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Identification of HZF1 as a novel target gene
of the MEF2 transcription factor
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Abstract. The MADS box-containing transcription factors
MEF2A-D regulate the expression of most skeletal and cardiac
muscle structural genes. Recently, a zinc finger protein called
HZF1 was identified as a transcription factor, and found to be
highly expressed in cardiac muscle. By screening the tran-
scription regulatory region of HZF1, we found that myocyte
enhancer factor 2 (MEF2) potentially recognizes and binds
the regulatory region of the HZF1 gene. We also found that
the knockdown of MEF2A endogenous expression in human
aortic smooth muscle cells decreases the expression of HZFI,
while the enforced expression of MEF2A in turn promotes the
expression of HZF1. Furthermore, we employed the luciferase
reporter system and chromatin immunoprecipitation (ChIP)
to demonstrate that MEF2A does in fact bind the regulatory
region of HZF1, which suggests that HZF1 is the direct target
of MEF2A. Based on the fact that MEF2 proteins function as
essential regulators of cardiac development and as important
pathological factors for certain cardiac diseases, our finding
that MEF2 positively regulates the expression of HZF1 may
contribute to further research investigating the role of the zinc
finger protein HZF1 in cardiac development and disease.

Introduction

The myocyte enhancer factor 2 (MEF2) group was first iden-
tified by Olson and colleagues in 1989 from differentiated
myotubes (1). There are four homologous gene products in
the MEF2 family, which are referred to as MEF2A-D. These
transcription factors have been identified in mammalian
cells, and MEF2-like sequences have been discovered in
yeast (2). MEF2 proteins belong to the MADS-box family
of transcription factors. The MEF2 DNA-binding domain is
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56 amino acids in length and is known as the MADS box.
This domain is flanked by a shorter region that contributes
to dimerization and facilitates interaction with other proteins.
The MADS box is highly conserved within MEF2 proteins
and binds readily with the A/T-rich DNA consensus sequence
[CTA(A/T),TAA/G] present in the 5' transcriptional regula-
tory regions of most skeletal and cardiac muscle structural
genes characterized to date (3,4). Other regions of the proteins
encode transactivation domains (4). Besides their regulatory
function in skeletal and cardiac muscle, MEF2A-D genes also
possess regulatory function in immune and neuronal cells
(5-8).

The zinc finger protein gene HZF1 (ZNF16) was first
identified by Han ef al in 2006 through screening of a human
bone marrow cDNA library (9). The full reading frame of
the HZF1 gene contains a 670 amino-acid peptide. The
C-terminal of this peptide contains 17 uninterrupted zinc
fingers, including 15 typical and 2 atypical C2H2 zinc finger
motifs and TGEKPYE repeats between every two zinc fingers
(9). Recently, Minjie et al characterized three nuclear location
signals within the zinc finger region of the HZF1 C-terminal
and demonstrated that HZF1 is a transcriptional activator
by investigating the role of the non-zinc finger region of the
HZF1 N-terminal (10). However, little is known regarding
the targeting of specific genes by HZF1 and its physiological
functions, except that HZF1 seems to affect erythroid and
megakaryocytic hematopoiesis (9).

In this study, we observed that the enforced expression
of MEF2A promotes the expression of HZFI, while the
knockdown of MEF2A decreases the expression of HZF1.
Furthermore, the results of a luciferase reporter assay and
chromatin immunoprecipitation (ChIP) showed that MEF2A
binds the regulatory region of HZF1. Taken together, this
shows that HZF1 is a novel direct target gene of MEF2.

Materials and methods

Cell lines and culture. The 293T cell line was purchased from
the American type culture collection (ATCC) and grown in
Dulbecco's modified Eagle's medium (DMEM, Gibico BRL)
containing 10% (v/v) fetal bovine serum (FBS, Gibico BRL),
penicillin (100 U/ml), streptomycin (100 pgg/ml) and 2 mM
L-glutamine. Human aortic smooth muscle cells (HAOSMC)
were purchased from Cell Applications Inc. and cultured in
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smooth muscle cell growth medium (Cell Applications Inc.).
Both cell types were cultured in a humidified atmosphere of
95% air and 5% CO, at 37°C.

RNA isolation and reverse transcription. Total RNA was
extracted from the cells and skeletal muscle tissue using Trizol
reagent (Invitrogen, USA) according to the manufacturer's
instructions. The total RNA was quantified by measuring the
absorbance at 260 nm. The cDNA was synthesized by M-MLV
reverse transcriptase (Invitrogen) from 2 pg of total RNA with
the primer Oligo(dT),s.

Plasmid construction and transfection. The ORF fragment of
MEF2A was amplified by PCR with the primers 5'-CTCGAG
AAATGGGGCGGAAGAAAATAC-3' and 5-GAATTCGCT
TGGAAGCCTTAGGTCAC-3', and was then inserted into a
T vector. After being sequenced, the amplified fragment was
digested with Xbal (NEB, Ipswich, MA, USA) and EcoRI
(NEB) followed by subcloning in-frame into the corresponding
restriction site of the expression vector pcDNA-FLAG.

The recombinant plasmid pcDNA-FLAG-MEF2A and the
control plasmid pcDNA-FLAG were transfected into 293T
cells with Lipo2000 (Invitrogen) according to the manu-
facturer's instructions. Transfection was performed using a
mixture of 2 ug of recombinant expression plasmid and 5 pl
of Lipo2000, or 15 pg plasmid and 30 ul of Lipo2000 for a
6-well plate and 10 cm dish, respectively. Cells were harvested
after 24 h of transfection in all cases.

Quantitative RT-PCR. Quantitative RT-PCR was carried
out in a Bio-Rad real-time PCR system (Bio-Rad, USA)
using a SYBR master mix kit (Roche, USA) according to
the manufacturer's instructions. The comparative Ct method
was used to quantify target genes relative to GAPDH (as the
endogenous control). For each individual analysis, one of the
samples was designated as the calibrator and given a relative
value of 1.0. All quantities were expressed as n-fold relative to
the calibrator. Real-time PCR primers are listed in Table 1.

RNA interference. One day before transfection, 1x10°
human aortic smooth muscle cells were plated in a 6-well
plate. For the transfection, 5 pl Lipofectamine™ 2000 was
diluted in 245 pl Opti-MEM and incubated for 5 min at
room temperature. Then, 100 pmol of either MEF2A siRNA
oligo (HSS106436, Invitrogen) or siRNA negative control
(12935-330, Invitrogen) was mixed with 250 ul Opti-MEM.
The diluted Lipofectamine 2000 was then combined with the
diluted oligomer and incubated for 15 min at room temperature
to allow complex formation to occur. The oligomer-Lipo-
fectamine 2000 complexes were added to each well containing
cells and medium and mixed gently by rocking the plate back
and forth. The cells were incubated at 37°C in a 5% CO, incu-
bator for 36 h prior to detection of the expression of the genes
of interest.

Western blot assay. The total proteins were extracted from the
cells using ice-cold lysis buffer (Sigma, USA). After extrac-
tion, 25 pg of the protein samples were separated on a 10%
SDS-PAGE gel and then transferred to polyvinylidene difluo-
ride membranes (Amersham). The membrane was incubated
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Table 1 Primers used in this study

Reporter plasmid constructs

Site 142 F: 5-GCACGCGTGATAATAGATGTTGGCGTGG-3'
R: 5'-GCCTCGAGGATTGGTGACATTTTGGC-3'
Site 1 F: 5'-GCACGCGTGAGATGTTGGCGTGGATGT-3'
R: 5'-GCCTCGAGTGATTGATGGGCATTTGG-3'
Site 2 F: 5'-GCACGCGTGGGGAAAGTGCAGGAAGG-3'
R: 5'-GCCTCGAGGGGCATCTGGCAGAAGAA-3'
qRT-PCR primers
GAPDH F: 5'-ATGGGGAAGGTGAAGGTCG-3'
R: 5-GGGGTCATTGATGGCAACAATA-3'
HZF1 F: 5-AAATCCTGACCTTATTCAGCGTC-3'
R: 5-CCTAGAAAAGTCTGAGTGCCCTC-3'
MEF2 F: 5'-ATGCCATCAGTGAATCAAAGGAT-3'

R: 5-CTGGTAAAGTAGGAGTTGCTACG-3'

with primary antibodies after blocking with 5% degrease
milk powder. After incubation with the primary antibody,
the membrane was washed and incubated with peroxidase-
linked secondary antibody IgG and then washed again. The
membrane was then exposed to ECL hyper film (Amersham).

The primary antibodies used were rabbit monoclonal anti-
body to FLAG (Sigma), rabbit polyclonal antibody to human
HZF1 (Abcam, USA) and mouse monoclonal antibody to
GAPDH (Abcam). The secondary antibodies used were goat
anti-rabbit IgG and goat anti-mouse IgG, and were purchased
from Santa Cruz.

Bioinformatics analysis. To detect if MEF2 was directly
binding to and regulating HZF1, we scanned the 2000 base
pair upstream regulatory region of the HZF1 gene with the
transcription factor binding sites prediction database TESS
(http://www.cbil.upenn.edu/cgi-bin/tess/tess), =~ TFSEARCH

(http://www.cbrc.jp/research/db/TFSEARCH.html) and
MOTIF (http:/motif.genome.jp/) (11,12).
Luciferase reporter constructs and luciferase assay.

Promoters of HZF1 were amplified by PCR from human
genomic DNA. PCR primers are listed in Table I. The PCR
products were isolated and cloned into the Mlul and Xhol
(NEB) digested pGL3 basic vector (Promega) using T4
DNA ligase (Promega). All constructs were confirmed by
sequencing. For the luciferase assay, 4x10* 293T cells per
well were plated in a 24-well plate overnight. Then, 250 ng
reporter plasmid was co-transfected into the 293T cells with
740 ng pcDNA-FLAG-MEF2A and 10 ng internal control
plasmid pRL-TK (Promega) using 3 ul Lipofectamine 2000
(Invitrogen). Twenty four hours later, cells were harvested and
lysed with passive lysis buffer (Promega). Luciferase activity
was measured using a dual luciferase reporter assay (Promega).
Firefly luciferase activity was measured and normalized to the
control Renilla luciferase level, and the luciferase activity of
each construct was compared with that of the promoterless
pGL3 basic vector.
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Figure 1. MEF2A knockdown down-regulates HZF1 expression. (A and B)
Detection of the knockdown effect of MEF2A siRNA. MEF2A siRNA
oligo and siRNA negative control were transfected into HAOSMC, and the
expression change of MEF2A was examined 36 h after transfection using
(A) quantitative RT-PCR and (B) Western blotting. The results suggest that
MEF2A siRNA oligo successfully knocked down the endogenous expression
of MEF2A at both the mRNA level (P<0.05) and at the protein level. (C-D)
Detection of the expression change of HZF1 corresponding to the knockdown
of MEF2A. The knockdown of MEF2A decreased the expression of HZF1
as shown by (C) quantitative RT-PCR (P<0.05) and (D) Western blotting.

Chromatin immunoprecipitation assay. The ChIP assay
was performed as previously described (13) with some
modifications. 293T cells were first transfected with either
pcDNA-FLAG-MEF2A or pcDNA-FLAG, and then cross-
linked with formaldehyde before being lysed. Subsequently, the
cross-linked DNA was sheared by sonication to a mean average
length of 500 bp for conventional PCR analysis and verified
by agarose gel electrophoresis. The chromatin fraction was
immunoprecipitated overnight at 4°C using anti-FLAG. PCR
amplification was performed in a total volume of 25 ul with
specific primers (forward, ACCTGGATGGGATTGGAGAC,;
reverse, AAGCAGCAAAGCATTCAAGATG).

Results

MEF2A knockdown down-regulated HZF1 expression. Small
interference RNA (siRNA) were employed to knock down the
expression of MEF2A and to determine its effect on the expres-
sion of HZF1. The MEF2A siRNA oligo and siRNA negative
control were transfected into human aortic smooth muscle
cells (HAOSMC) and the expression change of MEF2A was
examined at 36 h post-transfection. The results showed that
MEF2A siRNA efficiently knocked down the expression of
MEF2A at both the mRNA and protein levels (Fig. 1A and B).
Additionally, the expression change of HZF1 corresponding
to the knockdown of MEF2A was detected, and the results of
quantitative real-time PCR and Western blotting revealed that
the knockdown of MEF2A decreased the expression of HZF1
(Fig. 1C and D).

MEF2A overexpression promotes HZF1 expression. The
effect of MEF2A overexpression on the expression of HZF1
was observed. Either the recombinant plasmid pcDNA-
FLAG-MEF2A or the control plasmid pcDNA-FLAG were
transfected into HAOSMC cells. The cells were harvested and
lysed at 48 h post-transfection. Western blotting was performed
to detect the expression of MEF2A in HAOSMC cells with
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Figure 2. MEF2A overexpression promotes HZF1 expression. (A) The over-
expression of MEF2A in HAOSMC was identified and measured by Western
blotting using FLAG antibody. In the FLAG-MEF2A plasmid-transfected
HAOSMC, the fused protein FLAG-MEF2A was detected, which sug-
gests that MEF2A was successfully overexpressed in HAOSMC. (B) The
overexpression of MEF2A promotes the expression of HZF1, detected by
quantitative RT-PCR 1in triplicate, normalized by GAPDH, and expressed as
relative multiples of the control (mean + SD, P<0.05). (C) The overexpression
of MEF2A promotes the expression of HZF1 as tested by Western blotting.
(D) The ectopic expression of MEF2A in 293T cells promotes the expression
of HZF1.

the FLAG antibody. As shown in Fig. 2A, the expression
of fused protein FLAG-MEF2A was detected in pcDNA-
FLAG-MEF2A-transfected HAOSMC cells compared to
pcDNA-FLAG-transfected cells, which confirmed the overex-
pression of the transcription factor MEF2A in HAOSMC cells.
The expression of HZF1 at the transcriptional and translational
levels was detected and compared in MEF2A overexpressed
cells and control cells using real-time PCR and Western blot-
ting. The results demonstrated that the HZF1 mRNA level in
MEF2A overexpressed HAOSMC cells was 8-fold higher than
in the control cells (Fig. 2B). Additionally, the level of HZF1
protein was significantly higher in MEF2A overexpressed
cells as compared to the control cells (Fig. 2C). To eliminate
the influence of the cell lines, MEF2A was expressed ectopi-
cally in 293T cells, which under normal circumstances have
very low expression of MEF2A (data not shown). The ectopic
expression of MEF2A in 293T cells was found to promote the
expression of HZF1 (Fig. 2D). These results suggest that the
overexpression of MEF2A promotes the expression of HZF1.

HZF1 is the direct target of MEF2A. The results demonstrated
that MEF2A positively regulates the expression of HZFI.
However, it cannot be concluded from these results alone that
HZF1 is a direct target of MEF2A, since it is possible that
MEF2A indirectly affects the expression of HZF1 by way of
regulating intermediate genes. Using bioinformatics analysis,
two potential fragments (-1860 to -1849 and -1184 to -1174)
were found within the upstream regulatory region of HZF1
that correspond to the consensus sequence of MEF2 for recog-
nition and binding. We cloned a series of fragments containing
potential binding sites for MEF2A within the HZF1 promoter
region (Fig. 3A) and installed them into a pGL3 basic vector,
then co-transfected them with pcDNA-FLAG-MEF2A. The
ectopic expression of MEF2A in 293T cells enhanced the
luciferase activity of the reporters for site 2 (-1184 to -1173) by
at least 7.5-fold as compared to the control (Fig. 3B). MEF2A
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Figure 3. Binding sites for MEF2A within the regulatory region of the
HZF1 gene identified using a luciferase reporter assay. (A) The scheme for
the MEF2A potential binding sites within the region upstream of the HZF1
transcription start site. (B) Evidence for the MEF2A binding site on the
HZF1 gene using a luciferase activity assay. A series of fragments containing
MEF2A potential binding sites within the HZF1 promoter region was cloned
and installed into a pGL3 basic reporter vector and then co-transfected with
pcDNA-FLAG-MEF2A into 293T cells. The luciferase activity relative to
the control was used to reflect the interaction between MEF2A and its poten-
tial binding sites. The results suggested that a DNA fragment from -1860
to -1848 upstream of the HZF1 transcription start site contributes to the
recognition by MEF2A (P<0.05).
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Figure 4. HZF1 is the direct target of MEF2A. (A-B) To confirm and vali-
date the direct interaction between the transcription factor MEF2A and the
HZF1 gene in vivo, specific primers were used to identify and quantify the
DNA fragments containing MEF2A binding sites. (A) The input DNA and
IgG pull-down DNA served as positive and negative controls, respectively.
(B) The fragment containing the MEF2A binding sites extracted from
FLAG-MEF2A-transfected cells had significantly greater binding by the
FLAG-MEF2A antibody than the control cells.

also bound site 1 (-1860 to -1848), but with less efficiency, as
demonstrated by the elevation in the luciferase activity of the
reporter by MEF2A only at site 1 by approximately 2-fold
(Fig. 3B). These results suggest that MEF2A may regulate the
expression of HZF1 mainly through binding the -1184 to -1173
DNA sequence upstream of the transcription start site.

ChIP was then employed to determine whether MEF2A
directly binds sites located on the transcriptional regulatory
region of HZF1. The identity and quantity of the DNA frag-
mentory isolated by immunoprecipitation was determined by
PCR (Fig. 4A). The input DNA and IgG pull-down DNA served
as a positive and negative control, respectively. The results
demonstrated that the fragment containing the MEF2A binding
site was enriched by the antibody to FLAG-MEF2A (Fig. 4B),
which suggests that MEF2A binds the regulatory region of
HZF1 in vivo, and that HZF1 is the direct target of MEF2A.
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Discussion

In general, MEF2 genes are expressed in a broad range of cell
types, including brain and neural crest cell derivatives as well
as skeletal, cardiac and visceral muscle (14). While the HZF1
gene is also broadly expressed, its expression is particularly
high in the brain, skeletal and cardiac muscle (9). Additionally,
members of the MEF2 family have been implicated in the
regulation of inducible gene expression in response to mitogen
and stress stimulation (15). Similarly, our unpublished results
have demonstrated that the over-expression of HZF1 promotes
mitosis by activating the MAPK cell signaling pathway
through an unknown mechanism. These common charac-
teristics between HZF1 and MEF2 proteins imply that there
may be a connection between the two genes. Bioinformatics
analysis suggested that MEF2 regulates the expression of
HZF]1. Furthermore, our experiments demonstrated that HZF1
is a novel direct target gene for MEF2 proteins.

The ChIP assay is a very powerful method used to
determine the location of DNA binding sites on the genome
for a particular protein of interest. This technique presents a
valuable picture of the protein-DNA interactions that occur
inside the nucleus of living cells or tissues, in contrast to other
approaches traditionally employed to answer the same ques-
tion such as the electrophoretic mobility shift assay (EMSA)
and the reporter gene assay, among others. In this study,
we employed the ChIP assay and found that MEF2 directly
regulates the expression of HZFI. It is important to note that
the DNA sequence within the promoter region of HZF1 is
not completely identical to the well-known MEF2 consensus
binding sites; however, this phenomenon has previously been
reported (11,12). This finding suggests that the transcription
factor MEF2 may regulate the expression of more genes than
those currently known.

Our findings on the one hand provide insight into the
function of MEF2 genes, and on the other suggest that it is
possible to detect the physiological roles of HZF1 based on
the known function of MEF2 genes. Thus, we summarized
the main functions of MEF2 transcription factors in cardiac
development and adult heart diseases to elucidate the role of
HZF1 in the heart, which is one of the organs where HFZ1 is
highly expressed.

The MEF2 family of transcription factors function as
essential regulators of cardiac development. Loss of Mef2a in
mice leads to right ventricular dilation as a result of myofiber
disorganization. The majority of Mef2a null mice die, possibly
due to disruption of the cytoskeleton architecture or conduction
system defects (16). The few Mef2a null mice that do survive
into adulthood show a mitochondrial deficiency and possible
conduction system defects (16). Additionally, targeted disrup-
tion of Mef2c in the mouse leads to early embryonic lethality
due to the absence of the right ventricle (17). Transgenic mice
that express a dominant-negative MEF2 mutation in the heart
succumb to early postnatal lethality resulting from cardio-
myocyte hypoplasia, ventricular wall thinning and chamber
dilation (18). Together, these findings provide evidence that
MEF?2 protein is required for the proper differentiation and
postnatal development of the heart.

There is some evidence to suggest that MEF2 is an impor-
tant pathological factor involved in cardiac hypertrophy and
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cardiac dilation. The over-expression of MEF2A or MEF2C
in the hearts of transgenic mice predisposes the heart to
hypertrophic growth following pressure overload stimulation
and simultaneously-induced ventricular chamber dilation
and contractile dysfunction. Additionally, the isolated adult
cardiomyocytes from MEF2A transgenic mice contain a
predominant increase in length, and adenoviral-mediated
over-expression of MEF2A or MEF2C in cultured neonatal
cardiomyocytes induces sarcomere degeneration and focal
elongation (19), which further suggests that MEF2 promotes
cardiac dilation. Although the mechanism for MEF2 regula-
tion of the hypertrophic growth of the heart is unclear, the
enhancement of MEF2 DNA-binding activity may contribute
to the regulation of pressure and volume overload-induced
cardiac hypertrophy (20,21). Finally, previous studies have
shown that stretching of neonatal cardiomyocytes in culture
also increased MEF2 DNA-binding activity (22,23). In
conclusion, data from overexpression experiments indicate
that MEF?2 is possibly involved in the pathologic hypertrophic
response in cardiomyocytes.

Based on our findings in conjunction with research
performed in other labs, we conclude that HZF1 is a novel
direct target gene of the transcription factor MEF2. It is a
reasonable and intriguing hypothesis that HZF1 may be a novel
regulator of cardiac development and may also be involved in
the pathologic mechanisms of certain heart diseases, including
cardiac hypertrophy and cardiac dilation. These findings may
contribute to future studies regarding the function of HZFI in
cardiac development and disease.
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