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FHL2 Binds Calcineurin and Represses Pathological Cardiac Growth

Berdymammet Hojayev,® Beverly A. Rothermel,>? Thomas G. Gillette,® and Joseph A. Hill*?

Departments of Internal Medicine (Cardiology)® and Molecular Biology,” University of Texas Southwestern Medical Center, Dallas, Texas, USA

Stress-induced hypertrophic growth of the heart predisposes the heart to arrhythmia, contractile dysfunction, and clinical heart
failure. FHL2 (four-and-a-half LIM domain protein 2) is expressed predominantly in the heart, and inactivation of the gene cod-
ing for FHL2 leads to exaggerated responsiveness to adrenergic stress. Activation of calcineurin occurs downstream of (3-adren-
ergic signaling and is required for isoproterenol-induced myocardial hypertrophy. Based on these facts, we hypothesized that
FHL2 suppresses stress-induced activation of calcineurin. FHL2 is upregulated in mouse hearts exposed to isoproterenol, a 3-ad-
renergic agonist, and isoproterenol-induced increases in the NFAT target genes RCAN1.4 and BNP were amplified significantly
in FHL2 knockout (FHL2™'7) mice compared with levels in wild-type (WT) mice. To determine whether the effect of FHL2 on
NFAT target gene transcript levels occurred at the level of transcription, HEK 293 cells and neonatal rat ventricular myocytes
(NRVMs) were transfected with a luciferase reporter construct harboring the NFAT-dependent promoters of either RCAN1 or
interleukin 2 (IL-2). Consistent with the in vivo data, small interfering RNA (siRNA) knockdown of FHL2 led to increased activa-
tion of these promoters by constitutively active calcineurin or the calcium ionophore ionomycin. Importantly, activation of the
RCANT1 promoter by ionomycin, in control and FHL2 knockdown cells, was abolished by the calcineurin inhibitor cyclosporine,

confirming the calcineurin dependence of the response. Overexpression of FHL2 inhibited activation of both NFAT reporter
constructs. Furthermore, NRVMs overexpressing FHL2 exhibited reduced hypertrophic growth in response to constitutively
active calcineurin, as measured by cell cross-sectional area and fetal gene expression. Finally, immunostaining in isolated adult
cardiomyocytes revealed colocalization of FHL2 and calcineurin predominantly at the sarcomere and activation of calcineurin
by endothelin-1-facilitated interaction between FHL2 and calcineurin. FHL?2 is an endogenous, agonist-dependent suppressor of

calcineurin.

pidemiological evidence links left ventricular (LV) hypertro-

phy with adverse cardiovascular events, including heart failure
and death (1, 13, 35, 36). Consistent with this, therapies that im-
prove clinical outcomes are often associated with regression of
ventricular hypertrophy (11, 19, 46). However, whereas signifi-
cant strides have been made in elucidating the molecular circuitry
governing pathological cardiac remodeling (23), few therapies in
clinical use target cell growth mechanisms directly.

Hypertrophic growth of the heart in response to a variety of
pathological stresses is an initially adaptive response that, left un-
checked, often progresses to heart failure (25). In many instances,
the intracellular protein phosphatase calcineurin is a major medi-
ator of stress-induced cardiac hypertrophy. Upon activation, cal-
cineurin dephosphorylates NFAT (nuclear factor of activated T
cells), which, in turn, translocates into the nucleus and activates
expression from target promoters. Transgenic mice overexpress-
ing calcineurin (2, 37, 43) or NFAT (37) develop substantial ven-
tricular hypertrophy, followed by rapid progression to ventricular
dilation, systolic dysfunction, and heart failure. Inhibition of cal-
cineurin genetically or pharmacologically is sufficient to block hy-
pertrophic growth in response to pressure overload or neurohor-
monal stimulation as well as in transgenic models of hypertrophy
(reviewed in reference 64).

FHL2 (four-and-a-half LIM domain family protein 2), a LIM-
only protein, was first identified from a subtractive cDNA hybrid-
ization screen of normal myoblasts and rhabdomyosarcoma cells.
Subsequent expression analyses of human and mouse tissues,
however, demonstrated that FHL2 is expressed primarily in the
heart (18). FHL2 is expressed early in cardiogenesis and remains at
high levels throughout adulthood. Its function in the heart is un-
known.
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LIM domains have been implicated in protein-protein interac-
tions, and over 50 FHL2 binding partners have been identified
(reviewed in reference 27). FHL2 is involved in many processes,
including cell cycle regulation (31, 41), apoptosis (55, 60), differ-
entiation (21, 32, 40, 63), extracellular matrix assembly (48), bone
formation (20), and wound healing (28, 65). Although the highest
expression of FHL2 occurs in the heart, knockout mice are viable
and display no overt cardiac phenotype under basal conditions (5,
30). However, when treated with the 3-adrenergic agonist isopro-
terenol, FHL2 knockout mice develop an exaggerated hypertro-
phic phenotype (30).

These facts led us to hypothesize that FHL2 can act as a gover-
nor of calcineurin, suppressing its activation by growth stimuli.
Here, we present studies designed to test this hypothesis and de-
fine underlying mechanisms.

MATERIALS AND METHODS

Chronic isoproterenol infusion. FHL2 /~ mice were engineered and
characterized previously (30). Briefly, a mutant FHL2 allele in which pro-
tein coding sequences from exon 2 of the native gene, including the trans-
lation initiation codon ATG, the N-terminal half LIM motif, part of the
LIM1 domain, and 0.5 kb of intronic sequence, were replaced with a lacZ
reporter gene was engineered (30). These animals, along with male wild-
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TABLE 1 RT-PCR primers

Target Forward primer Reverse primer

FHL2 TCACAGCACGGGATGAGTTTC GTGCCACCCAGACCACTAATG
RCAN1.4 CCCGTGAAAAAGCAGAATGC TCCTTGTCATATGTTCTGAAGAGGG
RCANI1.1 GACCCGCGCGTGTTC TGTCATATGTTCTGAAGAGGGATTC
BNP CACCGCTGGGAGGTCACT GTGAGGCCTTGGTCCTTCAA

ANP CTTCTTCCTCTTCCTGGCCT TTCATCGGTCTGCTCGCTCA
3-MHC CTGACTGAACAGCTGGGCTC AACTCTGGAGGCTCTTCACT
Cyclophilin A CAGACGCCACTGTCGCTTT TGTCTTTGGAACTTTGTCTGCAA
18S AAACGGCTACCACATCCAAG CCTCCAATGGATCCTCGTTA

type (WT) controls, were subjected to isoproterenol infusion. Briefly,
7-day Alzet minipumps containing 200 pl of isoproterenol (32 mg/kg of
body weight/day) or saline (control) were inserted subcutaneously into
8-week-old wild-type and FHL2 /™ mice. Hearts were harvested at day 7
and subjected to necropsy and molecular analyses.

Cell culture and transfections. HEK 293 cells were maintained in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS). Cells were transfected at 60 to 70% confluence
with Lipofectamine 2000 reagent (Invitrogen). Cells were harvested after
24 h and lysed, and a luciferase assay was performed according to the
manufacturer’s protocol (Promega). Normalization for transfection effi-
ciency was accomplished by cotransfecting cells with pCMV-LacZ or
pRL-CVM (Promega). Small interfering RNAs (siRNAs) were transfected
at 30% confluence, the reporter plasmid was transfected at 24 h, and cells
were harvested and analyzed at 48 h. The negative-control and FHL2
siRNA was obtained from Ambion.

siRNAs used for knockdown experiments were as follows: negative
control number 1, catalog number 4390844; FHL2-1, sense (5'-CAACG
ACUGCUUUAACUGULtt-3" [lowercase indicates overhanging nucleo-
tides]) and antisense (5'-ACAGUUAAAGCAGUCGUUGtg-3"); FHL2-2,
sense (5'-GCAAGGACUUGUCCUACAALt-3") and antisense (5'-UUGU
AGGACAAGUCCUUGCtt-3").

Infection of neonatal rat ventricular myocytes (NRVMs). Cardio-
myocytes were isolated from the ventricles of 1- to 2-day-old Sprague-
Dawley rat pups and plated as described previously (59) at a density
of 1,250 cellsymm? in medium containing 10% fetal calf serum
(FCS). Cells were infected with either AAFHL2 (Vector Biolabs) or
AdCMVgal in serum-free Opti-MEM (Gibco) medium 48 h after
plating. Cells were coinfected with either constitutively active cal-
cineurin (AdCMVCnA*iresGFP) or green fluorescent protein (GFP)
control. Experiments were performed at a multiplicity of infection
(MOI) of 30 (=90% infection efficiency visualized by GFP expres-
sion), and cells were fixed for immunostaining or harvested for RNA
isolation 48 h after infection.

Immunostaining. Cultured cardiomyocytes were washed with phos-
phate-buffered saline (PBS) 3 times, fixed with 4% paraformaldehyde
(PFA) for 10 min, and permeabilized in 0.05% Triton-X for 15 min. Cells
were blocked in 3% normal goat serum and 1% bovine serum albumin
prepared in PBS for 30 min. a-Actinin antibody (Sigma) was diluted
1/100 in blocking solution and incubated for 1 h at room temperature,
followed by 1 h of exposure to Cy-5-conjugated secondary antibody. Pho-
tographs were acquired on a Leica DM2000 microscope. A cross-sectional
area was measured using Image] software.

The subcellular localizations of FHL2 and calcineurin were analyzed in
adult heart sections. Heart tissue was fixed by sequential perfusion with 30
ml of heparinized PBS and 30 ml of 4% paraformaldehyde (PFA), fol-
lowed by overnight incubation in 4% PFA at 4°C with agitation before
routine paraffin processing. Immunostaining was performed as described
previously (61). The following antibodies were used for immunostaining:
anticalcineurin (Stressgen and Sigma) and anti-FHL2 (MBL Interna-
tional).

Immunoprecipitation. Following 48 h of culture in 1% FBS medium,
NRVMs were treated with 100 nm endothelin-1 (ET-1) (1 h). Cells were
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washed 3 times with PBS and harvested in NP-40 lysis buffer (50 mM
Tris-HCI, 150 mM NaCl, 1% NP-40) supplemented with Complete pro-
tease inhibitor (Roche). Cell debris was pelleted down, and the superna-
tant was used for immunoprecipitation. Calcineurin antibody (Stressgen;
1/100) was harvested using TrueBlot anti-rabbit antibody beads (eBiosci-
ence). Western blot analysis was performed using calcineurin (1/1,000)
and FHL2 (MBL; 1/1,000) antibodies and TrueBlot secondary antibodies
(1/2,000).

RNA purification and real-time reverse transcription-PCR (RT-
PCR). RNA isolation from tissues and cells was performed using TRIzol
according to the manufacturer’s protocol (Invitrogen), and RNA concen-
trations were measured (NanoDrop 1000; Thermo Scientific). Two mi-
crograms of RNA from each sample was used to make cDNA using the
high-capacity cDNA reverse transcription kit (Applied Biosystems). Real-
time PCR was performed using SYBR green mix (Applied Biosystems) on
an ABI-PE Prism 7000 sequence detection system with triplicates for each
sample. Primers used are listed in Table 1. The relative quantities of
mRNA were determined and normalized to levels of cyclophilin A or
18S RNA.

Statistical methods and data handling. All values are presented as
means and standard errors of the mean (SEM). Statistical significance was
analyzed using Student’s unpaired, 2-tailed ¢ test (comparison of 2
groups).

RESULTS

Increased FHL2 expression in hearts exposed to isoproterenol.
Inactivation of the FHL2 gene leads to an exaggerated hypertro-
phic response to 3-adrenergic stimulation, suggesting that FHL2
is involved in modifying this response (30). First, we analyzed
whether the expression of FHL2 is regulated during isoproterenol-
induced hypertrophy. Eight-week-old wild-type mice were
treated with isoproterenol (32 mg/kg/day) or saline (diluent con-
trol) by minipump infusion. After the 7th day of treatment, left
ventricular (LV) tissue was collected for both protein and RNA
isolation. Western blot analysis using an antibody specific to FHL2
revealed a nearly 2-fold increase over the saline control in the
abundance of FHL2 protein after isoproterenol treatment (Fig. 1A
and B). Real-time RT-PCR analysis of FHL2 mRNA levels showed
asimilar increase, with the isoproterenol-treated group displaying
consistently higher levels of FHL2 transcripts (Fig. 1C). These
data, then, reveal that FHL2 is upregulated during isoproterenol-
induced hypertrophy and suggest that this upregulation plays a
role in modifying the hypertrophic response.

Increased expression of isoproterenol-activated NFAT tar-
get genes in FHL2™/~ mice. The calcineurin/NFAT pathway is a
central regulator of hypertrophy, and inhibition of this signaling
cascade blunts hypertrophic growth in cardiac myocytes. We next
examined whether calcineurin signaling was altered in the setting
of FHL2 gene silencing. Eight-week-old WT and FHL2 /™ mice
were treated with saline infusion (control) or isoproterenol for 7
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FIG 1 Increased expression of FHL2 in isoproterenol-treated hearts. (A) Western blots for FHL2 and GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
(control) in samples prepared from control and isoproterenol-treated hearts. (B) Quantitative analysis of FHL2 protein levels by Western blotting. n = 3. *, P <
0.05. (C) FHL2 transcript levels in control and isoproterenol-treated hearts were measured by real-time RT-PCR and normalized to cyclophilin mRNA levels. n

=3.% P<0.05.

days. The extent of the hypertrophic response was documented by
ratios of heart weight to body weight (HW/BW). The expression
of NFAT-responsive genes was analyzed by real-time RT-PCR
from RNA isolated from heart tissue.

In saline-treated controls, HW/BW ratios were similar in WT
and FHL2 ™'~ mice, confirming that FHL2™'~ mice have no overt
hypertrophic phenotype under basal conditions. Isoproterenol
infusion induced robust cardiac hypertrophy in both WT and
FHL2™/~ mice. In agreement with earlier studies (30), FHL2 ™/~

mice manifested amplified hypertrophic growth compared to that
ofthe WT (P < 0.05), with increases in HW/BW ratios of 39% and
27%, respectively (Fig. 2A). Body mass (BW) was unchanged in
the 4 treatment groups, with the following values for each group:
WT + vehicle (Veh), 25.0 + 0.2 g,n = 3; FHL2 '~ + Veh, 25.8 =
1.9 g, n = 3; WT + isoproterenol (ISO), 25.6 = 0.8 g, n = 3; and
FHL2™/~ KO + IS0, 25.2 = 0.1 g, n = 3. All P values were not
significant (NS).

To determine whether this exaggerated hypertrophic growth
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FIG 2 Increased isoproterenol-induced expression of NFAT target genes in FHL2 knockout mice. WT and FHL2 ™/~ mice were treated with isoproterenol or
vehicle for 7 days, and hearts were collected at the end of day 7. (A) Heart-weight-to-body-weight ratios of WT and FHL2 ™/~ mice after 7 days of isoproterenol
stimulation. n = 3 in each group. *, P value of <0.01 versus the WT; #, P value of <0.05 versus WT mice treated with isoproterenol. (B, C, and D) mRNA was
isolated from hearts, and expression of RCAN1.4 (B), BNP (C), and RCANI.1 (D) was measured using real-time RT-PCR. %, P value of <0.05 versus the WT; #,
P value of <0.05 versus WT mice treated with isoproterenol.
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FIG 3 FHL2 knockdown augments calcineurin activation. (A) Neonatal cardiomyocytes transfected with two sequence-independent FHL2 siRNA constructs
manifest diminished levels of FHL2. (B) Luciferase expression driven by constitutively active calcineurin acting on the RCAN1 promoter is amplified in FHL2
siRNA-transfected cells compared with that in control siRNA-transfected cells. ¥, Pvalue of <0.01 versus siControl plus GFP; #, P value of <0.05 versus siControl
plus calcineurin; OD, optical density. (C) FHL2 inhibits calcineurin-driven transcription of the RCAN1 promoter. This inhibition was not modified by the
addition of UO126 (5 wM). *, P value of <0.01 versus the control; #, P value of <0.05 versus calcineurin. (D) Western blot representing the phosphorylation
status of ERK1/2 in cells treated with UO126. (E) Increased activation of the RCAN1 promoter by ionomycin in FHL2 siRNA-transfected cardiomyocytes was
abolished by CsA. *, P value of <0.01 versus siControl; #, P value of <0.01 versus siControl plus ionomycin.

response derived from increased calcineurin/NFAT signaling, we
measured transcript levels of two NFAT target genes, RCAN1.4
and BNP. Real-time RT-PCR revealed that in the absence of iso-
proterenol treatment, FHL2 ™/~ mice manifested no change rela-
tive to the WT in the mRNA levels of RCAN1.4 or BNP. In con-
trast, isoproterenol treatment resulted in a significant increase (P
< 0.05) in both RCAN1.4 and BNP expression in FHL2 /™ mice
compared to that of the WT (Fig. 2B and C). In contrast, expres-
sion of the ubiquitous RCAN isoform RCAN1.1 was not signifi-
cantly altered in the isoproterenol treatment group compared to
that in the control in either genotype (Fig. 2D). Together, these
data are consistent with a model in which the increased cardiac
hypertrophy in mice lacking FHL2 derives from the release of
FHL2-dependent repression of calcineurin/NFAT signaling.
Knockdown of FHL2 protein enhances calcineurin-depen-
dent NFAT promoter activation. Our in vivo data suggested that
loss of the FHL2 protein results in increased stress-triggered cal-
cineurin/NFAT signaling. To test this directly, we employed a lu-
ciferase reporter construct driven by the RCAN1 promoter, which
harbors an NFAT binding site and is activated by calcineurin.
Promoter activity was measured as a ratio of luciferase activity to
that of an internal control (beta-galactosidase [3-Gal]), with the
control extract set to 1. NRVMs were infected with an adenoviral
vector expressing constitutively active calcineurin (lacking the C-
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terminal autoinhibitory domain) to activate the NFAT pathway.
FHL2 steady-state protein levels were suppressed using two se-
quence-independent siRNA constructs (Fig. 3A). Cells exposed to
a control RNA interference (RNAi) construct manifested an ~3-
fold increase in calcineurin-stimulated RCAN1 reporter activity
(Fig. 3B). In contrast, cells harboring either FHL2-targeting RNAi
construct displayed an amplified response to calcineurin which
was nearly doubled relative to that of the control RNAI (Fig. 3B).
To confirm the inhibitory role of FHL2 on calcineurin/NFAT sig-
naling, NRVMs were infected with constitutively active calcineu-
rin with or without FHL2. Calcineurin induced robust activation
of the RCAN1 promoter which was suppressed by FHL2 (Fig. 3C,
black bars).

The calcineurin/NFAT and MEK/ERK signaling pathways,
each a positive regulator of cardiac hypertrophy, are interde-
pendent, such that inhibition of one pathway blunts the hyper-
trophic response triggered by the other (54). It has been
demonstrated that FHL2 suppresses MEK/ERK signaling in
cardiomyocytes (49), so we questioned whether the effect of
FHL2 on calcineurin/NFAT-dependent events occurred
through inhibition of the MEK/ERK pathway. To accomplish
this, we determined whether UO126, a specific MEK1/2 inhib-
itor, altered the inhibition of calcineurin mediated by FHL2. As
expected, UO126 reduced ERK1/2 phosphorylation (Fig. 3D)
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FIG 4 FHL2 overexpression inhibits ionomycin-triggered calcineurin activation. (A) Decreased FHL2 protein levels in HEK 293 cells transfected with siRNA
targeting FHL2. (B) Increased activation of the RCAN1 promoter by ionomycin in FHL2 siRNA-transfected HEK 293 cells. *, P value of <0.05 versus siControl;
#, P value of <0.05 versus siControl plus ionomycin. (C) Increasing levels of FHL2 progressively inhibits activation of the RCAN1 promoter by ionomycin in
HEK 293 cells. (D) FHL2 inhibits calcineurin-driven transcription of the RCAN1 promoter. *, P value of <0.01 versus the control; #, P value of <0.05 versus
ionomycin; ##, P value of <0.05 versus calcineurin. (E) FHL2 inhibits calcineurin-driven transcription of the IL-2 promoter. *, P value of <0.01 versus the

control; ##, P value of <0.01 versus calcineurin.

and RCANI1 promoter activity (Fig. 3C, white bars). However,
the repressive effects of FHL2 on RCANI1 promoter activity
were similar in the presence or absence of UO126 (Fig. 3C),
suggesting that FHL2 suppresses calcineurin signaling inde-
pendently of ERK1/2.

We next set out to determine whether knockdown of FHL2 was
similarly capable of enhancing the effect of endogenous calcineu-
rin on NFAT promoter activation. To do this, we activated endog-
enous calcineurin by treating the cells with the calcium ionophore
ionomycin. FHL2 levels were suppressed by siRNA treatment for
48 h, followed by exposure of the cells to ionomycin for 4 h. Iono-
mycin activated the RCAN1 promoter ~4-fold in control cells,
whereas FHL2 knockdown resulted in a significant increase (P <
0.05) in the responsiveness of the RCAN1 promoter to ionomycin
stimulation (Fig. 3E). Ionomycin-dependent activation of the
RCANT1 promoter in FHL2-knockdown cells was abolished by cy-
closporine (CsA) (Fig. 3E), confirming calcineurin dependence.
Together, these data show that suppressing FHL2 increases cellu-
lar responsiveness to calcineurin/NFAT signaling.

FHL2 modulates calcineurin-dependent activation of NFAT
target genes. Our in vivo and in vitro data suggested that steady-
state levels of FHL2 protein play a role in modulating calcineurin/
NFAT signaling to blunt the response to hypertrophic stimuli. To
determine whether these effects are direct, as opposed to second-
ary to the hypertrophic growth response, we studied HEK 293 cells
in which FHL2 levels were modulated, first by siRNA knockdown
and then by overexpression using a cytomegalovirus (CMV)-
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driven FHL2 expression construct. Promoter activity was mea-
sured as a ratio of luciferase activity to that of an internal control
(Renilla luciferase). FHL2 levels were decreased by siRNA treat-
ment (48 h) (Fig. 4A) or increased by transfection with the FHL2
construct (24 h), followed by treatment of the cells with ionomy-
cin (4 h). Ionomycin treatment activated the RCAN1 promoter by
40% (*0.07%; n = 6) in control cells (Fig. 4B). Similar to our
findings in NRVMs, decreasing FHL2 levels in HEK 293 cells re-
sulted in a dramatic increase in the responsiveness of the RCAN1
promoter to stimulation by ionomycin (P < 0.05) (Fig. 4B). This
activity was dose responsive in that titration of the FHL2 expres-
sion plasmid resulted in increasing levels of FHL2 protein and
decreased levels of ionomycin-induced RCAN1 promoter activity
(Fig. 4C). Importantly, overexpression of FHL2 decreased the
ability of constitutively active calcineurin to activate expression
from the RCAN1 promoter, confirming that the inhibitory effect
of FHL2 on NFAT promoter activation occurs downstream of
calcineurin activation (Fig. 4D). The overexpression results were
confirmed and extended using an interleukin 2 (IL-2) promoter
construct (Fig. 4E). In aggregate, these data show that FHL2 gov-
erns cellular responsiveness to calcineurin/NFAT signaling.
FHL2 inhibits the calcineurin-dependent hypertrophic
growth response. It has been demonstrated that constitutively
active calcineurin is sufficient to induce a hypertrophic response
in neonatal (43) and adult (2) ventricular myocytes. Data pre-
sented here demonstrate that overexpression of FHL2 blunts ac-
tivation of NFAT-dependent promoters, suggesting that FHL2
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<0.05 versus B-Gal plus calcineurin.

can inhibit calcineurin/NFAT-dependent gene expression and
subsequent hypertrophic growth. To test this further, we ex-
pressed constitutively active calcineurin along with either FHL2 or
control protein (-Gal). Cells were infected, and hypertrophic
growth was assessed at 48 h as cell cross-sectional area (CSA) and
fetal gene expression. As anticipated, FHL2 significantly inhibited
hypertrophic growth induced by calcineurin as determined by
CSA (Fig. 5A and B). In addition, expression of the hypertrophic
genes ANF and BNP, elevated in calcineurin-infected cells, was
blunted by FHL2 overexpression (Fig. 5C and D). Together, these
results support a model in which FHL2 blunts myocyte hypertro-
phy through the suppression of the calcineurin/NFAT signaling
cascade.

FHL2 interacts with activated calcineurin. Results presented
so far are consistent with a model in which FHL2 acts downstream
of calcineurin activation to inhibit NFAT target gene expression.
To examine whether this inhibition occurs via direct interaction
with calcineurin, we first tested for colocalization of the two pro-
teins. In recent years, it has been revealed that Z disks harbor a
wide array of signaling molecules, including calcineurin (15), and
FHL2 localizes at, or in close proximity to, Z disks (34). To test
whether FHL2 and calcineurin colocalize to similar regions of the
sarcomere, adult heart tissues were coommunostained with FHL2
and calcineurin antibodies, demonstrating significant colocaliza-
tion of the two proteins (Fig. 6A and D).

LIM domains have been implicated in protein-protein interac-
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tions (10). Indeed, the LIM protein MLP interacts with calcineu-
rin (23). To determine whether FHL2 can also interact with
calcineurin, we expressed in HEK 293 cells either full-length, con-
stitutively active calcineurin (calcineurin 398, lacking the autoin-
hibitory domain and part of the calmodulin binding region) or
additionally truncated calcineurin (calcineurin 342, lacking the
autoinhibitory domain and regions that bind calmodulin and cal-
cineurin B) along with GFP-FHL2. In these experiments, FHL2
coprecipitated specifically with the constitutively active calcineu-
rin mutant (Fig. 6B).

These data suggest that FHL2 inhibits NFAT gene activation
through a direct interaction with activated calcineurin. To evalu-
ate this further, we immunoprecipitated endogenous proteins
from neonatal rat cardiomyocytes, comparing cells in which cal-
cineurin was activated by exposure to endothelin-1 (ET-1; 1 h) to
those not activated. In untreated cells, the calcineurin antibody
failed to pull down detectable amounts of FHL2 (Fig. 6C). In
contrast, however, under conditions where calcineurin is acti-
vated, calcineurin and FHL2 manifested a significant interaction
(Fig. 6C). As a positive control, we pulled down FHL2 with an
antibody to sphingosine kinase 1 (SK1), a molecule previously
shown to bind FHL2 in a manner inhibited by endothelin-1 (60).
Here, we observed a reciprocal interaction in which binding of
FHL2 was repressed by ET-1 (Fig. 6C). In aggregate, these data
suggest strongly that FHL2 represses NFAT signaling through in-
teraction with activated calcineurin protein.
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DISCUSSION

In recent years, calcineurin has emerged as a major mechanism of
pathological cardiac remodeling, active in numerous forms of dis-
ease. As such, this molecule has generated much interest as a target
of therapy. In this study, we elucidated the role of FHL2, a mole-
cule implicated in the control of multiple signaling cascades, in
regulating calcineurin. We demonstrate that expression of FHL2
increases in the setting of B-adrenergic signaling-induced cal-
cineurin activation. FHL2, in turn, represses calcineurin signaling
and consequent NFAT activation, myocyte growth, and fetal gene
expression. We show that FHL2 colocalizes with calcineurin in
native cardiomyocytes and interacts with the enzyme in both ex-
perimental and native conditions. We go on to provide evidence
that FHL2 preferentially targets calcineurin in the active state.
Together, these findings shed new light on a novel mechanism of
calcineurin regulation, thereby raising yet further the prospects of
targeting this molecule for therapeutic gain.

FHL2 expression is selectively increased with (3-adrenergic
drive. FHL2 protein and mRNA are most abundant in the heart,
with low but detectable levels found in other tissues (reviewed in
reference 27). Cardiac expression of FHL2 initiates during em-
bryogenesis and remains high throughout adulthood (30). In-
deed, FHL2 expression is an early marker of the cardiomyocyte
lineage and is selectively expressed in both the atrial and ventric-
ular myocardium in the adult heart.
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FHL2 levels are unchanged in adult hearts subjected to pres-
sure overload-induced hypertrophy (5, 6). FHL2 expression, how-
ever, is increased in hearts after cardiopulmonary bypass (62), and
its protein abundance is decreased in failing human hearts (3).
Here, we demonstrate that FHL2 expression is increased in iso-
proterenol-induced hypertrophy at both the protein and mRNA
levels. Together, these data point to complex regulation of FHL2
gene expression. For example, pressure overload entails a global
set of growth cues that together activate diverse hypertrophic sig-
naling pathways. In contrast, isoproterenol-induced $-adrenergic
activation is a more focused response which is largely reliant on
calcineurin/NFAT signaling (4, 12, 50). Consistent with this, me-
chanical stress activates a-adrenergic receptors (Ang Il and ET-1)
and B-adrenergic receptors (epinephrine and norepinephrine).
That said, mice null for either a- or B-adrenergic (47) receptors
still develop hypertrophy in response to thoracic aortic constric-
tion (TAC), supporting involvement of a global response rather
than dependence on a single pathway.

In contrast to the isoproterenol response, FHL2 knockout mice
develop hypertrophy comparable to that of the WT in response to
pressure overload (B. Hojayev and J. A. Hill, unpublished data).
One possible explanation for this differential growth response to
TAC and isoproterenol in FHL2 ™/~ mice relates to increased ex-
pression of FHL2 in isoproterenol-treated hearts, a finding not
seen in TAC. The effect of FHL2 on transcriptional regulation of
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gene expression is well established in vitro (14, 44, 45), where
nuclear localization of the protein is sometimes observed. How-
ever, there are no reports of regulation of transcription in cardio-
myocytes by FHL2, and data reported here lend credence to this
notion, as we detect FHL2 exclusively at the sarcomere in adult
myocytes. Indeed, nuclear localization of FHL2 was not detected
in cardiomyocytes even in the setting of hypertrophic stimulation
induced by TAC (Hojayev and Hill, unpublished data).

The tumor suppressor p53 is a regulator of FHL2 gene tran-
scription (18). FHL2 was first isolated from rhabdomyosarcoma,
which expresses mutant p53 (another name for the protein is
DRAL [downregulated in rhabdomyosarcoma LIM protein])
(18). Overexpression of wild-type p53 in this cell line restored
FHL2 expression (55). Similarly, gamma irradiation increases ex-
pression of FHL2 in a p53-dependent manner (55). FHL2 expres-
sion is turned on early in embryogenesis, and it remains expressed
through adulthood (30), coinciding with the expression of
Nkx2.5, a homeodomain transcription factor (29) and the earliest
known marker of vertebrate heart development. In fact, the puta-
tive FHL2 promoter contains multiple potential binding sites for
Nkx2.5 (27), and expression of Nkx2.5 is upregulated in adrener-
gic agonist-induced cardiac hypertrophy (52). At present, the
roles of p53 and Nkx2.5 in B-adrenergic signaling-induced acti-
vation of FHL?2 in cardiomyocytes are unclear.

FHL2 represses calcineurin. Calcineurin is a Ca**-dependent
protein phosphatase that dephosphorylates NFAT family tran-
scription factors, leading to their nuclear translocation and acti-
vation of target genes. Calcineurin is activated in a majority of
models of pathological cardiac hypertrophy. Constitutively active
calcineurin, lacking the autoinhibitory domain, is sufficient to
induce hypertrophic growth in vitro and in vivo (2, 43). As a result,
calcineurin signaling is a promising target for therapeutic inter-
vention in heart disease (17).

In studies reported here, we find that calcineurin/NFAT signal-
ing is activated in FHL2 ™/~ mice. RCAN1.4 and BNP transcripts
were analyzed as readouts, as they are direct targets of NFAT (8,
43,51), and both are activated in hypertrophy (22, 26). We report
that increases in RCAN1.4 and BNP levels are amplified in isopro-
terenol-treated FHL2 ™/~ mice. Knockdown of FHL2 resulted in
augmented activation of the RCAN1.4 promoter by calcineurin or
ionomycin in a cyclosporine-repressible manner. Conversely,
overexpression of FHL2 inhibited activation of the RCAN1.4 pro-
moter and blunted hypertrophic growth in cultured cardiomyo-
cytes induced by constitutively active calcineurin. In aggregate,
these data support a model in which FHL2 inhibits activation of
NFAT target genes by repressing calcineurin.

FHL1 and FHL2 have similar structures and share 50% amino
acid sequence identity, yet they play opposite roles in cardiac re-
modeling. Whereas FHL2 knockout mice display exaggerated hy-
pertrophy in response to isoproterenol, FHL1-null mice exhibit
blunted hypertrophic growth induced by either TAC or constitu-
tively active Gq (56). It has been proposed that the blunted phe-
notype in FHL1 knockout mice is due to reduced activation of the
ERK pathway, suggesting that FHL1 promotes activation of ERK.
In another study, FHL1 activated NFAT-dependent gene expres-
sion in C2C12 cells and in FHL1 transgenic mice (9). However,
consistent with the in vivo phenotype, FHL2 inhibits both ERK
(49) and calcineurin-NFAT-dependent gene expression. Collec-
tively, these data suggest that FHL1 and FHL2 have opposite ef-
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fects on MEK/ERK and calcineurin-NFAT signaling, which un-
derlies their opposing effects on hypertrophic phenotypes.

Localization to sarcomere. It has been reported that FHL2
localizes to the Z disk and M band in cardiomyocytes via associa-
tion with the N2B and is2 regions of titin (34). However, we find
that FHL2 is localized predominantly at Z disks, with very low or
undetectable levels detected at the M band. Cardiomyocyte Z disks
are hubs of multiple signaling pathways, and many regulatory
proteins, including proteins involved in hypertrophy, such as cal-
cineurin, ERK, MLP, PKC, and PKA, localize there. In addition,
the elusive cardiac stretch-sensing protein/complex is believed to
localize to the Z disk, triggering hypertrophic pathways in pres-
sure overload models. Consistent with the function of the LIM
domain, FHL2 may act as a Z disk scaffolding protein. However,
FHL2 is not required for sarcomeric localization of either ERK1/2
(Hojayev and Hill, unpublished data) or calcineurin (Fig. 6D)
under normal conditions, as demonstrated by immunostaining of
wild-type and FHL2 knockout hearts. Moreover, FHL2 does not
appear to contribute to mechanosensing, as FHL2 knockout mice
develop hypertrophy comparable to that of the WT in response to
pressure overload (5) (Hojayev and Hill, unpublished data).

FHL2-calcineurin interaction. We have shown that FHL2 and
calcineurin colocalize and form a complex with each other. Other
proteins that interact with calcineurin and repress its activity in-
clude RCAN1.4, cyclophilin (complexed with CsA) (38), FKBP12
(complexed with FK506) (38), AKAP79 (7), Cain (33), Bcl-2 (57),
and calsarcin (16). Interaction between NFAT and calcineurin
depends on 2 conserved sites within the NFAT sequence, viz.,
PxIXIT and LxVP (42). AKAP79 and Cain similarly inhibit cal-
cineurin through their PxIXIT motif (58). RCAN1.4 has a similar
motif in addition to the calcineurin inhibitor calcipressin 1 (CIC)
motif (58). CsA and FK506 bind to cyclophilin and FKBP12, re-
spectively, which, in turn, bind and inhibit calcineurin through
their LxVP motifs (39). However, neither calsarcin nor Bcl-2 har-
bors these sequence motifs. Similarly, analysis of the FHL2 se-
quence reveals that FHL2 does not contain those motifs either.

It has been proposed that Bcl-2 inhibits calcineurin/NFAT by
sequestering calcineurin within the endoplasmic reticulum (ER)
or the mitochondrial membrane (57). This model raises the pros-
pect that inhibition by FHL2 is accomplished by sequestration of
calcineurin at the sarcomere, consistent with our observation of
increased affinity between FHL2 and calcineurin following adren-
ergic stimulation. However, the exact mechanism of inhibition of
calcineurin by FHL2 requires further study, including interaction
mapping studies.

We report that FHL2 colocalizes with calcineurin in both im-
munocytochemical and immunoprecipitation assays. Of course,
these data do not demonstrate a bimolecular, protein-protein in-
teraction between FHL2 and calcineurin. That said, calcineurin
has been shown to interact with MLP (muscle LIM protein) (24),
a protein harboring 2 LIM domains. We have found using over-
expression strategies that FHL2 preferentially binds a constitu-
tively active calcineurin mutant. Similarly, in the setting of endog-
enous calcineurin and FHL2 in NRVMs, interaction between the
proteins was almost undetectable under conditions where cal-
cineurin was inactive. Stimulation with ET-1 and consequent ac-
tivation of calcineurin, however, increased the amount of FHL2
immunoprecipitated with calcineurin, suggesting that FHL2 has
higher affinity for the activated conformation of calcineurin pro-
tein. In parallel, immunoprecipitation of SK-1 from the same ly-
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sates revealed that FHL2 binds SK-1 under basal conditions and
dissociates when treated with ET-1, as reported previously (60).
Consistent with this mechanism of interaction, FHL2 has low af-
finity for unphosphorylated ERK2 (inactive) and high affinity for
phosphorylated ERK2 (active) (49). Heregulin (HRG; epidermal
growth factor [EGF]-like growth factor) stimulation triggers dif-
ferentiation of the MCF-7 breast cancer cell line and increased the
association between FHL2 and c-Fos (53).

Summary and perspective. Here, we present findings that im-
plicate B-adrenergic signaling-triggered FHL2 interaction with
calcineurin as a novel mechanism regulating calcineurin activa-
tion. Together, these data shed new light on LIM domain protein-
dependent governance of signal transduction in the heart, thereby
opening the way for therapeutic interventions of potential clinical
relevance.
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