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Background: Congestive heart failure (CHF) is a significant health care burden in developed countries. However,
the molecular events leading from cardiac hypertrophy to CHF are unclear and preventive therapeutic ap-
proaches are limited. We have previously described that microphthalmia-associated transcription factor
(MITF) is a key regulator of cardiac hypertrophy, but its cardiac targets are still uncharacterized.
Methods and results: Gene array analysis of hearts fromMITF-mutatedmice indicated that ErbB2 interacting pro-
tein (Erbin) is a candidate target gene forMITF.Wehave recently demonstrated that Erbin is decreased in human
heart failure and plays a role as a negative modulator of pathological cardiac hypertrophy. Here we show that
Erbin expression is regulated by MITF. Under basal conditions MITF activates Erbin expression by direct binding
to its promoter. However, under β-adrenergic stimulation Erbin expression is decreased only in wild type mice,
but not inMITF-mutatedmice. Yeast two-hybrid screening, usingMITF as bait, identified an interaction with the
cardiac-predominant four-and-a-half LIM domain protein 2 (FHL2), which was confirmed by co-
immunoprecipitation in both mouse and human hearts. Upon β-adrenergic stimulation, FHL2 and MITF bind

Erbin promoter as a complex and repress MITF-directed Erbin expression. Overexpression of FHL2 alone had
no effect on Erbin expression, but in the presence of MITF, Erbin expression was decreased. FHL2–MITF associa-
tion was also increased in biopsies of heart failure patients.
Conclusion:MITF unexpectedly regulates both the activation and the repression of Erbin expression. This ligand
mediated fine tuning of its gene expression could be an importantmechanism in the process of cardiac hypertro-
phy and heart failure.
© 2015 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

MITF is a basic helix–loop–helix leucine zipper (bHLH-Zip) DNA-
bindingprotein [1]. Its gene resides at themi locus inmice [2].Mutations
of this gene result in deafness, small eyes, and poorly pigmented eyes
and skin [3]. In humans, heterozygous mutations in this gene cause
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Waardenburg Syndrome type II [4], resulting in hypopigmentation and
deafness.

MITF regulates gene transcription by binding to E-box elements in
the 5′-flanking regions or functional enhancers of MITF-responsive
genes [5]. MITF functions as either a homodimer or heterodimer with
transcription factors of the related MiT family [5,6].

We have previously demonstrated that the H isoform of MITF is
highly expressed in cardiomyocytes [7], and that MITF-mutated mice
have a diminished cardiac hypertrophic response to β-adrenergic stim-
ulation, decreased cardiac function and a tendency for sudden death [8].
Moreover, we reported that middle-aged MITF-mutated mice have a
much smaller heart mass and decreased cardiac function and output
[8]. These observations indicate that MITF plays an essential role in the
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development of cardiac hypertrophy [8]. In order to identify cardiac
MITF target genes, we conducted a gene array analysis of mRNA from
a pool of hearts derived from middle-aged MITF mutated mice (ce/ce)
and compared it to that from their normal siblings (sp/sp).

One of the candidate target genes identified in this assay was the
ErbB2 interacting protein (Erbin). Erbin is a member of the leucine-
rich repeat and PDZ domain (LAP) proteins [9]. It was originally de-
scribed as a binding partner of Her2/neu (ErbB2) [9]. We recently re-
ported that Erbin is involved in cardiac hypertrophy. When cardiac
hypertrophy was induced, Erbin−/− mice developed heart failure and
following severe pressure overload all Erbin−/− mice died [10]. Little
was known regarding the regulation of Erbin expression. The transcrip-
tion factor c-Myb has been shown to directly regulate Erbin inHeLa cells
[11], but no transcription factor regulating Erbin expression in the heart
has been reported.

Herewe used in silico, in vitro and in vivo approaches to demonstrate
that Erbin expression in the heart is directly regulated by MITF. Under
basal conditions MITF activates Erbin expression by binding two E-box
elements in the Erbin promoter, whereas followingβ-adrenergic stimu-
lation, MITF inhibits Erbin expression.We further found that this inhibi-
tion by MITF is mediated by its interaction with Four and a half LIM
domain protein 2 (FHL2) while MITF is bound to its target gene. FHL2
is a LIM domain binding protein expressed predominately in the heart
and in smooth muscle cells [12]. FHL2–MITF interaction is mediated
by the LIM2 and LIM3 domains of FHL2 and the bHLH domain of MITF.
Thus, activation/repression of Erbin expression in the heart is regulated
by FHL2–MITF interaction.

2. Material and methods

2.1. Cell culture

HEK293T, NIH3T3 and H9c2 cells were maintained at 37 °C in
growth medium, which was Dulbecco's modified Eagle's medium
(DMEM; Sigma-Aldrich) supplemented with 4 mM L-glutamine,
100 units/ml penicillin, 100 μg/ml streptomycin and 10% fetal bovine
serum (Biological Industries). Cells were serum-starved for 18 h in
DMEM and treated with 10 μM isoproterenol (Sigma-Aldrich) over-
night. Myocardial cells from ventricle fragments of hearts of 1 day old
Sprague–Dawley rats were isolated by serial trypsinization as previous-
ly described [13]. Cells were suspended in F-10medium containing 10%
heat-inactivated FBS and 10% horse serum and penicillin–streptomycin
antibiotic solution (Biological Industries). Thismediumwas also used as
the standard culture medium in the experiments. The cell suspensions
were enriched for cardiomyocytes by pre-plating on tissue culture
dishes for 30min to allow attachment of fibroblasts. The cells were plat-
ed on 60 mm Petri dishes at a density of 106 cells/ml. For isoproterenol
treatment cells were incubated with serum-free medium for 18 h and
treated with 10 μM of isoproterenol (Sigma-Aldrich) for an additional
18 h.

2.2. Human left ventricular biopsies

Human left ventricular tissue was collected following a protocol ap-
proved by the Papworth (Cambridge) Hospital Tissue Bank Review
Board and the Cambridgeshire Research Ethics Committee (United
Kingdom).Written consent was obtained from every individual accord-
ing to the Papworth Tissue Bank protocol. Left ventricular (LV) tissue
was obtained from non-donor suitable healthy male individuals in-
volved in road traffic accidents. At the time of transplantation or
donor harvest, whole hearts were removed after preservation and
transported in cold cardioplegic solution (cardioplegia formula and
Hartmann's solution) similar to theprocedure described before at Impe-
rial College, London [14]. Following analysis by a cardiovascular pathol-
ogist, left ventricular segments were cut and stored immediately in
RNAlater (Ambion).
2.3. Mice

All mouse lines were held and propagated in a specific pathogen-
free environment. BothMITF sp/sp andMITF sp/cemicewere kindly pro-
vided by L. Lamoreux (College of Veterinary Medicine, Texas A&M Uni-
versity, and College Station, Texas, USA), were on a C57BL/6 background
and were bred to produce sp/sp and ce/ce mice for experiments. MITF
encoded by the mutated mouse allele (ce/ce) lacks the zip domain of
MITF due to a stop codon between the HLH and zip domains while
their normal littermates (sp/sp) express the full-length protein, apart
from the six amino acids of exon 6a [15]. VGA-9tg/+ mice were kindly
provided byH. Arnheiter (NIH, Bethesda,Maryland, USA).Mice carrying
the tg/tg mutation have an insertion of approximately 50 copies of a
transgene integrated inside the MITF promoter and are unable to ex-
press MITF. Mice aged 6–8 weeks were used for all the experiments
apart from those represented in Fig. 1, for which 15 month old mice
were used.

All experiments were performed in compliance with the Israeli Pre-
vention of Cruelty to Animals Law and were approved by the Hebrew
University Animal Care and Use Committee.

2.4. Administration of isoproterenol

For the induction of cardiac hypertrophy, 6 week old sp/sp and ce/ce
MITF mutant mice were administered either 5 mg/kg isoproterenol
(Sigma-Aldrich) or saline subcutaneously to the neck once a day for
7 days.

For the co-immunoprecipitation assay, 8 week old wild type (WT)
mice were administered either 15 mg/kg isoproterenol (Sigma-
Aldrich) or saline intraperitoneally (i.p) once a day for 5 days.

2.5. Gene array

Gene arraymembranes covering the known coding sequences of the
entire mouse genome were printed using MicroGrid II Compact
(BioRobotics) by the Interdepartmental Unit of the Medical School of
the Hebrew University and HadassahMedical Center. RNA was extract-
ed from a pool of 15 month old normal (sp/sp) and ce/ceMITF mutated
mice. The RNA was reversed transcribed, tagged by Cy3 and Cy5, and
hybridized to the mouse custom-made mRNA array. Results were read
using the GenePix 4000B system (Molecular Devices) and analyzed
using Matlab written processing routines.

2.6. Antibodies

Anti-Erbin antibody (rabbit polyclonal sera) was kindly provided by
Prof. Jean Borg (Marseille, France) and anti-MITF antibody (C5-mouse
monoclonal) was kindly provided by Prof. David E. Fisher (Dana-Farber
Cancer Institute and Children's Hospital, Boston,MA). Anti-β-actin anti-
body (Sigma-Aldrich), anti-tubulin antibody, anti-GAPDH (Santa Cruz)
and anti-FHL2 (MBL) were purchased. These antibodies were used for
EMSA, ChIP and Western blots.

2.7. Real-time quantitative PCR

Candidate MITF and Erbin responsive genes were measured using
real-time quantitative PCR. Total RNA was extracted from the hearts of
ce/ce, sp/sp andWTmice. mRNA levels of various genes were quantified
by SYBR Green incorporation (ABgene SYBR green ROX Mix, ABgene).
Real-time PCR was performed on the Rotor-Gene 3000 sequence detec-
tion system (Corbett).

The primers used for gene amplification for real-time PCR were as
follows: β-actin sense, 5′-CCTGATCCACATCTGCTGGAA-3′; β-actin anti-
sense, 5′-ATTGCCGACAGGATGCAGAA-3′; Erbin sense, 5′-GCATCCGCAG
ACATCCAGTCCA-3′; Erbin antisense, 5′-GGCTGGC CCATTTGTCCATTA



Fig. 1.Erbin expression in the heart of 15month oldMITFmutatedmice (ce/ce) compared towild type littermates (sp/sp). A. Real-time PCR analysis of Erbin expression inhearts from ce/ce
(n=7) and sp/spmice (n=9). Resultswere normalized toβ actin. Results representmean±SEM. B.Westernblot analysis of Erbin andβ actin (control) protein levels inhearts from ce/ce
(n= 4) and sp/spmice (n= 4) using anti-Erbin and anti-β actin antibodies. Each lane represents one mouse. Bar graph represents the densitometry quantification ofWestern data, nor-
malized to β actin. Results represent mean ± SEM.
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CT-3′; and FHL2 sense, 5′ TCACAGCACGGGATGAGTTTC 3′; FHL2 anti-
sense, 5′ GTGCCACCCAGACCACTAATG 3′.
2.8. Plasmid construction

FHL2-CMV5 vector was kindly provided by Prof. Paul Riley (Oxford
University). MITF-H was amplified by PCR and then excised and ligated
into pCMV-Tag 4A vector (Agilent Technologies) using XbaI and HindIII
(New England Biolabs, Inc.). The Erbin promoter was amplified using
PCR of genomic mouse DNA, and the fragment from −1500 to −3000
was excised using KpnI and NheI (New England Biolabs, Inc.) and ligat-
ed into a pGL3 vector (Promega) containing a luciferase reporter gene.
Mutations of Erbin promoter were generated using the QuickChange
mutagenesis SDM kit (Agilent Technologies) with the following
primers: E1 mutant sense, 5′-GCCCTGGGTTTGATCTCCAGCAGAATTG
GAAGAAAGG GATAGTAGGATAGATTG-3′; E2 mutant sense, 5′-TAAG
GAAAATGTTCTACTAGTCC AGGTGCATGAAGTCGGGATCCACTTTGCC-3.

MITF deletion constructswere created by usingQ5 site-directedmu-
tagenesis kit (New England Biolabs, Inc.) on the original pCMV-MITF-H
vector. The following primers were used: ceDel F GTCGACCTCGAGGATT
AC; ceDel R TTGCTGTTCCCGTTGCAA; AD F TCAAGTTATAATGAAGAAAT
TTTGG; and AD R GTCATCAATTACATCATCCATC.

FHL2 deletion constructs were also created by site directed muta-
genesis on the original FHL2-CMV5 vector, using combinations of the
following forward primers: GGAAAGGATATTGTCGACG; GTGCCCTGCT
ATGAGAAG; TCCAAGTGCCAGGAAT GC; TTGTACGCTAAGAAATGTG;
and reverse primers: CAGGGCATACTGCTTCTC; GCAGTCAAAGCGTTCA
GTC; CGAGTATTCATTGGAATAGC;
2.9. Transient co-transfection and luciferase assay

HEK293T cells were co-transfected using TransLT1 reagent (Mirus)
with 0.25 μg of pCMVMITF-H or pcDNA-MITFwild type or ce/cemutant
MITF and 0.25 μg of wild type pGL3-Erbin or mutant reporter or the rel-
evant empty reporter vector.

H9c2 cells were co-transfected using Jetprime reagent (Polyplus
Transfection) with 0.25 μg of pCMV MITF-H and 0.25 μg Erbin pGL3
luciferase reporter. The cells were incubated in 24-well plates for
24 h. The cells were lysed and assayed for luciferase activity
(Promega). The luciferase activity was normalized to the total pro-
tein concentration.
2.10. ChIP assay

The chromatin immunoprecipitation (ChIP) assay was performed as
follows: NIH3T3 cellswere transfectedwith theMITF-H isoform or FHL2
and were incubated with normal medium with or without 10 μM iso-
proterenol overnight. After 48 h the cells were treated with formalde-
hyde for protein-DNA cross-linking, chromatin extracted and then
sonicated to give an average size of 300 to 1000 bp. Chromatin was in-
cubated with anti-MITF or anti-FHL2 antibodies. Immunoprecipitation
was performed overnight at 4 °C with rotation. Samples were digested
with proteinase K (Roche Applied Science). DNAwas extracted by chlo-
roform precipitation and resuspended in 20 μl of Tris (10 mM)–EDTA
(1mM) buffer. The DNAwas used as a template for 30 cycles of PCR am-
plification with the following primers: E-box1 sense, 5′-CACTTATTCCCT
CGGGGTTT-3′; E-box1 antisense, 5′-CATTCTTGGGGCTCAT TCTC-3′; E-
box2 sense, 5′-AGGAATACAGGCGACAGACG-3′; E-box2 antisense, 5′-
TTGTCCAAATAGGCAAAGTGG-3′; ubiquitin c, sense, 5′-CGTCGAGCCC
AGTGTTACC ACCAAGAAGG-3′; and antisense, 5′-CCCCCATCACACCCAA
GAACAAGCACAAG-3′.

2.11. Yeast two-hybrid analysis

Protein interactions were assayed in yeast using a split-ubiquitin
two-hybrid approach according to the manufacturer's protocol
(Dualsystems Biotech). Bait and prey constructs were transformed
into the yeast strain NMY32, plated on −Trp−Leu selection plates,
and incubated at 30 °C for 3–4 days. Approximately five medium-size
colonies were selected and resuspended in water. After all samples
were diluted to equivalent densities, serial dilutionswere spotted on se-
lection plates−Trp/−Leu,−Trp/−Leu/−His, and−Trp/−Leu/−His/
+10 mm 3-amino-1,2,4 triazole. After 3–4 days of growth at 30 °C, the
presence of protein interactions was determined using the most strin-
gent selection.

2.12. In silico docking

FHL2 LIM domains 2, 3, and 4 (PDB code: 1X4K, 2D8Z, and 1X4L, re-
spectively) were individually docked onto the MITF–DNA complex
structure (PDB code: 4ATK) using the web based automatic protein
docking server ZDOCK (http://zdock.umassmed.edu) [16]. Allmolecular
surface exposed residues of MITF were unbiasedly used in the calcula-
tion. Top 10 ranked models were generated by the ZDOCK server, and

http://zdock.umassmed.edu
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repetitive binding modes were then selected by superimposition of
these models with MITF–DNA structure.

2.13. Statistics

Statistical analysis was performed by either 2-tailed Student's t-test
or by two-way ANOVA with Tukey's HSD post-hoc test as appropriate.
Null hypothesis was rejected at p b 0.05 level for all tests. Exact
Mann–Whitney test was performed for all mice experiments. Wilcoxon
rank sum testwas performed on the luciferase data. For Figs. 1A and 3B–
C, the combined p value was calculated by Fisher chi square test, data
are reported as mean ± SEM.

3. Results

3.1. Microarray analysis of hearts derived from MITF mutated mice

Since middle-aged MITF-mutated mice have a much smaller heart
mass and have greatly decreased cardiac function and cardiac output
[8], gene array analysis of RNA extracted from a pool of hearts from
15month oldMITFmutatedmice (ce/ce) was carried out and compared
to that of their wild type siblings (sp/sp) (n= 5). This analysis revealed
more than 200 genes, the expression of which was significantly differ-
ent between the two groups.

The data were compared to public gene arrays using Gene Expres-
sion Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) that shows
changes in MITF expression in murine hearts in various conditions.
The expression of only 25 genes was similarly changed in the compared
gene array (Table S1). Erbin was chosen for further analysis since we
have previously shown its involvement in cardiac hypertrophy [10].

Real-time quantitative PCR demonstrated increased Erbin mRNA
levels in the hearts of 15 month old MITF-mutated mice compared to
wild type littermates (n = 7–9, p = 0.0265; Fig. 1A). Increased
Fig. 2. Erbin expression is decreased in cardiac hypertrophy. A. H9c2 cells were transiently tran
after transfection the cells were lysed, and the levels of Erbin, MITF and β actin (control) were d
B. The effect of isoproterenol on Erbin expression. H9c2 cells were transiently transfectedwith e
saline (Con) or 10 μM isoproterenol (Iso). Erbin protein levels were measured byWestern blot
C. Real time PCR analysis of Erbin mRNA levels in ce/ce (n = 5) and sp/sp (n = 5) hearts. Mice
were normalized to β actin. Results represent mean ± SEM. D. Western blot analysis of Erbin p
were treated with either isoproterenol (iso) or saline (con). Bar graph represents the densitom
expression of Erbin in these MITF-mutated mice was further validated
by Western blot analysis (n = 4; Fig. 1B).

3.2. Erbin expression is regulated by MITF

The mechanism by whichMITF regulates Erbin expression was ana-
lyzed in vitro using H9c2 cells, a cardiomyoblast cell line derived from
embryonic rat heart. Over-expression of MITF in H9c2 cells, increased
Erbin protein level (Fig. 2A). In H9c2 cells transfected with an empty
plasmid, isoproterenol treatment (Iso) induced upregulation of Erbin
protein levels compared to untreated cells (Con) (Fig. 2B). However,
in H9c2 cells over-expressing MITF, isoproterenol induced a significant
decrease in Erbin expression compared to untreated MITF over-
expressing cells (Fig. 2B), indicating that MITF inhibits Erbin expression
during β-adrenergic stimulation in H9c2 cells.

As mentioned above, we have previously shown that MITF plays an
essential role in β-adrenergic induced cardiac hypertrophy. MITF-
mutated mice (ce/ce) have a diminished cardiac hypertrophic response
to β-adrenergic stimulation, decreased cardiac function and a tendency
for sudden death [8].

The effect of MITF on Erbin expression during cardiac hypertrophy
was further studied in 6–8 week old ce/ce MITF-mutated mice and
their normal littermates (sp/sp) by once daily administration of either
saline or isoproterenol for 7 days. A significant reduction in Erbin
mRNA level was observed in isoproterenol-treated normal littermates
(Fig. 2C), but not in MITF-mutated mice (n = 5, p = 0.015). Erbin pro-
tein levels were decreased in hearts derived from normal mice treated
with isoproterenol compared to saline control (n = 4; Fig. 2D), while
isoproterenol induced Erbin expression in MITF-mutated mice (n = 4;
Fig. 2D).

Thus, our results from both in vitro and in vivomodels indicate that
MITF increases Erbin expression under basal conditions, but inhibits
Erbin expression during β-adrenergic induced cardiac hypertrophy.
sfected with either MITF expression vector or with an empty plasmid used as control. 48 h
etermined byWestern blot analysis (one representative experiment out of two is shown).
itherMITF orwith an empty plasmid for 24 h, followed by overnight treatmentwith either
analysis and normalized to β actin (one representative experiment out of three is shown).
were administered either saline (con) or isoproterenol (iso) once daily for 7 days. Results
rotein levels in hearts of ce/ce (n = 4) and their normal littermates (sp/sp) (n = 4). Mice
etry quantification ofWestern data, normalized to β actin. Results representmean± SEM.
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3.3. MITF regulates Erbin expression by binding two E-box elements

MITF binds CANNTG E-box elements in the promoters of its target
genes [17]. Prediction of MITF binding sites in the Erbin promoter
using MatInspector revealed two potential MITF E-box sites upstream
to exon 1 at positions −2253 (E1) and −2809 (E2) (Fig. 3A). The
Erbin promoter fragment containing these candidate E-box elements
was cloned into a reporter vector and MITF transcriptional activity
was measured. MITF over-expression significantly enhanced Erbin pro-
moter activity both in H9c2 cells (n = 5; Fig. 3B) and in HEK293T cells
(n = 7; combined, p = 0.00774) (Fig. 3C). HEK293T cells were
transfected with a plasmid containing the truncated ce/ceMITF mutant
Fig. 3.MITF regulates Erbin expression. A. Schematic representation of the Erbin promoter con
vector was co-transfected with the Erbin promoter reporter into H9c2 (n = 5) (B) and HEK2
The results shown represent the mean ± standard deviation. D. Effect of isoproterenol on luci
the Erbin promoter reporter into H9c2 cells for 24 h, followed by addition of 10 μM isoprotereno
Results represent mean± SEM (n= 3). E.Wild type (WT), singlemutants (E1mut, E2mut) or
with MITF expression vector or an empty vector into HEK293T cells. Luciferase activity was nor
results shown represent themean± SEM (n= 5). F. Chromatin immunoprecipitation was perf
out using an anti-MITF antibody. Primers spanning the Erbin promoter at E1 and E2 E-box eleme
whereas mouse ubiquitin C was used as a negative control (n = 3).
protein or wild type MITF. Transactivation of Erbin promoter by ce/ce
MITF was greatly diminished compared to transactivation with wild
type MITF (n = 3; Fig. 3C). H9c2 cells were co-transfected with Erbin
promoter reporter and either theMITF expression vector or empty vec-
tor, and were incubated in serum-free medium with or without isopro-
terenol. The promoter activity decreased following isoproterenol
administration in MITF over-expressing cells (n = 3; p = 0.05), while
in empty vector cells no change was observed (Fig. 3D).

The Erbin promoter construct was point mutated at either the E1 or
the E2 E-box element into aATtgG or CAGgTt, respectively. HEK293T
cells were transiently co-transfected with either a mutant Erbin pro-
moter or the wild type promoter, and with MITF expression vector.
taining two E-box elements (E1 and E2). B–C. WT MITF, ce/ceMITF or empty expression
93T cells (n = 7) (C) for 24 h. Luciferase activity was normalized to total protein levels.
ferase activity: either MITF expression vector or an empty vector was co-transfected with
l (Iso) orwithout addition (Con). Luciferase activity was normalized to total protein levels.
the doublemutant (E1/E2mut) of the Erbin promoter E-box elements was co-transfected
malized against protein level and divided by the value obtained for the empty vector. The
ormed on extracts of NIH3T3 cells overexpressing MITF. Immunoprecipitation was carried
nts were used for PCR amplification. DNA before precipitationwas used as control (input),
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2.5-fold induction of Erbin promoter activity was observed in HEK293T
cells over-expressing MITF compared to transfection with an empty
vector. Interestingly, mutations in the E1 and E2 E-boxes resulted in a
30% and 50% decrease respectively in Erbin promoter activity compared
to the wild type promoter (n = 5; Fig. 3E). Only the double mutation
completely abolished the ability of MITF to transactivate the Erbin pro-
moter, suggesting that both E boxes contribute to MITF's regulation of
the Erbin promoter.

Further analysis ofMITF binding to the Erbin promoterwas performed
using Chip assay. Chromatin complexes were immunoprecipitated with
the anti-MITF antibody, and PCR was performed using primers to either
E-box elements (E1 and E2) or to ubiquitin C as a negative control. PCR
amplification of the immunoprecipitate did not result in a ubiquitin C
band, while a clear bandwas detected by specific amplificaton of the pro-
moter regions containing both E-box elements (n = 3; Fig. 3F).

Thus, our results demonstrate that MITF regulates Erbin expression
by binding both E-box elements of the Erbin promoter.

3.4. FHL2 interacts with MITF

Yeast two-hybrid screening was performed using a mouse heart li-
brary and full-length MITF heart isoform as a bait, in order to find
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proteins that might be associated with MITF and that might
mediate suppression of Erbin expression. FHL2 was found to be the
protein most significantly associated with MITF in this assay. Co-
immunoprecipitation of FHL2 and MITF was performed using heart
lysates derived from either WT and tg/tg MITF deleted mice. MITF and
FHL2 were found to associate using either anti-FHL2 or anti-MITF anti-
bodies for immunoprecipitation (Fig. 4A). FHL2 co-immunoprecipitated
with MITF only in HEK293Tcells that were co-transfected with both
FHL2 and MITF, but not in cells overexpressing only FHL2 (Fig. 4B). En-
dogenous MITF and FHL2 were found to be associated in a primary cul-
ture of neonatal rat cardiomyocytes (Fig. 4C). These results clearly
indicate that FHL2 binds MITF in the heart.

The regions of MITF that mediated the interaction with FHL2 were
mapped using MITF deletion constructs in a FLAG tagged vector
(Fig. 4D). HEK293T cells were co-transfectedwith both FLAG-full length
FHL2 expression vector and the various MITF deletion constructs, and
co-immunoprecipitation with anti-MITF antibody was performed. In-
teraction was not hindered by the deletion of either the activation do-
main or the leuzine zipper domain. These results indicate that the
bHLH domain is required for the interaction with FHL2 (Fig. 4E).

FHL2 is a LIM domain binding protein. The LIM domain has been
shown to be a potent protein–protein interaction motif [18]. Several
FHL2 deletion constructs encoding different LIM domain combinations
were generated to identify which LIM domain of FHL2 is responsible
for the interaction with MITF (Fig. 4F). HEK293T cells were transiently
transfected with full-length FLAG-MITF expression vector and either
full-length FLAG-FHL2 expression vector or different FLAG-FHL2 LIM
domain deletions. Co-immunoprecipitation was performed using anti-
MITF antibody and immunoblottingwas performed using anti-FLAG an-
tibody (Fig. 4G, H). The zinc finger-LIM1 (ZLIM1) construct did not in-
teract with MITF, however, interaction did occur when the LIM2
domain was added (ZLIM1-2). Furthermore, deletion of either LIM2 or
LIM3 domain reduced interaction with MITF by 85% and 50%, respec-
tively, compared to interaction with full length FHL2 (Fig. 4H). There-
fore, both LIM2 and LIM3 domains participate in the interaction with
MITF. Interestingly, truncation of the N terminal zinc finger and LIM1
(LIM2–3–4) increased the interaction with MITF 2.7-fold compared to
full length FHL2.

The bHLH domain of MITF is the core region that interacts with the
E-box DNA [19]. In silico docking of individual LIM2, 3, 4 domains of
FHL2 to the bHLH domain–DNA complex indicates that only LIM2 and
LIM3 domains show repetitive binding modes with the bHLH, and
LIM3 domain gave the highest repetition (5 out of 10 top models
showed the same binding mode) (Fig. 4I). The highest scored binding
model shows that loops 161–166, 187–191, 202–205, and α-helix
210–217 regions of LIM3 interact with the “helix–loop” region of
MITF. The predicted interactions include hydrogen bonds formed by
residues: E178, C188, A190, R192, D204, D205, and D215 of FHL2, and
the R305, N312, K316, T320, S325, and N333 of MITF (numbering as in
human MITF-H).
Fig. 4. MITF associates with FHL2. A. Co-immunoprecipitation of MITF and FHL2 in WT (n = 4
immunoprecipitation (IP), with either anti-FHL2 or anti-MITF antibodies for immunoblotting
do not express MITF. B. HEK293T cells were co-transfected with FLAG-MITF and FLAG-FHL2 ex
demonstrated the binding of MITF and FHL2 using anti-MITF antibody for immunoprecipita
immunoprecipitation of FHL2 in primary neonatal rat cardiomyocytes (Lysate) using anti-M
Mouse anti-MITF (Ab + beads) beads with lysis buffer was used as negative control (control)
structs used in the present study. AD, activation domain; B, basic; HLH, helix–loop–helix; LZ
with FLAG-FHL2 expression vector and differentMITF deletion constructs:MITF full length (MIT
trol, HEK293Twere transfectedwith equal concentration of empty vector. Co-immunoprecipita
munoprecipitation and anti-FLAG for immunoblotting (one experiment out of three is show
appropriate antibodies as indicated. F. Schematic representation of the FHL2-CMV5 deletion con
cipitation of FHL2. HEK293T cells were co-transfectedwith FLAG-MITF expression vector and th
zincfinger to LIM2 (ZLIM1–2),without LIM2 (ZLIM1–3–4),without LIM3 (ZLIM1–2–4) andwit
empty vector. Co-immunoprecipitation analysis was performed using anti-MITF antibody for
shown). H. Bar graph representing the densitometry quantification of the co-immunoprecipita
were normalized to MITF. I. FHL2 LIM3 domain (PDB: 2D8Z) was docked to MITF: basic–helix
DNA is shown as white surface. The basic–helix–loop–helix regions of MITF are colored in m
shown as sticks. The numbering of MITF residues is based on MITF-H (UniProtKB: O75030-7).
3.5. FHL2 association with MITF mediates co-repression of Erbin expression

It has been reported that FHL2 can function as either a repressor or
an activator of transcriptional activity [20,21]. In order to investigate
if FHL2 affects MITF transcriptional activity, H9c2 cells were co-
transfected with FHL2 and MITF expression vectors, and Erbin protein
level was measured by Western blot analysis. Erbin level was reduced
only by over-expression of both MITF and FHL2 (Fig. 5A). As previously
shown, Erbin promoter activity was enhanced by MITF, while FHL2 ex-
pression alone had no effect. Simultaneous over-expression of both
FHL2 and MITF significantly decreased Erbin promoter activity by
about 50% (n = 5, p = 0.0081; Fig. 5B), thus indicating that FHL2 acts
as an inhibitor of MITF transcriptional activity.

MITF–FHL2 association was further studied in 6–8 week old WT
mice that received once daily administration of either saline or isopro-
terenol for 5 days. Isoproterenol's effect was validated by measuring
heart weight to body weight ratio (Fig. S1). FHL2 mRNA levels were in-
creased 2.2-fold in hearts from isoproterenol-treated wild type mice
(n= 6, p = 0.00216; Fig. S2). This result is in accordance with a previ-
ous report [20]. In addition, co-immunoprecipitation of FHL2 and MITF
(Fig. 5C–D) revealed that upon isoproterenol administration, FHL2 and
MITF association increased 5-fold.

In order to determine whether FHL2 and MITF both bind Erbin pro-
moter, chromatin immunoprecipitation was performed (Fig. 5E). MITF
bound the Erbin promoter with or without isoproterenol. There was
only faint binding of FHL2 in the absence of isoproterenol (lane 6). How-
ever, in the presence of isoproterenol, FHL2 binding to Erbin promoter
was greatly enhanced (lane 4).

We recently reported that Erbin is downregulated in biopsies de-
rived from human failing hearts [10]. Co-immunoprecipitation of FHL2
and MITF was performed using biopsies from either normal patients
or heart failure patients (Fig. 5F). In human heart failure biopsies,
FHL2 and MITF association was higher than in non-failing hearts.

These results suggest that FHL2 expression is induced by hypertrophic
stimuli, and that FHL2 binds MITF and acts as a co-repressor of MITF,
negatively regulating Erbin expression during cardiac hypertrophy.

4. Discussion

Cardiac hypertrophy followed by chronic heart failure (CHF) is a
leading cause of death inWestern nations. Recent improvements in car-
diac revascularization therapy have reduced death due to myocardial
infarction (MI), but there has been a steady increase in the number of
individuals developing CHF after MI [22]. In stark contrast to the thera-
peutic developments in cardiac revascularization therapy, the molecu-
lar events leading from cardiac hypertrophy to CHF are still unclear,
limiting the development of conceptually novel therapeutic approaches
to the prevention of CHF.

We have previously described roles for bothMITF and Erbin in cardi-
ac hypertrophy and heart failure [8,10]. In the current work, we have
) and tg/tg (n = 2) mice heart lysates using either anti-MITF or anti-FHL2 antibodies for
(IB), respectively. The specificity of MITF band was verified using tg/tg MITF mice, which
pression vectors or with FLAG-FHL2 and empty vector. Co-immunoprecipitation analysis
tion and anti-FLAG for immunoblotting (one experiment out of three is shown). C. Co-
ITF antibody for immunoprecipitation (IP) and anti-FHL2 antibody for immunoblotting.
(n = 3) (one experiment out of two is shown). D. Schematic representation of MITF con-
, leucine zipper. E. Co-immunoprecipitation of FHL2. HEK293T cells were co-transfected
F),MITFwithout LZ (ce) andMITFwithout theN terminal activation domain (AD). As con-
tion analysis demonstrated the binding of MITF and FHL2 using anti-MITF antibody for im-
n). Input controls were analyzed by Western blotting, or immunoblotting (IB), using
structs. Zinc finger domain (Z); LIM domains (LIM1/LIM2/LIM3/LIM4). G. Co-immunopre-
e following FHL2 deletion constructs: FHL2 full length (FHL2), zinc finger to LIM1 (ZLIM1),
hout ZLIM1 (LIM2–3–4). As control, HEK293Twere transfectedwith equal concentration of
immunoprecipitation and anti-FLAG for immunoblotting (one experiment out of three is
tion (G) using ImageLab 5.0 software (Biorad). Results are expressed as FHL2 levels that
–loop–helix/DNA complex (PDB: 4ATK). LIM3 (green) and MITF are shown as cartoons.
arine, light blue, gray, and light blue, respectively. The potential interacting residues are
Hydrogen bonds are indicated with dashes.

uniprotkb:O75030


Fig. 5. FHL2 associates withMITF, mediating repression of Erbin expression. A. H9c2 cells were transiently transfected with either MITF or FHL2 expression vectors, or co-transfectedwith
both expression vectors. 48 h after transfection cells were lysed and the level of Erbin was determined by Western blot analysis and compared to β-actin levels (one representative ex-
periment out of three is shown). B. NIH3T3 cells were transiently transfected with either MITF or FHL2 expression vectors or co-transfected with both expression vectors, together
with Erbin promoter reporter. After 24 h, luciferase activity was measured and normalized to protein levels. Results represent mean ± SEM (n = 5). C. Co-immunoprecipitation of
MITF and FHL2.Micewere injectedwith either isoproterenol (iso) (n=6)or saline (con) (n=5). Heart lysateswere co-immunoprecipitatedwith anti-MITF antibody and immunoblotted
with anti-FHL2 and anti-MITF antibodies. Input controls were analyzed byWestern blotting, using anti-MITF, anti-FHL2 and anti-β actin antibodies. D. Bar graph representing the densi-
tometry quantification of the co-immunoprecipitation (C) using ImageLab 5.0 software (Biorad), results are expressed as FHL2 levels that were normalized to MITF. E. Chromatin immu-
noprecipitation of MITF and FHL2 with Erbin promoter. Chromatin immunoprecipitation was performed on extracts of NIH3T3 cells over-expressing either MITF and FHL2 (lane 3–9) or
FHL2 alone (lane 1–2). Immunoprecipitation was carried out using anti-FHL2 (top) or anti-MITF antibodies (bottom). Primers spanning the Erbin promoter were used for PCR amplifica-
tion. Input DNAwas used as a positive control (lanes 1, 3,5, 7). Isoproterenol (Iso)was added to themedium for 24 h (lanes 3, 4, 9). F. Co-immunoprecipitation ofMITF and FHL2 in human
hearts. Extracts from human heart biopsies from normal patients (failed human hearts; n = 9) were immunoprecipitated with anti-MITF antibody. Western blot analysis with anti-MITF
and anti-FHL2 antibodies was performed. One representative experiment with 4 samples for each group is shown.
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demonstrated opposing functions of MITF, which activates Erbin ex-
pression in the basal state, but represses Erbin expression during cardiac
hypertrophy.

We found that under basal conditions, MITF transactivates Erbin ex-
pression by binding two E-box elements in the Erbin promoter, amech-
anism that has been described often in the literature. In contrast,
suppression of target gene expression by MITF has seldom been report-
ed. It is known, however, that while MITF collaborates with PU.1 tran-
scription factor to transactivate osteoclast target genes such as
cathepsin K and acid phosphatase during osteoclast differentiation
[23], it can repress transcription of these same target genes in commit-
ted myeloid precursors capable of forming either macrophages or oste-
oclasts. This repression is mediated through direct interaction with the
zinc finger protein Eos, an Ikaros family member, and enrichment of
known histone modifiers, such as histone deacetylase 1 (HDAC1) and
sin3 transcription regulator family member A (Sin3A) bound to target
genes. MITF acts as a modifier of chronic kidney diseases progression.
MITF interacts with histone deacetylase 1 in cortical thick ascending
limb cells, to repress the transcription of TGF-α, and antagonizes
transactivation by its related partner, transcription factor E3 (TFE3)
[24].

We therefore conducted a yeast two-hybrid screen in order to search
for a previously unknown cardiac transcription inhibitor.We found that
MITF associates with FHL2, a protein belonging to the LIM family that
was found to be abundant and preferentially expressed in the heart
[18]. The LIM domain coordinates two zinc ions, and establishes a tan-
dem zinc-finger topology with a two-residue spacer between these
zinc-finger modules [25].
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FHL2−/−mice havenormal hearts under basal conditions, but have an
exaggerated response to β-adrenergic stimulation [26], and FHL2 can
suppress pathological cardiac hypertrophy [27]. FHL2 association with
Nur77 prevents it from binding to enolase 3 promoter, and inhibits its
transcription [28]. FHL2 was also shown to associate with promyelocytic
leukemia zinc finger protein (PLZF), a known sequence-specific DNA-
binding transcriptional repressor, and was able, in vitro, to further
down-regulate target genes [29]. Previous yeast two-hybrid data
suggest FHL2 association with both winged-helix/forkhead protein
myocyte nuclear factor (MNF) [26,29] and with nuclear receptor core-
pressor 1 (NcoR1) [29], suggesting that FHL2 can be a co-repressor,
but these data have never been substantiated.

Here we have shown that isoproterenol induces FHL2 expression;
this result is in accordance with the previously described induction of
FHL2 by isoproterenol [20]. Furthermore, isoproterenol also induces
MITF-FHL2 association and Erbin promoter binding by both MITF and
FHL2, resulting in down-regulation of Erbin expression. FHL2 alone,
however, cannot bind Erbin promoter or repress its expression, and
the presence of MITF is necessary for both. These data suggest that
FHL2 functions as a co-repressor of Erbin expression.

Over the last few years it has become clearer that co-repression is
not an “all-or-nothing” phenomenon, but can fine-tune expression of
Fig. 6. FHL2-MITF bindingmodel. FHL2–MITF static bindingmodel based on co-immunoprecipit
FHL2 domains are represented in green and gray.
active genes, and keep genes poised on the verge of transcription, giving
precise control over the expression level of target genes, potentially
with different consequences for each level [see review 30]. Repression
seems to play an important role in development, determination of cell
fate, and in disease [30,31]. Indeed, repression has an important role
in cardiac hypertrophy [32].

Our results indicate that LIM2 and LIM3 domains in FHL2 and the
bHLH domain in MITF are critical for MITF–FHL2 interaction. Docking
prediction suggests that the interaction with MITF occurs at the basic–
helix region of the HLH. Interestingly, full length FHL2 interaction with
MITF is weaker than partial constructs that do not contain the zinc fin-
ger domain and LIM1. From the surfaces of the four FHL2 domains, it ap-
pears that Zinc-LIM1 is negatively charged, while LIM3 is positively
charged, suggesting domain–domain contacts inside the FHL2 protein.
No full length FHL2 structure is available, and FHL2 proteinmay assume
a 4-D folding that is less favorable for MITF binding (Fig. 6).

We attempted to create a double Erbin–MITF knockoutmouse strain
in order to substantiate the critical importance of the proposed Erbin–
MITF pathway in cardiac hypertrophy. However, despite prolonged ef-
forts, we have not been able to obtain even one double knockout
mouse. While each component is not essential to normal physiological
functioning since there are compensatory mechanisms and neither
ation ofMITF and FHL2 deletion constructs.MITF is represented in blue, DNA in orange and
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MITF nor Erbin knockout mice have a significant cardiac phenotype
under normal conditions, presumably compensation is not possible
when both components are lacking.

At present, we do not know if FHL2 is able to co-repress other MITF
target genes or if it is able to associate and co-repress other MiT family
members. Recently, FHL2 has been implicated in several physiological
and pathological processes, including the proliferation and invasive
growth of humanMCF-7 breast cancer cells, aggravation of liver fibrosis
in mice, mesenchymal cell osteogenic differentiation and bone forma-
tion. All of these conditions may potentially bemediated through inter-
action with MiT family members, and further exploration of FHL2-MiT
interactions is warranted.
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