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Abstract
Sphingosine kinase-1 (SK1) is a key enzyme catalyzing the phosphorylation of sphingosine to
sphingosine-1–phosphate (S1P). Recent studies suggest that SK1, and its product S1P, regulate
diverse biological functions, including cell growth, differentiation, proliferation, and apoptosis. S1P
may also play an important role in cardiac development and ischemic preconditioning, but the
mechanism underlying these effects is not known. Using a yeast 2-hybrid screen with SK1 as bait
and a cardiac cDNA library to identify novel proteins involved in regulating SK1 activity in
cardiomyocytes, we identified the LIM-only factor FHL2 (SLIM3) as a SK1-interacting protein in
both yeast and mammalian cells. FHL2, but not FHL1 or FHL3, interacted with SK1, and FHL2
colocalized with SK1 in the cytoplasm. The interaction sites with SK1 consisted of at least 4 LIM
domains in FHL2, whereas the C-terminal portion of SK1 mediates the binding of FHL2 in SK1.
Overexpression of FHL2 attenuated the activity and antiapoptotic effects of SK1. Indeed,
endothelin-1, which is a potent survival factor in cardiomyocytes, inhibited FHL2-SK1 association
and increased SK1 activity. These findings indicate that FHL2 is a novel inhibitor of SK1 activity
in cardiomyocytes and suggest that targeting FHL2 for inhibition may prevent myocardial apoptosis
through activation of SK1.
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Sphingosine kinase (SK) is a key enzyme catalyzing the phosphorylation of sphingosine to
sphingosine-1–phosphate (SPP or S1P).1 Recent studies have shown that S1P is a potent lipid
messenger that plays important and diverse roles in biological processes such as cell growth,
proliferation, calcium homeostasis, and survival, by directly acting on G protein–coupled S1P
receptors and/or functioning as an intracellular second messenger.2 To date, 5 receptors,
EDG-1/S1P1, EDG-5/S1P2, EDG-3/S1P3, EDG-6/S1P4, and EDG-8/S1P5 have been
characterized to bind to both S1P and sphinganine-1–phosphate (dihydro-S1P) with high
specificity.3 These receptors, via coupling to different G proteins, exert a wide array of cellular
responses including vascular maturation and angiogenesis,4-6 migration,7-9 and cardiac
development.7 Because S1P mediates many important biological effects, understanding how
SK is activated may provide important insights into how cellular functions are regulated under
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pathophysiological conditions. Two different isoforms of SK have been identified, SK1 and
SK2.10,11 Overexpression of SK1 promotes cell survival and protects cells from apoptotic
insults, such as serum withdrawal.12,13 Indeed, various growth factors, cytokines, antigens,
and G protein–coupled receptor agonists have been shown to activate SK1 and increase the
intracellular levels of S1P.14-16 In contrast, overexpression of SK2 suppresses cell growth
and enhances apoptosis in cultured cells.17,18 Thus, SK may function as an internal sensor
that can decide the fate of cells to either undergo apoptosis or survival.

Regulation of SK1 appears to occur at both the transcriptional and posttranscriptional level.1
At the posttranscriptional level, SK1 has been shown to be regulated by phosphorylation and
translocation.19-21 In addition, protein–protein interactions have also been shown to play
critical roles in the regulation of SK activity. So far, at least 5 proteins, including SK-interacting
protein (SKIP), platelet endothelial cell adhesion molecule (PECAM)-1, aminoacylase 1, δ-
catenin/NPRAP, and tumor necrosis factor (TNF) receptor–associated factor 2 (TRAF2) have
been identified to interact with SK1 and regulate its activity.1 However, the mechanisms
underlying the regulation of SK1 activity by its associated proteins remain largely obscure.

Although both SK1 and SK2 have been identified in adult mouse heart, SK1 is the predominant
isoform.22 Protein kinase C (PKC)-dependent activation of SK has been shown to play a
critical role in mediating myocardial ischemic preconditioning.10,23 Furthermore,
exogenously administered SK product S1P has been shown to protect the heart against
ischemia/reperfusion injury, an effect that is independent of PKCε.23,24 To further define the
roles of SK1 in cardiac myocytes, we performed a yeast 2-hybrid screening to identify SK1-
interacting proteins by using a human adult heart cDNA library. We identify the four-and-a-
half LIM domain 2 (FHL2 or SLIM3) as a SK1-interacting protein that negatively regulates
its SK1 activity in cardiac myocytes.

Materials and Methods
Yeast Two-Hybrid Library Screening and Interaction Assays

To identify novel proteins that interact with SK1, we screened a human heart cDNA library
using human SK1 as bait and the MATCHMAKER GAL4 yeast 2-hybrid system 3 (Clontech
Laboratories Inc). Positive colonies were subject to multiple rounds of additional selection in
the appropriate media and β-galactosidase filter assays to verify specificity. Mammalian 2-
hybrid assay was performed with NIH3T3 cells in which a Gal4-dependent luciferase reporter
construct was cotransfected with expression vectors encoding the Gal4DBD-SK1, the
transcriptional activating protein VP16 fused to FHL1, FHL2, and FHL3. Approximately 36
hours after transfection, luciferase activity was measured and expressed as relative light units
(RLU) per microgram of protein.

Primary Culture of Neonatal Rat Ventricular Myocytes
We obtained ventricles from 1-day-old Sprague–Dawley rats and isolated cardiac myocytes
by digestion with trypsin-EDTA and type 2 collagenase as previously described.24 Neonatal
rats were obtained from Charles River Laboratories North Wilmington, Mass. This study was
reviewed and approved by the Institutional Animal Care and Use Committe at New Jersey
Medical School.

Coimmunoprecipitation of SK1 and FHL2 in HEK293 Cells and Cardiomyocytes
HEK293 cells were transiently transfected with SK1 and FHL2 cDNAs using FuGENE 6 as
described by the manufacturer (Roche Applied Science). Hearts from 24-week-old C57BL/6
male mice were homogenized in the buffer containing 1% Nonidet P-40, 150 mmol/L NaCl,
50 mmol/L Tris (pH 8), 100 μmol/L EDTA, and protease inhibitors. Coimmunoprecipitation
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of SK1 and FHL2 was performed essentially as described.25 The following antibodies were
used for detection and immunoprecipitation: rabbit polyclonal c-Myc (Invitrogen), mouse
monoclonal FLAG M2 (Sigma), mouse monoclonal FHL2 (MBL), and rabbit polyclonal SK1
(Abgent). Secondary antibodies were peroxidase-conjugated donkey anti-rabbit or anti-mouse
(Jackson ImmunoResearch). Detection of the peroxidase was performed with ECL reagents.

Immunofluorescence Staining
HEK293 cells plated on 18-mm microcover glasses (Matsunami) were transfected with 2 μg
of each FLAG-tagged SK1 and Myc-tagged FHL2 plasmids using FuGENE 6. For
immunostaining, fixed HEK293 cells or freshly isolated neonatal rat cardiomyocytes were
sequentially incubated with primary antibodies and appropriate fluorescent-labeled secondary
antibodies. Images were visualized using an Olympus IX70 epifluorescence microscope.

SK Activity Assay
SK activity assay was performed essentially according to a previously described procedure.
14,26 Briefly, cells were washed with ice-cold PBS and homogenized in ice-cold 0.1 mol/L
phosphate buffer (pH 7.4) containing 20% glycerol, 1 mmol/L dithiothreitol, 1 mmol/L EDTA,
20 μmol/L ZnCl2, 1 mmol/L Na3VO4, 15 mmol/L NaF, 10 μg/mL leupeptin, 10 μg/mL
aprotinin, 1 mmol/L phenylmethylsulfonyl fluoride, and 0.5 mmol/L 4-deoxypyridoxine. After
ultracentrifugation at 100 000g for 30 minutes, lysates were assayed for SK1 activity in the
reaction buffer favored SK1 activity (50 mmol/L HEPES [pH 7.4], 0.5% Triton X-100, 15
mmol/L MgCl2, 10% glycerol, 10 mmol/L NaF, and 1.5 mmol/L semicarbazide), based on the
SK-catalyzed transfer of the γ-phosphate group of ATP (using a mixture of cold ATP and
[γ32P]ATP [1 μCi/ sample]) to a specific substrate, and the products were separated by thin
layer chromatography on Silica Gel G60 (Whatman) using chloroform/methanol/acetic acid/
water (90:90:15:6). The radioactive spots corresponding to sphingosine phosphate were
scraped and counted in a scintillation counter. In the SK1 reaction buffer used which contained
0.5% Triton X-100, SK2 activity has been shown to be inhibited by ≈95%.26

Gene Silencing with Small Interfering RNA
FHL2 small interfering RNA (siRNA) was designed based on sequence specific for rat FHL2
cDNA (5′-GCAAGGACTTGTCCTACAA-3′). Antisense and sense siRNA oligonucleotides
with dTdT 3′ overhang were synthesized and transfected to the cells with Trans-Messenger
Reagent according to the instructions of the manufacturer (Qiagen). The control cells were
transfected with a control siRNA duplex (sense, UUCUCCGAACGUGUCACGUdTdT;
antisense, ACGUGACACGUUCGGAGAAdTdT), this control siRNA has no known target in
mammalian genomes. All siRNAs were purchased from Qiagen. For the knock-in studies, the
FHL2 gene was mutated (152GCAAGGACTTGTCCTACAA170

to 152GCAAAGATCTGTCTTATAA170) to prevent destruction of exogenous mRNA by the
corresponding siRNA, leaving the amino acid sequence unchanged. Mutations were made
using the Quick Change Site-Directed Mutagenesis kit (Stratagene) according to the protocol
of the manufacturer. Adenovirus-harboring siRNA resistant FHL2 mutant or DN-SK1(G82D)
was made using AdMax (Microbix).

Assays for Apoptosis
Histone-associated DNA fragments were quantitated by the Cell Death Detection ELISA
(Roche).27

Statistical Analyses
Data are given as mean±SEM. Statistical analyses were performed using ANOVA and post
hoc tests by the Tukey method. Significant differences were taken at P<0.05.
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Results
Interaction of FHL2 With SK1

Although SK1 has already been shown to interact with several proteins,1 our goal was to
identify novel proteins that interact with SK1 in the heart. Accordingly, a yeast 2-hybrid
screening was performed with human SK1 as bait in conjunction with a human heart cDNA
library. After screening 2.4×106 clones, a total of 15 positive clones were identified, 3 of which
encoded a full-length cDNA of the cardiac-restricted LIM-only factor, FHL2. To confirm the
specificity of interaction between SK1 and FHL2, constructs containing the Gal4-activating
domain fused with full-length FHL2 (pGAD-FHL2) and either the Gal4-binding domain fused
with SK1 (pGBD-SPHK1) or the Gal4-binding domain alone (pGBD) were coexpressed in
yeast AH109. Coexpression of pGAD-FHL2 and pGBD-SK1 resulted in a 5.1-fold increase
in β-galactosidase activity compared with coexpression of pGBD and pGAD-FHL2 (Figure
1A).

To determine whether this interaction also occurs in mammalian cells, FHL2 and SK1 cDNAs
were cloned into mammalian expression vectors to permit a 2-hybrid analysis in NIH3T3 cells
using the Gal4-dependent luciferase reporter construct. Transfection of either the Gal4 DBD-
SK1 fusion vector or the VP16 activation domain-FHL2 fusion vector alone did not activate
Gal4-dependent luciferase reporter (Figure 1B). However, cotransfection of the vectors
encoding Gal4 DBD-SK1 with FHL2-VP16 resulted in a substantial increase in Gal4-
dependent transcriptional activity, indicating interaction of SK1 and FHL2 in mammalian cells.
In addition to FHL2, we also investigated whether FHL1 or FHL3 interacted with SK1.
Constructs encoding either the FHL1-VP16 fusion or FHL3-VP16 fusion were used with SK1.
In contrast to FHL2, neither FHL1 nor FHL3 interacted with SK1, suggesting selective
interaction of SK1 with FHL2 (Figure 1B).

We further characterized the interaction between SK1 and FHL2 to map the essential binding
domains of SK1 and FHL2. The relative strength of the interactions of the proteins in yeast
was determined by a quantitative β-galactosidase assay using O-nitrophenyl β-D-
galactopyranoside. We found that full-length FHL2 and constructs containing LIM1–4 retained
β-galactosidase activities (Figure 1C). Constructs with 3 or fewer LIM domains had no activity,
suggesting that the last 4 LIM domain of FHL2 is involved in SK1 binding to FHL2. In addition,
the C-terminal portion of SK1 mediated the FHL2 binding on SK1 (Figure 1D).

Colocalization of FHL2 with SK1
To confirm that FHL2 interacts with SK1, coimmunoprecipitation experiments were performed
in transfected HEK293 cells. Immunoprecipitation of FLAG-tagged SK1 led to
coimmunoprecipitation of Myc-tagged FHL2 when both proteins were cotransfected (Figure
2A). As a control, the anti-FLAG antibody did not immunoprecipitate Myc-tagged FHL2 in
the absence of FLAG-SK1. Similarly, immunoprecipitation of Myc-tagged FHL2 resulted in
coimmunoprecipitation of FLAG-tagged SK1, whereas the anti-Myc antibody did not
immunoprecipitate FLAG-SK1 in the absence of Myc-FHL2. Neither FHL1 nor FHL3
interacted with SK1 in the immunoprecipitation experiments (Figure 2B). SK2, which shares
approximately 80% similarity with SK1 in the C-terminal portion,11 also interacted with FHL2
(Figure 2C). Together, these findings indicate that FHL2 and SK1 exist in the same complex.

To determine whether there is interaction of endogenous FHL2 and SK1 in cardiomyocytes,
we performed immunoprecipitation with anti-FHL2 antibody using lysates obtained from
murine heart. SK1 coprecipitated with the anti-FHL2 antibody but not with the nonimmune
control (Figure 2D). These findings indicate that endogenous levels of FHL2 can interact with
SK1 in cardiomyocytes. To determine the intracellular localization of this interaction, we
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performed immunofluorescence staining in both HEK293 cells cotransfected with FLAG-SK1
and Myc-FHL2 cDNAs and neonatal rat cardiac myocytes. Immunofluorescent microscopy
showed that FHL2 and SK1 are colocalized in the cytoplasm (Figure 3).

Interaction Domains of FHL2 and SK1
To further confirm the interaction domains of FHL2 and SK1 obtained in yeast 2-hybrid assays,
we performed immunoprecipitation in HEK293 cells cotransfected with different deletion
mutants of FHL2 and SK1. We first investigated the binding domains of SK1 in FHL2. We
generated a series of FHL2 deletion mutants subcloned into pCS26MT vector with 6×Myc tag
and transfected these mutants into HEK293 cells along with FLAG-SK1 (Figure 3). Lysates
from transfected HEK293 cells were immunoprecipitated with anti-Myc antibody and analyzed
by Western blot analysis using anti-FLAG and anti-Myc antibodies. We found that FLAG-
SK1 only bound to FHL2 mutant bearing 4 LIM domains but not to FHL2 mutants with 3 or
fewer LIM domains (Figure 4B). As a negative control, the anti-Myc antibody did not
immunoprecipitate FLAG-SK1 in cells cotransfected with FLAG-SK1 and empty vector.
These results further indicate that the C-terminal 4 LIM domains of FHL2 are necessary for
interaction with SK1.

Alignment of the conserved subdomains of SKs from various species revealed that SK1
contains 5 highly conserved domains, namely C1 through C5.10 To map the FHL2-binding
domain in SK1, Myc-tagged SK1 mutants were cotransfected into HEK293 cells with Flag-
tagged FHL2. Lysates from transfected HEK293 cells were immunoprecipitated with anti-Myc
antibody and analyzed by Western blot analysis using anti-FLAG and anti-Myc-antibodies. As
shown in Figure 3D, FHL2 interacted only with SK1 C-terminal portion consisting of C4 and
C5 domains but not with other deletion mutants including SK1 to 200-containing C4 domain.
Together, these results further suggest that SK1 C-terminal portion containing C5 domain
mediates its interaction with FHL2.

Inhibition of SK1 Activity by FHL2
To determine whether the interaction of FHL2 with SK1 has functional consequences in terms
of affecting SK1 activity, we cotransfected SK1 and FHL2 in HEK293 cells and determined
SK1 expression and activity. Transfection of FHL2 did not affect SK1 expression (Figure 5A)
but markedly decreased SK1 activity (Figure 5A). In contrast, the FHL2 mutant consisting of
LIM2 to -4 that did not interact with SK1, had no effects on SK1 activity (Figure 5A). Because
SK1 has been characterized to suppress cell apoptosis,12,13 we investigated whether FHL2
can affect apoptosis via inhibitory effects on SK1 in stably transfected NIH3T3 cells.
Transfection of FHL2 attenuated the antiapoptotic effects of SK1 as determined by the extent
of DNA fragmentation, whereas FHL2 mutant LIM24 had no effects (Figure 5B). These
findings suggest that the interaction of FHL2 with SK1 may be functionally important in terms
of regulating SK1-mediated cell survival.

Regulation of SK1 and FHL2 Interaction by Endothelin-1
Endothelin (ET)-1 has been shown to protect cardiomyocytes from undergoing apoptosis.
28-30 Because SK1 and its product S1P are cardioprotective during ischemic injury,24,31 we
investigated whether SK1 can mediate some of the cardioprotective effects of ET-1. We found
that treatment of neonatal rat cardiomyocytes with ET-1 (100 nmol/L, 30 minutes) decreased
FHL2 interaction with SK1 (Figure 6A) and increased SK1 activity by 85% (P<0.01) (Figure
6B). To determine whether the increase in SK1 activity by ET-1 could contribute to its
antiapoptotic effects in cardiomyocytes, we investigated the effects of ET-1 on H2O2-induced
cardiomyocyte apoptosis in the presence or absence of the SK1 competitive inhibitor N′,N′-
dimethylsphingosine (DMS). Treatment of cardiomyocytes with ET-1 inhibited H2O2-induced
apoptosis, which was blocked in the presence of DMS (5 μmol/L), whereas DMS alone slightly
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but not significantly increased cellular apoptosis (Figure 6C). Furthermore, adenovirus
expressing dominant negative SK1(G82D) (Ad-DNSK1)32 also diminished ET-1–mediated
antiapoptotic effects in cardiomyocytes (Figure 6D). Collectively, these findings indicate that
some of the cardioprotective effects of ET-1 on myocyte apoptosis may be mediated by the
upregulation of SK1 activity.

Knockdown of FHL2 Protects Cardiomyocytes From Apoptosis
To further investigate the role of FHL2 in the regulation of SK1 in cardiomyocytes, we used
siRNA to knock down the expression of FHL2. Transfection of FHL2 siRNA reduced FHL2
expression but not SK1 expression in cardiomyocytes (Figure 7A). In addition,
immunoprecipitation with anti-SK1 antibody demonstrated a reduced amount of FHL2 that is
associated with SK1 (Figure 7A). Knockdown of FHL2 expression was found to markedly
increase SK1 activity and protect cardiomyocytes from H2O2-induced apoptosis compared
with the cells treated with control siRNA (Figure 6B). Similarly, the SK1 inhibitor, DMS (5
μmol/L), blocked the antiapoptotic effects of FHL2 knockdown (Figure 6B). To confirm that
the observed RNA interference effect is gene specific, cardiomyocytes were transduced with
adenovirus harboring siRNA resistant FHL2 mutant FHL2(re). Forty-eight hours after
infection, FHL2 expression was analyzed by immunoblotting. The level of FHL2 in FHL2
siRNA-transfected cells was comparable with that of endogenous FHL2 in control siRNA-
transfected cells (Figure 7C). Indeed, the ectopic expression of FHL2(re) reversed the
antiapoptotic effects of FHL2 knockdown in cardiomyocytes (Figure 7D). Taken together,
these results indicate that FHL2 functions as a negative regulator of SK1 in cardiomyocytes.

Discussion
Using the yeast 2-hybrid system and SK1 as bait, we isolated several FHL2 cDNAs from a
human heart cDNA library. The interaction of SK1 with FHL2 was further supported by
coimmunoprecipitation studies showing that in both cotransfected HEK293 cells and
cardiomyocytes, FHL2, but not FHL1 or FHL3, interacted with SK1. The interaction required
the 4 LIM domains of FHL2 as well as C-terminal domain of SK1 and occurred with
endogenous levels of FHL2 and SK1. Indeed, FHL2 and SK1 were found to colocalize in the
cytoplasm. The functional consequence of this interaction was demonstrated by the ability of
FHL2 to inhibit SK1 activity and SK1-mediated antiapoptotic effects. Indeed, factors such as
ET-1, which promote cardiomyocyte survival, increases SK1 activity via inhibiting FHL2-SK1
interaction. These results suggest that the regulation of SK1 activity by FHL2 may be an
important determinant of cell survival.

We chose to screen for SK1-interacting proteins in cardiomyocytes based on the established
importance of SK1 in heart development7 and on the observations that SK1 and its product
S1P have cardioprotective effects, particularly after ischemic injury.23,24,31 To identify the
cellular proteins that interacted with SK1 in cardiomyocytes, we performed a yeast 2-hybrid
screen using a human heart cDNA library. Three independent clones selected under high
stringency conditions corresponded to a four-and-a-half LIM domain gene 2, FHL2. FHL2
expression was originally thought to be cardiac specific.33 However, recent studies suggest
that FHL2 is also expressed in ovary, placenta, uterus, mammary gland, and adrenal gland.
33 Furthermore, although FHL1 and FHL3 are also expressed in cardiac tissues, only FHL2
was able to interact with SK1.

The mechanism by which FHL2 inhibits SK1 is not known, but involves FHL2-SK1
interaction. As FHL2 is an adaptor protein without known enzymatic activity, it might regulate
SK1 activity either by altering its conformation or by restricting its translocation from cytosol
to the plasma membrane. Indeed, it has been suggested that the molecular mechanism of SK1
activation correlated with its phosphorylation at Ser225, which is necessary for translocation
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of the enzyme from the cytosol to the plasma membrane to gain access to its substrate
sphingosine at the membrane.21 In this regard, our results suggest that FHL2 might confine
the localization of SK1 to the cytoplasm and restrict the translocation of SK1 to the membrane.
However, further studies are needed to elucidate the precise mechanisms by which FHL2
regulates SK1 activity.

ET-1 is a potent survival factor against apoptosis in various cell types.28-30 This antiapoptotic
effect is mediated mainly through Gq protein–coupled ET-1 type A receptor.28 Activation of
Gq increases intracellular calcium levels and subsequently activates the calcineurin pathway.
29,34 In our study, we showed that ET-1 increases SK1 activity and that SK1 mediates the
antiapoptotic effects of ET-1 in cardiomyocytes. Both FHL2 and DN-SK1, which inhibit SK1
activity, blocked the antiapoptotic effects of ET-1 in response to H2O2. In this regard, our
studies provide a novel mechanism by which ET-1 exerts some of its cardioprotective effects
through the regulation of FHL2-SK1 interaction. However, the cell signaling pathway
mediating the regulation of FHL2-SK1 interaction still remains elusive. SK1 has been shown
to be regulated by phosphorylation and translocation.19-21 Recently, the activation of PKC
has been reported to enhance SK activity leading to elevated levels of S1P.20,23,35,36 For
example, phosphorylation of SK1 by PKC was shown to activate SK in response to VEGF
stimulation in endothelial cells.36 PKC-dependent activation of SK1 leads to SK1 translocation
from cytosol to plasma membrane in HEK293 cells.20 In addition, phosphorylation of SK1 at
Ser225 by extracellular signal-regulated kinase (ERK) 1/2 causes not only an increase in
enzymatic activity but is also necessary for translocation of the enzyme from the cytosol to the
plasma membrane.21 Interestingly, ET-1 has been shown to activate PKC and mitogen-
activated protein kinases in cardiac myocytes.37 However, it remains to be determined whether
these signaling proteins are involved in promoting FHL2-SK1 interaction in response to ET-1.

FHL2 gene–targeted mice have been recently generated and are viable,38,39 most likely
because of redundancy with multiple other LIM-only family members that are also expressed
in the heart, such as FHL1 and FHL3.40 However, following β-adrenergic stimulation,
FHL2-null mice developed greater cardiac hypertrophy.39 Interestingly, SK product S1P has
recently been shown to be a potent stimulator of cardiac hypertrophy in rat neonatal
cardiomyocytes.41 It is likely, therefore, that FHL2 functions as a negative regulator of SK1
in the heart, as it would explain why FHL2-null mice, which would be expected to have higher
SK1 activity, would have a greater tendency to develop cardiac hypertrophy. Furthermore, it
would be interesting to investigate whether ischemia-induced heart injury is attenuated in
FHL2-null mice as a means of more specifically assessing the functional significance of FHL2-
SK1 interaction in vivo.

In summary, we have shown that SK1 interacts with FHL2 in cardiomyocytes. This interaction
is relatively specific, because neither FHL1 nor FHL3 interacts with SK1; it is functional, as
it leads to decrease SK1 activity; and it is physiological, as it mediates the antiapoptotic effects
of ET-1 on cardiomyocytes. These findings suggest that FHL2 may be an important therapeutic
target for promoting myocardial survival in ischemia–reperfusion injury and heart failure.
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Figure 1.
Two-hybrid screening identifies FHL2 as a SK1-interacting protein. A, Yeast 2-hybrid assay
with strain AH109, which contains an interaction-dependent β-galactosidase reporter. The bait
consisted of the Gal4 DBD fused to SK1, and the identified prey contained the Gal4 activation
domain (AD) fused to FHL2. B, Mammalian 2-hybrid assay performed with NIH3T3 cells in
which a Gal4-dependent luciferase reporter construct was cotransfected with expression
vectors encoding the Gal4DBD-SK1, the transcriptional activating protein VP16 fused to
FHL2, FHL1, and FHL3 (n=4). Luciferase activity was measured as relative light units (RLU)
per microgram of protein. C, Analysis of the SK1-binding domains in FHL2. D, Analysis of
the FHL2-binding domain in SK1. The relative strength of the interactions of the proteins was
measured by a quantitative β-galactosidase assay (ONPG assay).
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Figure 2.
Physical interaction between SK1 and FHL2 by immunoprecipitation analysis. A, Expression
vector in combination of either empty vector, pMT2-Myc-FHL2, or pFLAG-SK1 were
cotransfected into HEK293 cells. Extracted proteins were precipitated by either anti-FLAG
antibody (left) or anti-Myc antibody (right) and then separated by 10% SDS-PAGE. The
transferred membrane was immunoblotted with either horseradish peroxidase (HRP)-
conjugated anti-Myc or HRP-conjugated anti-Flag antibody. B, Expression vector in
combination of either pMT2-FHL1, pMT2-Myc-FHL2, pMT2-FHL3, or pFlag-SK1 were
cotransfected into HEK283 cells. Extracted proteins were precipitated by either anti-Myc
antibody and then separated by 10% SDS-PAGE. The transferred membrane was immuno-
blotted with either HRP-conjugated anti-Myc or HRP-conjugated anti-FLAG antibody. C,
Expression vector in combination of either pFlag-SK1 or pFlag-SK2 with pMT2-Myc-FHL2
were cotransfected into HEK293 cells. Extracted proteins were precipitated by either anti-Flag
antibody and then separated by 12% SDS-PAGE. The transferred membrane was
immunoblotted with either HRP conjugated anti-myc or HRP-conjugated anti-FLAG antibody.
D, Cell lysates obtained from adult mouse heart were immunoprecipitated with anti-FHL2
antibody and then separated by 12% SDS-PAGE. Transferred membrane was immunoblotted
with either anti-SK1 or FHL2 antibody.
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Figure 3.
Subcellular localization of SK1 and FHL2 in mammalian cells. A, HEK293 cells were
transiently transfected with FLAG-SK1 and Myc-FHL2, stained with anti-FLAG monoclonal
antibody and rabbit polyclonal anti-Myc antibody, and processed for confocal imaging. B,
Fixed neonatal rat cardiac myocytes were stained with anti-FHL2 monoclonal antibody and
rabbit polyclonal anti-SK1 antibody and processed for confocal imaging. The merged image
shows clear colocalization of these 2 proteins in cytoplasm.

Sun et al. Page 13

Circ Res. Author manuscript; available in PMC 2009 January 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Identification of SK1 and FHL2 interaction sites. A, Schematic representation of FHL2 deletion
mutants. B, FLAG-SK1 expression vector in combination of either empty vector or expression
vectors of Myc-FHL2 mutants were cotransfected into HEK293 cells. Extracted proteins were
precipitated by anti-Myc antibody and then separated by 15% SDS-PAGE. The transferred
membrane was immunoblotted with either horseradish peroxidase (HRP)-conjugated anti-
FLAG or HRP-conjugated anti-Myc antibody. Lysates were also immunoblotted with anti-
FLAG antibody to show the expression levels of FLAG-SK1in HEK293 cells. C, Schematic
representation of SK1 deletion mutants. D, FLAG-FHL2 expression vector in combination of
either empty vector or expression vectors of Myc-SK1 mutants were cotransfected into
HEK293 cells. Extracted proteins were precipitated by anti-Myc antibody and then separated
by 15% SDS-PAGE. The transferred membrane was immunoblotted with either HRP-
conjugated anti-FLAG or HRP-conjugated anti-Myc antibody. Lysates were also
immunoblotted with anti-FLAG antibody to show the expression levels of FLAG-FHL2 in
HEK293 cells.
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Figure 5.
Effects of FHL2 on SK1 activity and function. A, HEK293 cells were cotransfected with
FLAG-SK1 and vector, Myc-FHL2, or Myc-LIM24. After 48 hours, cells were lysed and SK1
activity was measured. The data are representative of 3 independent experiments. B,
Antiapoptotic effects of SK1. NIH 3T3 cells stably transfected with vector (open bars) or SK1
(filled bars) were transiently transfected with either FHL2 or LIM24 or empty vector, then
serum starved. After 24 hours, cell apoptosis was quantitated by the Cell Death Detection
ELISA (Roche). The experimental data are normalized by those obtained in HEK293 cells
cultured in 10% serum. The data are representative of 3 independent experiments.

Sun et al. Page 15

Circ Res. Author manuscript; available in PMC 2009 January 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Role of SK1 in ET-1 induced antiapoptosis in cardiac myocytes. A, Effect of ET-1 treatment
on the interaction of SK1 and FHL2. Myocytes cultured in serum-free condition were treated
with either vehicle or ET-1 (100 nmol/L) for 30 minutes and cell lysates were then
immunoprecipitated with anti-FHL2 antibody. Transferred membrane was immunoblotted
with either anti-SK1 or FHL2 antibody. B, Effect of ET-1 on SK1 activity. Cardiac myocytes
cultured in serum-free condition were treated with ET-1 (100 nmol/L) and SK1 activity
measured. The data are representative of 3 independent experiments. C, Effect of ET-1 (100
nmol/L) on H2O2 (100 μmol/L) induced cardiac myocytes apoptosis. Myocytes were treated
as indicated for 48 hours. Cell apoptosis was quantitated by the Cell Death Detection ELISA
(Roche). The experimental data are normalized by those obtained in control myocytes without
both H2O2 and DMS (5 μmol/L) treatments. The data are representative of 3 independent
experiments. D, Effect of dominant negative SK1 (DNSK1) on ET-1(100 nmol/L) mediated
antiapoptotic effects against H2O2 (100 μmol/L) treatment. Myocytes were transduced with
either Ad-GFP (control) or Ad-DNSK1. Twenty-four hours after transduction, myocytes were
treated as indicated for 48 hours. Cell apoptosis was quantitated by the Cell Death Detection
ELISA (Roche). The experimental data are normalized by those obtained in control myocytes
without H2O2 treatment. The data are representative of 3 independent experiments.
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Figure 7.
Knockdown of FHL2 by siRNA upregulates SK activity. A, Extracted proteins from control
or FHL2 siRNA transfected myocytes were subjected to immunoprecipitation with anti-SK1
antibody. Transferred membrane was immunoblotted with either anti-SK1 or FHL2 antibody.
Lysates were also immunoblotted with anti-FHL2 antibody to show the expression levels of
FHL2 in control or FHL2 siRNA-transfected myocytes. SK1 activity was also measured in
cell lysates obtained from control or FHL2 siRNA-transfected myocytes. The data are
representative of 3 independent experiments. B, Myocytes were transfected with either control
or FHL2 siRNA and treated with or without H2O2 (100 μmol) for 48 hours. Cell apoptosis was
quantitated by the Cell Death Detection ELISA (Roche). The experimental data are normalized
by those obtained in control myocytes without both H2O2 and DMS (5 μmol/L) treatment. The
data are representative of 3 independent experiments. C, FHL2 siRNA-transfected myocytes
were transduced with either Ad-GFP or adenovirus harboring siRNA-resistant FHL2, Ad-
FHL2(re). Forty-eight hours after transduction, cell lysates were immunoblotted with anti-
FHL2 monoclonal antibody. D, FHL2 siRNA-transfected myocytes were transduced with
either AdGFP (control) or Ad-FHL2(re). Twenty-four hours after transduction, myocytes were
treated with H2O2 (100 μmol) for 48 hours. Cell apoptosis was quantitated by the Cell Death
Detection ELISA (Roche). The data are representative of 3 independent experiments.
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