) and −/+ (M−Z+) E13.5 embryos in
B–G were derived from the cross between Zfp57 homozygous (−/−) female
mice and heterozygous (+/−) male mice, whereas +/− (M+Z+) and −/−z (M+Z−)
E13.5 embryos in C were generated from the timed mating between Zfp57+/−

female mice and Zfp57 −/− or +/− male mice. ra, right atrium; rv, right ventricle;
la, left atrium; lv, left ventricle; as, atrial septum; ct, cushion tissue; ASD, atrial
septal defect (*); vs, ventricular septum; vm, ventricular myocardium. Blue
signal in C, D, and F, DAPI staining. ImageJ software was used to count N1ICD-
positive (N1ICD+) or DLK1-positive (DLK1+) cells. Standard Student’s t test was
used to analyze datasets for −/−mz (M−Z−) (gray bar) and −/+ (M−Z+) (black bar)
E13.5 embryos. Values are mean ± SEM, Student’s t test: **P < 0.01. n.s., sta-
tistically not significant. (A) Section RNA in situ hybridization (purple blue) with
the antisense probe (Left) or sense probe (Right) of Zfp57 transcribed from a
plasmid containing the full-length Zfp57 cDNA of 1.35 kb (13). Red arrow,
atrial septum (as). Arrow, purple blue dots indicating Zfp57-positive cells. Ar-
rowhead, epicardium. (B) Section RNA in situ hybridization (purple blue) with
antisense probe of Dlk1. Red arrow, atrial septum (as). Asterisk (*), atrial septal
defect (ASD). Arrow, purple blue dots indicating Dlk1-positive cells. Arrow-
head, epicardium. (C) Immunostaining of DLK1 (green) on cryosections. Blue
signal, DAPI staining. White arrow, cell surface staining of DLK1 surrounding
blue nuclei. Yellow arrowhead, epicardium of the right ventricle (rv).
(D) Immunostaining (red) of full-length NOTCH1 (Top) and cleaved NOTCH1
(N1ICD, Bottom) on paraffin-embedded sections. The Inset images represent
the boxed areas in white dotted lines in each panel with a higher magnifi-
cation (40×). (E) Percentage (%) of N1ICD-positive (N1ICD+) or DLK1-positive
(DLK1+) cells in the heart relative to the total number of DAPI-positive cells
in −/−mz (M−Z−) or −/+ (M−Z+) E13.5 embryos. (F) Coimmunostaining of DLK1
(green) and N1ICD (red) on cryosections. The boxed area of rv in white
dotted lines is shown on the Right as an enlarged image for the coimmu-
nostained heart section. White arrows, red-stained nuclei inside green-
colored cell surface, i.e., N1ICD+DLK1+ cells. White arrowheads, red-stained

nuclei without green-colored cell surface, i.e., N1ICD+DLK1− cells. (G) Per-
centage (%) of N1ICD+DLK1+ (double positive for N1ICD and DLK1) or
N1ICD+DLK1− (N1ICD-positive but DLK1-negative) cells in the heart relative
to the total number of DAPI-positive cells in either −/−mz (M−Z−) or −/+ (M−Z+)
E13.5 embryos.
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expressed in the endocardium and myocardium of Zfp57+/−

(M+Z+), −/+ (M−Z+), and −/−mz (M−Z−) E13.5 embryos (Fig.
2D and SI Appendix, Fig. S4C).
A key activation event in NOTCH signaling is ligand-depen-

dent γ-secretase–mediated cleavage of NOTCH receptors (5, 6,
11, 28–30). We performed immunostaining with a monoclonal
antibody that can only detect the cleaved activated form of
NOTCH1 receptor (N1ICD). Interestingly, we saw a marked
decrease of N1ICD in the heart of −/−mz (M−Z−) E13.5 embryos
compared with Zfp57+/− (M+Z+), −/+ (M−Z+), or −/−z (M+Z−)
E13.5 embryos (SI Appendix, Fig. S4D). N1ICD was not much
reduced in the heart of −/−z (M+Z−) E13.5 embryos in compar-
ison with +/− (M+Z+) or −/+ (M−Z+) embryos (SI Appendix, Fig.
S4D). N1ICD reduction in the embryonic heart without ZFP57
was confirmed in the repeat experiments comparing −/−mz (M−

Z−) E13.5 embryos with −/+ (M−Z+) E13.5 embryos (Fig. 2D).
Upon quantification, we found both DLK1-positive (DLK1+)
cells and N1ICD-positive (N1ICD+) cells decreased dramatically
in the heart of −/−mz (M−Z−) embryos compared with −/+ (M−Z+)
embryos (Fig. 2E).
As expected, NOTCH1 was primarily localized on the cell

surface in the heart of +/− (M+Z+), −/+ (M−Z+), or −/−mz (M−Z−)
E13.5 embryos (Fig. 2D and SI Appendix, Fig. S4C). DLK1 was also
present at the cell surface in the heart of +/− (M+Z+), −/+ (M−Z+),
or −/−z (M+Z−) E13.5 embryos (Fig. 2C). To test how DLK1 may
be involved in NOTCH1 activation, we performed coimmuno-
staining with monoclonal antibodies against DLK1 and full-length
NOTCH1 in the heart. Interestingly, DLK1 was present at the cell
surface of a subset of NOTCH1-positive cells in the heart of −/+

(M−Z+) E13.5 embryos, but not in −/−mz (M−Z−) E13.5 embryos
(SI Appendix, Fig. S4E).
We also performed coimmunostaining of DLK1 and N1ICD

(Fig. 2F). N1ICD was predominantly localized to the nucleus in
the heart of Zfp57−/+ E13.5 embryos, whereas DLK1 was con-
centrated on the cell surface (Fig. 2F). Interestingly, most N1ICD+

cells also expressed DLK1, i.e., N1ICD+DLK1+ cells (Fig. 2F).
Although little DLK1 was expressed, nuclear N1ICD was present
in a few sparsely populated cells in the heart of −/−mz (M−Z−)
E13.5 embryos (Fig. 2F). These are N1ICD+DLK1− cells that
possibly resulted from NOTCH1 activation via DLK1-independent
pathways. We quantified N1ICD+DLK1+ and N1ICD+DLK1−
cells in the heart of −/−mz (M−Z−) and Zfp57 −/+ (M−Z+) em-
bryos (Fig. 2G). N1ICD+DLK1+ cells accounted for about 1.5%
of cells in the heart of Zfp57 −/+ (M−Z+) embryos but were ab-
sent in the heart of −/−mz (M−Z−) embryos (Fig. 2G). By con-
trast, the number of N1ICD+DLK1− cells remained constant,
accounting for about 0.5% of cells in the heart of either −/−mz
(M−Z−) or −/+ (M−Z+) embryos (Fig. 2G). These results suggest
that most N1ICD generation in the heart may be dependent
on DLK1.

NOTCH1 Target Genes Were Inhibited in the Heart of Zfp57 Mutants.
Hey1 and Hey2 are two direct target genes of NOTCH signaling
in the cardiovascular system (31). Hey1 knockout mice do not
show any obvious phenotype (31). By contrast, the Hey2 knock-
out mouse exhibits ASD, VSD, and thin myocardium, similar to
the Zfp57 knockout mouse (31–34). We performed RNA in situ
hybridization to examine the expression of Hey1 and Hey2 in
the heart of E10.5 (SI Appendix, Fig. S5 A and B) and E13.5
(Fig. 3A and SI Appendix, Fig. S6 A and B) embryos. Hey1
was similarly expressed in the heart of −/−mz (M−Z−) and −/+

(M−Z+) E10.5 embryos (SI Appendix, Fig. S5A). Expression of
Hey1 was also similar in the heart of Zfp57+/− (M+Z+), −/−z
(M+Z−), −/+ (M−Z+), and −/−mz (M−Z−) embryos at E13.5, as is
more clearly seen with the magnified right ventricle (rv) of these
E13.5 embryos (Fig. 3A). This was the same in the repeat RNA
in situ experiments comparing −/+ (M−Z+) with −/−mz (M−Z−)
E13.5 embryos, as is exemplified by the magnified rv (SI Ap-
pendix, Fig. S6 A and B). By contrast, Hey2 expression was
slightly reduced in the heart of −/−mz (M−Z−) E10.5 embryos
compared with +/− (M+Z+) or −/+ (M−Z+) E10.5 embryos, whereas

it was not diminished in the heart of −/−z (M+Z−) E10.5 embryos
compared with +/− (M+Z+) E10.5 embryos (SI Appendix, Fig. S5
A and B). Hey2 was more profoundly down-regulated in the heart
of −/−mz (M−Z−) E13.5 embryos, with the magnified image of rv
as an example, although it was still similarly expressed in the
heart of −/+ (M−Z+), +/− (M+Z+), and −/−z (M+Z−) E13.5 embryos
(Fig. 3A). Down-regulation of Hey2 in −/−mz (M−Z−) E13.5 em-
bryos versus −/+ (M−Z+) E13.5 embryos was verified in the re-
peat RNA in situ experiments, which is more obvious with the
magnified image of left ventricle (lv) (SI Appendix, Fig. S6 A
and B). Thus, loss of just maternal or just zygotic Zfp57 did
not cause significant reduction of Hey2, whereas elimination
of both maternal and zygotic Zfp57 resulted in reduced ex-
pression of Hey2 in the heart of E10.5 and E13.5 embryos.
These results suggest that maternal and zygotic Zfp57 func-
tions play a redundant role in Hey2 expression in the embry-
onic heart.
Nkx2.5 encodes a homeodomain transcription factor essen-

tial for cardiac development (35). It is a direct target gene of
NOTCH1 (12). Nuclear N1ICD can activate Nkx2.5 expression
in cardiac progenitor cells (CPCs), driving CPCs to become car-
diomyocytes (12). Mutations in human NKX2.5 cause ASD and
VSD (35). We examined its expression in the heart by RNA in situ
hybridization. Nkx2.5 was highly expressed throughout the myo-
cardium of E10.5 and E13.5 embryos (Fig. 3A and SI Appendix,
Figs. S5 and S6). Nkx2.5 was similarly expressed in the heart of +/−

(M+Z+) and −/−z (M+Z−) E10.5 embryos (SI Appendix, Fig. S5B),
but it was slightly down-regulated in the heart of −/−mz (M−Z−)
E10.5 embryos, compared with −/+ (M−Z+), +/− (M+Z+), or −/−z
(M+Z−) E10.5 embryos (SI Appendix, Fig. S5 A and B). Whereas
Nkx2.5 was similarly expressed in the heart of −/+ (M−Z+), +/−
(M+Z+), and −/−z (M+Z−) E13.5 embryos, its expression was sig-
nificantly reduced in the heart of −/−mz (M−Z−) E13.5 embryos, as
is easily seen with the magnified rv (Fig. 3A). Reduced Nkx2.5 ex-
pression in −/−mz (M−Z−) E13.5 embryos compared with −/+ (M−Z+)
E13.5 embryos was verified in the repeat RNA in situ experiments,
with the magnified lv as an example (SI Appendix, Fig. S6 A and B).
Thus, maternal and zygotic Zfp57 are also redundant in Nkx2.5
expression in the embryonic heart.
Bmp10 is highly expressed in developing cardiac trabeculae (19).

Loss of Bmp10 results in ventricular trabeculation defect due
to decreased cardiomyocyte proliferation. Ablation of NOTCH
signaling causes reduced Bmp10 expression and cardiomyocyte
proliferation in the heart (36). Based on RNA in situ hybrid-
ization, there was no difference in Bmp10 expression in the
trabeculae of the Zfp57−/+ (M−Z+) and −/−mz (M−Z−) E10.5
embryos (SI Appendix, Fig. S5A). Interestingly, Bmp10 was simi-
larly down-regulated in the trabeculae of both −/−mz (M−Z−) and
−/−z (M+Z−) E13.5 embryos, in comparison with −/+ (M−Z+)
and +/− (M+Z+) E13.5 embryos, whereas its expression seemed
to be similar in the trabeculae of the −/+ (M−Z+) and +/− (M+Z+)
E13.5 embryos (Fig. 3A). This down-regulation is more clearly
visualized by the magnified rv (Fig. 3A). Down-regulation of
Bmp10 in the trabeculae of −/−mz (M−Z−) versus −/+ (M−Z+)
E13.5 embryos was verified in the repeat RNA in situ exper-
iments, with the magnified lv as an example (SI Appendix, Fig.
S6 A and B). These results suggest that only zygotic Zfp57 is
necessary and sufficient for proper expression of Bmp10 in the
trabeculae of the embryonic heart.
We also performed quantitative RT-PCR (qRT-PCR) analysis

of the total RNA samples isolated from the hearts of E10.5 and
E13.5 embryos. Indeed, Nkx2.5, but not Hey1 or Bmp10, was
significantly reduced in the heart of −/−mz (M−Z−) E10.5 em-
bryos in comparison with −/+ (M−Z+) E10.5 embryos (SI Ap-
pendix, Fig. S5C). Compared with −/+ (M−Z+) E10.5 embryos,
Hey2 seemed to be also inhibited in the heart of −/−mz (M−Z−)
E10.5 embryos (SI Appendix, Fig. S5C). Similarly, Nkx2.5 and
Hey2 but not Hey1 were down-regulated in the heart of −/−mz
(M−Z−) E13.5 embryos compared with −/+ (M−Z+) or +/− (M+Z+)
or −/−z (M+Z−) E13.5 embryos (Fig. 3B and SI Appendix, Fig.
S6C). By contrast, no down-regulation of Nkx2.5 or Hey2 or Hey1
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was observed in the heart of −/−z (M+Z−) E13.5 embryos in
comparison with +/− (M+Z+) E13.5 embryos (Fig. 3B). These
qRT-PCR results are entirely consistent with the results obtained
with RNA in situ hybridization for Hey1, Hey2, and Nkx2.5.
Therefore, we conclude that maternal and zygotic Zfp57 are re-
dundant for expression of Hey2 and Nkx2.5 in the embryonic heart.
Based on qRT-PCR, Bmp10 appeared to be down-regulated in

the heart of −/−mz (M−Z−) E13.5 embryos in comparison with
−/+ (M−Z+) or +/− (M+Z+) E13.5 embryos (Fig. 3B and SI
Appendix, Fig. S6C). Interestingly, Bmp10 was similarly down-
regulated in the heart of −/−z (M+Z−) E13.5 embryos (Fig. 3B).
These qRT-PCR results for Bmp10 are consistent with the
results obtained with RNA in situ hybridization, suggesting that
zygotic Zfp57 but not maternal Zfp57 is necessary and suffi-
cient for Bmp10 expression in the embryonic heart.
Taken together, at least three NOTCH1 target genes (Hey2,

Nkx2.5, and Bmp10) were down-regulated during cardiac
development without ZFP57 based on RNA in situ hybridiza-
tion and qRT-PCR analysis. Therefore, we conclude that the
NOTCH1 signaling pathway is inhibited in the heart of Zfp57
mutant embryos.

Cardiomyocyte Proliferation Was Reduced. Ablation of NOTCH
signaling causes reduced BMP10 signaling and decreased
cardiomyocyte proliferation (36). To determine if cardiomyocyte
proliferation was reduced without ZFP57, we performed EdU
incorporation assay in the heart of E13.5 embryos (Fig. 4). EdU
labeling appeared to be reduced in the heart of −/−mz (M−Z−)
E13.5 embryos in comparison with +/− (M+Z+), −/−z (M+Z−), or
−/+ (M−Z+) E13.5 embryos, whereas similar EdU labeling was
observed in +/− (M+Z+) and −/−z (M+Z−) E13.5 embryos, as is
exemplified by the magnified heart regions (Fig. 4 A and B).
When quantified, significantly fewer EdU-positive (EdU+) cells
(one-third decrease) were observed in the heart of −/−mz (M−Z−)
E13.5 embryos compared with −/+ (M−Z+) embryos (Fig. 4C). This
finding was verified with a BrdU-incorporation assay (SI Appendix,
Fig. S7A). The number of BrdU+ cells was reduced throughout
the heart of −/−mz (M−Z−) E13.5 embryos in comparison with −/+

(M−Z+) E13.5 embryos. BrdU+ cells were reduced by one-third
in −/−mz (M−Z−) embryos (SI Appendix, Fig. S7C), similar to
what was observed with EdU labeling (Fig. 4C). However, the
percentage of BrdU+ cells in the heart of −/+ (M−Z+) or −/−mz
(M−Z−) E13.5 embryos was about half of the percentage of

Fig. 3. Some target genes of NOTCH signaling were down-regulated in the heart without ZFP57. (A) RNA in situ hybridization on the heart sections of E13.5
embryos. RNA in situ hybridization (purple blue) was performed on the heart cryosections of −/−z (M+Z−) or +/− (M+Z+) E13.5 embryos derived from het-
erozygous female mice and −/−mz (M−Z−) or −/+ (M−Z+) E13.5 embryos derived from homozygous female mice. Digoxigenin (DIG)-labeled antisense riboprobes
used for RNA in situ were derived from the cDNA constructs of Hey1, Hey2, Nkx2.5, and Bmp10. ra, right atrium; la, left atrium; rv, right ventricle; lv, left
ventricle; vs, ventricular septum. A portion of the rv is also shown as a magnified image on the Right, next to the original image for the whole heart on the
Left. At least two independent embryos for each genotype were used for this RNA in situ hybridization. (B) qRT-PCR analysis of the NOTCH1 target genes in
the heart of E13.5 embryos. Total RNA samples were isolated from the hearts of live Zfp57 +/− (M+Z+), −/−z (M+Z−), and −/−mz (M−Z−) E13.5 embryos. Black
filled bars, +/− (M+Z+) embryos. Light gray bars, −/−z (M+Z−) embryos. Dark gray bars, −/−mz (M−Z−) embryos. The qRT-PCR data from three biological and three
technical replicates were analyzed for each experimental group. Values are mean ± SEM. Student’s t test: *P < 0.05; n.s., statistically not significant.
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EdU+ cells in the heart of −/+ (M−Z+) or −/−mz (M−Z−) E13.5
embryos, respectively. Because our BrdU labeling protocol re-
quired hydrochloride (HCl) treatment, this led to partial de-
struction of the nuclei that made it difficult for us to accurately
quantify cell numbers and percentages of BrdU+ cells. By con-
trast, our EdU labeling protocol was much simpler and the data
obtained with EdU labeling could accurately reflect percentages
of proliferating cells in the heart. Thus, most of our cell pro-
liferation assays were done with the EdU labeling method (Figs. 4
A and B and 5 D and E and SI Appendix, Figs. S10 and S11).
Nevertheless, the results obtained from both EdU and BrdU la-
beling experiments arrive at similar conclusions that the portion of
the cells undergoing proliferation is reduced in the embryonic
heart without ZFP57.
To examine whether apoptosis would play a role in the cardiac

defects of Zfp57 mutant embryos, we performed immunostaining
with antibodies against cleaved Caspase-3. Similar Caspase-3
immunostaining was observed in the heart of −/−mz (M−Z−)
and −/+ (M−Z+) E13.5 embryos, as is exemplified by the magnified
images of rv and vs (SI Appendix, Fig. S7B). When quantified, there

was no significant difference in the number of Caspase-3-positive
cells in the heart comparing −/−mz (M−Z−) with −/+ (M−Z+) E13.5
embryos (SI Appendix, Fig. S7D). Thus, apoptosis is not involved
in the cardiac defects observed in Zfp57 mutant embryos.
N-Myc is involved in cardiomyocyte proliferation (37, 38).

Interestingly, its expression was down-regulated in the heart
of −/−z (M+Z−) E13.5 embryos in comparison with +/− (M+Z+)
E13.5 embryos but not as much as in −/−mz (M−Z−) E13.5 em-
bryos based on qRT-PCR analysis (SI Appendix, Fig. S8A). In-
deed, N-Myc expression was significantly reduced in the heart
of −/−mz (M−Z−) E13.5 embryos in comparison with −/−z (M+Z−)
or −/+ (M−Z+) E13.5 embryos (SI Appendix, Fig. S8 A and B).
These results indicate that both maternal and zygotic Zfp57 are
required for full expression of N-Myc in the embryonic heart and
their roles are not redundant in N-Myc expression. Inhibition of
N-Myc may also contribute to cardiomyocyte proliferation defect
in Zfp57 mutant embryos.

Differentiation of CPCs Was Inhibited. Because NOTCH signaling is
crucial for cell-fate specification, we wondered if cardiomyocyte

Fig. 4. Loss of ZFP57 caused reduced proliferation in the heart of E13.5 embryos. Immunostaining (red) was performed on the heart cryosections of E13.5
embryos derived from EdU-injected pregnant heterozygous or homozygous female mice. Zfp57+/− (M+Z+) and −/−z (M+Z−) E13.5 embryos were generated
from the timed mating between Zfp57 heterozygous female mice and homozygous or heterozygous male mice, whereas −/−mz (M−Z−) and −/+ (M−Z+) E13.5
embryos were derived from the cross between Zfp57 homozygous female mice and heterozygous male mice. Red signal, nuclei of EdU-labeled cells. Blue
signal, DAPI-stained nuclei. ra, right atrium; rv, right ventricle; la, left atrium; lv, left ventricle; vs, ventricular septum; ec, endocardial cushion. (A) Anti-EdU
immunostaining on the heart cryosections of +/− (M+Z+), −/−z (M+Z−), and −/−mz (M−Z−) E13.5 embryos. A portion of the magnified vs or rv is shown on the
Right, next to the heart image of lower magnification. Boxes in white dotted lines show the areas of vs that are shown as the magnified images on the Right.
(B) Anti-EdU immunostaining on the heart cryosections of −/+ (M−Z+) and −/−mz (M−Z−) E13.5 embryos. A portion of the magnified ra, vs, rv, or lv is shown on
the Right, next to the heart image of lower magnification. Boxes in white dotted lines show the areas of vs (ii) and rv (i) that are shown as the magnified
images on the Right. (C) Percentage of EdU-positive (% EdU+) cells in the heart relative to DAPI-positive cells. ImageJ software was used to quantify the
numbers of immunostained cells or DAPI-stained cells. Black filled bar, Zfp57 −/+ (M−Z+) embryos. Gray filled bar, −/−mz (M−Z−) embryos. At least three in-
dependent E13.5 embryos were analyzed for each group. Values are mean ± SEM. Student’s t test: **P < 0.01.
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differentiation may be affected without ZFP57. C-KIT is a
common marker for hematopoietic stem cells and progenitor
cells (39, 40). It is also reported to be expressed in CPCs (12).
Indeed, c-Kit was increased by about threefold in the heart of

−/−mz (M−Z−) E10.5 embryos versus −/+ (M−Z+) E10.5 embryos
based on qRT-PCR analysis (SI Appendix, Fig. S8C). It was also
increased in the heart of −/−mz (M−Z−) E13.5 embryos com-
pared with +/− (M+Z+), −/+ (M−Z+), or −/−z (M+Z−) E13.5
embryos based on qRT-PCR analysis, whereas there was no
difference in c-Kit expression comparing −/−z (M+Z−) with +/−

(M+Z+) E13.5 embryos (SI Appendix, Fig. S8 D and E). These
findings were confirmed by c-KIT immunostaining. Although it
was similarly expressed in the heart of +/− (M+Z+), −/+ (M−Z+),
and −/−z (M+Z−) E13.5 embryos, c-KIT was significantly in-
creased in the heart of −/−mz (M−Z−) E13.5 embryos based on
immunostaining (Fig. 5A). Increased expression of c-KIT in the
heart of −/−mz (M−Z−) E13.5 embryos compared with −/+ (M−Z+)
E13.5 embryos was confirmed in the repeat experiment and
c-KIT was indeed found to be mainly localized on the cell mem-
brane, as is more clearly visualized in the magnified inset images
as well as the magnified ra, rv, and vs (SI Appendix, Fig. S9 B and
E). When quantified, we observed twofold increase of c-KIT-
positive (c-KIT+) cells in the heart of −/−mz (M−Z−) E13.5
embryos compared with −/+ (M−Z+) E13.5 embryos (SI Ap-
pendix, Fig. S9F). Therefore, loss of both maternal and zygotic
Zfp57 caused significant increase of c-Kit expression in the
embryonic heart of −/−mz (M−Z−) embryos, whereas loss of just
maternal or just zygotic Zfp57 did not result in any increased
c-Kit expression in either − /+ (M−Z+) or −/−z (M+Z−) embryos.
These results demonstrate that maternal and zygotic Zfp57 are
redundant in c-Kit expression in the embryonic heart. Accumula-
tion of c-KIT+ cells indicates that CPC differentiation is probably
inhibited without ZFP57.
NKX2.5 and GATA4 are two key transcription factors re-

quired for cardiomyocyte differentiation (12, 35, 41). Based on
qRT-PCR, both Nkx2.5 and Gata4 transcripts were down-
regulated in −/−mz (M−Z−) E13.5 embryos compared with
−/+ (M−Z+) E10.5 embryos, although Nkx2.5 transcript but not
Gata4 transcript was also reduced in −/−mz (M−Z−) E10.5 embryos
in comparison with −/+ (M−Z+) E10.5 embryos (SI Appendix, Fig.
S8 C and D). To test if NKX2.5 protein may be also reduced
without ZFP57, we performed immunostaining with antibodies
against NKX2.5 in E10.5 (SI Appendix, Fig. S9A) and E13.5 (Fig.
5B) embryos. In agreement with our RNA in situ results for
Nkx2.5 in E10.5 embryos (SI Appendix, Fig. S5B), NKX2.5 was
reduced in immunostaining in the heart of −/−mz (M−Z−) but not
−/−z (M+Z−) E10.5 embryos compared with +/− (M+Z+) E10.5
embryos (SI Appendix, Fig. S9A). NKX2.5 was also decreased in
the heart of −/−mz (M−Z−) E13.5 embryos in comparison with +/−

(M+Z+), −/+ (M−Z+), or −/−z (M+Z−) E13.5 embryos, whereas it
was similar in +/− (M+Z+), −/+ (M−Z+), or −/−z (M+Z−) E13.5
embryos (Fig. 5B). These results are in agreement with those
obtained with qRT-PCR and RNA in situ for Nkx2.5 in E13.5
embryos (Fig. 3). Reduced NKX2.5 in the heart of −/−mz (M−Z−)
versus −/+ (M−Z+) E13.5 embryos was confirmed by the repeat
immunostaining experiments (SI Appendix, Fig. S9C). Both the
number and the mean intensity of NKX2.5+ cells decreased in the
heart of −/−mz (M−Z−) E13.5 embryos in comparison with −/+ (M−Z+)
embryos (SI Appendix, Fig. S9 F and G).
Similarly, GATA4 protein was also down-regulated in the

heart of −/−mz (M−Z−) E13.5 embryos but not in the heart of −/−z
(M+Z−) E13.5 in comparison with +/− (M+Z+) or −/+ (M−Z+)
E13.5 embryos (Fig. 5C). Down-regulation of GATA4 in the
heart of −/−mz (M−Z−) E13.5 embryos versus −/+ (M−Z+) E13.5
embryos was verified by the repeat immunostaining experiments
(SI Appendix, Fig. S9D). Upon quantification, the number of
GATA4+ cells also decreased in the heart of −/−mz (M−Z−)
E13.5 embryos in comparison with −/+ (M−Z+) E13.5 embryos
(SI Appendix, Fig. S9F).
These results suggest that differentiation of CPCs into NKX2.5+

or GATA4+ cells is attenuated in the heart without ZFP57.
Maternal and zygotic Zfp57 are redundant in the expression of
NKX2.5 and GATA4 in the embryonic heart. In our future
study, we will examine if NKX2.5+ or GATA4+ cells are im-
mature committed cardiomyocytes by coimmunostaining with

Fig. 5. Cardiac differentiation was inhibited in the heart of Zfp57 mutant
embryos. Immunostaining was performed on the heart cryosections of E13.5
embryos. Zfp57+/− (M+Z+) and −/−z (M+Z−) E13.5 embryos were generated
from the timed mating between Zfp57 heterozygous female mice and Zfp57
homozygous or heterozygous male mice, whereas − /−mz (M−Z−) and
−/+ (M−Z+) E13.5 embryos were derived from homozygous female mice mated
with heterozygous male mice. ra, right atrium; rv, right ventricle; la, left
atrium; lv, left ventricle; vs, ventricular septum. Blue signal, DAPI staining.
The small box in white dotted lines was magnified as an Inset image (the
large box in white dotted lines) inside the original image of lower magni-
fication (B and C) or as a separate image on the Right next to the original
image of lower magnification (A, D, and E) in the same panel. (A) c-KIT
immunostaining (red) of E13.5 embryos. (B) NKX2.5 immunostaining (red)
of E13.5 embryos. (C ) GATA4 immunostaining (red) of E13.5 embryos.
(D) NKX2.5 (red) and EdU (green) coimmunostaining of E13.5 embryos. Arrow-
heads, NKX2.5 and EdU double positive (NKX2.5+EdU+) cells with yellow
nuclei. (E) c-KIT (red) and EdU (green) coimmunostaining of E13.5 embryos.
Arrowheads, c-KIT and EdU double positive (c-KIT+EdU+) cells with green
nuclei inside red-colored cell surface. (F and G) ImageJ software was used to
quantify the number of immunostained cells on the heart sections. Gray
filled bars, −/−mz (M−Z−) E13.5 embryos. Black filled bars, −/+ (M−Z+) E13.5
embryos. Values are mean ± SEM. Student’s t test: *P < 0.05. (F) Percentage (%)
of NKX2.5+ cells within the EdU+ cell population in the heart, i.e., no. of NKX2.5+

EdU+ cells/no. of EdU+ cells. (G) Percentage (%) of c-KIT+ cells within the EdU+ cell
population in the heart, i.e., no. of c-KIT+EdU+ cells/no. of EdU+ cells.
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antibodies against some markers for cardiomyocytes such as
contractile proteins.

Proliferating CPCs Exhibited Differentiation Defect. Overall cell
proliferation was reduced in the heart of −/−mz (M−Z−) E13.5
embryos in comparison with +/− (M+Z+), −/+ (M−Z+), or −/−z
(M+Z−) E13.5 embryos (Fig. 4). To find out which cell types
constitute the remaining proliferating cells in the heart of −/−mz
(M−Z−) E13.5 embryos, we performed EdU labeling in combi-
nation with immunostaining with antibodies against NKX2.5 or
c-KIT (Fig. 5 D and E and SI Appendix, Figs. S10 and S11). We
found that the fraction of EdU+ cells that were NKX2.5+ was
reduced in the heart of −/−mz (M−Z−) E13.5 embryos compared
with −/+ (M−Z+) E13.5 embryos (Fig. 5 D and F). By contrast,
the fraction of EdU+ cells that were c-KIT+ was increased in
the heart of − /−mz (M−Z−) E13.5 embryos versus Zfp57−/+

(M−Z+) E13.5 embryos (Fig. 5 E and G). Thus, proliferating
c-KIT+ cells, i.e., presumably proliferating CPCs, accumulated,
whereas proliferating NKX2.5+ cells, i.e., presumably immature
committed cardiomyocytes, decreased without ZFP57.

NKX2.5+ Cells Exhibited Proliferation Defect. We also found the
fraction of NKX2.5+ cells that were EdU+ was reduced in the
heart of −/−mz (M−Z−) E13.5 embryos compared with −/+ (M−Z+)
E13.5 embryos (SI Appendix, Fig. S10A). When quantified, it was
significantly reduced in the whole heart (SI Appendix, Fig. S10B).
If measured separately, it was significantly reduced in the ven-
tricle and ventricular septum but not in the atria (SI Appendix,
Fig. S10C). These results suggest that NKX2.5+ cells exhibited
reduced proliferation without ZFP57.

c-KIT+ Cells Displayed Increased Proliferation. Interestingly, we found
c-KIT+ cells had increased proliferation in the heart of −/−mz
(M−Z−) E13.5 embryos compared with −/+ (M−Z+) E13.5 embryos
(SI Appendix, Fig. S11A). When quantified in the whole heart, the
fraction of c-KIT+ cells that were EdU+ was significantly increased
in −/−mz (M−Z−) E13.5 embryos in comparison with −/+ (M−Z+)
E13.5 embryos (SI Appendix, Fig. S11B). When quantified sepa-
rately, it was significantly increased in the ventricle and ventricular
septum but not in the atria (SI Appendix, Fig. S11C). These results
suggest that c-KIT+ cells exhibited increased cell proliferation
without ZFP57.

Discussion
Maternal and zygotic Zfp57 play redundant roles in the survival
of mouse embryos (13). In this study, we found that Zfp57 mu-
tants exhibited multiple cardiac defects, with the maternal-
zygotic mutant displaying higher penetrance and more severe
phenotypes than the zygotic mutant. Indeed, we found expres-
sion of some key players in cardiac development such as Hey2,
Nkx2.5, andGata4 was only severely down-regulated in the Zfp57
maternal-zygotic mutant E13.5 embryos, less so in E10.5 em-
bryos, but not in Zfp57 zygotic mutant or heterozygous embryos

with or without maternal Zfp57 (Fig. 3 and SI Appendix, Figs. S5,
S6, and S8). These results suggest that maternal Zfp57, together
with zygotic Zfp57, contributes to cardiac development. Mater-
nal and zygotic Zfp57 play redundant roles in normal cardiac
septation and ventricular wall thickness. This serves as an ex-
ample of maternal function that is involved in mammalian organ
development. Surprisingly, zygotic Zfp57 appears to be necessary
and sufficient for Bmp10 expression and ventricular trabecula-
tion in the embryonic heart (Figs. 1E and 3). Therefore, ma-
ternal and zygotic Zfp57 are partially redundant in cardiac de-
velopment, with maternal Zfp57 functioning in some but not all
processes.
ZFP57 is required for the maintenance of the DNA methyl-

ation imprint at a large number of imprinted regions in both
mouse and humans (13, 17). Maternal and zygotic Zfp57 are
partially redundant in its maintenance (13). DNA methylation at
the imprinting control regions is essential for proper expression
of the imprinted genes (14, 16, 42). Previously, we hypothesized
that maternal Zfp57 may exert its effect on the late stage of
mouse embryonic development through its roles in the mainte-
nance of the DNA methylation imprint in early mouse embryos
(43). In this case, maternal Zfp57, together with zygotic Zfp57,
maintains the DNA methylation imprint at some target imprinted
regions that control expression of certain imprinted genes
required for cardiac development in mouse embryos. For ex-
ample, expression of the imprinted Dlk1 gene is dependent on
DNA methylation at the IG-DMR, the imprinting control region
of the Dlk1-Dio3 imprinted region (22, 44). In this study, we
found both the DNA methylation imprint at the IG-DMR and
expression of Dlk1 were lost in the embryonic heart without
ZFP57 (Fig. 2 B and C and SI Appendix, Fig. S4 A and B).
Furthermore, we found that loss of ZFP57 causes cardiac defects
that are reminiscent of various knockout mice in the NOTCH
signaling pathway (Fig. 6). Further analysis revealed that
NOTCH1 activation was inhibited in the heart of Zfp57 mutant
embryos. Expression of Hey2, Nkx2.5, and Bmp10, three target
genes of NOTCH1, was down-regulated in the heart without
ZFP57 confirming that NOTCH signaling was attenuated in the
heart of Zfp57 mutants. Together these results support our hy-
pothesis that maternal and zygotic Zfp57 influence cardiac de-
velopment through regulating DNA methylation imprint and
expression of the imprinted genes that function in NOTCH
signaling.
The imprinted Dlk1 gene is highly expressed during embryo-

genesis (45–49). It is also called Pref-1, a factor involved in
adipogenesis (20, 21, 50). Some previous studies had implicated
DLK1 and its homologs as positive regulators in LIN-12/
NOTCH signaling (25, 51, 52), whereas other studies had shown
the opposite or no effect of DLK1 on NOTCH signaling (26, 27,
50, 53–56). These seemingly contradictory results could be due
to different experimental systems used in different studies. Another
possible explanation for these discrepancies could be caused by
the complex expression pattern and structure of the imprinted

Fig. 6. A schematic model is proposed for the probable molecular mechanisms of ZFP57 in Notch signaling and cardiac development. ZFP57 maintains
genomic imprinting and it is required for the proper expression of its target imprinted genes including Dlk1. DLK1 and/or other target gene product of ZFP57
(indicated by factor X here) may activate NOTCH1 to generate N1ICD that can stimulate transcription of the NOTCH1 target genes in the embryonic heart.
NOTCH1 activation could be either DLK1 dependent or DLK1 independent. NKX2.5, HEY2, and BMP10 are three downstream targets of NOTCH1 that control
cardiomyocyte differentiation, cardiac septation, proliferation, and ventricular trabeculation, respectively.
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Dlk1 gene (47, 49). It is reported that there are various isoforms
of Dlk1 transcripts that produce membrane-bound or secreted
DLK1 proteins (13, 24, 49, 53, 57–59). The membrane-bound
form of DLK1 can also be cleaved to generate soluble peptides
(58). These different isoforms of DLK1 proteins could exhibit
opposite effects in cell signaling and development (45, 55, 60,
61). Therefore, DLK1 may act as a positive or negative regulator
of NOTCH signaling under different conditions. The cumulative
effect of various DLK1 proteins may also result in no effect on
NOTCH signaling under certain circumstances.
Most N1ICD+ cells were DLK1+ in the heart of heterozygous,

−/+ (M−Z+), embryos, whereas the N1ICD+DLK1+ cells were
almost absent in the maternal-zygotic mutant, −/−mz (M−Z−),
embryos (Fig. 2 F and G). We propose here that DLK1 may be
involved in NOTCH1 activation in cardiac development (Fig. 6).
Intriguingly, a small portion of N1ICD+ cells were DLK1−,
indicative of DLK1-independent NOTCH1 activation, that re-
mained constant in the heart of heterozygous, −/+ (M−Z+), or
maternal-zygotic mutant, −/−mz (M−Z−), embryos (Fig. 2 F and
G). These results suggest that DLK1 probably promotes N1ICD
generation and DLK1-mediated NOTCH1 activation may ac-
count for most N1ICD in the heart of heterozygous −/+ (M−Z+)
embryos. This may be one of the first instances implicating
DLK1 as a positive regulator in NOTCH signaling in mammalian
heart development.
Intriguingly, DLK1 and N1ICD were present in the same cells

in the embryonic heart. We hypothesize that DLK1 may act as a
cofactor such as a coreceptor, rather than a noncanonical ligand,
for NOTCH1 and other NOTCH receptors. Alternatively, DLK1
may activate NOTCH signaling by recycling and/or presenting
NOTCH receptor proteins for activation by canonical DSL li-
gands. It is also possible that DLK1 functions as a ligand for
NOTCH1 and other NOTCH receptors within the same cells to
activate NOTCH receptors through an autocrine mechanism (29).
These hypotheses need to be tested in the future by investigating
the specific interactions of DLK1 and NOTCH receptors.
It is also plausible that ZFP57 activates NOTCH1 via a DLK1-

independent pathway (via factor X in Fig. 6), with DLK1 being
just a bystander in the NOTCH1 receptor activation process.
Based on current data, we could not distinguish these possibili-
ties. However, there have been a number of papers suggesting a
probable role of DLK1 in LIN-12/NOTCH signaling regardless
of whether it is a positive or negative regulator (25–27, 51, 52,
56). Therefore, we favor our current model that DLK1, probably
together with other target genes of ZFP57 (e.g., factor X in
Fig. 6), is involved in NOTCH1 activation.
Loss of ZFP57 caused accumulation of c-KIT+ cells and de-

crease of NKX2.5+ or GATA4+ cells in the heart. Although we
need to use antibodies against some markers of cardiomyocytes
for coimmunostaining to confirm these cell identities, we think
NKX2.5+ or GATA4+ cells are likely immature committed car-
diomyocytes that are decreased in the embryonic heart of Zfp57
mutant embryos. These results implicating cell differentiation
defects are consistent with attenuation of NOTCH signaling in
the heart without ZFP57. Indeed, LIN-12/NOTCH signaling is
essential for cell-fate specification (8). This differentiation block,
together with cell proliferation defect, may result in most cardiac
defects observed in Zfp57 mutants (Fig. 6).
Both mouse and human ZFP57 proteins maintain genomic

imprinting (13, 17). Interestingly, some human patients with
ZFP57 mutations exhibited partially penetrant ASD, VSD, and
tetralogy of Fallot (TOF) (17), resembling those present in the
Zfp57 zygotic mutant (Fig. 1). Based on this observation, we
hypothesize that human ZFP57 mutations may also compromise
NOTCH signaling.

Materials and Methods
Mouse Breeding and Timed Pregnancy Mating. The animal protocol was ap-
proved by the Institutional Animal Care and Use Committee (IACUC) of the
Icahn School of Medicine at Mount Sinai. All mouse strains were on a mixed
genetic background of 129Sv/Ev and Black Swiss origins. Zfp57 mutant mice

containing the deleted null allele of Zfp57 were used here for timed preg-
nancy mating (13). Noon of the day when vaginal plug was found was
counted as the half-day pregnancy (E0.5). Zfp57 zygotic mutant, −/−z (M+Z−),
embryos lacking just the zygotic Zfp57 and heterozygous, +/− (M+Z+), em-
bryos with both maternal and zygotic Zfp57 were generated from the cross
between heterozygous (+/−) female mice and homozygous (−/−) male mice or
from the cross between heterozygous (+/−) female mice and heterozygous
(+/−) male mice (SI Appendix, Fig. S1). Similarly, Zfp57 maternal-zygotic
mutant, −/−mz (M−Z−), embryos without maternal or zygotic Zfp57, and
heterozygous, −/+ (M−Z+), embryos lacking maternal Zfp57, were generated
from the cross between homozygous (−/−) female mice and heterozygous (+/−)
male mice (SI Appendix, Fig. S1).

Histological Analysis and Quantification. Embryos or heart samples isolated
from pregnant mice were fixed in 4% (wt/vol) of paraformaldehyde (PFA)
solution overnight and embedded in paraffin. Transverse serial sections of
8 μm in thickness were stained with hematoxalin and eosin (H&E). Ventricular
wall (vw) thickness and trabecular area were measured by ImageJ software on
comparable sections through the atrioventricular canal region for five sepa-
rate embryos for each genotype. For vw, four measurements were made in the
selected areas of the left and right ventricles of each embryo. Total average
trabecular area was quantified in the left and right ventricles of each embryo.

RNA in Situ Hybridization with Digoxigenin Labeling. Sense and antisense
probes were made of a DIG RNA labeling kit (Roche). Embryos fixed in 4%
(wt/vol) of PFA solution for 24 h were dehydrated in either 30% (wt/vol) or
2 M of sucrose solution before being embedded in OCT compound (Sakura).
Transverse serial cryosections of 10 μm in thickness obtained from these embryos
were incubated with sense or antisense digoxigenin-labeled RNA probe at 65 °C
overnight. Alkaline phosphatase (AP) substrate was added to the sections for
detection after incubation with AP-coupled antidigoxigenin antibody.

Immunohistochemical Analysis and Quantification. Samples were fixed in 4%
(wt/vol) of PFA solution for 4 h to overnight at 4 °C and embedded in paraffin
or OCT. Transverse serial sections of 8 μm in thickness were obtained for
immunostaining. Sodium citrate antigen retrieval was applied to paraffin
sections. For NOTCH1 or N1ICD immunostaining, paraffin sections or cry-
osections were blocked with 5% (vol/vol) goat serum for 1 h at room tem-
perature (RT) followed by incubation with rabbit monoclonal antibodies
against NOTCH1 (1:100, Cell Signaling 3608) or N1ICD (1:100, Cell Signaling
4147) at 4 °C overnight. After incubation with the primary antibodies, these
sections were incubated with biotinylated goat anti-rabbit IgG (1:300, Vector
BA1000) secondary antibodies for 1 h at RT followed by the signal amplifi-
cation procedure with TSA Plus Cy3 System (Perkin-Elmer) that was per-
formed according to the manufacturer’s suggested protocol. For c-KIT,
NKX2.5, or GATA4 immunostaining, cryosections were blocked with 5% (vol/
vol) donkey serum for 1 h at RT followed by incubation with goat anti–c-KIT
(1:300, R&D AF1356), goat anti-NKX2.5 (1:300, Santa Cruz SC8697), or goat
anti-GATA4 (1:600, Santa Cruz SC1237) antibodies. After incubation with the
primary antibodies, these sections were incubated with biotinylated donkey
anti-goat IgG (1:300, Millipore AP180B) secondary antibodies for 1 h at RT
followed by the signal amplification procedure with TSA Plus Cy3 System. For
cleaved Caspase-3 immunostaining, paraffin sections were blocked with 5%
(vol/vol) of goat serum for 1 h at RT followed by incubation with rabbit anti-
cleaved Caspase-3 (1:500, Cell Signaling 9664) antibody at 4 °C overnight.
After incubation with the primary antibodies, these sections were incubated
with biotinylated goat anti-rabbit IgG (1:300, Vector BA1000) secondary an-
tibodies for 1 h at RT followed by signal amplification with TSA Plus Cy3
System. For DLK1 immunostaining, cryosections were incubated with rat anti-
DLK1 antibody (Enzo Life Sciences PF105B) at 4 °C overnight and then stained
with FITC-labeled goat anti-rat IgG (1:300, Southern Biotech 3030-02) sec-
ondary antibodies for 1 h at RT. All stained sections were imaged under a
Axioplan2IE microscope with Apotome (Zeiss). Immunofluorescent cells were
counted on comparable sections with ImageJ software for at least three sep-
arate embryos for each genotype.

EdU Incorporation Assay. Pregnant female mice were injected with 25 μg of
EdU (Molecular Probes) per gram of body weight 1 h before embryos were
collected for fixation. The embryos were fixed in 4% (wt/vol) of PFA for 4 h
at 4 °C and embedded in OCT. Transverse serial sections of 8 μm in thickness
obtained from these embryos were stained with Click-iT Imaging Kit
(Molecular Probes).

Statistical Analysis. Statistical analyses were performed using Microsoft Excel.
All results are reported as mean ± SEM of at least three independent
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samples. Student’s t test was used for statistical comparisons between two
groups of data. The results with **P < 0.01 and *P < 0.05 were considered
statistically significant in Student’s t test. One-way analysis of variance
(ANOVA) was performed for statistical comparisons of more than two
groups of data, followed by the post hoc independent sample t test with
Bonferroni correction. The results with *P < 0.05 were considered statisti-
cally significant in ANOVA.
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