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Mice with a homozygous knockout of the jumonji (jmj) gene showed abnormal heart development and defec-
tive regulation of cardiac-specific genes, including the atrial natriuretic factor (ANF). ANF is one of the earliest
markers of cardiac differentiation and a hallmark for cardiac hypertrophy. Here, we show that JMJ represses
ANF gene expression by inhibiting transcriptional activities of Nkx2.5 and GATA4. JM]J represses the Nkx2.5-
or GATA4-dependent activation of the reporter genes containing the ANF promoter-enhancer or containing the
Nkx2.5 or GATA4-binding consensus sequence. JMJ physically associates with Nkx2.5 and GATA4 in vitro and
in vivo as determined by glutathione S-transferase pull-down and immunoprecipitation assays. Using muta-
tional analyses, we mapped the protein-protein interaction domains in JMJ, Nkx2.5, and GATA4. We identified
two DNA-binding sites of JMJ in the ANF enhancer by gel mobility shift assays. However, these JMJ-binding
sites do not seem to mediate ANF repression by JMJ. Mutational analysis of JMJ indicates that the protein-
protein interaction domain of JMJ mediates the repression of ANF gene expression. Therefore, JMJ may play
important roles in the down-regulation of ANF gene expression and in heart development.

Cardiac-specific gene regulations appear to be dependent on
combinatorial associations between cardiac-specific transcrip-
tion factors and ubiquitous factors. The precise regulation of
temporal and spatial expression of tissue-specific genes may
require interactions among frans-activators and repressors.
Likewise, specification and differentiation of the cardiac mus-
cle lineage appear to require a combinatorial network of many
trans-acting factors. For example, the cardiac-specific a-myosin
heavy chain (MHC) expression is synergistically activated by
myocyte-specific enhancer factor 2 (MEF2) and the thyroid
hormone receptor. This activation depends on the binding of
each factor to the DNA target sequences (25). The ventricular
chamber-specific homeobox protein Irx4 is essential for acti-
vation and repression of the cardiac ventricular and atrial
MHC expression, respectively (2). The cardiac a-actin expres-
sion is activated by serum response factor (SRF), which re-
cruits the murine cardiac-restricted homeobox protein, Nkx2.5
(4) or myocardin (44) for synergistic activation. The GATA4
transcription factor transactivates the cardiac muscle-specific
troponin C promoter in nonmuscle cells (18).

Recent evidence suggests that transcriptional repressors
play important roles in regulating cardiac muscle gene expres-
sion. MEF2, whose activity is essential for early normal cardiac
development and muscle differentiation (28), is inhibited by
Twist, a basic helix-loop-helix protein that is specifically ex-
pressed in the mesoderm (38). Activated Notch (45) and his-
tone deacetylase, a general transcriptional repressor (30, 49),
have been shown to directly interact with MEF2 to inhibit the
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MEF?2 transcriptional activities. The thyroid hormone receptor
plays a critical role in activating cardiac «-MHC (20, 25). The
transcriptional activity of the thyroid hormone receptor can be
repressed by interacting with a nuclear receptor corepressor,
SMART/NcoR, which results in silencing or repressing the
target gene activation (8, 35). An unusual homeodomain
protein, HOP, inhibits the activation of atrial natriuretic factor
(ANF), cardiac a-actin, and SM22 (37) by interacting with SRF
to inhibit SRF-dependent activation. A GATA4-interacting
factor, Friend of GATA-2 (FOG-2), represses GATA4-medi-
ated transcriptional activation of several cardiac gene promot-
ers, including the ANF, BNP, and cardiac muscle-specific tro-
ponin C (40, 42).

The molecular mechanism of the regulation of ANF expres-
sion has been studied extensively because of its early onset of
expression and its cardiac-specific pattern of expression in de-
velopment. Near the time of birth, the expression of ANF in
the ventricle of the normal heart decreases significantly. How-
ever, the ANF gene is reexpressed in response to hypertrophic
stimulation (7, 34). Expression of the ANF gene is activated
by either Nkx2.5 or GATA4 or both with synergism (9, 26).
The T box-containing transcription factor Tbx5 associates with
Nkx2.5 and synergistically activates ANF expression in vitro (3,
17). The ANF promoter is also a target of PITX2 homeobox
protein and one of the PITX2 isoforms, PITX2C, can syner-
gistically activate the ANF promoter with Nkx2.5 (12).

Jumonji (JMJ) is a member of the jumonji family of tran-
scription factors (for reviews, see references 1 and 6). JMJ is
a nuclear factor (27) that contains a domain homologous to
a DNA-binding domain of the A/T-rich interaction domain
(ARID) transcription factors based on amino acid sequence
analysis (13, 16, 19, 24). We and others have previously dem-
onstrated that the jmj gene plays a critical role in the devel-
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opment of the heart (27) and other organs (23, 33, 41). Cardiac
defects in jmj mutant mice embryos include ventricular septal
defects, double outlet right ventricles, and thin ventricular
walls (27). Examination of the jmj homozygote mutants re-
vealed that regulation of cardiac-specific gene expression
was defective in the hearts (27). It was of interest that down-
regulation of the ANF gene expression, which occurs in the
normal ventricle near birth, was defective in the hearts of the
mutants compared to those of the wild-type littermates (27).
These data suggest that JMJ suppresses expression of the ANF
gene as the heart develops to maturity. The recent report
regarding the structural and functional analyses of JMJ showed
that JMJ contains domains for the powerful transcriptional
repression, DNA binding, and nuclear localization signal (22).
Together, these data led us to investigate the molecular mech-
anism of JMJ on regulating ANF gene expression.

The present study demonstrates that JMJ inhibited ANF
activation by Nkx2.5 and GATA4. JMJ interacts physically with
cardiac-restricted transcription factors Nkx2.5 and GATA4
and represses their abilities to activate target gene expression.
Although we identified two JMJ-binding sites in the ANF en-
hancer, these JMJ-binding sites were dispensable in ANF re-
pression by JMIJ. This study provides molecular mechanisms of
cardiac-specific gene regulation and, therefore, of cardiac de-
velopment, through the repression function of JMJ in ANF
gene expression.

MATERIALS AND METHODS

Plasmid constructs. Various jmj constructs in the pcDNA3.1 vector and in
pGEX2T encoding glutathione S-transferase (GST) have been described earlier
(22, 27). Nkx2.5/pcDNA3 (26, 32), GATA4/pMT2 (26), various deletion ANF
reporter genes (26, 32), the Nkx2.5 reporter gene A20-TATA-Luc (10), and the
GATAA4 reporter gene GATA-TK-Luc (46) were described elsewhere. To gen-
erate Myc-tagged Nkx2.5 and GATA4, the corresponding PCR product was
subcloned in frame into the pcDNA3.1-myc containing a C-terminal Myc tag
sequence (Invitrogen). The plasmids encoding GST-Nkx2.5 and GST-GATA4
were constructed by subcloning the full-length cDNAs into the pGEX2T vector
(Amersham). All new constructs were confirmed by restriction digestion fol-
lowed by sequencing.

Transfection and reporter gene assay. Neonatal primary rat cardiomyocytes
were prepared and transfected by Lipofectamine (Invitrogen) as described else-
where (32). Transient transfection assays were done by the calcium phosphate
precipitation method as described previously (22, 26). Briefly, mouse embryo
fibroblast (10T1/2) cells in 60-mm dish plates were transfected with 1 to 2 pg of
reporter gene and/or various transcription factors (Nkx2.5, GATA4, and/or JMJ)
in mammalian expression vectors and 0.5 ug of pCMV-Bgal. Two days after
glycerol shock, cell lysates were assayed (Promega) for luciferase activity by using
a luminometer according to the manufacturer’s recommendations. Reporter
gene activity was normalized to B-galactosidase activity to correct for variations
in transfection efficiency. Data are given as means = standard errors. Statistical
analyses were performed by using the analysis of variance. The posttest compar-
ison was performed by paired ¢ test. Results were accepted as significant when
P was <0.05.

To examine whether cotransfection of JMJ affects the expression levels of Nkx2.5
or GATA4, Western blot analysis was performed as described previously (22).

Protein-protein interaction. To examine the in vivo association of JMJ with
Nkx2.5 or GATAA4, coimmunoprecipitation was performed as described previ-
ously (26) with minor modifications. Briefly, human embryonic kidney 293 cells
(3 X 10° cells/10-cm culture dish) were transfected with 6 pg of JMJ/pFLAG-
CMV?2 and/or 3 pg of Nkx2.5/pcDNA3.1-myc or 3 pg of GATA4/pcDNA3.1-myc
by using Lipofectamine and Plus reagents (Invitrogen). The cells were briefly
sonicated in 1.5 ml of a lysis buffer (50 mM HEPES [pH 7.4], 150 mM NacCl,
1 mM MgCl,, 1 mM EGTA, 0.5% NP-40, 10% glycerol, 10 mM Na,HPO,, and
1 mM dithiothreitol). The cell extracts (500 wg) were diluted with the lysis buffer
containing 0.1% NP-40 and precleared by incubation with 5 g of rabbit immu-
noglobulin G (IgG) and 50 pl of protein A-agarose at 4°C for 2 h. The precleared
cell extracts were incubated with 3 pg of polyclonal anti-Flag antibodies (Ab)
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(Sigma) at 4°C for 3 h, followed by incubation with protein A-agarose at 4°C for
2 h. After washing five times with NETN buffer (100 mM NaCl, 1 mM EDTA,
1 mM Tris-HCI [pH 8.0], 0.5% NP-40, and 1 mM dithiothreitol) at room tem-
perature for 5 min, bound proteins were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) followed by Western blotting
with the anti-Myc Ab (Santa Cruz Biotechnology). To perform reciprocal exper-
iments, the cell extracts were precleared by incubation with 5 pg of mouse IgG
and protein A-agarose, followed by coimmunoprecipitation with 3 wg of mono-
clonal anti-Myc Ab and protein A-agarose. After extensive washes with NETN
buffer, the bound proteins were analyzed by Western blotting with the anti-JMJ
Ab that was characterized previously (22).

To map the protein-protein interaction domains between JMJ and Nkx2.5 or
GATA4, GST pull-down assays were performed as described previously (26).
The GATA4 mutant constructs (see Fig. 6C) are as follows. In the N-terminal
zinc finger point mutant, cysteine residues at 236 and 239 were replaced by serine
residues (C236S and C239S). The N-terminal zinc finger deletion mutant consists
of amino acids 1 to 213 and 242 to 440. The C-terminal zinc finger point mutant
contains a C290S mutation (26).

To test whether JMJ blocks the interaction between Nkx2.5 and GATA4 (see
Fig. 8), equal amounts of in vitro-translated *>S-GATA4 were diluted in 500 pl
of NETN buffer and incubated with 80 or 400 pg of 293 cell extract containing
the JMJ protein at 4°C for 1 h. Expression of JMJ in 293 cells transfected with
a plasmid encoding jmj cDNA was confirmed by Western blot analysis (see Fig.
4B, lane 7). For control experiments, 400 wg of control 293 cell extract was
incubated. The solution was then incubated with equal protein amounts (0.6 ng)
of GST-Nkx2.5-agarose beads or GST-agarose beads at 4°C for 2 h. After
washing, bound proteins were resolved by SDS-PAGE and detected by autora-
diography. A reciprocal experiment was performed with 3°S-Nkx2.5-4 and GST-
GATA4-agarose beads as described above.

GMSA. A double-stranded oligonucleotide probe for the Nkx2.5-binding ele-
ment (NKE) in the ANF promoter (from bp —92 to —71 of the transcription
initiation site) was produced by annealing a sense strand (5'-CGCCGCAAGT
GACAGAATGGGG) and an antisense strand (5'-CTCCCCATTCTGTCACT
TGCGQG) (9, 10). The GATA4-binding site in the ANF promoter (from bp —136
to —115) was probed with 5'-AGCTTCGCTGGACTGATAACTT and 5'-TAA
AGTTATCAGTCCAGCGAAG (9, 26). The various probes for the A/T-rich
sequence positioned at bp —580 of the ANF promoter-enhancer were as follows:
—580A/T, 5'-ACTCTAAAAAAATATAATAGC and 5'-AGCTATTATATTTT
TTTAGA; —425A/T, 5'-CAGCTGCCTGTATTGCCTCTCC and 5'-GAGGAG
AGGCAATACAGGCAGC; —405A/T, 5'-CTCCCGCCCTTATTTGGA
GCCC and 5'-AGGGGCTCCAAATAAGGGCGGG; —265A/T, 5'-CCAAG
GACTATTTTCTGCTCTT and 5'-AGAAGAGCAGAAAATAGTCCTT;
—220A/T, 5'-CTCTTGAGGCAAATCATCAAGA and 5'-ATTCTTGATGAT
TTGCCTCAAG; —110A/T, 5'-ATAACTTTAAAAGGGCATCTTC and 5'-GA
GAAGATGCCCTTTTAAAGTT. The Nkx2.5, GATA4-binding site, and A/T-
rich sequences are underlined. Gel mobility shift assays (GMSA) were performed
as described elsewhere (22, 25).

RESULTS

JM]J represses ANF gene expression. To search for endog-
enous target genes of JMJ, we performed transient transfec-
tion assays using the reporter genes containing either bp
—3003 or —638 of the ANF promoter-enhancer linked to a
luciferase gene in primary neonatal rat cardiomyocytes. As
shown in Fig. 1A, JMJ repressed both ANF reporter genes by
more than 50% compared to the activity of either reporter
gene alone, indicating that JMJ represses ANF gene expres-
sion and that the —638 ANF promoter-enhancer region is suf-
ficient to mediate repression by JMJ. We then began to exam-
ine molecular mechanisms of the repression function of JMJ.
The cardiac-specific ANF promoter-enhancer is a transcrip-
tional target for both Nkx2.5 and GATA4 (10, 26). It has been
shown that either Nkx2.5 or GATA4 alone activates, or both
together synergistically activate, ANF expression in cultured
fibroblasts (9, 26). Therefore, it was of interest to examine
whether JMJ represses ANF activation by Nkx2.5 or GATA4
(Fig. 1B). Nkx2.5 and GATA4 activated the —638 ANF re-
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FIG. 1. JMJ represses ANF gene expression. (A) JMJ inhibits ANF
gene expression in cardiomyocytes. The ANF reporter gene —3003ANF-
Luc or —638ANF-Luc (2 pg) was cotransfected with 0.1 pg of the JMJ
expression vector into rat neonatal primary cardiomyocytes. Relative
luciferase activity was calculated when luciferase activity with the re-
porter gene alone was set at 1. (B) JMJ inhibits activation of the ANF
gene by Nkx2.5 or GATA4 or both. The ANF reporter gene —638ANF-
Luc (2 pg) was cotransfected with 2 pg of various transcription factors
in the expression vectors into 10T1/2 cells grown on 60-mm plates by
calcium phosphate precipitation methods. Luciferase activity was nor-
malized with B-galactosidase activity to correct transfection efficiency.
Relative luciferase activity was expressed as the activation level (n-
fold) above that of the reporter gene alone. Filled bars indicate the
means and T bars indicate standard errors of the means for four
separate transfection assays with duplicate plates. (C) Cotransfection
of JMJ does not affect the expression level of Nkx2.5 or GATAA4.
Western blots show expression levels of exogenous genes in the same
10T1/2 cell extracts transfected for the reporter gene assays described
for panel B. After cotransfection of the Myc-tagged Nkx2.5 and/or
GATAA4 expression vector with JMJ as indicated, equivalent amounts
of the cell extract (100 pg/lane) were subjected to immunoblotting for
Nkx2.5 and GATA4 or JMJ.

porter gene in 10T1/2 cells as reported previously (9, 26).
Interestingly, JMJ repressed activation of the ANF reporter
gene by Nkx2.5 or GATA4 or synergistic activation by both,
suggesting that JMJ inhibits the transcriptional activation func-
tion of Nkx2.5 and GATAA4. These data correlate well with in
situ analyses of jmj-knockout mouse heart, which show that
down-regulation of the ANF gene is defective in the mutant
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embryonic heart near birth (27). To exclude the possibility that
cotransfection of JMJ decreases the expression of Nkx2.5 or
GATA4, Western blot analyses were performed by using the
same cell extracts as described for Fig. 1B. As shown in Fig. 1C
(upper panel), the cotransfection of JMJ with Nkx2.5 or
GATAA4 (lane 2 or 4) did not decrease the expression level of
Nkx2.5 or GATA4 compared to that of Nkx2.5 or GATA4
alone (lane 1 or 3, respectively). Similarly, cotransfection of
JMJ did not affect the expression levels of Nkx2.5 and GATA4
when all three plasmids were expressed (compare lanes 5 and
6). Therefore, the reduced activation of the ANF reporter gene
by JMJ is not due to decreases in expression of Nkx2.5 or
GATAA4.

Identification of JMJ-binding sites in the ANF enhancer. It
has been reported that JMJ is a DNA-binding protein (22).
Results from DNA-binding site selection experiments indi-
cated that JMJ prefers binding to A/T-rich sequences (22).
Interestingly, the ANF promoter-enhancer region within —638
nucleic acids contains six A/T-rich sequences, which are the
putative DNA-binding sites of JMJ. Therefore, there are sev-
eral possible mechanisms by which JMJ represses ANF activa-
tion. JMJ may bind directly to the ANF enhancer region and
repress ANF expression since JMJ contains the transcriptional
repression domain (22). Alternatively, JMJ may physically in-
teract with Nkx2.5 or GATA4, which interferes with their tran-
scriptional activation function, or a combination of both mech-
anisms may lead to repression of ANF expression.

To investigate whether JMJ binds to any of the A/T-rich
sequences in the ANF enhancer-promoter region, GMSA were
performed (Fig. 2A). Each of six A/T-rich oligonucleotides
was labeled with *?P and incubated with GST-JMJ 529-792,
the DNA-binding domain (DBD) of JMJ (22). JMJ showed
stronger binding to two of the sequences, located at bp —580
and —110, in a dose-dependent manner, than to the A/T-
rich sequences located at bp —405 and —265. To determine
whether these two A/T-rich sequences mediate the repression
function of JMJ in vivo, reporter plasmids were constructed by
inserting the A/T-rich oligonucleotides upstream of the SV40
promoter linked to luciferase in the pGL3-promoter vector
(Promega). The reporter plasmids, containing an A/T-rich se-
quence at bp —110 in the ANF promoter in the forward and
reverse directions, were designated —110A/T Fw-pGL3 and
—110A/T Rv-pGL3, respectively. When cotransfected (Fig.
2B), IMJ repressed both —110A/T Fw-pGL3 and —110A/T
Rv-pGL3 by about 50%. Regardless of its orientation, the
—110A/T sequence could mediate the transcriptional repres-
sion activity of JMJ. The enhancer mediates transcriptional
activity regardless of its orientation. The repression function of
JM1J was specific to the DNA binding of JMJ, because JMJ did
not have any effect on transcriptional activity of the pGL3-
promoter vector. JMJ repressed expression of the reporter
genes containing —580 A/T-rich sequence in the forward and
reverse directions (—580A/T Fw-pGL3 and —580A/T Rv-
pGL3) at a level similar to —110A/T-pGL3 (data not shown).
JMI also repressed the reporter gene containing the weaker
binding site of JMJ, located at bp —405 or —265, by about 30%
(data not shown). These data suggest that JMJ may mediate
the repression of ANF expression via these binding sites.

Mutational analyses of the ANF enhancer. To determine
whether these A/T sequences that JMJ binds to indeed medi-
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FIG. 2. JMJ binds to DNA motifs in the ANF enhancer, which
mediate repression by JMJ. (A) Representative GMSA with the six
A/T-rich sequences in the —638 ANF promoter-enhancer. The *2P-
end-labeled probe (20 fmol; 50,000 cpm/lane) was incubated with 20
(+) or 100 ng (++) of GST-IMJ 529-792, as indicated. The reaction
mixtures were loaded onto 5% nondenatured PAGE and autoradio-
graphed. The arrow and arrowhead indicate the probe bound to JMJ
and free probe, respectively. JMJ showed stronger binding to two of
the sequences (bp —580 and —110) (arrow), in a dose-dependent
manner, than to other A/T-rich sequences. Sequences of the six oligo-
nucleotides are presented in Materials and Methods. (B) JMJ re-
presses the reporter genes containing the JMJ-binding site in the ANF
enhancer. The reporter plasmids containing the —110 A/T-rich se-
quence selected by GMSA were constructed by subcloning the oligo-
nucleotide into the pGL3-promoter vector in the forward (—110A/T
Fw-pGL3) or reverse (—110A/T Rv-pGL3) direction. Transient trans-
fection assays were performed by using 10T1/2 cells as described for
Fig. 1B. The reporter genes (1 pg) were cotransfected with 0.5 pg of
JMJ in the expression vector. Filled bars represent the means and T
bars indicate the standard errors of the means for three separate
transfection assays with duplicate plates.

ate the repression function of JMJ, serial mutational analyses
of the ANF reporter genes were performed (Fig. 3). The ANF
reporter genes were cotransfected with Nkx2.5 and GATA4
in the presence or absence of JMJ. Significant repression of
—638 ANF-Luc by JMJ was observed as before (Fig. 1B). The
—297ANF-Luc reporter gene, for which the A/T sequences
located at bp —580, —425, and —405 are deleted, was signifi-
cantly repressed by JMJ. The —134ANF-Luc deleted further
upstream of the ANF promoter showed a repression pattern
similar to that of —297ANF-Luc with JMJ. JMJ also repressed
the —109 ANF-Luc reporter gene expression by 44% com-
pared to that by both Nkx2.5 and GATAA4. It should be noted
that JMJ significantly repressed —109ANF-Luc, which does
not contain the A/T-rich sequences but contains an NKE.
These results suggest that there are alternative mechanisms for
JMJ to repress ANF gene expression that do not require the
binding of JMJ to its DNA-binding site.
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Intracellular associations of JMJ with Nkx2.5 and GATA4.
Since the DNA-binding sites for JMJ do not seem to mediate
the repression function of JMJ, we explored the possibility that
JMJ physically interacts with Nkx2.5 or GATA4 in vivo, result-
ing in decreased transcriptional activities of these activators.
Coimmunoprecipitation was performed by using HEK 293
cells with overexpressed JMJ and Nkx2.5 or GATA4 (Fig. 4).
Before immunoprecipitation, the cell extracts were precleared
by incubation with rabbit or mouse IgG to remove proteins
that may bind nonspecifically to IgG or protein A-agarose. As
shown in Fig. 4A, the Myc-tagged Nkx 2.5 or GATA4 protein
was detected (lane 2 or 4, respectively) when cell extracts
coexpressing Flag-tagged JMJ and Nkx2.5 or GATA4 were
immunoprecipitated with the rabbit anti-Flag Ab, followed by
Western blotting with the mouse anti-Myc Ab. In the control
cell extract expressing only Nkx2.5 or GATA4 (lane 1 or 3,
respectively), neither Nkx2.5 nor GATA4 protein was de-
tected, indicating the specific interaction of JMJ with Nkx2.5 or
GATA4. Nkx2.5 or GATAA4 protein migrated as an approxi-
mately 45-kDa (Fig. 4A, lanes 5 and 6) or 52-kDa (lanes 7 and
8) band, respectively, upon direct Western blotting of the
transfected cells. Nkx2.5 and GATA4 are not expressed in all
cell lines employed in this study, and the endogenous JMJ
could not be detected in cell extracts by Western blot analyses
(Fig. 4B, lane 8). The converse coimmunoprecipitation exper-
iment also revealed the specific interactions of JMJ with
Nkx2.5 or GATAA4 in vivo (Fig. 4B). When the cell extract con-
taining JMJ and Myc-tagged Nkx2.5 (lane 1) or GATA4 (lane
2) was immunoprecipitated with anti-Myc Ab, Nkx2.5, and
GATA4 were able to pull down JMIJ. In contrast, JMJ was not
detected when coimmunoprecipitation was performed with an-
ti-Myc Ab in the cell extract containing only JMJ (lane 3) or
nontransfected control cell extract (lane 4). These data clearly
demonstrate that JMJ physically associates with Nkx2.5 and
GATA4 in vivo when the proteins are coexpressed.

It has been shown that JMJ is expressed in the heart (27, 43),
as are Nkx2.5 and GATAA4. To confirm these protein-protein
interactions in cardiomyocytes, we also performed coimmuno-
precipitation experiments using mouse heart extracts. How-
ever, the protein-protein interaction between JMJ and Nkx2.5
or GATA4 could not be confirmed by the conditions we
employed, possibly due to the low expression level of each
factor.

The C-terminal part of homeodomain in Nkx2.5 physically
interacts with the DBD of JMJ. To map the protein-protein
interaction domain between Nkx2.5 and JMJ, GST pull-down
assays were performed (Fig. 5). Various **S-labeled Nkx2.5
wild type and mutants were translated in vitro (Fig. 5SA) and
incubated with GST-wild-type JMJ (Jwt) or GST-JMJ 529-792
that contains the DBD of JMJ (Fig. 5B). A schematic diagram
of Nkx2.5 mutants and summary of the binding results are
shown in Fig. 5C. The Nkx2.5 wild type and the C-terminal
deletion mutants, Nkx2.5 with a deletion of amino acids (aa) 1
to 230 or 1 to 199 (N 1-230 or N 1-199, respectively), interacted
well with JMJ (lane 1 in Fig. 5B). When the C-terminal part of
the homeodomain was deleted (Nkx2.5 1-182), the interaction
was abolished (lane 4 in Fig. 5B). The reciprocal experiments
were performed to map the interaction domain of JMJ. The
GST-Nkx2.5 protein coupled to agarose beads was incubated
with the in vitro-translated **S-JMJ (Fig. 5D). Jwt (Fig. 5E,
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FIG. 3. Mutational analyses of the rat ANF promoter-enhancer. (A) Schematic diagram of the ANF enhancer-promoter showing the positions
of the two A/T-rich sequences (A/T) that JMJ binds to, Nkx2.5-binding sites (N), and GATA4-binding sites (G). (B) Mutational analyses of the
ANF reporter genes. The mutant ANF reporter genes (2 wg) were cotransfected with Nkx2.5 (1 pg) and GATA4 (1 pg) and/or JMJ (1 ng)
expression vector into 10T1/2 cells as described for Fig. 1B. Filled bars represent the means and T bars indicate the standard errors of the means
for three separate transfection assays with duplicate plates. *, P < 0.05; **, P < 0.01 compared to respective control activation.

lane 1) and the C-terminal-containing mutant, JMJ 529-1234
(lane 3), interacted well with GST-Nkx2.5, but JMJ 1-528 did
not (lane 2). The binding results are summarized in Fig. SF.
These data indicate that the DBD of JMJ (aa 529 to 792)
mediates the interaction with Nkx2.5.

The N-terminal part of GATA4 physically associates with
the DBD of JMJ. Similar GST pull-down assays were per-
formed to map the interaction domains between GATA4 and
JMJ (Fig. 6). Various in vitro-translated GATA4 mutants (Fig.
6A) were incubated with GST-JMJ, and the bound proteins
were subjected to SDS-PAGE (Fig. 6B). All deletion or point
mutants of GATA4 bound to JMJ (lanes 1 and 3 to 6), while
the N-terminal deletion mutant GATA4 containing aa 183 to
440 (G 183-440) did not interact with JMJ (lane 2), indicating
that the N terminus of GATA4 (aa 1 to 182) is necessary for
interaction with JMJ. The reciprocal experiments (Fig. 6D to
F) indicated that the DBD of JMJ (aa 528 to 792) was also
necessary for interaction with GATA4 (panel E). The full-
length JMJ bound to GATA4 more weakly than did JMJ 529-
1234 (panel E). These data so far show that the DBD of JMJ
mediates physical interactions with the N-terminal end of
GATAA4 and the C-terminal part of the homeodomain in Nkx2.5.

JMJ represses the reporter gene containing the Nkx2.5- or
GATA4-binding consensus sequence. We then investigated
whether JMJ represses the Nkx2.5- or GATA4-dependent ac-
tivation via a DNA-binding-independent mechanism. Cotrans-
fection assays were performed by using the reporter genes
containing either the Nkx2.5-binding consensus site, A20-
TATA-Luc (10), or the GATA4-binding site, GATA4-TK-Luc
(46). These reporter genes do not contain the DNA-binding
site of JMJ. As shown in Fig. 7A, the A20 reporter gene was
activated when cotransfected with Nkx2.5. Wild-type JMJ
(Jwt) significantly repressed this Nkx2.5-dependent activation
by 53% (46.2- versus 21.5-fold activation). The N-terminal part

of IMJ (Jnt; aa 1 to 528) did not seem to repress the A20
reporter gene. Jnt does not contain the protein-protein inter-
action domain with Nkx2.5 and GATAA4, but it contains the
transcriptional repression domain. In contrast, the activation
of the reporter gene by Nkx2.5 was markedly repressed with
the coexpression of Jct, where the JMJ C-terminal aa 529 to
1234 is fused to the nuclear localization signal aa 1 to 130 (22).
Jct contains the protein-protein interaction domain for Nkx2.5
(Fig. 5) and GATA4 (Fig. 6), but does not contain the tran-
scriptional repression domain of JMJ. These data suggest that
the protein-protein interaction domain of JMJ is required for
most of the repression activity.

Similarly, Jwt also significantly inhibited the GATA4-depen-
dent activation of the reporter gene, which contains only the
GATA4-binding site, by 37% (Fig. 7B). While Jct repressed
the GATA4-dependent activation significantly, Jnt showed
very weak repression activity, if any. Similar results were ob-
served when Jwt and its mutants were cotransfected with the
ANF reporter (Fig. 7C). Jwt and Jct repressed the ANF acti-
vation by 42 and 39%, respectively, while Jnt produced only
8% repression. JMJ alone did not inhibit the basal reporter
gene activity, indicating the specific repression by JMJ on ANF
activation. These results indicate that the major repression
function of JMJ requires the protein-protein interaction with
Nkx2.5 and GATAA4, and the transcriptional repression do-
main seems to contribute to the minor repression activity of
JMJ, if any.

It is possible that JMJ may compete with Nkx2.5 or GATA4
at their DNA-binding sites. However, our GMSA experiments
(data not shown) indicated that JMJ bound to neither the
NKE- nor the GATA-binding sequence identified in the ANF
promoter (9, 26). The oligonucleotide sequences of the probes
are described in Materials and Methods. In addition, the JMJ
protein did not decrease the DNA-binding activity of Nkx2.5 or
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FIG. 4. Association of JMJ with Nkx2.5 and GATA4 in vivo.
(A) 293 cells were cotransfected with the expression vectors encoding
Flag-tagged JMJ and Myc-tagged Nkx2.5 or Myc-tagged GATAA4, as
indicated. After the cell lysates were precleared by incubation with
rabbit IgG and protein A-agarose, JMJ proteins were immunoprecipi-
tated with anti-Flag tag Ab followed by immunoblotting with anti-Myc
AD to detect Nkx2.5 (lane 2) or GATA4 (lane 4). The cell lysates (12
ng/lane; 4% input) were loaded in the same gel to confirm the expres-
sion of Nkx2.5 (lanes 5 and 6) and GATA4 (lanes 7 and 8). (B) For
reciprocal experiments, the precleared cell lysates were subjected to
immunoprecipitation with a monoclonal anti-Myc Ab. The JMJ pro-
teins coimmunoprecipitated with Nkx2.5 (lane 1) or GATA4 (lane 2)
were detected with anti-JMJ polyclonal Ab. The expression of JMJ was
confirmed by direct Western blot analyses (lanes 5 to 7). Molecular
mass markers (in kilodaltons) are indicated on the left of each panel.

GATAA4 to its own binding site when JMJ was coincubated with
Nkx2.5 or GATA4 (data not shown). Therefore, it is unlikely
that JMJ competes with Nkx2.5 or GATA4 at their DNA-
binding sites, resulting in repression of the target gene expres-
sion.

JMJ does not interfere with the interaction between Nkx2.5
and GATA4. It has been reported that Nkx2.5 and GATA4
physically associate and cooperatively activate transcription
of the ANF gene (9, 26). Because our data show that JMJ
can interact with both Nkx2.5 and GATA4, we examined
whether JMJ interferes with the physical interaction be-
tween Nkx2.5 and GATA4 (Fig. 8), which may lead to a
decrease in their synergistic cooperation for ANF activation.
33S-labeled GATA4 preincubated with an excess amount of
JMJ was then pulled down with GST-Nkx2.5, followed by
SDS-PAGE and autoradiography. If JMJ interferes with the
interaction between GATA4 and Nkx2.5, GST-Nkx2.5
would not efficiently pull down *S-GATA4. When *S-
GATA4 (Fig. 8, lane 1) was preincubated with increasing
amounts of cell extracts with JMJ overexpressed (lanes 2
and 3), GST-Nkx2.5 interacted with >>S-GATAA4 as efficiently

MoL. CELL. BIOL.

as with the control cell extract (lane 4). Similarly, **S-Nkx2.5
(lane 6) preincubated with increasing amounts of JMJ (lanes 7
and 8) retained its ability to interact with GST-GATA4 as well
as with control cell extracts (lane 9). These interactions were
specific since neither **S-GATA4 nor Nkx2.5 was pulled
down by beads of GST alone (lanes 5 and 10). Although it is
not possible to calculate the exact amount of each protein in
the reaction, we preincubated minimal amounts of *S-
GATA4 or *°S-Nkx2.5 with large excess amounts of JMJ
extracts as evidenced by Western blotting (data not shown)
to saturate *>S-GATA4 and *°S-Nkx2.5. Therefore, it is un-
likely that JMJ inhibits the physical interaction between Nkx2.5
and GATAA4.

DISCUSSION

Transcriptional repression plays a critical role in precisely
controlling gene expression in a spatial and temporal manner.
Many gene-specific repressors in bacteria and eukaryotes have
been identified (21, 29). Transcriptional repressors either bind
directly to the cis-acting DNA element of a target gene pro-
moter or interact with other transcriptional activators. The
target gene expression can be inhibited subsequently by re-
cruiting transcriptional corepressors or by masking a transcrip-
tional activation function of an activator. We have previously
reported that JMJ contains a transcriptional repression do-
main and can bind to DNA in vitro (22). The present study
demonstrates that JMJ, a nuclear factor that is critical for
normal heart development (27), represses ANF gene expres-
sion by physical interaction with the cardiac-restricted tran-
scription factors Nkx2.5 and GATA4. Although JMJ can bind
to the two cis elements of the ANF gene promoter, these
binding sequences did not seem to mediate the repression
activity of JM1J.

Atrial natriuretic factor (ANF) is an important hormonal
mediator of body fluid and electrolyte balance in both the
normal and hypertensive states of mammalian species (7, 34).
During normal development, ANF is expressed in both the
atrial and ventricular chambers of the embryonic heart (48).
Near birth, expression of ANF in the ventricular compartment
decreases significantly, leading to the atrial-specific expression
of the ANF gene in the normal adult heart. However, in re-
sponse to increased demands for cardiac muscle work, cardiac
muscle is activated by hypertrophic stimulation, which results
in reactivation of the ANF gene expression in the ventricle.
This reactivation of ANF is a hallmark for inducible gene
expression in hypertrophied cardiac muscle cells (7, 34). An
understanding of induction or repression of ANF expression
will also provide valuable insights into the mechanism of hy-
pertrophic changes of ventricle cells in the heart.

Regulation of ANF expression is controlled primarily at the
transcriptional level. The transcription factors involved in
activation of ANF expression include Nkx2.5, GATAA4,
MEF2, PitX2, and Tbx5 (3, 10, 12, 26, 31), which bind to
their cis elements in the ANF enhancer region. In contrast,
molecular mechanisms that repress ANF expression have
not been well characterized. Several repressors of the ANF
gene have been recently reported. For example, Tbx2, a Tbx
isoform, inhibits ANF expression in the atrioventricular ca-
nal (14, 47). HOP and FOG?2 inhibit ANF expression by
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FIG. 5. Mapping of the protein-protein interaction domains in Nkx2.5 and JMJ. Various **S-labeled Nkx2.5 mutants were prepared by using
an in vitro transcription and translation kit (Promega) and confirmed by SDS-PAGE and autoradiography (A). Equal amounts of **S-Nkx2.5 were
incubated with approximately 1 pg of GST-JMJ 529-792 fusion proteins coupled to agarose beads followed by extensive washing and SDS-PAGE
(B). A diagram of protein structures for the Nkx2.5 mutants and a summary of the physical interaction with JMJ are shown (C). To perform
reciprocal experiments, various **S-labeled JMJ mutants (D) were incubated with approximately 1 wg of GST-Nkx2.5 beads or GST beads, as
indicated, followed by SDS-PAGE (E). A diagram of protein structures for JMJ mutants and a summary of binding to Nkx2.5 are shown (F); the
a indicates the binding activity of GST-JMJ 529-792 to *°S-Nkx2.5 as shown in panels B and C. The homeodomain of Nkx2.5 (HD) and the
Nkx2-specific domain (NK2-SD) consist of aa 137 to 196 and 210 to 226, respectively (27). The transcriptional repression domain (TRD) and DBD
of JMJ consist of aa 131 to 222 and 529 to 792, respectively. Association affinity: ++, strong interaction; +, moderate interaction; —, no interaction.
N, Nkx2.5; J, JMJ; wt, wild type.

interacting with SRF (5, 37) and GATA4 (39, 42), respec- to that of wild type (27), demonstrate that JMJ mediates
tively. Our present data, together with the observation that down-regulation of ANF expression at the late embryonic
JMJ-knockout mutant mice showed elevated levels of ANF stage of the ventricle. Since the expression level of JMJ is

expression in the late-stage embryonic ventricle compared increased in the ventricle as it develops (27, 43), it is plau-
A. In Vitro Translated GATA4  B. Binding C. GATA4 mutants Binding to
1 Zinc Fingers 440 JMJ 5972
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FIG. 6. Mapping of the protein-protein interaction domains in GATA4 and JMJ. Various **S-labeled GATA4 mutants (A) were incubated with
approximately 1 pg of GST-JMJ 529-792 fusion proteins coupled to agarose beads and were then subjected to SDS-PAGE (B). A diagram of
protein structures for the GATA4 mutants and a summary of the physical interaction are shown (C). The asterisks in panel C indicate the positions
of the point mutations (26). For converse experiments, various >°S-labeled JMJ mutants (D) were incubated with approximately 1 pg of
GST-GATA4 beads or GST beads, as indicated, followed by SDS-PAGE (E). A diagram of protein structures for JMJ mutants and the summary
are shown (F); the a indicates the binding activity of the GST-JMJ 529-792 to **S-GATA4 as shown in panels B and C. Association affinity: ++,
strong interaction; +, moderate interaction; —, no interaction. G, GATA4; J, JIMJ; wt, wild type.
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FIG. 7. JM]J inhibits transcriptional activation of Nkx2.5 and GATAA4.
(A) JMJ inhibits transcriptional activation by Nkx2.5. A reporter plas-
mid (1 pg) containing the Nkx2.5 DNA-binding consensus sequence
A20 (AGTTAATTG) linked to the cardiac a-actin TATA minimal
promoter, A20-TATA-Luc, was cotransfected with 0.1 pg of Nkx2.5
and/or 0.5 pg of JMJ wild-type (Jwt), Int (aa 1 to 528), or Jct (aa 1 to
130 fused to aa 529 to 1234) into 10T1/2 cells as indicated. Filled bars
indicate the means and T bars indicate the standard errors of the
means for three separate experiments with duplicate plates. *, P < 0.05
compared to control activation. (B) JMJ inhibits transcriptional acti-
vation by GATA4. Transient transfection assays were performed as
described for panel A with a reporter plasmid containing six GATA4-
binding sequence linked to the thymidine kinase (TK) promoter and/or
GATAA4 expression vector. (C) JMJ inhibits ANF activation by Nkx2.5
and GATA4. The —638ANF reporter plasmid (1 pg) was cotrans-
fected with 0.2 pg of Nkx2.5 and GATA4 and 0.5 pg of JMJ in ex-
pression vectors. The percentage of maximal repression was calculated
by setting the maximum activation of the ANF gene by Nkx2.5 and
GATA4 at 100%.

sible that an increased amount of JMJ in the ventricle of the
late-stage embryo results in repression of ANF expression.

GMSA indicates that JMJ binds to at least two A/T-rich cis
elements in the ANF enhancer in vitro (Fig. 2A). JMJ inhibits
expression of the reporter genes that contain these A/T-rich
sequences (Fig. 2B). However, these cis elements do not seem
to play a major role in JMJ-dependent repression of ANF
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FIG. 8. JMIJ does not interfere with the interaction between Nkx2.5
and GATA4. *>S-GATA4 (lane 1) was incubated with increasing
amounts of 293 cell extract containing overexpressed JMJ proteins
(lanes 2 and 3) or control 293 cell extract (lane 4) as described in
Materials and Methods. To these incubation mixtures, GST-Nkx2.5
agarose beads (lanes 2 to 4) or GST agarose beads (lane 5) were
added. As a reciprocal experiment, *>S-Nkx2.5 (lane 6) was incubated
with increasing amounts of 293 cell extract containing JMJ (lanes 7 and
8) or control 293 cell extract (lane 9), followed by incubation with
GST-GATAA4 agarose beads (lanes 7 to 9) or GST agarose beads (lane
10). Molecular mass markers (in kilodaltons) are indicated on the left.

expression, since JMJ inhibits activities of the ANF reporter
genes where all or some of these A/T-rich sequences are de-
leted (Fig. 3B). The JMJ binding site located at bp —580 is
particularly interesting, because this element has been demon-
strated to mediate the up-regulation of ANF expression during
cardiac myocyte hypertrophy (15) and also binds weakly to
MEF2 (31). The transacting factor that binds to this site during
cardiac hypertrophy has not been identified. Therefore, JMJ
may be a putative therapeutic factor that prevents the reex-
pression of ANF in hypertrophic hearts by binding to the
A/T-rich sequence at bp —580 in the ANF enhancer.

Our data suggest that the protein-protein interactions of
JMJ with Nkx2.5 and GATA4 are essential in mediating the
repression function of JMJ. Specifically, we mapped the pro-
tein-protein interaction domain of JMJ to a region between aa
529 and 792 (Fig. 5 and 6), which overlaps with the previously
identified DBD of JMJ (22). It is interesting that JMJ interacts
with the N-terminal region of GATA4 between aa 1 and 181,
which is the transactivation domain of GATA4. Therefore, the
physical association of JMJ with GATA4 may lead to the
inhibition of the transcriptional activity of GATA4. The inter-
action site of GATA4 with JMJ is rather unusual, because the
zinc finger region of GATA4 is known to serve as a protein
interaction domain. For instance, the C-terminal and N-termi-
nal zinc finger regions of GATA4 interact with Nkx2.5 (9, 26)
and FOG-2 (39), respectively. The DBD region of JMJ (aa 529
to 792) is essential for interacting with Nkx2.5; therefore, this
region seems to serve as a protein-protein interaction domain
of JMJ. The C-terminal part of the homeodomain in Nkx2.5
mediates the interaction with JMJ and also mediates interac-
tion with GATA4 to synergistically activate ANF expression (9,
26). Because JMIJ interacts with Nkx2.5 and GATA4 interacts
with Nkx2.5 via the same interaction domain, JMJ may inter-
fere with the interaction between Nkx2.5 and GATA4. There-
fore, we investigated by GST pull-down assay whether JMJ
inhibits the physical association of Nkx2.5 with GATA4. As
shown in Fig. 8, JMJ does not seem to interfere with the
physical association between Nkx2.5 and GATA4 under the
conditions we employed.

JM1J appears to repress ANF activation via protein-protein
interactions with Nkx2.5 and GATA4, because Jnt, the JMJ
mutant that does not contain the protein-protein interaction
domain, lost most of its repression activity as shown in Fig. 7.
In addition, Jet, which contains the protein-protein interaction
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domain, retains most of its repression activity. To exclude the
possibility that Jnt contains an additional low-affinity protein
interaction domain(s), several short JMJ mutants (such as aa 1
to 130, 1 to 220, 1 to 377, and 130 to 220) were subjected to a
GST pull-down assay using GST-Nkx2.5 or GST-GATAA4.
However, none of the short fragments of JMJ bound to Nkx2.5
or GATA4 in vitro (data not shown).

JMIJ contains a homologous region to the DNA-binding
domain of the ARID transcription factor family. The members
of this gene family include the B-cell-specific transactivator
Bright (16) and the dead ringer gene product of Drosophila
(13). JM1J has other motifs homologous to yeast SWI1, which
mediates transcriptional activation (36), and two retinoblasto-
ma-binding proteins (11), which bind to a cell cycle regulator,
pRb. Thus, JMJ may also be involved in cell proliferation and
differentiation via interaction with the cell cycle regulator pRb
or with pRb-related factors, such as p107 (50). It would also be
interesting to identify the novel factors that may mediate the
physiological and transcriptional regulatory functions of JMJ.

JMJ may regulate expression of other genes, since jmj knock-
out caused embryonic lethality in mice and JMJ is expressed
widely throughout development (27, 33, 41). The ANF gene
may be one of the endogenous target genes of JMJ in the
ventricles of last-stage embryos, and there may be other target
genes of JMJ in different tissues and at different developmental
stages. Indeed, our study of transcriptional repression function
of JMJ in the heart is supported by a recent paper, which was
published while the present study was in preparation, describ-
ing how JMJ represses cyclin D1 expression in the heart (43).
Taken together, these studies demonstrate that JMJ is a DNA-
binding trans-acting factor involved in a transcription factor
cascade in heart development.
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