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FSTL1 is an extracellular glycoprotein whose functional sig-
nificance in physiological and pathological processes is incom-
pletely understood. Recently, we have shown that FSTL1 acts as
a muscle-derived secreted factor that is up-regulated by Akt
activation and ischemic stress and that FSTL1 exerts favorable
actions on the heart and vasculature. Here, we sought to identify
the receptor that mediates the cellular actions of FSTL1. We
identified DIP2A as a novel FSTL1-binding partner from the
membrane fraction of endothelial cells. Co-immunoprecipita-
tion assays revealed a direct physical interaction between FSTL1
and DIP2A. DIP2A was present on the cell surface of endothelial
cells, and knockdown of DIP2A by small interfering RNA
reduced the binding of FSTL1 to cells. In cultured endothelial
cells, knockdown of DIP2A by small interfering RNA dimin-
ished FSTL1-stimulated survival, migration, and differentiation
into network structures and inhibited FSTL1-induced Akt
phosphorylation. In cultured cardiac myocytes, ablation of
DIP2A reduced the protective actions of FSTL1 on hypoxia/
reoxygenation-induced apoptosis and suppressed FSTL1-in-
duced Akt phosphorylation. These data indicate that DIP2A
functions as a novel receptor that mediates the cardiovascular
protective effects of FSTL1.

FSTLI (follistatin-like 1; also referred to TSC36) is a secreted
extracellular glycoprotein that was initially identified from a
mouse osteoblast cell line as a transforming growth factor-3
(TGE-B)*-regulated gene (1). Prior studies have shown that
FSTL1 can have antiproliferative effects on cells (2, 3) and that
it can exert anti-inflammatory (4, 5) or pro-inflammatory (6)
actions in animal models. Recently, we have found that FSTL1
isup-regulated in the myocardium in response to Akt1-induced
hypertrophic growth and myocardial stress, including pressure
overload, ischemia-reperfusion, and myocardial infarction (7).
Systemic delivery of FSTL1 protects the heart from ischemia-
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reperfusion injury in mice, which is accompanied by reduced
myocyte apoptosis. More recently, we have shown that FSTL1
is up-regulated and secreted in skeletal muscle in response to
Akt-mediated growth and ischemic injury (8). FSTL1 promotes
endothelial cell function in vitro and accelerates ischemia-in-
duced revascularization in vivo. Thus, we proposed that FSTL1
functions as an injury-induced secreted protein that protects
against ischemic damage. However, the molecular mechanisms
by which FSTL1 promotes cardiovascular cell protection and
function are incompletely understood.

ESTL1 possesses extracellular calcium-binding and follista-
tin-like domains and is categorized as the follistatin family
member of proteins (9). Other members of the follistatin family
act through their ability to function as extracellular binding
partners of TGF-B superfamily proteins and antagonize the
binding of these ligands to the receptors (10). However, it has
never been documented that FSTL1 modulates cell function by
binding members of the TGF-f superfamily, as do follistatin
and FSTL3 (11). In this regard, FSTL1 has relatively low protein
sequence homology to follistatin (16%) and FSTL3 (15%),
whereas follistatin and FSTL3 display a 32% identity (7). Fur-
thermore, we have found that the administration of FSTL1 elic-
its the rapid activation of intracellular signaling molecules in
cells that are incubated in low-mitogen media (7, 8). Thus, we
do not favor the notion that FSTL1 acts indirectly on cells
through its ability to inhibit the actions of TGF-B superfamily
proteins. In this study, we sought to identify the cell-surface
receptor of FSTL1 that mediates the direct actions of FSTL1 on
signaling and phenotype in endothelial cells and cardiac myo-
cytes. Our observations indicate that DIP2A (Disco-interacting
protein 2 homolog A) serves as a novel cell-surface receptor
that is required for the functional response of cardiovascular
cells to FSTLL.

EXPERIMENTAL PROCEDURES

Materials—Anti-phospho-Akt (Ser®”®) and anti-Akt anti-
bodies were purchased from Cell Signaling Technology. Anti-
tubulin antibody was purchased from Oncogene. Anti-mouse
FSTL1 antibody was obtained from R&D Systems. Anti-human
DIP2A antibody was obtained from Abcam. Anti-FLAG M2
affinity gel was purchased from Sigma.

Preparation of Recombinant Mouse FSTL1 Protein—Full-
length mouse Fstl1 cDNA tagged with FLAG at the C terminus,
which lacks the signal peptide, was obtained by PCR and sub-
cloned into the pMIB/V5-His insect cell expression vector
(Invitrogen) containing honeybee melittin secretion signal for
protein secretion. This vector was transfected into insect Sf9
cells, and a stable cell line was generated by blasticidin selec-
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tion. The culture supernatants were collected, and FLAG-
FSTL1 was allowed to bind anti-FLAG M2 affinity gel. FLAG-
FSTL1 was eluted by incubation with 3XFLAG peptide and
subsequently dialyzed against phosphate-buffered saline for
use in all experiments.

Cell Culture and Western Blot Analysis—Human umbilical
vein endothelial cells (HUVECs) were cultured in endothelial
cell growth medium-2 (Lonza) (12). For gene knockdown
experiments, the small interfering RNAs (siRNAs) targeting
human DIP2A was purchased from Dharmacon (ON-
TARGETplus SMARTpool). HUVECs were transfected with 40
nM each siRNA using Lipofectamine 2000 reagent (Invitrogen)
(13). Control cultures were transfected with unrelated siRNAs
(ON-TARGETplus non-targeting pool, Dharmacon). In some
experiments, siRNA-transfected HUVECs were treated with
FSTL1 protein or vehicle in endothelial cell basal medium-2
(Lonza) without serum for the indicated lengths of time. In
some experiments, siRNA-transfected HUVECs were infected
with adenoviral constructs encoding mouse Fst/I (Ad-FSTL1)
(8) or B-galactosidase (Ad-B-galactosidase) at a multiplicity of
infection of 10 for 8 h and placed in serum-free endothelial cell
basal medium-2 for the indicated lengths of time.

Neonatal rat ventricular myocytes (NRVMs) were cultured
as described previously (14). NRVMs were transfected with 40
nM of siRNAs targeting rat DIP2A or unrelated siRNAs (ON-
TARGETplus SMARTpool or ON-TARGETplus non-target-
ing pool) using Lipofectamine 2000 reagent (7). In some exper-
iments, siRNA-transfected NRVMs were transduced with
Ad-FSTL1 (8) or Ad-B-galactosidase at a multiplicity of infec-
tion of 50 for 16 h and placed in serum-free Dulbecco’s modi-
fied Eagle’s medium for the indicated lengths of time.

Cell lysates were resolved by SDS-PAGE. The membranes
were immunoblotted with the indicated antibodies at 1:1000
dilution, followed by the secondary antibody conjugated with
horseradish peroxidase at 1:5000 dilution. An ECL Western
blotting detection kit (Amersham Biosciences) was used for
detection.

Analysis of FSTLI-binding Protein—The membrane frac-
tions of HUVECs were isolated using a cell fraction system (Bio-
Vision) according to the manufacturer’s instructions. Mem-
brane fractions were incubated with FLAG-FSTL1 (2 pg/ml) or
vehicle for 2 h, precipitated with anti-FLAG M2 affinity gel, and
separated by electrophoresis on denaturing SDS-4—-15% poly-
acrylamide gels. Proteins were stained with carrier-complexed
silver, and the candidate band was excised and digested with
trypsin. Tryptic peptides were analyzed by MALDI mass spec-
trometry using a Voyager-DE™ STR system (Applied Biosys-
tems) (15). Peptide mass fingerprints were analyzed using the
NCBI Database. In some experiments, the proteins were trans-
ferred to membranes, and immunoblot analysis was performed
with anti-DIP2A or anti-FSTL1 antibody.

Cloning of Full-length Human DIP2A—Full-length human
DIP2A ¢cDNA (GenBank™ accession number NM_015151)
was obtained by PCR using cDNA produced from RNA that
was isolated from HUVECs and then subcloned into the
pcDNA3.1/V5-His mammalian cell expression vector (Invitro-
gen), which expresses human DIP2A as a fusion to a His epitope
at the C terminus. The DIP2A-expressing pcDNA3.1/V5-His
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vector was transfected into COS-7 cells using Lipofectamine 2000.
After cells were incubated for 48 h, the cell lysates were collected.
Cells transfected with empty vectors (mock) were used as a nega-
tive control. For pulldown assays, cell lysates were treated with
FSTL1 protein or vehicle for 1 h, precipitated with MagneHis par-
ticles (Promega), and subjected to SDS-PAGE.

Detection of Cell-surface DIP2A—Cells were treated with
anti-DIP2A antibody (mouse IgG, 5 ug/ml) or normal mouse
IgG for 60 min, stained with Alexa Fluor® 488-conjugated anti-
mouse IgG (Invitrogen), and analyzed by flow cytometric anal-
ysis (FACScan). To determine the localization of DIP2A in
HUVECs, immunocytochemical analysis was performed. Cells
were fixed with 4% paraformaldehyde in phosphate-buffered
saline and washed with phosphate-buffered saline. After block-
ing with phosphate-buffered saline containing 5% fetal bovine
serum, cells were incubated with anti-DIP2A antibody (2.5
pg/ml), followed by incubation with Alexa Fluor® 594-conju-
gated anti-mouse IgG (Invitrogen). The cells were mounted
using VECTASHIELD® mounting medium containing 4’,6-
diamidino-2-phenylindole (Vector Laboratories). Cells were
observed with a Nikon deconvolution wide-field epifluores-
cence microscope system.

Binding of FSTLI to Endothelial Cells—FSTL1 binding to the
cell surface was determined by enzyme-linked immunosorbent
assay. HUVECs were incubated with the indicated concentra-
tions of biotinylated recombinant FSTL1 (NHS-Biotin, Pierce)
for 60 min and treated with streptavidin-conjugated horserad-
ish peroxidase, followed by incubation with QuantaBlu fluoro-
genic peroxidase substrate (Pierce). Fluorescence intensity was
measured with a fluorescence microplate reader (SpectraMax).
The data were represented by subtracting nonspecific binding
in the presence of a 100-fold excess of unlabeled FSTL1 from
the total binding.

Determination of DIP2A mRNA—After transfection with
siRNAs for 48 h, total RNA was isolated from HUVECs or
NRVMs using an RNeasy micro kit (Qiagen). cDNA was pro-
duced using ThermoScript RT-PCR systems (Invitrogen).
Quantitative real-time PCR was performed on an iCycler iQ
real-time PCR detection system (Bio-Rad) using SYBR Green I
(Applied Biosystems) as a double-stranded DNA-specific dye
according to the manufacturer’s instructions as described
previously (16). The primers were 5'-GGTGAACCTGTCAT-
GTGTGC-3" and 5'-CAGGTCCTTGAAGAGCTTGG-3' for
human DIP2A; 5'-GCTCCAAGCAGATGCAGCA-3" and 5'-
CCGGATGTGAGGCAGCAG-3' for human 36B4; 5'-TAGT-
GACCCTGTAATGTTTATGGTT-3" and 5'-CATCCTTTC-
TCGTTAATGGTACTTC-3' for rat DIP2A; and 5'-TCACCA-
CCATGGAGAAGGC-3" and 5'-GCTAAGCAGTTGGTGG-
TGCA-3' for rat glyceraldehyde-3-phosphate dehydrogenase.
DIP2A expression levels are presented relative to 36B4 or glycer-
aldehyde-3-phosphate dehydrogenase levels.

Analysis of Endothelial Cell Differentiation, Viability, and
Migration—The formation of network structures by HUVECs
on growth factor-reduced Matrigel (BD Biosciences) was per-
formed as described previously (12). Twenty-four-well culture
plates were coated with Matrigel according to the manufactur-
er’s instructions. HUVECs were seeded on coated plates at 5 X
10* cells/well in serum-free endothelial cell basal medium-2
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and incubated at 37 °C for 18 h. The degree of network forma-
tion was quantified by measuring the areas of tubes in three
randomly chosen fields from each well using NIH Image soft-
ware. Cell viability was measured with methanethiosulfonate
reagent using the CellTiter 96 AQ,,.,. kit (Promega) according
to the manufacturer’s instructions (17). Migratory activity was
measured using a modified Boyden chamber assay as described
previously (8).

Assessment of Apoptosis—We determined cardiomyocyte and
HUVEC apoptosis by measuring the extent of nucleosome frag-
mentation using a cell death detection kit (Roche Applied Sci-
ence). After transfection with siRNAs, NRVMs were trans-
duced with Ad-FSTL1 or Ad-B-galactosidase at a multiplicity
of infection of 50 and exposed to 12 h of hypoxia and 24 h of
reoxygenation (hypoxia/reoxygenation) to induce apoptosis.
Hypoxia was generated using a GasPak system (BD Bio-
sciences) as described previously (7, 18). After transfection with
siRNAs, HUVECs were infected with Ad-FSTL1 or Ad-B-ga-
lactosidase at a multiplicity of infection of 10 for 8 h and placed
in serum-free endothelial cell basal medium-2 for 48 h. At least
eight samples were analyzed for each experimental group.

Statistical Analysis—All data are expressed as means *+ S.E.
Differences were analyzed by Student’s unpaired ¢ test or anal-
ysis of variance for multiple comparisons. A level of p < 0.05
was accepted as statistically significant.

RESULTS

Association between DIP2A and FSTL1—To identify FSTL1-
binding proteins in the membrane of endothelial cells, crude
membrane fractions from HUVECs were incubated with or
without FLAG-tagged FSTL1 protein, precipitated with FLAG
affinity gel, and subjected to SDS-PAGE. We detected one
unique protein band at 170 kDa in membrane fractions treated
with FLAG-FSTL1, but not in those without FLAG-FSTLI, as
assessed by silver staining (Fig. 1A). This region of the SDS-
polyacrylamide gel was excised, digested with trypsin, and ana-
lyzed by MALDI mass spectrometry. Analysis of the peptide
mass fingerprint using the NCBI Database revealed that 40 pep-
tide masses correspond to the protein DIP2A and comprise 30%
of its total sequence (supplemental Fig. 1). DIP2A is the human
homolog of the Drosophila protein referred to as DIP2 (Disco-
interacting protein 2).

To test whether DIP2A is detected in FLAG-precipitated
material from the FLAG-FSTL1-treated membrane fraction of
HUVECs, DIP2A protein expression was assessed by Western
blot analysis. DIP2A was detected in the membrane fraction
that was incubated with FLAG-tagged FSTL1, but not in its
absence (Fig. 1B). To further investigate the association of
FSTL1 with DIP2A, COS-7 cells were transfected with plasmid
containing the cDNA for human DIP2A fused to a polyhistidine
sequence at the C terminus (DIP2A-His). DIP2A protein was
detected in the nickel resin-precipitated fraction only when
COS-7 cells were transfected with DIP2A-His (Fig. 1C). Cell
lysates from DIP2A-His-transfected COS-7 were incubated
with FSTL1 protein or vehicle and precipitated with nickel
resin, followed by Western immunoblot analysis with anti-
FSTL1 antibody. FSTL1 protein was detected only in the nickel
resin-precipitated material from the lysates of DIP2A-His-
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FIGURE 1. Interaction of FSTL1 with a novel binding protein, DIP2A.
A, detection of FSTL1-binding protein in membrane fractions of HUVECs.
Membrane fractions were incubated in the presence or absence of FLAG-
FSTL1 protein (2 g/ml) and then immunoprecipitated with anti-FLAG affin-
ity gel, followed by SDS-PAGE. Proteins were stained with carrier-complexed
silver. The arrow indicates possible binding protein partners of FSTLI1.
B, DIP2A is immunoprecipitated by FLAG-FSTL1 from HUVEC membranes.
Immunoprecipitated material was subjected to SDS-PAGE, followed by West-
ern blot (WB) analysis with anti-DIP2A and anti-FSTL1 antibodies. C, FSTL1 is
immunoprecipitated with nickel resin when DIP2A-His is present in the cell
lysates. COS-7 cells were transfected with DIP2A-His or mock-transfected. Cell
lysates were incubated in the presence or absence of recombinant FSTL1 protein
(rFstl7; 400 ng) for 1 h and then subjected to immunoprecipitation with nickel
resin. Immunoprecipitated material was subjected to SDS-PAGE, and Western
blot analysis was performed with anti-DIP2A and anti-FSTL1 antibodies.

transfected COS-7 that were incubated with recombinant
FSTL1 protein (Fig. 1C).

Analysis of the DIP2A subcellular localization by PSORT II
software predicted that its highest probability of subcellular
localization is the plasma membrane (43.5%). Thus, experi-
ments were performed to detect DIP2A on the cell surface.
HUVECs were incubated with anti-DIP2A antibody or control
mouse IgG and stained with fluorescence-conjugated anti-
mouse IgG. FACScan analysis detected the expression of
DIP2A on the cell surface (Fig. 24). Immunocytochemical anal-
ysis also revealed that the fluorescence signal for DIP2A was
observed at the cell periphery of HUVECs (Fig. 2B). Experi-
ments were also performed to test whether DIP2A expression is
required for the binding of FSTLI to intact endothelial cells.
Transfection of HUVECs with siRNA against human DIP2A
reduced DIP2A expression by 66.1 * 4.8% compared with
unrelated siRNA (Fig. 2C). Biotinylated FSTL1 protein bound
to HUVECs in a saturable manner (Fig. 2D). Half-maximal
binding was observed at the approximate concentration of 37
ng/ml biotinylated FSTL1. Knockdown of DIP2A with siRNA
led to a reduction of the binding of biotinylated FSTL1 to
HUVECSs compared with control siRNA treatment (Fig. 2D).

Role of DIP2A in Endothelial Cell Responses to FSTL1—We
have shown previously that FSTL1 promotes endothelial cell
survival, migration, and differentiation into network structures
(8). To test the role of DIP2A in FSTL1-stimulated endothelial
cell survival, HUVECs were transduced with siRNA targeting
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FIGURE 2. Involvement of DIP2A in FSTL1 binding to endothelial cells. A, detection of DIP2A on the cell surface of HUVECs. HUVECs were incubated with
anti-DIP2A antibody (red; mouse IgG, 5 ng/ml) or control mouse IgG (black) for 60 min. Cells were stained with Alexa Fluor® 488-conjugated secondary
antibody and analyzed using a FACScan. B, immunocytochemical analysis of HUVECs with anti-DIP2A antibody. HUVECs were incubated with anti-DIP2A
antibody, followed by staining with Alexa Fluor® 594-conjugated secondary antibody (red). Nuclei were stained with 4',6-diamidino-2-phenylindole (blue).
Representative pictures are shown. C, reduction of DIP2A mRNA expression in HUVECs following transfection with siRNA against DIP2A. At 48 h after trans-
fection of HUVECs with siRNA against DIP2A or control siRNA, DIP2A mRNA levels were determined by quantitative real-time PCR analysis and expressed
relative to 36B4 levels (n = 3). D, effect of knockdown of DIP2A on the binding of FSTL1 to HUVECs. HUVECs were transfected with siRNA targeting DIP2A (O)
or unrelated siRNA (@), incubated with increasing concentrations of biotinylated recombinant FSTL1 for 60 min, and treated with streptavidin-conjugated
horseradish peroxidase, followed by incubation with QuantaBlu fluorogenic peroxidase substrate. The binding was assessed with a fluorescent microplate

reader (n = 6-7). The data were analyzed with Microsoft Excel to generate a logarithmic trend line.

DIP2A or control siRNA, followed by treatment with or with-
out recombinant FSTL1 protein. Treatment with recombinant
FSTL1 protein resulted in a significant reduction of HUVEC
death caused by serum deprivation as measured by a methane-
thiosulfonate-based assay (Fig. 3A). Transfection with siRNA
against DIP2A reduced the inhibitory effects of FSTL1 protein
on HUVEC death without affecting the viability of cells treated
with vehicle.

To corroborate these findings, we examined the involvement
of DIP2A in the survival actions conferred by adenovirus-me-
diated overexpression of FSTL1. After transfection with siRNA
against DIP2A or control siRNA, HUVECs were treated with
adenoviral vectors expressing FSTL1 (Ad-FSTL1) or B-galacto-
sidase (Ad-B-galactosidase) as a control. Ad-FSTL1 increased
FSTLI1 protein levels in media from HUVECs transfected with
control and DIP2A siRNAs, whereas the level of FSTL1 overex-
pression did not differ between cells treated with DIP2A or
unrelated siRNA (data not shown). Knockdown of DIP2A
reversed the decrease in cell death conferred by Ad-FSTL1
without affecting cell viability in Ad-B-galactosidase-treated
cells (Fig. 3B).

HUVEC apoptosis induced by serum starvation was also
evaluated by an enzyme-linked immunosorbent assay examin-
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ing the degree of nucleosome fragmentation. The suppressive
effects of Ad-FSTL1 on the extent of nucleosome fragmenta-
tion were inhibited by knockdown of DIP2A (Fig. 3C).

To evaluate the involvement of DIP2A in FSTL1-induced
endothelial cell differentiation into vascular network-like
structures, HUVECs were plated on a Matrigel matrix follow-
ing transfection with siRNA targeting DIP2A. Treatment of
HUVECs with recombinant FSTL1 protein led to a significant
increase in cell differentiation into network structures com-
pared with control cultures treated with vehicle (Fig. 3D).
FSTLI1-stimulated network formation was diminished by
siRNA-mediated reduction of DIP2A expression (Fig. 3D).
Similarly, knockdown of DIP2A attenuated HUVEC differenti-
ation into network structures induced by transfection with Ad-
FSTL1 (Fig. 3E). Transfection with siRNA against DIP2A had
no effects on the basal differentiation activity of HUVECs.

The ability of endothelial cells to form networks on Matrigel
is dependent upon their ability to migrate. Thus, to test whether
DIP2A contributes to FSTL1-induced migratory activity, a che-
motaxis assay was performed using a modified Boyden cham-
ber assay. Ad-FSTL1 stimulated the migration of HUVECs:,
which was diminished by treatment with siRNA targeting
DIP2A (Fig. 3F).

asEve
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FIGURE 3. Contribution of DIP2A to FSTL1-induced endothelial cell survival and function. HUVECs were transduced with siRNA against DIP2A or control
siRNA. A and B, effect of DIP2A deletion on FSTL1-induced inhibition of HUVEC death. A, HUVECs transduced with siRNA were treated with recombinant FSTL1
protein (rFst/1; 100 ng/ml) or vehicle in serum-free medium for 48 h. B, after transfection with siRNAs, HUVECs were transduced with Ad-FSTL1 or Ad-B-
galactosidase (Ad-Bgal) for 8 h, followed by incubation in serum-free medium for 48 h. HUVEC death was assessed by a quantitative methanethiosulfonate-
based assay. C, knockdown of DIP2A blocks the inhibitory actions of FSTLT on HUVEC apoptosis caused by serum deprivation. HUVECs were cultured as
described for B. HUVEC apoptosis was assessed by the degree of nucleosome fragmentation. D and E, role of DIP2A in endothelial cell network formation in
response to FSTL1. D, after siRNA transfection, HUVECs were deprived of serum for 16 h and seeded on Matrigel-coated culture dishes in the presence of
recombinant FSTL1 (100 ng/ml) or vehicle. Representative cultures are shown (upper panels). Quantitative analyses of network formation are shown (lower
panels). E, following siRNA transfection, HUVECs were transduced with Ad-FSTL1 and Ad-B-galactosidase for 8 h and incubated in serum-free medium for 16 h,
followed by subjection to Matrigel matrix. Quantitative analyses of network formation are shown. F, DIP2A is involved in FSTL1-stimulated endothelial cell
migration. HUVECs were transduced with Ad-FSTL1 and Ad-B-galactosidase for 8 h. After 24 h of serum starvation, a modified Boyden chamber assay was
performed. Results are shown as means *= S.E. (n = 4-7). Results are expressed relative to the values compared with control siRNA with vehicle or
Ad-B-galactosidase.

Involvement of DIP2A in Akt Phosphorylation in Response to
FSTL1—AKkt signaling is an important regulator of endothelial
cell survival, migration, and differentiation into network struc-
tures (19, 20). Our recent study demonstrated that FSTL1 pro-
motes endothelial cell function via an Akt-dependent mecha-
nism (8). Thus, to investigate whether FSTL1 modulates Akt
signaling in endothelial cells through a DIP2A-dependent path-
way, HUVECs were transfected with siRNA targeting DIP2A or
control sequence and incubated with FSTL1 protein or vehicle.
Western blot analysis revealed that treatment with recombi-
nant FSTL1 protein increased the activating phosphorylation of
Akt at Ser*”? in HUVEC:s (Fig. 4A). DIP2A knockdown reduced

MARCH 5, 2010+VOLUME 285+-NUMBER 10

FSTL1 protein-stimulated phosphorylation of Akt without
affecting basal phosphorylation (Fig. 44). Likewise, knockdown
of DIP2A reduced Ad-FSTL1-induced Akt phosphorylation in
HUVEC:s (Fig. 4B).

DIP2A Mediates Protective Effects of FSTL1 in Cardiac
Mpyocytes—To corroborate and extend these findings to an-
other cardiovascular cell type, we assessed the role of DIP2A in
mediating the regulatory effects of FSTL1 on cultures of
NRVMs. NRVMs were transfected with siRNA targeting
DIP2A or control siRNA, followed by transduction with Ad-
ESTL1 or Ad-B-galactosidase. Transfection of NRVMs with
siRNA against rat DIP2A decreased DIP2A mRNA expression
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FIGURE 4. Involvement of DIP2A in FSTL1-mediated Akt signaling.
HUVECs were transfected with siRNA against DIP2A or control siRNA. A and B,
DIP2A mediates the stimulatory actions of FSTL1 on Akt phosphorylation in
HUVECs. A, after 16 h of incubation in serum-free medium, siRNA-transfected
HUVECs were treated with recombinant FSTL1 (rFst/7; 100 ng/ml) or vehicle
for 30 min. B, after transfection with siRNA, HUVECs were transduced with
Ad-FSTL1 and Ad-B-galactosidase for 8 h and incubated in serum-free
medium for 24 h. Akt phosphorylation (P-Akt) levels were determined by
Western blot analysis. Representative blots are shown from one of three inde-
pendent experiments.

Akt

siRNA

by 66.4 = 6.1% compared with unrelated siRNA (Fig. 54). Car-
diomyocyte apoptosis in response to hypoxia/reoxygenation
was assessed by the degree of nucleosome fragmentation as
measured by enzyme-linked immunosorbent assay. Treatment
with Ad-FSTL1 significantly suppressed hypoxia/reoxygen-
ation-induced cardiomyocyte apoptosis, consistent with our
previous data (7). Knockdown of DIP2A by siRNA significantly
reversed the inhibitory actions of Ad-FSTL1 on apoptosis of
cardiac myocytes under hypoxia/reoxygenation conditions
(Fig. 5B).

Akt signaling promotes cardiac myocyte survival (21), and we
have shown previously that FSTL1 activates Akt signaling in
cultured NRVMs (7). To test whether FSTL1 controls Akt sig-
naling in cardiac myocytes via a DIP2A-dependent pathway,
NRVMs were transfected with siRNA targeting DIP2A or con-
trol sequence and transduced with Ad-FSTL1 or Ad-3-galacto-
sidase. The siRNA-mediated reduction of DIP2A reduced
FSTL1-stimulated Akt phosphorylation in NRVMs without
affecting basal phosphorylation levels (Fig. 5C).

DISCUSSION

This study provides the first evidence that FSTL1 modulates
endothelial cell phenotype via a DIP2A receptor-dependent
mechanism. We identified DIP2A from the membrane fraction
of endothelial cells as a cell-surface binding protein of FSTL1 in
a pulldown assay using FLAG-tagged FSTL1 as a bait protein.
Immunoprecipitation assays provided evidence for a direct
interaction between FSTL1 and DIP2A. Furthermore, gene
knockdown experiments revealed that DIP2A is required for
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FIGURE 5. Contribution of DIP2A to FSTL1 actions on cardiac myocytes.
NRVMs were transfected with siRNA targeting rat DIP2A or control siRNA,
followed by transduction with Ad-FSTL1 and Ad-B-galactosidase (Ad-Bgal).
A, reduction of DIP2A mRNA expression in NRVMs transfected with siRNA
against DIP2A. At 48 h after transfection of NRVMs with siRNA against DIP2A
or control siRNA, DIP2A mRNA levels were measured by quantitative real-
time PCR analysis and expressed relative to glyceraldehyde-3-phosphate
dehydrogenase levels (n = 3). B, involvement of DIP2A in the protective
effects of FSTL1 against hypoxia/reoxygenation (H/R)-induced NRVM apopto-
sis. After transfection with adenovirus, NRVMs were subjected to 12 h of
hypoxia, followed by 24 h of reoxygenation. Apoptotic activity was assessed
by the degree of nucleosome fragmentation. Results are shown as means =
S.E. The scale from 0 to 1.0 is minimized to highlight differences in nucleo-
some fragmentation values. C, DIP2A mediates FSTL1-induced Akt signaling
in cardiac myocytes. After transduction with adenovirus, NRVMs were cul-
tured in serum-free medium for 24 h. Akt phosphorylation (P-Akt) levels were
determined by Western blot analysis. Representative blots are shown from
one of three independent experiments.

the stimulatory effects of FSTL1 on Akt activation and cell sur-
vival, differentiation, and migration. Thus, we propose that
DIP2A acts as a functional receptor of FSTL1 and plays an
essential role in regulation of the endothelial cell response to
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FSTL1. We also found that the actions of FSTL1 on hypoxia/
reoxygenation-induced apoptosis and Akt activation in cardiac
myocytes are largely dependent on DIP2A. Therefore, DIP2A
can mediate multiple aspects of the cardiovascular protective
actions attributed to FSTL1.

DIP2 was initially identified by a yeast two-hybrid screen as a
protein that interacts with a transcription factor encoded by the
Drosophila Disco gene (22). Mutations in the Disco locus give
rise to flies that exhibit abnormal neuronal connections in the
visual system (23). No functional studies have been performed
on the Drosophila DIP2 protein or on its vertebrate homolog
DIP2A. Analysis of Dip2 transcripts by in situ hybridization
showed that the expression of this gene is observed in the ner-
vous systems of Drosophila, and the mouse homologis reported
to be selectively expressed in the nervous system of the murine
embryo (22). In contrast, in adult human tissues, the DIP2A
transcript (also referred to as KIAA0184) is ubiquitously
expressed (24).> The DIP2/DIP2A sequence is evolutionarily
conserved from Drosophila to human with 50% homology at
the amino acid level. Surprisingly, a vertebrate homolog of Dro-
sophila Disco does not exist based upon a UniGene search.
Thus, it is highly unlikely that DIP2A exerts biological actions
in vertebrate cells by interacting with a Disco-like factor.

Human DIP2A is a 170-kDa protein containing DMAP1-
binding, CaiC (acyl-CoA synthetase (AMP-forming)/AMP-
acid ligase I), and AMP-binding enzyme domains. However, the
significance of these domains in DIP2A function is not known
at this time, and the NCBI Conserved Domains Program rates
these assignments with low probabilities. Bioinformatic analy-
sis of the subcellular localization by the PSORT II program
demonstrated the possible presence of DIP2A in plasma mem-
brane (43.5%). The PSORT II analysis also suggested a 39.1%
probability of localization to the endoplasmic reticulum and
only 8.7, 4.3, and 4.3% probabilities of localization to nuclear,
secretory vesicle, and mitochondrial compartments, respec-
tively. Consistent with localization on the plasma membrane,
we could immunologically detect DIP2A on the cell surface of
HUVEC:s by flow cytometric and microscope analyses. DIP2A
was also detected in pulldown assays using FLAG-tagged
FSTL1 incubated with the membrane fraction of HUVECs.
Analysis of the DIP2A sequence predicts the presence of nine,
seven, six, three, two, one, and zero transmembrane domains
using the TMpred, PSORT II, SPLIT4, PredictProtein, SOSUI,
TMMTOP2,and TMHMM2 programs, respectively. Although
results from the majority of these predictive programs are con-
sistent with the notion that DIP2A is inserted in the membrane,
this lack of agreement leads to considerable uncertainty regard-
ing the topography of this protein.

Our previous studies have shown that FSTL1 has cardiovas-
cular protective properties. FSTL1 is induced in the heart in
response to Akt-mediated hypertrophy and ischemic and pres-
sure overload stresses (7). We have also shown that FSTL1 is
up-regulated in skeletal muscle in response to hypertrophic sig-
nals and ischemic injury, both of which will stimulate blood
vessel growth (8). In these studies, we have shown that FSTL1

3 N. Ouchi, unpublished data.
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can protect the heart from ischemia-reperfusion injury and
stimulate the revascularization of ischemic muscle. Further-
more, cell culture studies indicate that FSTL1 can directly act
on cardiac myocytes and endothelial cells to protect them from
apoptosis through activation of the Akt protein kinase, a key
regulator of growth and cell survival in the cardiovascular sys-
tem (25). The work in the current study identifies DIP2A as a
novel receptor for FSTL1 that mediates Akt activation and cell
survival and function in cardiovascular cells in vitro. Thus, it
will be of interest to examine the role of DIP2A in models of
cardiovascular stress in vivo.

In addition to its cardiovascular protective functions, FSTL1
has also been implicated in immune cell regulation. Autoanti-
bodies against FSTL1 are observed in the sera of patients with
rheumatoid arthritis, and systemic delivery of FSTL1 protein is
reported to ameliorate joint inflammation in a mouse model of
arthritis (4). A recent study showed that Fst/I transcripts are
up-regulated in a model of heart allograft tolerance and that
adenovirus-mediated systemic administration of FSTL1 results
in improved allograft survival associated with reduced expres-
sion of pro-inflammatory cytokines, including interleukin-6
and interleukin-17A (5). In contrast, adenovirus-mediated
overexpression of FSTL1 in mouse paws leads to severe
arthritis in association with increased production of tumor
necrosis factor-a and interleukin-6 (6). Thus, it is controver-
sial whether FSTL1 is protective or detrimental in the setting
of inflammatory response, and it will be of interest to test
whether the FSTL1-DIP2A axis is involved in the regulation
of inflammation.

In conclusion, we have provided evidence that FSTL1 pro-
motes changes in signaling and cell phenotype through inter-
actions with DIP2A on the cell surface. These data suggest that
the FSTL1-DIP2A signaling axis is a regulator of intertissue
communication within the cardiovascular system. Further
characterization of DIP2A should elucidate the physiological
functions of FSTL1 in different cell types and provide a better
understanding of the pathogenesis of ischemic cardiovascular
diseases.
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