MOLECULAR AND CELLULAR BIOLOGY, Nov. 2004, p. 9835-9847
0270-7306/04/$08.00+0 DOI: 10.1128/MCB.24.22.9835-9847.2004

Vol. 24, No. 22

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Differential Regulation of Hand1 Homodimer and Hand1-E12

Heterodimer Activity by the Cofactor FHL2

Alison A. Hillf and Paul R. Riley*
Molecular Medicine Unit, Institute of Child Health, London, United Kingdom

Received 3 March 2004/Returned for modification 28 April 2004/Accepted 19 August 2004

The basic helix-loop-helix (hHLH) factor Hand1 plays an essential role in cardiac morphogenesis, and yet
its precise function remains unknown. Protein-protein interactions involving Handl provide a means of
determining how Hand1-induced gene expression in the developing heart might be regulated. Hand1 is known
to form either heterodimers with near-ubiquitous E-factors and other lineage-restricted class B bHLH proteins
or homodimers with itself in vitro. To date, there have been no reported Hand1 protein interactions involving
non-bHLH proteins. Heterodimer-versus-homodimer choice is mediated by the phosphorylation status of
Hand1; however, little is known about the in vivo function of these dimers or, importantly, how they are
regulated. In an effort to understand how Hand1 activity in the heart might be regulated postdimerization, we
have investigated tertiary Hand1-protein interactions with non-bHLH factors. We describe a novel interaction
of Hand1 with the LIM domain protein FHL2, a known transcriptional coactivator and corepressor expressed
in the developing cardiovascular system. FHL2 interacts with Hand1 via the bHLH domain and is able to
repress Hand1/E12 heterodimer-induced transcription but has no effect on Hand1/Hand1 homodimer activity.
This effect of FHL2 is not mediated either at the level of dimerization or via an effect of Hand1/E12 DNA
binding. In summary, our data describe a novel differential regulation of Hand1l heterodimers versus ho-
modimers by association of the cofactor FHL2 and provide insight into the potential for a tertiary level of

control of Hand1 activity in the developing heart.

The heart is the first organ to develop in the embryo proper,
and its importance is underlined by the multitude of lethal
phenotypes in animal models carrying null mutations in genes
critical for cardiovascular development. Efforts to understand
the molecular mechanisms underlying vertebrate heart de-
velopment have recently shifted focus from the definition of
cardiac-specific master regulatory factors to multiprotein com-
plexes that coordinate programs of heart-specific gene expres-
sion.

Handl (eHAND, Hxt, Thingl) encodes a basic helix-loop-
helix (bHLH) transcription factor that our investigators have
previously shown plays an essential role in cardiac morphogen-
esis during murine embryonic development (44). As a member
of the class B (lineage-restricted) bHLH transcription factors,
Hand1 has been shown to heterodimerize with a class A (near-
ubiquitous) E-factor, such as that encoded by E2A (E12/E47),
and activate transcription of downstream target genes from
“E-box” sequences (CANNTG [23]) or more specifically, in
the case of Handl, a degenerate “Thingl” box (CGTCTG
[21]). Besides interacting with the more-ubiquitous E-factors,
Hand1 has also been shown to heterodimerize with other lin-
eage-restricted bHLH proteins. Hand1 is capable of forming
efficient heterodimers with its most closely related bHLH fac-
tor, Hand2 (14), and interaction of both Hand1 and Hand2 has
been demonstrated with the recently described Hey/Hrt family
of bHLH proteins 1 to 3 (14). Furthermore, Hand1 may also
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form functional homodimers, in differentiated lineages, since
Hand1/Hand1 dimers have been detected by immunoprecipi-
tation and mammalian two-hybrid studies (46). That said, the
DNA binding affinity of Handl homodimers is an order of
magnitude lower than that of Handl/E-factor heterodimers
(46), suggesting that, for Hand1 homodimer formation to be
functionally significant in vivo, such homodimers may need to
be associated with other non-bHLH proteins in a higher-order
complex to sufficiently alter their DNA binding affinity and
transcriptional activity.

Having initially been classified as an activator of transcrip-
tion (21), there is now substantial evidence that Hand1 can also
function as a transcriptional repressor either via sequestration
of class A bHLH factors from E-boxes (25) or through direct
inhibition of transcriptional activity (14). Handl is able to
antagonize the function of other bHLH proteins, such as
Mash2, by competing for E-factor binding in a manner similar
to MISTI and Id proteins (46) and can also negatively regulate
MyoD-E47-tethered dimers (3), which are resistant to other
proteins (such as the Ids) that act by binding and competing for
E-proteins in the cell. Both Handl and Hand2 have been
shown to operate independently of direct DNA binding (35,
52), adding another layer of complexity to their function. Most
notably, misexpression of either Hand protein in the develop-
ing limb bud in transgenic mice induces ectopic digits, and this
activity is dependent exclusively on the HLH region, excluding
a previously identified transcriptional activation domain or the
basic DNA binding region (35).

The broad dimerization profile of Hand1, along with a po-
tential requirement for tertiary interaction with other proteins,
reflects the complex mechanisms by which Handl regulates
transcription. Recently, dimerization of the Hand proteins was



9836 HILL AND RILEY

shown to be modulated by site-specific phosphorylation (16) as
an important step towards understanding how posttransla-
tional modification may regulate Hand activity in a tissue-
specific manner. However, little is known about the tertiary
interaction of proteins following Hand dimerization, or how
such interactions may further regulate the Hand proteins ac-
tivity in vivo. The identity of Handl cofactors and the func-
tional significance of any identified interaction are of interest,
therefore, in accounting for novel mechanisms of action of
Handl1 in the developing vertebrate heart.

In this study we screened for candidate cofactors of Hand1
homo- or heterodimers by testing for interaction with LIM
domain-containing proteins, since LIM domains mediate pro-
tein dimerization, are present in oligomeric complexes in dif-
ferentiated cell types (45), and are known to interact with other
protein motifs, such as PDZ domains (8) and ankyrin repeats
(53) as well as helix-loop-helix domains (26, 30). Precedent for
a Hand1-LIM-containing protein interaction exists in the ery-
throid DNA binding complex containing the bHLH factor
SCL/TAL, which shares significant amino acid homology with
Hand1 (2) and interacts with the LIM-only protein LMO?2 via
its HLH domain (30, 54). Moreover, a considerable number of
LIM domain-containing proteins are expressed in the devel-
oping heart (1, 18, 28) and of these, a legitimate candidate for
interaction with Hand1 is FHL2, a member of the four-and-a-
half LIM domain-containing family collectively expressed in
skeletal muscle and the developing cardiovascular system (7).
Fhi2 is restricted to the developing heart, where it is coex-
pressed with Handl between embryonic day 8.0 (E8.0) and
E9.5 (7; this study). Functionally, FHL2 has been shown to
play a role in modifying the response to hypertrophic stimuli in
the heart (27), a putative function previously attributed to
Hand1 (39, 52), and in the case of FHL2 this may be mediated
by uncoupling of ERK1/2 from transcriptional pathways regu-
lating cardiac differentiated growth (42). Moreover, like Hand1,
FHL2 has been shown to act both as a transcriptional coacti-
vator of the androgen receptor (38), AP-1 (37), WT1 (11),
B-catenin (32, 56), and BRAC1 (58) and as a corepressor for
the PLZF protein (36).

Here, we present evidence for a direct physical association
between Handl and FHL2, as a bona fide, non-bHLH inter-
action with a member of the Hand family of class B bHLH
proteins. We demonstrate a novel differential regulation of
Hand1 homodimer- and Hand1/E12 heterodimer-induced tran-
scriptional activity via the proposed interaction with FHL2 and
determine that FHL2 can function as a repressor of Hand1
biological activity in the developing heart.

MATERIALS AND METHODS

Plasmids. The full-length murine Handl plasmids, pcDNA3Handl and
pFLAGHandl1, have been described previously (46). The full-length human
E-factor E12 plasmid pHBAPneo-E12 was obtained from Cornelius Murre,
University of California San Diego. pcDNA3-E12 was constructed by PCR am-
plification of the human E12 ¢cDNA from pHBAPneo-E12, subcloned into
EcoRI-Xhol sites of pcDNA3. Tethered constructs pHand1~Hand1 and pHand1~
ITF2 were obtained from Jay Cross, University of Calgary, and have been pre-
viously described (46).

A mock Hand1 target gene reporter plasmid was constructed by subcloning
annealed sense and antisense oligonucleotides corresponding to a chick a-car-
diac actin (a-CA) minimal promoter (—58 to +15) (6, 31) into the SacI-Xhol
sites of pGL2-Basic, upstream of a luciferase reporter gene. Subsequently, an-
nealed oligonucleotides corresponding to X6 concatemerized optimal Hand1
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binding sites (Thingl boxes) plus flanking nucleotides (21) were subcloned up-
stream of the a-CA minimal promoter into the Kpnl-Sacl sites of pGL2-Basic.

A full-length FLAG-tagged FHL2 cDNA (pFLAG-CMV-FHL2) was obtained
from Ju Chen, UCSD (7). Full-length FHL2 was subcloned into pKS+, creating
pKS-FHL2, for use as an in situ probe. Full-length FHL2 containing MYC
N-terminal epitope tags, pMYC-FHL2, was constructed by PCR amplification of
five MYC tags subcloned at the HindIII-BamHI sites of pcDNA3 to produce
pcDNA3MYC. Subsequently, full-length FHL2 minus the ATG start codon was
PCR amplified and subcloned at the EcoRI-XholI sites of pcDNA3MYC down-
stream and in frame with the five MYC tags. To construct the FHL2 deletion
mutants pFHL1/2-2, pFHL2-3, pFHL3-4, pFHL1/2-1, pFHL2, pFHL3, and pFHLA4,
the corresponding fragments (LIM1/2-2, amino acids 1 to 153; LIM2-3, amino
acids 101 to 212; LIM3-4, amino acids 162 to 279; LIM1/2-1, amino acids 1 to 92;
LIM2, amino acids 101 to 153; LIM3, amino acids 162 to 212; and LIM4, amino
acids 221 to 279) were amplified by PCR and inserted at the BamHI-EcoRI sites
of pcDNA3.

A GALA reporter plasmid was constructed as follows: five 17-mer GAL4
upstream activating sequence binding sites concatemerized were placed up-
stream of a minimal cytomegalovirus (CMV) promoter minus enhancer and
subcloned into the Smal-Xhol sites of pGL3-Basic to produce pGL3-CMV,;;,
(CMV ,,in(Gald)s-luciferase). To produce pPGAL4ADBDHand1, the GAL4 DNA
binding domain from pGBDU was subcloned into the HindIII site of pcDNA3
containing an in-frame full-length Hand1 cDNA. The pM VP16 plasmid contain-
ing a fusion of the GAL4 DNA binding domain and VP16 activation domain is
available commercially (Clontech).

Glutathione S-transferase (GST) fusion plasmids were constructed as follows:
pGSTHand1 was constructed by taking an EcoRI-Xhol fragment containing the
full-length Hand1 ¢cDNA and cloning in frame at the EcoRI-Xhol sites of
pGEX4T-1 (Promega). pGST-bHLH was constructed by PCR amplification of
the bHLH region of Hand1 (amino acids 93 to 147) subcloned in frame at the
EcoRI-XholI sites of pGEX4T-1. pGST-FHL2 was constructed by PCR ampli-
fication of full-length FHL2 cDNA subcloned in frame at the EcoRI-Xhol sites
of pGEX4T-1.

Fluorescent fusion proteins were constructed for fluorescence resonance en-
ergy transfer (FRET) microscopy as follows. The Handl and FHL2 coding
regions (including Kozak sequence) minus stop codons were independently am-
plified by PCR and, in the case of Handl, subcloned upstream of enhanced
yellow fluorescent protein as N-terminal fusion at the EcoRI-Kpnl sites in
pEYFP-N1 and, in the case of FHL2, subcloned upstream of enhanced cyan
fluorescent protein at the EcoR1-BamHI sites of pECFP-N1 (Clontech), to
produce pHand1-EYFP and pFHL2-ECFP, respectively.

All plasmids were verified by sequencing, and their relative expression in cells,
prior to the mammalian two-hybrid and reporter assays, were determined by
Western blot analyses.

Whole-mount in situ hybridization. Whole-mount in situ hybrdization was
performed as previously described (48, 57), with minor modifications. A 0.5%
3-[(3-choladmiopropyl)-dimethylammonio]-1-propanesulfonate detergent was
added to the hybridization buffer, and hybridization was carried out at 68°C using
a probe for FHL2 (full-length FHL2; pKS-FHL2). Blocking buffer additionally
contained 1% bovine serum albumin (BSA) and 10% sheep serum. Antisense
RNA probes were labeled with digoxigenin. Nitro Blue Tetrazolium and 5-bro-
mo-4-chloro-3-indolyl-phosphate (NBT/BCIP tablets; Amersham Pharmacia)
were used as color reagents for probe detection. To stop the NBT/BCIP reaction,
embryos were washed in phosphate-buffered saline (PBS) with 0.1% Triton
X-100 (PBT) and fixed overnight (4% paraformaldehyde in PBS at 4°C). To re-
duce background, embryos were cleared in 100% methanol for 10 min on a Nutator
and rehydrated through a methanol-PBS gradient. Finally, embryos were stored
at 4°C in PBS containing 1% azide prior to photography or histological sectioning.

‘Whole-mount embryo sectioning and staining. Following in situ hybridization,
embryos were dehydrated in a series of 30-min ethanol-saline washes and equil-
ibrated with Histoclear and then with molten paraffin wax as previously described
(48). Embryos were orientated in molds and allowed to set, and sagittal sections
of 10-pwm thickness were cut on a microtome. Sections were dewaxed in Histo-
clear (two 5-min incubations) and washed in serial ethanol dilutions, as previ-
ously described (48). After two 5-min washes in distilled water, sections were
counterstained with 0.5% eosin prior to mounting and visualization on an Olym-
pus SZ4045TR microscope.

Cell lines, transfections, and derivation of cardiomyocytes. NIH 3T3 and H9c2
cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with
10% bovine calf serum (for NIH 3T3) or 10% fetal bovine serum (for H9c2
cells). P19 cells were cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 7.5% bovine calf serum and 2.5% fetal bovine serum plus 0.1 M
B-mercaptoethanol. Transient-transfection assays were carried out on NIH 3T3
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and H9c2 cells in six-well plates. Cells were transfected at between 40 to 60%
confluence using the Effectene method as per the manufacturer’s instructions
(QIAGEN). The total amount of transfected DNA per well was kept constant
(between 1 and 2 pg) by adding the corresponding amounts of empty expression
plasmid or pcDNA3. A total of 200 ng of reporter plasmid, 200 ng of each
expression plasmid, or 125 ng of each Gal-fusion plasmid was transfected into
each well. A 50-ng aliquot of a B-actin—B-galactodsidase—expressing plasmid was
cotransfected to normalize luciferase activity for transfection efficiency. Lucif-
erase activity was assayed 48 h posttransfection using a Promega luciferase assay
system according to the manufacturer’s instructions (Promega). B-Galactosi-
dease activity was assessed following incubation of transfected cell lysate with
assay buffer (120 mM Na,HPO,, 80 mM NaH,PO,, 2 mM MgCl,, 0.1 M B-mer-
captoenthanol, 1.5 mg of o-nitrophenyl-B-p-galactopyranoside/ml) at 37°C for
between 30 min and 3 h. The reaction was stopped with the addition of 1 M
Na,CO3, and the degree of B-galactosidase precipitate was assessed by reading
the A ,,,. Wells were transfected in duplicate, and each experiment was repeated
at least five times.

To derive cardiomyocytes for endogenous immunoprecipitation experiments,
P19 cells were aggregated in the presence of dimethyl sulfoxide (DMSO) and
induced to differentiate over a period of 8 days as previously described (33, 34).
Briefly, pluripotent P19 cells were grown to confluence and resuspended in
bacteriological-grade dishes at 10° cells/ml of medium supplemented with 0.8%
(vol/vol) DMSO. After 2 days of incubation medium was replenished with fresh
DMSO-containing medium, and after 4 days in suspension aggregates were
plated onto tissue-grade surfaces in medium lacking DMSO. By 5 to 6 days after
the initiation of aggregate formation, rhythmically contracting cardiac muscle
cells were observed in the cultures which express the appropriate transcription
factors and exhibit equivalent biochemical and physiological characteristics to
that of embryological cardiomyocytes (47).

GST pull-down assay. GST and GST-fusion proteins were expressed and
purified according to the manufacturer’s protocol (Amersham Pharmacia), with
the induction of protein expression performed at 25°C overnight. The expression
vectors for Hand1, FHL?2, and derivatives were used for in vitro transcription and
translation using a TNT kit (Promega) in the presence of [**SJmethionine. The
35S-labeled proteins were incubated with either 0.5 or 2 g of GST derivatives
bound to glutathione-Sepharose beads in 150 ml of binding buffer (20 mM
Tris-HCI [pH 8.0], 100 mM NaCl, 1 mM EDTA, 0.5% NP-40, and protease in-
hibitors from Roche). The binding reaction was performed at 4°C overnight, and
the beads were subsequently washed four times with washing buffer (same as the
binding buffer). The beads were eluted in 20 ul of 2X Lamelli protein loading
buffer and boiled for 3 to 5 min, and protein interactions were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) fol-
lowed by autoradiography.

Antibodies, coimmunoprecipitation, and Western blot analyses. A polyclonal
anti-Hand1 antibody (a-Hand1; C-terminal epitope a-eHAND) was purchased
from Santa Cruz. Polyclonal and monoclonal a-FHL2 antibodies were a kind gift
from R. Schule, Freiburg, Germany (38). a-Epitope tag antibodies a-FLAG and
a-MYC were either purchased from Sigma (anti-FLAG M2 affinity gel) or were
a kind gift from S. Parkinson, Imperial Cancer Research Fund, London, England
(a-MYC).

For the overexpression coimmunoprecipitation experiments, NIH 3T3 cells
were transfected in 10-cm dishes as described above. For CO-IP of endogenous
Hand1 and FHL2, lysates from P19-derived cardiomyocytes at day 8 of differ-
entiation were prepared as described above. For in vitro detection of the inter-
action of Hand1 with FHL2, NIH 3T3 cells were transfected with pFLAGHand1
and pMYCFHL2; for determining whether FHL2 can disrupt either Hand1
homodimerization or Hand1 E-factor heterodimerization, NIH 3T3 cells were
transfected with either pcDNA3Hand1 alone or pcDNA3Hand1 in combination
with pcDNA3-E12 in the presence or absence of FHL2. Forty-eight hours post-
transfection, cells were washed twice with PBS. Transfected cells and P19-de-
rived cardiomyocytes were lysed in 0.8 ml of lysis buffer (50 mM Tris-HCI [pH
7.4], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM dithiothreitol [DTT],
0.5 mM phenylmethylsulfonyl fluoride [PMSF], and protease inhibitors from
Roche). After brief shearing with a 21-gauge needle, the lysate was centrifuged
at 12,000 X g for 5 min. Protein A-G-Sepharose beads (Amersham Pharmacia)
were preblocked with PBS containing 1% BSA for 30 min at room temperature.
One hundred microliters of preblocked beads and either 4 wg of «-FLAG M2
antibody (overexpression) or 3 pg of FHL2 monoclonal antibody (endogenous)
was used for each immunoprecipitation. Immunoprecipitation was performed
overnight at 4°C. The beads were centrifuged at 4,000 rpm for 1 min and washed
four times in ice-cold PBS. The precipitates were resuspended in 20 ul of 2X
SDS-PAGE loading buffer and loaded on an SDS-12% PAGE gel, followed by
Western blotting according to standard procedures. Five percent of the input
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crude extract was used for determining protein expression levels. The MYC-
tagged FHL2 was detected using a 1:500 dilution of the a-MYC polyclonal anti-
body, and endogenous Hand1 was detected using a 1:300 dilution of the a-Hand1
polyclonal antibody described above.

Immunofluorescence and FRET analysis. For endogenous Hand1 and FHL2
staining, H9c2 cells were cultured on 0.1% gelatine-coated coverslips until ap-
proximately 60% confluent. Cells were washed twice with PBS, fixed with either
100% methanol, 2% paraformaldehyde-PBS, or 4% paraformaldehyde—PBS for
10 min on ice, permeabilized with 0.5% Triton X-100-PBS for 5 min, and
blocked in 1% BSA-PBS for 30 min. Staining with the polyclonal a-Handl
(diluted 1:100 in 1% BSA-PBS) and the polyclonal a-FHL2 antibody (diluted
1:500 in 1% BSA-PBS) was carried out overnight at 4°C. Cells were then washed
three times with PBS. Secondary antibodies fluorescein isothiocyanate-labeled
a-goat and tetramethyl rhodamine isocyanate-labeled a-rabbit immunoglobulin
G (Dako) were used at dilutions of 1:20 and 1:30, respectively, in 1% BSA-PBS.
Nuclei were stained with 5 pg of bis-benzamide (Hoechst 33342; Sigma)/ml in
PBS for 10 min at room temperature. Cells were mounted with coverslips se-
cured in 50% glycerol-PBS, and fluorescence was visualized using a Zeiss Ax-
ioskop 2 microscope with 20X and 40X Zeiss Plan-Neofluar objectives.

To visualize an interaction between Hand1 and FHL2 in living cells, NTH 3T3
cells were cotransfected with pHand1-EYFP (donor) and pFHL2-ECFP (accep-
tor) on coverslips as described above. Nuclei were counterstained with bis-
benzamide as previously described. The fluorescence imaging workstation was a
Leica multiphoton CLS microscope.

Regions of colocalization of the donor pHand1-EYFP and acceptor pFHL2-
ECFP in individual cotransfected cells were obtained using the yellow fluores-
cent protein (YFP) (excitation, 500/20 nm; emission, 535/30 nm) and cyan flu-
orescent protein (CFP) (excitation, 436/10 nm; emission, 470/30 nm) filter sets,
respectively. FRET was carried out by acceptor bleaching: control images were
acquired of the acceptor by using the CFP filter set, and the acceptor was then
bleached. A time course of fluorescence measurements was taken using a FRET
filter set (excitation, 500/20 nm; emission, 470/30 nm) in selected regions of
colocalization and regions outside where localization of donor and acceptor was
mutually exclusive. Measurements were taken from a minimum of 10 individual
cotransfected cells. FRET was recorded if in a region of colocalization within the
cell excitation of YFP resulted in emission from CFP immediately following
bleaching of the CFP-fused acceptor. Efficient energy transfer implies that the
YFP and CFP must lie within a 10- by 10- by 10-nm volume of one another (i.e.,
less than 50 A apart or typical Forster distances of 2 to 7 nm), which requires
direct interaction of the proteins of interest fused to these fluorescent moieties.

EMSAs. Electrophoretic mobility shift assays (EMSAs) were carried out with
either in vitro-translated (IVT) proteins or transfected cell protein extracts. IVT
proteins were synthesized using the TNT kit (Promega). NIH 3T3 cells were
transfected as described above. Whole-cell extracts were prepared by harvesting
cotransfected cells in lysis buffer (20 mM HEPES [pH 7.9], 450 mM NaCl, 25%
glycerol, 0.5 mM DTT, 0.25 mM EDTA, and protease inhibitors from Roche)
and carrying out three freeze-thaw cycles: snap freezing in liquid nitrogen fol-
lowed by rapid thawing at 30°C. Lysates were centrifuged at 13,000 rpm, and the
supernatant was stored at —80°C for up to three reactions.

IVT proteins were mixed and preincubated for 30 min at 37°C to facilitate
interaction. Typically 3 to 5 pl of IVT protein or lysate was used per binding
reaction mixture, ensuring the protein concentration was at least 10-fold higher
than the DNA concentration. Annealed 26-bp oligonucleotides 5'-CAACCAC
AATGGCGTCGTCTGGCATTTTT-3" and 5'-TCGAAAAAATGCCAGACGC
CATTGTG-3', containing an optimal Hand1/E12 binding site (shown in bold)
(Thingl box, CGTCTG) (21), and flanking nucleotides were 5'-end labeled. In a
typical binding reaction the protein extract was mixed with 40,000 cpm (approxi-
mately 40 fmol) of labeled oligo in 20 pl of binding buffer (50 mM HEPES [pH 7.9],
200 mM NaCl, 30% glycerol, 4 mM MgCl,, 1 mM EGTA, 1 mM DTT, 100 pg of
BSA/ml) with 1 mg of poly(dI-dC)/ml. The binding reaction mixture was incubated
at room temperature for 20 min in the absence of labeled oligo to ensure subunit
exchange, and the complete reaction mixture including labeled oligo with or without
100-fold cold oligo was then incubated for a further 20 min at room temperature.
Two microliters of loading buffer (50 mM Tris-HCI [pH 7.6], 20% glycerol, 0.25%
bromophenol blue) was added, and each sample was run through a 6% polyacryl-
amide gel. The gel was then dried and subjected to autoradiography.

RESULTS

Handl1 is coexpressed with FHL2 in the developing heart.
Based on its reported expression pattern (5, 7) and putative
ability to act as a dominant repressor in the myocardium (42),
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FIG. 1. FHL2 is coexpressed with Hand1 in the developing heart.
(A and B) FHL2 mRNA expression in E9.5 wild-type embryos as
detected by whole-mount in situ hybridization. (C and D) Sagittal
sections through E9.5 wild-type hearts following whole-mount in situ
hybridization for FHL2 and counterstaining with eosin. Abbreviations:
aa, arch arteries; ao, dorsal aorta; at, atrium; ba, branchial arch; ball,
second branchial arch artery; balll, third branchial arch artery; fd,
foregut diverticulum; lv, left ventricle; my, myocardium; ot, outflow
tract; v, ventricle.

FHL2 was deemed a potential candidate LIM protein interac-
tor with Hand1 in the developing murine heart. We therefore
set out to confirm that FHL2 was coexpressed with Hand1 in
the heart by whole-mount in situ hybridization followed by
sectioning of wild-type embryos at E9.5. As shown in Fig. 1,
FHL2 was expressed throughout the heart at E9.5 (Fig. 1A),
and expression was strong in both the presumptive atrial and
ventricular chambers (Fig. 1B to D) with weaker expression
evident in the developing outflow tract (Fig. 1D). We and oth-
ers have previously shown that Hand1 is similarly expressed at
high levels in the presumptive ventricle, most notably in the
outer curvature of the ventricular myocardium as well as in the
proximal outflow tract (44, 48). Both FHL2 (Fig. 1C and D)
and Handl (48) are specifically localized to cardiomyocytes
which make up the compact layer and trabeculae of the ventric-
ular myocardium. FHL2 is also expressed in the first branchial
arch (Fig. 1B), as is Handl (48), and in mutually exclusive
regions such as the dorsal aorta (Fig. 1A) second and third
branchial arch arteries (Fig. 1C) and in cells lining the pharyn-
geal region of the foregut diverticulum (Fig. 1D).

Hand]1 interacts specifically with FHL2 via the bHLH do-
main. Since Hand1 appears to play an essential role in cardiac
morphogenesis, we set out to test for interaction of Handl
with FHL?2 as a first step towards understanding how Hand1
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protein interactions might regulate cardiac muscle gene ex-
pression.

IVT FHL2 was incubated with equal amounts of either
GST-Handl, GST-bHLH (containing the isolated bHLH do-
main of Handl), or GST alone. GST-Handl and GST-bHLH,
but not GST alone, interacted with FHL?2 (Fig. 2A), suggesting
Hand1 and FHL2 can physically associate in vitro and that the
interaction involves the bHLH domain of Handl. To deter-
mine whether this interaction occurs in vivo, we took a cotrans-
fection approach, given the lack of cell lines expressing both
Hand1l and FHL2 at appropriate levels. NIH 3T3 cells were
transiently transfected either with the FLAG-Handl vector
alone (Fig. 2B, lane 3), a vector for MYC epitope-tagged
FHL2 (MYC-FHL2) alone (Fig. 2B, lane 5), or a combination
of vectors for FLAG-Handl and MYC-FHL2 (lane 7). Ex-
tracts from the transfected cells, along with untransfected con-
trols, were first immunoprecipitated with an a-FLAG M2 an-
tibody (lanes 2, 4, 6, and 8). The associated proteins were then
subjected to Western blot analysis with an a-MYC antibody
(9E10.2). An intense band corresponding to MYC-FHL2 was
readily detected only when FLAG-Hand1 was expressed and
immunoprecipitated by the FLAG antibody (lane 8), indicating
that Hand1 specifically interacted with FHL2 in vivo. To fur-
ther determine whether endogenous Hand1 and FHL?2 associ-
ate in cardiomyocytes, we carried out CO-IP experiments on
lysates prepared from P19-derived cardiomyocytes using a
a-FHL2 monoclonal antibody followed by Western analysis
with an a-Handl antibody (Fig. 2C). A distinct band corre-
sponding to Handl was readily detected when FHL2 was ex-
pressed and immunoprecipitated by the o-FHL2 antibody
(lane 2), indicating that the two proteins physically interact in
cardiomyocytes. Since P19 cells can differentiate into sponta-
neously beating cardiomyocytes which exhibit the biochemical
and physiological properties of their embryological equivalents
(47), this finding can be extrapolated to an interaction between
endogenous Handl and FHL2 in the developing heart.

This interaction of FHL2 with Hand1 appeared to be rela-
tively specific, since MyoD and E12/E47, both of which play
essential roles in the activation of skeletal muscle genes, did
not appear to interact with FHL2 according to in vitro protein
binding assays (data not shown).

The association between Hand1 and FHL2 was corroborat-
ed by a mammalian two-hybrid system. For these studies, ex-
pression plasmids encoding a Gal4-Hand1 fusion plus Handl1,
the E-protein E12, or FHL2 were cotransfected into NIH 3T3
cells along with the reporter gene CMV,,;.(Gal4)s-luciferase
(Fig. 3). The chimeric protein Gal4-Hand1 containing the en-
tire Handl coding region in frame with the DNA binding
domain of Gal4 only weakly activated the (Gal4)s-luc reporter
by approximately threefold in NIH 3T3 cells, consistent with
that previously reported (21). Transfection of either E12 alone
or FHL2 alone had no apparent effect on reporter gene acti-
vation (lanes 4 to 6). Coexpression of FHL2 had no effect on
levels of activation of reporter arising from Gal4-Hand1 with
or without Hand1 (lanes 6, 9, and 10). By contrast, coexpres-
sion of Gal4-Hand1 with E12 generated a significant activation
of the (Gal4)s-luc reporter gene (lane 11), presumably as a
result of the heterodimer formation between Hand1 and E12.
Furthermore, FHL?2 significantly inhibited the Gal4-Hand1-
E12 transactivation of the reporter gene (lane 12), indicating
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FIG. 2. Handl and FHL2 interact in vitro and in vivo in embryonic cardiomyocytes. (A) In vitro pull-down assay showing Hand1 interaction
with FHL2. SDS-PAGE of **S-labeled FHL2 were incubated with 0.5 wg of GST-Hand1 or GST-bHLH, respectively. FHL2 was pulled down by
GST-Handl and GST-bHLH but not by GST alone. (B) Immunoprecipitation of MYC-FHL2 by full-length FLAG-Hand1 demonstrating that
Hand1 and FHL2 can interact in vivo. Transient transfections of full-length MYC-FHL?2 together with full-length FLAG-Hand1 constructs (lanes
7 and 8) were performed in NIH 3T3 cells as described in Materials and Methods. Immunoprecipitation (IP) was performed with «-FLAG M2
antibody and immunoblotting with a-MYC 9E10.2. Lanes 1 and 2 represent untransfected and lanes 3 to 6 represent single transfection controls
(lanes 3 and 4, FLAG-Hand1; lanes 5 and 6, MYC-FHL2). Note the single band in lane 8, which represents MYC-FHL2 following immunopre-
cipitation by a-FLAG compared to the blank control lanes 2, 4, and 6. (C) Immunoprecipitation of endogenous FHL2 and Hand1 in P19-derived
cardiomyocytes, demonstrating that the two proteins interact in the heart. Cardiomyocytes were derived from aggregated P19 cells differentiated
in 0.8% DMSO as described in Materials and Methods. IP was performed on lysates with a monoclonal a-FHL2 antibody and immunoblotting with
a-Hand1. Lane 1 represents 5% of the lysate input. Lane 2, CO-IP lane; lane 3, a no-primary-antibody negative control. Note the single band in lane
2, representing Hand1 following IP by a-FHL2 compared to the blank control lane 3. Expression of FHL2 in the starting lysate and CO-IP lanes was
confirmed by immunoblotting with a polyclonal «-FHL2 antibody.

that FHL?2 is capable of interacting with a Hand1-E-protein
heterodimer. This was confirmed in a reciprocal experiment
whereby Gal4-E12 synergistic transactivation of reporter with
Hand1 was inhibited by FHL2 (data not shown).

Hand1 and FHL2 colocalize in the nuclei of H9¢2 cells. To
investigate how the interaction between Handl and FHL2
translates in living cells, we first examined the cellular local-
ization of the endogenous proteins in H9¢2 cells. H9¢c2 is a rat
cardioblast cell line derived from E18 ventricle in which both
Handl and FHL2 are expressed, as determined by reverse
transcription-PCR (data not shown). Immunofluorescence us-
ing polyclonal anti-mouse a-Handl and o-FHL2 antibodies

(which cross-react with rat orthologues) revealed the two pro-
teins to have predominantly nuclear staining (Fig. 4), suggest-
ing that their interaction occurs in the nucleus, consistent with
the previously reported transcriptional roles for both Hand1
and FHL2.

Hand1 and FHL2 can interact in living cells, as visualized
by fluorescent protein two-fusion FRET. To further analyze
the spatio-regulation of the Hand1-FHL2 interaction in an
intact mammalian cell line, we performed “acceptor bleach”
FRET analysis. We first generated chimeric fusion proteins of
Handl and EYFP and FHL2 and ECFP to act as the donor
and acceptor proteins, respectively (Fig. SA). NIH 3T3 cells
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FIG. 3. Mammalian two-hybrid analyses of Handl and FHL2 interactions in NIH 3T3 cells. NIH 3T3 cells were cotransfected with GAL4-
DBD, GAL4-Handl, and the CMV ;. (Gal)5-luc reporter gene along with MVP16 as a positive control, Hand1, E12, or FHL2 or Hand1 plus FHL2
or E12 plus FHL2. MVP16 dramatically activated luciferase expression to confirm that the system is working (lane 2). Hand1, E12, or FHL2 in
isolation had no effect on luciferase expression (lanes 4 to 6). GAL4-Hand1 activated luciferase expression by approximately threefold (lane 7)
compared to reporter alone (lane 1). Coexpression of FHL2 had no significant effect on this level of activation (lane 8). Hand1 in combination with
GALA4-Hand1 (lane 9) inhibited the activation observed with GAL4-Hand1 alone (lane 7). FHL2 had no effect on the Hand1-induced inhibition
(lane 10). Coexpression of Gal4-Hand1 with E12 significantly activated luciferase expression (approximately sixfold; lane 11). FHL2 significantly
inhibited GAL4-Hand1/E12-induced activation (lane 12), suggesting that FHL2 can functionally interact with Hand1-E protein heterodimers in
vitro. Error bars reflect the standard errors of the means from a minimum of three independent transfections. **, P < 0.05.

were cotransfected with the Hand1-EYFP and FHL2-ECFP
constructs, and areas within cotransfected nuclei of overlap-
ping and mutually exclusive expression were selected prior to
performing FRET analysis (Fig. 5B). The CFP acceptor chan-
nel was used to bleach a region of overlap, which was subse-
quently excited using the YFP donor channel. As shown in Fig.
5C, emission from the acceptor, postbleaching, occurred fol-
lowing donor excitation, indicating FRET compared to the
nonbleached region of overlap and the mutually exclusive re-
gion controls. Efficient FRET implies that the Hand1-EYFP
and FHL2-ECFP fusion proteins colocalize in a subnuclear
compartment at a distance of less than 50 A apart and are
therefore assumed to be physically associated.

FHL2 represses Hand1-E12 heterodimer-induced transcrip-
tion but has no effect on Hand1-Hand1 homodimer activity.
Next we wanted to examine the possible functional significance
of the observed interaction. As Hand1 can function as either a
transcriptional activator or repressor (3, 21, 25, 46) depending
on cell type or developmental context, we wanted to test wheth-
er the association with FHL2 might regulate the transcriptional
activity of Hand1 and, therefore, impact on its biological ac-
tivity in the developing heart.

In the absence of a direct target gene for Hand1, we devised
a reporter system comprising six high-affinity Thingl box se-
quences (21) upstream of a minimal a-CA promoter (6, 31)
and a luciferase cassette. Transfection of NIH 3T3 cells with
reporter alone or reporter plus FHL2 revealed background

luciferase activity (Fig. 6A, lanes 1 and 2). Cotransfection of
reporter plus Handl1 activated the system approximately two-
to threefold above reporter alone (Fig. 6A, lanes 1 and 3, and
B, lanes 1 to 3). This relatively weak activation of the reporter
by Hand1 is presumably brought about by low-affinity binding
of the Thingl sequences by Hand1 homodimers and is consis-
tent with that previously reported (21, 46). FHL2 had no sig-
nificant effect on Hand1 homodimer activation of the reporter
(Fig. 6A, lanes 3 and 4) even when the dose of FHL2 was
increased (Fig. 6B, lanes 2 to 4). Cotransfection of Hand1 with
an E-protein, E12, a known interactor with Handl, brought
about significant coactivation of the mock target gene with
luciferase activity approximately sevenfold above that of re-
porter alone (Fig. 6A, lane 7). This is consistent with the
known ability of Hand1/E12 heterodimers to bind the Thingl
box with high affinity and activate transcription (21, 46). Sur-
prisingly, given the lack of effect observed on Handl homo-
dimer activation, FHL2 significantly inhibited Hand1/E12 co-
activation of the target gene reporter. Furthermore, titration
experiments with an increasing amount of FHL2 (50 to 150 ng)
revealed a dose-dependent effect of FHL2 on the level of
repression (Fig. 6A, lanes 8 to 10). The same results were
obtained in a different cellular background with H9¢2 cells,
suggesting that the interaction observed in this assay is inde-
pendent of other tissue-specific cofactors (data not shown).
These data suggest that FHL2 can potentially regulate Hand1
biological activity by inhibiting Hand1-E protein heterodimer-
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FIG. 4. Subcellular colocalization of endogenous Handl and FHL2 in H9c2 cells. H9¢c2 cells were cultured on coverslips, fixed with 4%
paraformaldehyde, and immunostained with polyclonal a-Hand1 (A) and «-FHL2 (B) antibodies followed by fluorescein isothiocyanate-conju-
gated anti-goat (A) and tetramethyl rhodamine isocyanate-conjugated anti-rabbit (B) antibodies, respectively. (C to E) Nuclei were visualized
following staining with bis-benzamide (Hoechst 33342 [D]). Merged images of immunostained H9¢2 cells demonstrated nuclear colocalization of
Hand1 and FHL2 (C). Secondary antibody-alone negative controls are shown in panels D and E.

induced activation of downstream target genes. Moreover,
since FHL2 has apparently no effect on Handl homodimer
transcriptional activity, the association of FHL2 with Hand1
represents a novel mechanism for tertiary differential regula-
tion of Hand1 activity following dimerization choice.

To investigate domains of FHL2 required to mediate the
observed transcriptional inhibition, deletion constructs were
coexpressed with Hand1l and E12 in the reporter assay. This
revealed that the full-length FHL2 was required for optimal
inhibition of Hand1/E12-induced transcriptional activation
(Fig. 6C, lanes 1 and 2). No repression was observed for any of
the LIM domains in isolation (Fig. 6C, lanes 6 to 9), and it
appeared that the C-terminal LIM domains (3 and 4) were
dispensable for FHL?2 function in this assay because deletion of
them resulted in a protein that retained its repressor-like ac-
tivity (Fig. 6C, lane 4). However, the two constructs LIM (1/
2-2) and LIM (2-3) did weakly repress the Hand1/E12 activa-
tion (Fig. 6C, lanes 3 and 5), suggesting that the second LIM

domain may play a prominent role but that it requires the
presence of additional neighboring LIM domains for full effect.

FHL2 repression of Hand1-E12 heterodimer transcriptional
activity is not mediated via an effect on dimerization. Next, we
set out to determine the mechanism by which FHL?2 is able to
repress Handl1-E protein heterodimer-induced transcription.
We first hypothesized that FHL2, through direct interaction
with Hand1, may specifically impair Hand1/E-protein hetero-
dimer formation (but not Hand1 homodimer formation), thus
preventing the Hand1/E12 heterodimer binding to the Thingl
box target DNA sequences in our reporter gene assay. In order
to investigate this, we made use of tethered Hand1-E-protein
(Hand1~ITF2) constructs in which complete monomers of
Hand1 and ITF2 (murine functional analogue of E12 [49]) are
joined to each other by a flexible polypeptide tether. Such
enforced dimerization produces a dominant-positive heterodi-
mer, which is insulated from negative regulation by other pro-
teins (40). Cotransfection of NIH 3T3 cells with our mock
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FIG. 5. Handl and FHL2 are spatially associated in intact living cells. FRET analysis of Hand1-YFP and FHL2-CFP fusion proteins in
cotransfected NIH 3T3 cells. (A) N-terminal fluorescent fusion proteins were constructed as shown (numbers refer to size of each cassette, in base
pairs) with Hand1-YFP as the donor and FHL2-CFP as the acceptor. (B) Images of the nuclear localization of the FHL2-CFP acceptor and
Hand1-YFP donor were merged to confirm areas of overlap, and then three regions were selected prior to FRET analysis. The red region
represents overlap of donor and acceptor in which the acceptor was not bleached. Blue represents a region of overlap where the acceptor was
bleached. Green represents a mutually exclusive region not bleached by way of a background control. (C) Acceptor bleach FRET analysis was
carried out whereby the three selected regions (red, blue, and green) were excited by the donor YFP channel (excitation, 500/20 nm), following
in the case of the blue region appropriate prebleaching of the acceptor. Emission was recorded using the CFP channel (emission, 470/30 nm) as
a measure of fluorescence intensity over time. A distinct increase in CFP intensity was observed for the blue overlap region, postbleaching of the
acceptor and following donor YFP excitation, indicating efficient FRET and a direct physical association of the two fusion proteins. The data

presented in panel C represent the averages of 10 independent FRET measurements.

target gene and a Hand1~Hand1-tethered homodimer result-
ed in a sixfold activation of the reporter gene, which was not
affected by increasing amounts of FHL2 (Fig. 7, lanes 1 to 5).
Coexpression of reporter with a Hand1~ITF2-forced het-
erodimer induced reporter gene activation by approximately
sixfold (Fig. 7, lane 6). FHL2 was still able to significantly
repress this heterodimer-induced activation in a dose-depen-
dent manner (Fig. 7, lanes 7 to 9).

This finding supports the differential regulation of FHL2 on
Hand1 E-protein heterodimers versus Handl homodimers and
demonstrates that the mechanism of FHL2-induced inhibition
of heterodimer transcriptional activity is not mediated via a
negative effect on dimerization. As further confirmation, we
also determined that FHL2 was unable to prevent CO-IP of
MYC-tagged E12 with Hand1 following overexpression of the
two proteins in NIH 3T3 cells (data not shown).

FHL2 does not appear to affect Hand1-E12 DNA binding. A
second putative mechanism underlying FHL2 repression of
Hand1-E protein-induced transcription might be at the level
of DNA binding. FHL2 could directly inhibit the DNA binding
of the Hand1-E factor protein complex, since it is feasible that
FHL?2 interaction with Hand1 results in a change in complex
confirmation, which prevents the E-factor from entering the
DNA binding pocket. Moreover, since localized structural dif-
ferences among bHLH domains account for distinct dimeriza-
tion and DNA binding properties (12), interaction of FHL2
with Handl need not necessarily affect Handl homodimer
DNA binding. We investigated the possibility that FHL2 in-
fluences the DNA binding properties associated with the het-
erodimer complex by using EMSAs. IVT Handl, E12, and
FHL2 and proteins from cotransfected NIH 3T3 cell lysates
were incubated with *?P-labeled Thingl box and scrambled
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FIG. 6. FHL2 inhibits Hand1/E-protein heterodimer-induced transcriptional activation but has no effect on Handl homodimer activity.
(A) Mock Handl1 target gene reporter, consisting of six concatemerized Thingl boxes upstream of an a-CA minimal promoter driving luciferase,
was cotransfected into NIH 3T3 cells with either Hand1, E12, or Hand1 plus E12 in the presence or absence of FHL2. Hand1 activated the system
approximately two- threefold above reporter alone (lanes 1 and 3). FHL2 (150 ng) had no significant effect on Hand1 homodimer activation of
the reporter (lanes 3 and 4). Cotransfection with E12 alone had no effect on reporter activation, and this remained unaltered in the presence of
FHL2 (lanes 5 and 6). Cotransfection of Hand1 with E12 resulted in a sevenfold activation above that of reporter alone (lane 7). FHL2 significantly
repressed Hand1/E12 coactivation of the mock target gene. Titration experiments with an increasing amount of FHL2 (50 to 150 ng) revealed a
dose-dependent effect of FHL2 on the level of repression (lanes 8 to 10). (B) Increasing the dose of FHL2 (200 and 400 ng) had no effect on
Hand1-induced activation of the mock target reporter (lanes 2 to 5). These findings suggest that the interaction of FHL2 with Hand1 impairs
Hand1-E12 heterodimer function but has no effect on Hand1 homodimer activity. (C) Characterization of the FHL2 LIM domains involved in
inhibition of Hand1-E12 transcriptional activity. Full-length FHL2 is required for efficient inhibition of Hand1-E12 activity (lanes 1 and 2). The
effects of different FHL2 deletion constructs were analyzed on the Hand1-E12-activated mock target reporter. The N-terminal FHL2 (1/2-2) and
the 2-3 constructs retained some inhibitory activity (lanes 3 and 5), suggesting that LIM domain 2 may play a prominent role. Single LIM domains
in isolation had no effect on Hand1-E12 activity (lanes 6 to 9). Error bars reflect the standard errors of the means from a minimum of three
independent transfections. **, P < 0.05; *, P < 0.1.

control oligonucleotide probes, and the generated protein-
DNA complexes were resolved by native PAGE and autora-
diography. As shown in Fig. 8A, IVT FHL2 alone does not
bind to the Thingl box sequence (lane 2). Hand1l and E12 in
combination, as expected, bound the optimal Thingl box such
that a shifted band representing a Hand1-E12 heterodimer
complex bound to DNA was observed (21, 46), and this could
be competitively blocked by an excess of cold Thing1 box probe
(Fig. 8A, lanes 5 and 6). Preincubation of Hand1/E12 with IVT
FHL?2 actually resulted in a slight enhancement in the bound
Hand1/E12 complex (Fig. 8A, lane 7). This modest increase in

Hand1/E12 DNA binding brought about by the addition of
FHL2 was confirmed using cell lysates from NIH 3T3 cells
cotransfected with all three proteins (Fig. 8B, lanes 1 and 4).

Despite the described physical interaction of FHL2 with
Handl and Handl1-E-protein heterodimers, we never detect-
ed FHL2 in the Hand1-E12 DNA complex in these EMSA
studies. Thus, although there appears to be slightly elevated
Hand1-E12 binding to the optimal Thingl box in the presence
of FHL2, the latter likely dissociates from these proteins once
the bHLH-DNA complex enters the gel. This is an interesting
observation and is consistent with that observed for muscle
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FIG. 7. FHL2 inhibition of Hand1-E12-induced transcription is not
mediated by an effect on heterodimerization per se. Cotransfection of
NIH 3T3 cells with the mock target gene and a Hand1~Hand1-teth-
ered homodimer resulted in a sixfold activation of the reporter gene
which was not effected by increasing amounts (200 to 400 ng) of FHL2
(lanes 1 to 5). Coexpression of reporter with a Hand1~ITF2-forced
heterodimer induced reporter gene activation by approximately sixfold
(lane 6). FHL2 was still able to significantly repress Hand1~ITF2-
induced activation in a dose-dependent manner (lanes 7 to 9), sug-
gesting a mechanism of FHL2 function distinct from disruption of
Hand1-E protein heterodimerization. Error bars reflect the standard
errors of the means from a minimum of three independent transfec-
tions. **, P < 0.05.
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LIM protein in promoting DNA interaction of a MyoD-E47
heterodimer complex during muscle development (26). More-
over, it is clear that since we never observed a negative effect
of FHL2 on Handl1-E factor DNA binding the repression of
Hand1-E12 transcriptional activity described in this study is
almost certainly not mediated at the level of binding of the
bHLH heterodimer to its target sequence.

DISCUSSION

The Hand subfamily of class B bHLH factors consists of two
members, Hand1 and Hand2, both of which are dynamically
expressed in a number of embryologically distinct lineages
during development (for review, see reference 15 and refer-
ences therein). Both Hand proteins have been shown to play
essential roles in the developing murine heart from gene tar-
geting studies. Hand1 is thought to be essential for cardiac
looping morphogenesis (44), whereas Hand2 is required for
specification of the right ventricle and formation of the aortic
arches (50). To date, though, the precise mode of function for
either Hand protein remains unknown, although many studies
collectively suggest these factors play roles in multiple gene
programs and that the mechanism of their regulation is rela-
tively complex.

In vitro studies have demonstrated for Hand1 the potential
to both activate and repress transcription depending on the
target sequence (consensus E-box or degenerate Thingl/D-
box) and dimerization partner (21, 25, 46). Efforts to better
understand the functional role of Hand proteins have focused
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FIG. 8. FHL2 does not appear to affect Hand1-E12 DNA binding. EMSAs with IVT Hand1, E12, and FHL2 and proteins from cotransfected
NIH 3T3 cell lysates were incubated with **P-labeled Thing1 box and scrambled control oligonucleotide probes, and the generated protein-DNA
complexes were resolved by native PAGE and autoradiography. (A) IVT FHL2 alone does not bind to the Thingl box sequence (lane 2). Hand1
and E12 in combination bind the optimal Thingl box such that a shifted band representing a Hand1-E12 heterodimer complex bound to DNA is
observed (21, 46), and this can be competitively blocked by an excess of cold Thingl probe (lanes 5 and 6). Preincubation of Hand1/E12 with IVT
FHL2 actually resulted in a slight enhancement in the bound Hand1-E12 complex (lane 7). (B) The enhanced Hand1-E12 DNA binding brought
about by the addition of FHL2 was confirmed using cell lysates from NIH 3T3 cells cotransfected with all three proteins (lanes 1 and 3).
Arrowheads indicate specific DNA binding complexes. ns, nonspecific bands.
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on their dimerization partners, and in this respect they are
unlike the majority of class B bHLH factors, since they exhibit
a promiscuous ability to dimerize with themselves and other
class B proteins such as members of the Hey/Hrt bHLH family
(14). More recently, posttranslational modification of Hand
proteins has been implicated in regulating choice of dimeriza-
tion partner during the transition from proliferating to differ-
entiating cell lineages. Notably, during differentiation of Rchol
cells, Hand1 phosphorylation increases coincident with down-
regulation of the phosphatase PP2A active subunit, B568, and
a reduced affinity of Hand1 for E-proteins (16). The fact that
the phosphorylation status of Hand1 affects its dimerization
affinities with E-proteins provides a mechanism for changing
the dynamics of bHLH equilibrium within the cell and signif-
icantly advances our understanding as to just how the forma-
tion of specific Hand dimers may activate tissue-specific gene
programs. However, once the dimer pool has reached intracel-
lular equilibrium, there is clearly a requirement for a further
level of regulation to broaden transcriptional control. Such
regulation may manifest as “secondary” posttranslational mod-
ifications, such as phosphorylation of residues in the basic
domain, to affect DNA binding or via protein-protein interac-
tion(s) of Hand dimers (homo- or hetero-) with transcriptional
cofactors.

Here we set out to investigate whether Hand1 could interact
with non-bHLH cofactors and, more specifically, with known
LIM domain-containing proteins coexpressed with Handl in
the developing heart. We have demonstrated that Hand1 can
interact with FHL2, a member of the four-and-a-half LIM
domain protein family, and that this interaction impacts on
transcriptional regulation by Hand1. This interaction supports
the notion that Handl functions as a member of a cardiac-
specific transcriptional complex and that its biological activity
is regulated not only by dimerization choice but also at the
level of tertiary protein interaction.

LIM domain proteins comprise a superfamily of cofactors
characterized by the presence of one or more signature LIM do-
mains consisting of a cysteine-rich motif with the consensus se-
quence CX2CX16-23HX2-CX2CX2CX16-21CX(C,H,D) that
coordinately binds two zinc atoms. LIM domains interact spe-
cifically with other LIM domains and with many different pro-
tein domains and are thought to function as protein interaction
modules mediating specific contacts between functional com-
plexes and modulating the activity of the constituent proteins
(for review, see reference 10). Many LIM proteins exert an in-
fluence over developmental events by affecting gene expression
(17, 24, 55). LIM proteins that lack a DNA binding homeodo-
main have been postulated to function in regulating cellular
differentiation, and of these a number have been reported to
physically interact with bHLH factors in a tissue-specific man-
ner: muscle LIM protein interacts with the myogenic bHLH fac-
tor MyoD to promote skeletal muscle myogenesis (26). LMO1
(RBTN1) and LMO2 (RBTN2), LIM domain proto-onco-
genes activated in T-cell leukemia, interact with the bHLH fac-
tor SCL/TAL1 during erythroid development (54) and simi-
larly, in pancreatic cells, Imx-1 and Pan-1 (E47) interact via
their respective LIM and bHLH domains to synergistically
activate expression of the insulin gene (19).

Thus, the interactions between tissue-specific bHLH factors
and LIM proteins may represent a common mechanism that is
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utilized by many different developmental systems to enhance
transcriptional activity.

FHL2 has been characterized as a transcriptional coactivator
and corepressor, a dual role in which FHL2 is thought to sta-
bilize the transcriptional complex as a type of bridging factor
(36). In this study FHL?2, while able to repress Hand1/E-pro-
tein transcriptional coactivation of a mock Handl target gene,
had no effect on Hand1/Hand1 homodimer-induced transcrip-
tion. To our knowledge this is the first reported instance of a
differential regulation of bHLH heterodimers versus homo-
dimers by an associated cofactor. Interaction with lineage-re-
stricted non-bHLH proteins in complex to activate or repress
transcription represents a tertiary level of regulation of Hand
bHLH biological activity and a further mechanism, aside from
dimerization choice, by which the more widely expressed Hand
proteins may regulate different subsets of downstream target
genes in distinct tissues. Clearly, this has functional implica-
tions for the activation of transcriptional pathways in the de-
veloping heart, since cardiomyocyte differentiation in ventric-
ular myocardium may be accompanied not only by a switch in
Hand1 dimerization affinity but also by the downregulation of
Hand1-E-protein activity following interaction with FHL2.

FHL2 appears to influence the transcriptional activity of
Hand1-E-protein heterodimers through a direct physical in-
teraction. This interaction is specific, as FHL2 does not com-
plex with the skeletal muscle PHLH MyoD or with E-proteins
alone. A possible consequence of this interaction could be the
disruption of the Hand1/E-protein heterodimer. To test this
directly, we made use of tethered bHLH dimers, in which a
single polyprotein encoded both Handl and the E-protein
ITF2 separated by a flexible linker. The tethered Hand1~ITF2
is resistant to disruption by other proteins present in the cell;
consequently, any effect on the enforced heterodimer activity
occurs independently of dimerization. In this study, FHL2 was
still able to induce inhibition of the tethered heterodimer tran-
scriptional activity in a manner equivalent to that observed for
the separate Hand1 and E-factor proteins, thus precluding any
effect of FHL2 on heterodimer formation per se.

The ability of FHL?2 to interact with Hand1/E-protein het-
erodimers suggests that FHL2 and E-proteins interact with
Hand1 at different positions. E-factor and Hand1 association
depends on the HLH region (46); therefore, FHL2 may impact
on the basic region of either Hand1 or its dimerization partner
in a structural conformation which adversely effects DNA
binding. That said, the function of FHL2 in this study could not
be explained by a reduction in DNA binding of the Hand1/E12
complex, since we failed to observe a significant change in
DNA binding with the addition of FHL2 in EMSAs. Moreover,
our inability to detect a significant shift in the size of the
Hand1-E12 complex binding to the Thingl target sequences
suggests that FHL2 is either absent from the DNA binding
complex or that it may be part of the complex but is relatively
unstable and thus dissociates during the EMSA. Alternatively,
the interaction with FHL2 within the transcriptional complex
may actually target Hand1/E-protein heterodimers away from
the promoters of the genes it regulates. Consequently, any
transcriptional effect is entirely disassociated from direct DNA
binding and, as such, this represents a unique form of regula-
tion which has hitherto not been described for other bHLH
family members.
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In general, LIM domains are thought to function as molec-
ular adapters mediating the assembly of multiprotein com-
plexes. Therefore, FHL2 may simply act as a scaffold for other
cofactors (in this case repressors) to link the Hand1/E-factor
complex to RNA polymerase II machinery or chromatin-re-
modeling complexes. Chromatin remodeling itself is an impor-
tant prerequisite for transcriptional activity and provides a
critical level of control independent of protein-protein inter-
action or direct DNA binding. The bHLH transcription factor
Twist inhibits chromatin remodeling by blocking the activity of
histone acetyltransferases (HATSs) such as p300 (CBP, CREB
binding protein) and PCAF (p300/CBP-associated protein),
and this is thought to be the mechanism underlying its known
inhibitory effects on transcription and differentiation of multi-
ple cell lineages (20). The Hand factors are highly related to
twist-like bHLH genes, and more recently Hand2 has been
shown to physically interact with the CH3 and HAT domains
of p300, in complex with GATAA4, to synergistically activate the
ANF promoter (9). In the context of this study, it is plausible
that Hand1 also interacts with p300 and that FHL2 may disrupt
this interaction exclusively in Hand1/E-protein complexes to
prevent HAT activity and transcriptional derepression. This
provides a mechanism of FHL2 repression which does not
require FHL2 to act at the level of either Hand1-E protein
heterodimerization or Handl/E-protein binding of target
DNA sequences but would be manifested in the transcriptional
reporter assay experiments, since transiently transfected plas-
mids are rapidly chromatinized (41, 43, 51).

Unlike Handl (13, 44), FHL2 is not required for normal
cardiovascular development (27); however, this does not de-
tract from the functional implication of a Hand1-FHL?2 inter-
action in the developing heart. The lack of a cardiac phenotype
in FHL2-null embryos could be due to functional redundancy
with other FHL family members, but it may also reflect a more
subtle role for FHL2 during cardiac morphogenesis, such as
mediating appropriate ventricular maturation or maintenance
of cardiac cyto-architecture. Sustained B-adrenergic stimula-
tion in adult FHL2 knockout mice provokes an exaggerated
hypertrophic response in the heart compared to the response
in wild-type littermates (27) and, more recently, FHL2 has
been shown to interact with the mitogen-activated protein ki-
nase ERK2 and partially antagonize a cardiac hypertrophic
response in transgenic mice with constitutively active MEK1/
2-ERK1/2 (42). FHL2 has also been shown to interact with the
cardiac sarcomere protein Titin and recruit metabolic enzymes
to sites of high energy consumption, thus contributing to main-
tenance of sarcomere integrity and ensuring that energy levels
are sufficient to meet the demands of muscle contraction (29).
These studies indicate that FHL2 may modulate ventricular
function via structural remodeling and/or alterations in energy
consumption in response to hypertrophic stimuli. Such a role
has previously been attributed to developmental genes, re-
quired for patterning ventricular myocardium. In a recent
study on CLP-1 (cardiac lineage protein 1)-null mice, it was
suggested that an observed downregulation of Handl in the
hearts of CLP-1 embryos directly promoted a fetal form of
cardiac hypertrophy (22). In mice deficient for the homeobox
transcription factor Irx4, adult-onset cardiomyopathy is pre-
ceded by significantly reduced expression of Hand1 in the left
ventricle at midgestation stages (4). Handl has also been
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shown to be downregulated in human ischemic and dilated
cardiomyopathies (39) and following induction of cardiac hy-
pertrophy in adult rodent hearts (52). It would appear, there-
fore, that both Handl and FHL2 are capable of modifying
cardiac responses in the myocardium to genetic insult or en-
vironmental stresses and that collectively they may play an
important role during hypertrophic signaling.

Further functional studies should assist in clarifying the pre-
cise mechanism of action of FHL2 on Hand1 biological activity
and the impact this may have on pathways in both the devel-
oping heart and those underlying adult onset cardiac disease.
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