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Background: Jarid2 regulates Notch1 expression in the developing heart through an unidentified mechanism.
Results: Regulation of Notch1 by Jarid2 is through recruitment of SETDB1, resulting in increased methylation of histone H3
lysine 9.
Conclusion: Jarid2 regulation of a subset of genes during cardiac development involves histone methylation through SETDB1
recruitment.
Significance: This is a novel mechanism of epigenetic regulation by Jarid2 during cardiac development.
Jarid2/Jumonji, the founding member of the Jmj factor family,
critically regulates various developmental processes, including
cardiovascular development. The Jmj family was identified as
histone demethylases, indicating epigenetic regulation by Jmj
proteins. Deletion of Jarid2 in mice resulted in cardiac malformation and increased endocardial Notch1 expression during
development. Although Jarid2 has been shown to occupy the
Notch1 locus in the developing heart, the precise molecular role
of Jarid2 remains unknown. Here we show that deletion of
Jarid2 results in reduced methylation of lysine 9 on histone H3
(H3K9) at the Notch1 genomic locus in embryonic hearts. Interestingly, SETDB1, a histone H3K9 methyltransferase, was identified as a putative cofactor of Jarid2 by yeast two-hybrid screening, and the physical interaction between Jarid2 and SETDB1
was confirmed by coimmunoprecipitation experiments. Concurrently, accumulation of SETDB1 at the site of Jarid2 occupancy was significantly reduced in Jarid2 knock out (KO) hearts.
Employing genome-wide approaches, putative Jarid2 target
genes regulated by SETDB1 via H3K9 methylation were identified in the developing heart by ChIP-chip. These targets are
involved in biological processes that, when dysregulated, could
manifest in the phenotypic defects observed in Jarid2 KO mice.
Our data demonstrate that Jarid2 functions as a transcriptional
repressor of target genes, including Notch1, through a novel process involving the modification of H3K9 methylation via specific
interaction with SETDB1 during heart development. Therefore,
our study provides new mechanistic insights into epigenetic regulation by Jarid2, which will enhance our understanding of the
molecular basis of other organ development and biological
processes.
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Jarid2 is required for normal cardiac development, and all
mice harboring a homozygous Jarid2 deletion (Jarid2 KO) die
in the uterus or right after birth (1–3). We have previously
reported that whole body or endothelial-specific deletion of
Jarid2 (Jarid2en) results in cardiac defects mimicking human
congenital cardiac defects, including ventricular septal defects,
double outlet right ventricle, and hypertrabeculation associated
with noncompaction of the ventricular wall resulting in a thin
compact layer (1, 4, 5). Notch1 signaling is critical for normal
cardiac development. Whole body or endothelial deletion of
Notch1 in the mouse results in embryonic lethality at embryonic day 10.5 (E10.5)2 with hearts showing little or no trabeculation (6, 7). We identified Notch1 as a potential target of Jarid2
and observed elevated Notch1 expression in the endocardium
and elevated Notch1 signaling to the underlying myocardium
in Jarid2 KO and Jarid2en embryonic hearts (5). This dysregulation of the Notch1 pathway is a potential cause for the defects
observed. However, the precise mechanistic function of Jarid2
in regulation of Notch1 expression in the developing heart
remains to be elucidated.
Histone methylation was once considered to be static and an
enzymatically irreversible chromatin modification. However,
recent reports have shown that both methylation and demethylation of histones is a highly regulated process that allows for
fine epigenetic regulation of many cellular processes including
transcriptional regulation, regulation of cell fate, and cell proliferation (8). For example, methylation of H3K9 and H3K27 is
generally associated with gene silencing (9 –11). Jarid2 has been
reported to function as a transcriptional repressor and to interact with other nuclear factors (4, 5, 12–17). Jarid2 is the founding member of the Jumonji family of proteins, all of which
contain the JmjC domain that generally confers histone
demethylase activities. The recent discovery of Jmj family factors as histone demethylases has ushered in a new era of investigating the role of histone methylation status in regulating
2

The abbreviations used are: E10.5, embryonic day 10.5; H3K27, histone H3
lysine 27; PRC, polycomb repressor complex; H3K9me2, dimethyl H3K9;
H3K9me3, trimethyl H3K9; aa, amino acids; DBD, DNA binding domain.
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gene expression. Intriguingly, Jarid2 contains substitutions at
key amino acids necessary for enzymatic function and is highly
likely enzymatically inactive (18 –20). Therefore, transcriptional regulation by Jarid2 may be dependent on binding partners that function as histone modifiers. Recent work suggests
that Jarid2 is involved in methylation of histone H3 lysine 27
(H3K27) through interaction with members of the polycomb
repressor complex (PRC) in embryonic stem cells, induced pluripotent stem cells, and in epidermal stem cells (20 –25).
Although Jarid2 is uniformly agreed to interact with the PRC
complex and to be crucial for normal differentiation of embryonic stem cells, the precise role of Jarid2 in regulation of histone
methylation status is conflicting. Most importantly, it remains
to be determined whether Jarid2 interacts with any histonemodifying enzymes to regulate cardiac morphogenesis in the
developing heart. Therefore, it is imperative to delineate
whether dysregulation of gene expression in Jarid2 KO mice is
due to improper epigenetic regulation via defective histone
modification.
To identify the molecular mechanisms by which Jarid2 regulates target gene expression in the developing heart, we investigated the regulation of Notch1 by Jarid2, focusing on the
methylation status of lysine residues of histone H3 at the
Notch1 locus. We provide evidence that Jarid2 directly regulates Notch1 expression through interaction with a specific
enhancer region of the Notch1 locus. Our study indicates that
deletion of Jarid2 results in decreased dimethyl and trimethyl
H3K9 (H3K9me2 and H3K9me3) at the same region occupied
by Jarid2 on the Notch1 locus, which correlates well with aberrant continued Notch1 expression in the Jarid2 KO hearts. We
show that Jarid2 interacts with the H3K9 methylase SET
domain, bifurcated 1 protein (SETDB1) (26). Further, Jarid2 is
required for the recruitment of SETDB1, which confers
H3K9me2 and H3K9me3 at the Notch1 enhancer region. This
defect in histone modification likely causes failure to regulate
Notch1 expression, contributing to the defects observed in
Jarid2 mutant hearts. Finally, we have performed ChIP-chip
experiments on the developing heart for Jarid2, SETDB1, and
H3K9me3, and identified a critical subset of genes regulated by
Jarid2 and SETDB1 whose dysregulation may be involved in the
phenotypic defects observed in Jarid2 KO hearts. Therefore,
our current study provides new insights into epigenetic regulation of cardiac development by Jarid2, which will form a basis to
investigate other organ development and broad biological
processes.

EXPERIMENTAL PROCEDURES
Quantitative ChIP—Quantitative ChIP was performed as
described (5, 27) at least three times using two pooled E17.5
hearts for each experiment. Antibodies used were H3K27me1
(Upstate, catalog no. 07-448), H3K27me2 (Abcam, catalog no.
ab24684), H3K27me3 (Abcam, catalog no. ab6002), H3K9me1
(Upstate, catalog no. 05-1248), H3K9me2 (Upstate, catalog no.
07-441), H3K9me3 (Upstate, catalog no. 07-442), SETDB1
(Abcam, catalog no. ab12317, and Santa Cruz Biotechnology,
Inc., catalog no. sc66884). Recovered DNA was used for quantitative real-time PCR in triplicate using the standard curve
method with primers described previously (5).
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Yeast Two-hybrid Screening—Full-length Jarid2 was used as
bait in a yeast two-hybrid screen to identify cofactors as
described (15). Recovered plasmids from growing colonies
were subjected to confirmation mating experiments, and the
cDNAs were identified by sequencing and BLASTing (Basic
Local Alignment Search Tool) against the National Center for
Biotechnology Information GenBankTM. Among 25 independent positive clones, SETDB1 was identified.
Protein Detection and Protein-Protein Interaction—Coimmunoprecipitation was performed as described (4, 12, 15) with
minor modifications. Briefly, precleared nuclear extracts from
E17.5 hearts in 11 mM Tris-HCl (pH 8.0), 1.1 mM EDTA (pH
8.0), 11% glycerol, 0.2% SDS, and 1 mM DTT, and proteinase
inhibitors were diluted 1:5 with 20 mM Tris-HCl (pH 8.0), 2 mM
EDTA (pH 8.0), 150 mM NaCl, 1% Triton X-100, 0.01% SDS, 1
mM DTT, and proteinase inhibitors and immunoprecipitated
with nonspecific rabbit IgG or antibodies against Jarid2 (14, 15)
or SETDB1 (Santa Cruz Biotechnology, Inc., catalog no.
sc66884), followed by incubation with protein A agarose beads,
SDS-PAGE, and Western blotting.
Immunostaining was performed on 15-m E17.5 sections as
described (5) with minor modifications. Following antigen
retrieval in 10 mM sodium citrate (pH 6.0) and peroxidase
quenching, sections were blocked in avidin and biotin block
(Thermo Scientific) and BS buffer (PBS plus 0.2% Triton
X-100, 1% glycine, 1% BSA, 5% normal goat serum). Sections
were incubated in BS buffer with antibodies against Jarid2
(14, 15), SETDB1 (Santa Cruz Biotechnology, Inc., catalog
no. sc66884), or normal rabbit IgG, followed by incubation
with a HRP-linked secondary antibody. AEC chromogen single solution (RTU, Thermo Scientific) was used for development, followed by counterstaining with hematoxylin. Images
were taken using a Zeiss Axiovert 200 microscope and an
AxioCam HRc camera.
To map the protein-protein interaction domains, GST pulldown assays were performed as described (12, 15). All Jarid2
constructs used were described previously (12, 14). Full-length
mouse SETDB1 (aa 1–1307), SETDB1 containing the SET
domain only (aa 813–1307), and SETDB1 lacking the SET
domain (aa 1– 812) were cloned into pcDNA3.1-myc-HisB(-)
(Invitrogen) and pGEX-2T (Amersham Biosciences). [35S]methionine-labeled proteins, including Jarid2 C terminus (Ct) (aa
529 –1234), Jarid2 N terminus (Jarid2 Nt, aa 1–528), the Jarid2
DNA binding domain (Jarid2 DBD, aa 529 –792), and the Jarid2
JmjC domain (aa 807–1234) were incubated in NETN buffer
(100 mM NaCl, 1 mM EDTA, 20 mM Tris-HCl (pH 8.0), 0.5%
Nonidet P-40) with GST-glutathione beads or GST-SETDB1
SET-only beads. For the reciprocal experiment, 35S Jarid2 Ct
was incubated with GST beads, GST-SETDB1 full-length
(SETDB1 FL, aa 1–1307), GST-SET domain only (GST-SET
only, aa 813–1307), or GST-no SET domain (GST-no SET, aa
1– 812).
Animal Husbandry and Genotyping—All mice were housed
in accordance with University of Wisconsin Research Animal
Resource Center policies. Jarid2 male and female heterozygous
mice in a mixed 129/Svj and C57BL/6 genetic background were
mated to produce Jarid2 KO mice. Genotyping was performed
as described (1).
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FIGURE 1. H3K9 methylation is altered in Jarid2 KO mice. Jarid2 KO hearts have significantly decreased levels of H3K9me2 and H3K9me3 on the specific
region of the Notch1 genomic locus. Quantitative ChIP was performed on E17.5 WT (gray bar) or Jarid2 KO (black bar) mouse hearts with antibodies specific for
H3K9me1 (A), H3K9me2 (B), or H3K9me3 (C). No differences were observed in Jarid2 KO hearts for H3K27me1 (D), H3K27me2 (E), or H3K27me3 (F). *, p ⬍ 0.05
using a Student’s paired t test. Error bars represent mean ⫾ S.E.M.

ChIP-chip Assays—ChIP-chip was performed as described
(28). Briefly, sonicated chromatin from 20 pooled E17.5 fixed
hearts was immunoprecipitated using Jarid2, SETDB1, or
H3K9me3 antibodies, followed by reversal of cross-linking and
DNA purification. Immuno-enriched DNA targets were amplified by whole genome amplification appropriate to final yield
and fluorescently labeled using ligation-mediated PCR. The
labeled fragments were hybridized onto the Roche NimbleGen
3X720K RefSeq promoter arrays and scanned with an Axon
4000B. These arrays cover the promoters of the well characterized RefSeq genes. After the arrays were extracted using Nimblescan (Roche), global and local normalization and data
smoothing in R was performed, and peaks were detected using
ChIPOlte (29) and in-house algorithms. Peaks with a p value
less than 10⫺14 were used for analysis.

RESULTS
Jarid2 Deletion Results in Decreased Methylation of H3K9—
We have shown previously that Jarid2 occupies a specific region
of the Notch1 genomic locus in E17.5 wild type (WT) embryonic hearts, likely resulting in Notch1 repression (5). However,
the molecular mechanism of Jarid2 in regulation of Notch1
expression has not been elucidated. Histone methylation status
is a crucial determinant of gene regulation. H3K9me2 and
H3K9me3 are commonly associated with heterochromatin forJANUARY 6, 2012 • VOLUME 287 • NUMBER 2

mation and gene silencing. Interestingly, we have identified
SETDB1, which functions as a H3K9 methylase as a Jarid2 binding protein by yeast two-hybrid screening. We therefore investigated whether Jarid2 occupancy at the Notch1 locus is associated with regulation of H3K9 methylation, specifically
comparing WT and Jarid2 KO mouse hearts at E17.5 when
Notch1 is normally repressed. The levels of methylation were
examined on the Notch1 locus at both Jarid2-occupied and
Jarid2-unoccupied regions by ChIP assays using antibodies
against H3K9me1, H3K9me2, and H3K9me3 (5). There was no
significant difference in the levels of methylation of H3K9me1
between the WT and Jarid2 KO mouse (Fig. 1A). In contrast,
both H3K9me2 (Fig. 1B) and H3K9me3 (C) were enriched at
the ⫹1150 bp site in the WT but significantly reduced in the
Jarid2 KO heart. This suggests that Notch1 is repressed in the
WT mouse because of accumulation of methylation of H3K9
and that loss of Jarid2 disrupts this epigenetic mechanism,
resulting in a failure of Notch1 down-regulation in the developing heart.
Jarid2 has recently been shown to recruit the PRC in embryonic stem cells, which functions to methylate H3K27 that act as
a repressive mark. Therefore, we investigated whether the deletion of Jarid2 also resulted in a change of methylation at H3K27
on the Notch1 locus. ChIP on WT or Jarid2 KO E17.5 hearts for
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 3. GST pull-down assays determine domains mediating interaction between Jarid2 and SETDB1. A, various [35S]methionine-labeled Jarid2
mutant proteins (lanes 1– 4) were incubated with GST alone (lanes 5– 8) or
with GST-SETDB1 (lanes 9 –12) containing only the bifurcated SET domain.
Jarid2 Ct and Jarid2 DBD bound to GST-SETDB1 SET only. B, [35S]methioninelabeled Jarid2 Ct was incubated with GST (lane 1), GST-SETDB1 FL (lane 2),
GST-SET only (lane 3), and GST-no SET (lane 4). GST-SETDB1 FL and GST-SET
only bound to Jarid2 Ct. ⫹, binding; -, no binding.

FIGURE 2. Jarid2 physically interacts with SETDB1. A, diagram depicting
the protein structures of Jarid2 and SETDB1. Jarid2 contains a JmjN, AT-rich
interacting domain (ARID), JmjC, and zinc finger (ZF) domain. SETDB1 contains a Tudor, Methyl CpG (MBD) binding domain and a bifurcated Set
domain. A yeast two-hybrid using Jarid2 as bait identified cDNA encoding aa
979 –1307 of SETDB1 as the region mediating physical interaction. B, coimmunoprecipitation was performed on E17.5 heart extracts. Lanes 1–3 indicate
input, immunoprecipitate (IP) with non-specific IgG or Jarid2 antibody,
respectively, followed by immunoblotting (IB) with SETDB1 antibody. Lanes
4 – 6 indicate input, IP with IgG or SETDB1 antibody, respectively, followed by
IB with Jarid2 antibody. C–H, immunostaining was performed on E17.5 sections. Brown deposits indicate expression of Jarid2 (C and F) or SETDB1 (D and
G). No brown deposits were detected when non-specific IgG was used (E and
H). Arrows indicate endocardial cells, and arrowheads indicate myocardial
cells. Scale bars ⫽ 100 m (C and F). RV, right ventricle; VS, ventricular septum;
LV, left ventricle.

H3K27me1 (Fig. 1D), H3K27me2 (E), or H3K27me3 (F) showed
no significant difference at the Notch1 locus. This result suggests that H3K27 methylation is not involved in the regulation
of Notch1 expression by Jarid2 in late-stage developing hearts.
Jarid2 Physically Associates with SETDB1 in Vivo—In an
effort to determine physical interactor(s) of Jarid2, we performed yeast two hybrid screening (15) and identified SETDB1
as a potential cofactor of Jarid2 (Fig. 2A). The recovered cDNA
from yeast encoded the second bifurcation of the SET domain
(aa 979 –1307), suggesting that this region of SETDB1 is sufficient to interact with Jarid2 in yeast.
It is important to examine whether both Jarid2 and SETDB1
are expressed in the developing heart, as the expression pattern
of SETDB1 is unknown in the mouse embryonic heart. We have
confirmed that both factors are expressed in the embryonic
hearts by Western blotting (Fig. 2B, lanes 1 and 4). To determine whether Jarid2 and SETDB1 interact in vivo, coimmunoprecipitation experiments were performed on heart extracts.
When heart extract was immunoprecipitated with a Jarid2 antibody, SETDB1 protein was detected (Fig. 2B, lane 3). SETDB1
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was not detected when a nonspecific mouse IgG was used for
immunoprecipitation (Fig. 2B, lane 2), indicating the specific
interaction of Jarid2 with SETDB1. The converse experiment
employing a SETDB1 antibody for immunoprecipitation also
revealed the specific interactions of Jarid2 with SETDB1 (Fig.
2B, lane 6). Jarid2 was not detected when a nonspecific IgG was
used for immunoprecipitation (Fig. 2B, lane 5). These data
clearly demonstrate that Jarid2 physically associates with
SETDB1 in vivo in the developing hearts. To confirm that Jarid2
and SETDB1 are both expressed in the same cell lineages within
the developing heart, immunostaining experiments were performed. Jarid2 (Fig. 2, C and F) and SETDB1 (D and G) are
expressed in the endocardium as well as the myocardium in
WT E17.5 hearts.
The DBD of Jarid2 Interacts with the SET Domain of SETDB1—
To investigate the regions involved in the protein-protein interaction between Jarid2 and SETDB1, GST pull-down assays
were performed (Fig. 3A and B). Various 35S-labeled Jarid2 proteins (Fig. 3A, lanes 1– 4) were incubated with GST (lanes 5– 8)
or GST-SETDB1;SET domain only (lanes 9 –12) coupled to
agarose beads. Both the Jarid2 Ct (Fig. 3A, lane 9) and Jarid2
DBD (lane 11) were able to bind the GST-SETDB1;SET domain
only but not to the GST alone. To perform the reciprocal experiment (Fig. 3B), 35S-labeled Jarid2 Ct was incubated with GST
(Fig. 3B, lane 1) or various GST-SETDB1 proteins (lanes 2– 4)
coupled to agarose beads. Our data show that GST-SETDB1 FL
and GST-SETDB1;SET only associated with Jarid2 Ct. These
results indicate that the DBD of Jarid2 interacts with the SET
domain of SETDB1 in vitro, which is consistent with the results
of yeast two-hybrid screening.
Jarid2 Recruits SETDB1 to the Notch1 Locus—We have
shown that Jarid2 is required for accumulation of H3K9me2
and H3K9me3 at the ⫹1150bp Notch1 locus. However, because
Jarid2 is likely enzymatically inactive (18 –20), we sought to
VOLUME 287 • NUMBER 2 • JANUARY 6, 2012
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FIGURE 4. Jarid2 is required for SETDB1 accumulation at the ⴙ1150 bp
region of the Notch1 locus. A, Jarid2 KO mice have significantly decreased
accumulation of SETDB1 at the Notch1 locus. Quantitative ChIP was performed on E17.5 WT (gray bar) or Jarid2 KO (black bar) mouse hearts using a
SETDB1-specific antibody. B, proposed model of Jarid2 regulation of Notch1
expression. The expression of Jarid2 is required for the recruitment of SETDB1
to the ⫹1150 bp region of the Notch1 locus, resulting in methylation (indicated by the asterisk) of H3K9 and Notch1 silencing. Deletion of Jarid2 results
in failed recruitment of SETDB1 and no methylation of H3K9.

investigate how Jarid2 regulates histone methyl marks on the
Notch1 locus. SETDB1, a histone methylase that specifically
converts H3K9me1 to H3K9me2 and H3K9me3 (26), was
identified as a putative physical interactor of Jarid2 (Figs. 2B
and 3, A and B). As shown in Fig. 4A, SETDB1 is enriched at
the same ⫹1150 bp Notch1 locus where Jarid2 accumulates
in the WT heart, but enrichment is significantly reduced in
the Jarid2 KO mouse heart. This strongly supports our
model (Fig. 4B) that Jarid2 is necessary for the recruitment of
SETDB1 to the Notch1 locus where SETDB1 is required for
H3K9me2 and H3K9me3 accumulation, leading to gene
silencing. Further, it reveals a novel molecular function for
target gene regulation by Jarid2.
Global Determination of Putative Jarid2 Targets in the Developing Heart—To determine genes regulated through H3K9me
that are putative targets of both Jarid2 and SETDB1, we have
conducted genome-wide searches by ChIP-chip using E17.5
mouse hearts. As shown in Fig. 5A, ChIP-chip for Jarid2,
SETDB1 and H3K9me3 showed 3898, 2001, and 3319 peaks,
respectively with a p value ⬍ 10⫺14. Overlapping the data
showed a subset of 594 genes in common among Jarid2,
SETDB1 and H3K9me3. These genes represent putative targets
of Jarid2 in the developing heart, which are regulated in association with SETDB1 via H3K9me3 accumulation. It also allows
JANUARY 6, 2012 • VOLUME 287 • NUMBER 2

FIGURE 5. Genome-wide analysis on the promoter occupancy by Jarid2,
SETDB1, and H3K9me3. A, Venn diagram demonstrating the overlap of
genome-wide occupancy of Jarid2, SETDB1, and H3K9me3 by ChIP-chip. B,
graph showing the number of genes dysregulated more than 1.2-fold when
the ChIP-chip was overlapped with the microarray. C, representative SignalMap peak display for a gene occupied (Notch1) or unoccupied (Lztfl1, Leucine
zipper transcription factor-like 1) by Jarid2, SETDB1, and H3K9me3. D, table of
up-regulated ChIP-chip genes that overlap with up-regulated biological processes identified by microarray analyses. PNPLA6, patatin-like phospholipase
domain containing 6; GRN, granulin, SNED1, Sushi, nidogen, and EGF-like
domains 1; CLDN7, Claudin 7; ROR2, receptor tyrosine kinase-like orphan
receptor 2, ITGA11, integrin ␣ 11; CLSTN1, Calsyntenin 1; NPPB, natriuretic
peptide type B.

for the identification of a subset of Jarid2 targets that are regulated in a SETDB1 independent manner. We have previously
performed microarray analyses on E17.5 WT versus Jarid2 KO
hearts to identify dysregulated genes and molecular pathways
(5). When the 594 ChIP-chip genes are overlapped with the
microarray data set, 172 genes are represented with a change of
greater than 1.2-fold in the mutant heart (Fig. 5B). Of these, 107
are up-regulated, whereas only 65 are down-regulated.
Next, we further define potential targets that are repressed
by Jarid2. Additional analysis by comparing this subset of
up-regulated genes to those contained in the top 11 significantly up-regulated pathways in Jarid2 KO hearts by
microarray at E17.5 (5) results in only nine genes that are
potentially repressed by Jarid2 through H3K9me3 by
SETDB1 (Fig. 5D). These genes are involved in Notch signaling, vasculature development and morphogenesis, regulation of cell proliferation and death, cellular adhesion, and
heart development. Notch1 is represented in four of these
five processes, including all of the pathways that could
account for the phenotypic defects observed in Jarid2 KO
hearts, strongly supporting Notch1 as an endogenous target
of Jarid2 that is critical for cardiac development.
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DISCUSSION
We have previously shown that Notch1 expression is elevated
in Jarid2 KO or Jarid2en mouse hearts at later stages of development, which in part causes cardiac developmental defects
including hypertrabeculation and a thin ventricular myocardium. Moreover, Jarid2 occupied a specific conserved region of
the Notch1 genomic locus (5). Although recent work has demonstrated that Jarid2 interacts with members of the PRC to
modulate methylation of H3K27 in embryonic stem cells,
induced pluripotent stem cells, and epidermal stem cells (20 –
25), the molecular basis of Notch1 regulation by Jarid2 in the
developing heart remains unknown. Therefore, we set out to
determine the precise molecular consequence of Jarid2 binding
to the Notch1 locus in the developing heart. Here, we demonstrate a novel mechanism whereby the proper epigenetic methylation of H3K9 by Jarid2 is required for proper Notch1 regulation in the developing heart. Although it has been reported that
overexpression of Jarid2 results in recruitment of the histone
methylases G9a and GLP and accumulation of H3K9me1 and
H3K9me2 at the CyclinD1 promoter (16), G9a and GLP do not
catalyze H3K9me2 to H3K9me3 and are therefore unlikely to
be involved in Notch1 regulation via H3K9 trimethylation. In
addition, these results were obtained using an overexpression
system in cultured fibroblast cells, which may not reflect physiologically relevant mechanisms. Our studies identified
SETDB1 as a direct binding partner of Jarid2 and demonstrated
that in the developing heart tissue, Jarid2 is essential for the
recruitment of SETDB1 to the Notch1 locus where trimethylation takes place, resulting in gene silencing. The decreased levels of H3K9me2 and H3K9me3 exhibited in Jarid2 KO mice at
later stages of development likely account for the persistent
Notch1 expression.
We also determined global genomic targets for Jarid2,
SETDB1, and H3K9me3 by performing ChIP-chip analyses on
embryonic hearts. By overlapping all three data sets, we have
identified 594 putative target genes that are regulated at the
epigenetic level by the same mechanisms as Notch1, which warrants further investigation into other potential targets regulated by Jarid2 and SETDB1. This represents 15% of all Jarid2
targets identified by ChIP-chip, suggesting that Jarid2 critically
regulates a subset of genes through SETDB1 recruitment and
H3K9 trimethylation at later stages of the developing heart. It is
possible that Jarid2 may function through PRC recruitment in
the heart, as demonstrated in stem cells (20 –25) or interact
with yet unidentified factors that are involved in epigenetic regulation of other genes.
Further examination of the 594 genes identified as putative
targets revealed that 172 (33%) are differentially expressed
greater than 1.2-fold in the hearts of Jarid2 KO versus WT mice
at E17.5 by microarray analyses (5). Further, 62% (107) of these
genes are up-regulated more than 1.2-fold, whereas only 38%
(65) are down-regulated more than 1.2-fold. This is consistent
with Jarid2 functioning primarily as a transcriptional repressor.
However, it is plausible that Jarid2 may in some cases function
as an activator of transcription. This data set represents a powerful and manageable database for identifying putative targets
regulated by Jarid2 through recruitment of SETDB1 and
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trimethylation of H3K9. It should be noted that the Notch1
gene is among nine putative target genes that are occupied by
Jarid2, SETDB1, and H3K9me3, and up-regulated more than
1.2-fold by microarray. Notch1 is also highly represented in the
11 most significantly up-regulated biological processes by
microarray, strongly correlating it as a bona fide target of Jarid2
regulated through H3K9me3 by SETDB1. We cannot rule out
the possibility that Jarid2 regulates other genes by different
mechanisms in the developing heart, including H3K27 methylation. Altogether we provide strong evidence for determining
endogenous targets of Jarid2 in the developing heart by employing such combinatorial approaches.
It is intriguing that Jarid2 interacts with a subset of proteins
that are involved in histone modifications. In addition to the
interaction with the SET domain containing proteins of the
PRC, we have shown that Jarid2 interacts with Zkscan17 (15),
which interacts with the SET domain containing histone methylase NSD1 (21). Additionally, Jarid2 interacts with the SET
domain containing histone methylases GLP and G9a (16). In
our current study, we identified SETDB1 as a direct binding
partner of Jarid2. Therefore, the involvement of Jarid2 with
various SET domain containing proteins or complexes raises
the interesting possibility that Jarid2 acts as a “pan-SET
domain” interacting protein. Jarid2 may regulate many different cellular mechanisms that are dependent on the specific SET
cofactor, which warrants further investigation to reveal new
mechanisms of epigenetic regulation involving Jarid2.
Here we show a novel mechanism by which Jarid2 silences
Notch1 in the late stages of embryonic cardiac development
through recruiting SETDB1 to facilitate enrichment of
H3K9me2 and H3K9me3 at that locus. This mechanistic
insight coupled with the identification of a subset of genes regulated in a similar process using ChIP-chip and microarray
experiments allows for a greater understanding of the molecular processes regulated by Jarid2 in the later stages of embryonic
cardiac development and other likely developmental processes.
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