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Secreted modular calcium-binding protein-2 (SMOC-2) is a recently-identified SPARC-related protein of unknown
function. In mRNA profiling experiments we, found that SMOC-2 expression was elevated in quiescent (G0) mouse
fibroblasts and repressed after mitogenic stimulation with serum. The G0-specific expression of SMOC-2 was similar to
that of platelet-derived growth factor-� receptor (PDGF�R), a major mitogenic receptor. Therefore, we tested a possible
role for SMOC-2 in growth factor-induced cell cycle progression. SMOC-2 overexpression augmented DNA synthesis
induced by serum and fibroblast mitogens (including PDGF-BB and basic fibroblast growth factor). Conversely, SMOC-2
ablation by using small interfering RNA attenuated DNA synthesis in response to PDGF-BB and other growth factors.
Mitogen-induced expression of cyclin D1 was attenuated in SMOC-2–ablated cells, and cyclin D1-overexpressing cells
were resistant to inhibition of mitogenesis after SMOC-2 ablation. Therefore, cyclin D1 is limiting for G1 progression in
SMOC-2–deficient cells. SMOC-2 ablation did not inhibit PDGF-induced PDGF�R autophosphorylation or PDGF-BB–
dependent activation of mitogen-activated protein kinase and Akt kinases, suggesting that SMOC-2 is dispensable for
growth factor receptor activation. However, integrin-linked kinase (ILK) activity was reduced in SMOC-2–ablated cells.
Ectopic expression of hyperactive ILK corrected the defective mitogenic response of SMOC-2–deficient cells. Therefore,
SMOC-2 contributes to cell cycle progression by maintaining ILK activity during G1. These results identify a novel role
for SMOC-2 in cell cycle control.

INTRODUCTION

The mammalian cell cycle comprises successive phases of
DNA synthesis termed S phase and mitosis (M phase) that
are separated by intervening Gap phases (G1 and G2). Many
cells can exit the cell cycle to enter a state reversible growth
arrest termed quiescence (G0) (Pardee, 1989). Most cultured
cells are grown in medium supplemented with exogenous
growth factors supplied in the form of 10% serum. In many
cell lines, serum-deprivation of confluent cultures (typically
a reduction to 0.5% serum) results in quiescence. Treatment
of quiescent cells with serum stimulates synchronous entry
of cells into G1 and promotes a round of cell cycle progres-
sion. Certain purified growth factors present in serum, such
as platelet-derived growth factor (PDGF) can promote G1
entry and DNA synthesis and may account for much of the
mitogenic activity of serum. Cells become independent of
the requirement for growth factors at a point termed the R
point that occurs �1 h before the onset of S phase. After
entry into S phase, cells are committed to completion of the
cell cycle in the absence of additional growth factor stimuli
(Pardee, 1989).

Growth factors (GFs) such as PDGF act on specific cell
surface receptor tyrosine kinases (RTKs) that are autophos-
phorylated as a result of ligand binding. RTK autophosphor-

ylation results in recruitment and activation of various sig-
naling proteins (including phosphatidylinositol 3-kinase,
Raf, GTPase activation protein, phospholipase C�). The en-
suing second messenger production and protein kinase cas-
cades trigger transcriptional activation of genes that are
termed immediate early (IE), delayed, or late depending on
their kinetics of activation by active RTKs (Cochran et al.,
1983; Cochran et al., 1984; Lau and Nathans, 1985, 1987; Dean
et al., 1986; Almendral et al., 1988; Bravo et al., 1988; Ryseck
et al., 1988; reviewed in Nathans et al., 1988; Herschman,
1991). The products of GF-induced genes enable cells to
overcome restriction points that are otherwise imposed
upon cell cycle progression (Pardee, 1989). Cyclin D1 is a
target of many mitogenic signaling events and its mitogen-
induced expression is crucial for G1 progression (Sherr,
1993, 1994, 1995). When expressed, cyclin D1 contributes to
activation of cyclin-dependent kinases (CDKs) 4 and 6,
which phosphorylate and inactivate the retinoblastoma pro-
tein (Rb) tumor suppressor protein (Sherr, 1993, 1994, 1995).
Rb inactivation results in derepression of genes required for
the G1/S transition (Nevins et al., 1997; Nevins, 1998).

It is becoming increasingly apparent that growth factor
receptor-induced pathways cooperate with integrin signal-
ing events to control cell proliferation (Assoian and
Schwartz, 2001; Schwartz and Assoian, 2001; Giancotti and
Tarone, 2003). Integrins are heterodimeric transmembrane
receptors made up of � and � subunits that mediate inter-
actions between cells and the extracellular matrix (ECM)
(Arnaout et al., 2005). Ligation of integrin �� heterodimers
by components of the ECM enables transduction of extra-
cellular signals to the cell interior. Similar to growth factor-
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activated RTKs, integrins interact with intracellular proteins
that regulate the cell cycle. Effectors of integrin signaling
that contribute to the mitogenic response include integrin-
linked kinase (ILK) and focal adhesion kinase. Many RTK
and integrin-induced signals contribute to cell cycle progres-
sion by stimulating cyclin D1 expression via transcriptional
(Assoian and Schwartz, 2001) and posttranscriptional
(Huang et al., 1998) mechanisms.

Clearly, both RTK and integrin-mediated signaling path-
ways are influenced by the extracellular environment. Po-
tentially, the ECM can regulate proliferation indirectly by
controlling availability or presentation of RTK ligands (such
as PDGF) to cells. Additionally, direct interactions of ECM
components with cell surface RTKs or integrins may mod-
ulate mitogenic signal transduction events. Matricellular
proteins are secreted factors that mediate interactions be-
tween cells and the ECM (Bornstein and Sage, 2002). In
general matricellular factors are hypothesized to act as ex-
tracellular modulators of signaling events between the ECM,
adhesion molecules, growth factors, and growth factor re-
ceptors (Bornstein and Sage, 2002). Thus, matricellular pro-
teins have been implicated in regulation of cell–matrix in-
teractions, cell adhesion, spreading, migration, wound
repair, and angiogenesis during development and in re-
sponse to injury (Brekken and Sage, 2000, 2001; Bornstein
and Sage, 2002). Secreted protein acidic and rich in cysteine
(SPARC), also termed BM40 and osteonectin, is one of the
best-studied matricellular proteins (Brekken and Sage,
2000). SPARC binds directly to several growth factors, in-
cluding PDGF (Motamed et al., 2002), vascular endothelial
growth factor (VEGF) (Kupprion et al., 1998; Francki et al.,
1999), fibroblast growth factor (FGF)2 (Motamed et al., 2003),
transforming growth factor (TGF) � (Francki et al., 2004), and
insulin-like growth factor-1 (Francki et al., 2003) to nega-
tively regulate receptor-mediated signaling by these ligands.
SPARC also associates in a complex with ILK and modifies
ILK-mediated signaling (Barker et al., 2005). SPARC-null
cells have altered proliferation (Bradshaw et al., 1999), and
SPARC levels are often elevated in cancer (Paley et al., 2000).
Therefore, SPARC likely plays important roles in cell growth
control during normal development and disease (Framson
and Sage, 2004). However, putative mechanisms by which
most matricellular factors might regulate mitogenic events
initiated at the cell surface have not been elucidated.

This study is concerned with a putative matricellular fac-
tor termed secreted modular calcium-binding protein-2
(SMOC-2), whose precise biological roles are unclear, but
influences angiogenic factor signaling (Rocnik et al., 2006).
SMOC-2 (Vannahme et al., 2002) and a related protein
termed SMOC-1, also of unknown function (Vannahme et
al., 2003), share considerable sequence similarity with
SPARC, possibly suggesting similar biological roles for
SMOC-1, SMOC-2, and SPARC in regulation of growth fac-
tor signaling and mitogenesis. In RNA profiling experiments
described here, we found that SMOC-2 mRNA levels are
elevated in G0 mouse fibroblasts and subsequently down-
regulated concomitant with serum-induced reentry into the
cell cycle. The quiescence-specific pattern of SMOC-2 expres-
sion is similar to that of PDGF�R (Vaziri and Faller, 1995), a
major mitogen receptor in fibroblasts. Therefore, we have
investigated a role for SMOC-2 in growth control.

MATERIALS AND METHODS

Chemicals and Antibodies
Anti-Myc rabbit polyclonal antibody (2272) and anti-phospho-Akt (Ser 473)
polyclonal antibody (9271) were purchased from Cell Signaling Technology

(Danvers, MA); Anti-cyclin D1 monoclonal antibody (sc-8396) and anti-cyclin
A polyclonal antibody (sc-751) were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). Monoclonal antibodies against fibronectin (610077),
ILK (611802), and Rb (554136) were purchased from BD Biosciences Trans-
duction Laboratories (Lexington, KY). A rabbit polyclonal anti-SMOC-2 anti-
body was raised against a synthetic peptide (YPTLWTEQVKSRQNK) corre-
sponding to residues 193–207 of murine and human SMOC-2. Peptide
synthesis, immunizations, and affinity purification of antibody were per-
formed by Genemed Synthesis (San Francisco, CA). The SMOC-1 antibody
was described previously by Vannahme et al. (2002).

Cells and Culture
Swiss 3T3 cells and Rat1 fibroblasts were obtained from American Type
Culture Collection (Manassas, VA). Cells were grown in DMEM (supple-
mented with penicillin and streptomycin) containing 10% heat-inactivated
fetal bovine serum. MCF10A normal human breast epithelial cells,
MCF10CA1h human breast carcinoma cells (low grade, well differentiated),
and MCF10CA1d (undifferentiated, metastatic to the lung) were kindly pro-
vided by Dr. Thiagalingam (Boston University School of Medicine). MCF10A
cells were grown in DMEM/F-12 (1:1) containing 10 mM HEPES, 0.029 M
NaHCO3, 10 �g/ml insulin, 20 ng/ml epidermal growth factor (EGF), 0.5
�g/ml hydrocortisone, and 5% horse serum (Invitrogen, Carlsbad, CA).
MCF10CA1h and MCF10CA1d cells were grown in DMEM/F-12 (1:1) con-
taining 10 mM HEPES, 0.029 M NaHCO3, and 5% horse serum. For synchro-
nization studies, cells were grown to 90% confluence, and then they were
placed in medium containing 0.5% serum for 24 h to induce quiescence.
Quiescent cells were then stimulated with 10% serum or purified factors for
various times before harvest.

Adenovirus and Infection
cDNAs encoding green fluorescent protein (GFP), SMOC-2, and Myc-
SMOC-2 were subcloned into the shuttle vector pAC-cytomegalovirus
(CMV). The resulting shuttle vectors were cotransfected into 293T cells with
the pJM17 plasmid to generate recombinant adenovirus as described previ-
ously (Guo et al., 2002). Adonovirus vectors were by centrifugation on CsCl
gradients and gel filtration chromatography as described previously (Guo et
al., 2002).

Microarray Analysis
Swiss 3T3 cells were synchronized by serum-deprivation and restimulation as
described above. RNA samples isolated using the single step method of
Chomczynski and Sacchi (1987), and they were submitted to Genome Systems
(www.genomesystems.com; St. Louis, MO) for labeling and hybridization to
DNA chips containing 10,000 arrayed mouse expressed sequence tags (ESTs).
Genome Systems provided a list of transcripts corresponding to arrayed EST
clones that were differentially expressed between the samples. EST clones
corresponding to some of the differentially expressed RNAs were purchased
from Genome Systems and used as probes in RNA blotting experiments as
described below.

RNA Blot Analysis
For each sample, 20 �g of total RNA was electrophoresed on a 1% agarose gel
in the presence of formaldehyde. After separation, RNA was transferred to
nitrocellulose filters using 20X standard saline citrate (SSC) (1X SSC is 0.15 M
NaCl and 0.015 M sodium citrate). RNA was UV cross-linked to the filters
using a Stratalinker device (Stratagene, La Jolla, CA). Filters were hybridized
with random-primed 32P-labeled cDNA probes in 50% formamide-5X SSC-1%
SDS-5X Denhardt’s solution-100 �g of salmon sperm DNA per milliliter.
Washes were carried out at high stringency, and autoradiography was per-
formed at �70°C with enhancing screens.

Isolation of the SMOC-2 cDNA
I.M.A.G.E. EST clone ID #482198 was selected for further analysis based on
the interesting pattern of expression of the corresponding mRNA. EST 482198
contains a partial 3� untranslated region (UTR), but it lacks an open reading
frame. To obtain a full-length cDNA corresponding to EST 482198, we gen-
erated a cDNA library from Swiss 3T3 cells in the pSPORT1 vector (Strat-
agene). The resulting cDNA library was used as a template in a polymerase
chain reaction (PCR) using a forward primer corresponding to the pSPORT1
vector (5�-TAATACGACTCACTATAGGGAAAGCTGGTACG-3�) and a re-
verse primer corresponding to the 3� UTR of EST 482198 and containing a
BamHI restriction site (5�-CGGGATCCAATATCTCATTTCTACAAAAGTG-
AATT-3�). Products of the PCR reaction were analyzed by electrophoresis on
agarose gels. The largest PCR product obtained (1878 base pairs) was gel
purified, digested with EcoRI and BamHI, and ligated into pcDNA3.1. The
insert was sequenced, and it was found to contain an open reading frame
encoding a putative protein of 420 amino acids. The same predicted protein
was later identified independently by Hartmann and colleagues (Vannahme
et al., 2003) and designated SMOC-2 based on its sequence similarity to
SMOC-1 (Vannahme et al., 2002).
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DNA Synthesis Assay
DNA synthesis was measured by [3H]thymidine incorporation assays as
described previously (Vaziri and Faller, 1995). In brief, cells were seeded in
12-well culture plates. To measure rates of DNA synthesis, 1�Ci/ml [3H]thy-
midine (PerkinElmer Life and Analytical Sciences, Boston, MA) was added to
each well for 1 h. The resulting cells were fixed with 2 ml of 5% trichloroacetic
acid (TCA). The fixed monolayers were washed three times with TCA to
remove unincorporated [3H]thymidine. The plates were dried overnight, and
then 1 ml of 0.3 M NaOH was added to each well to solubilize the fixed nuclei.
Three hundred microliters of NaOH-solubilized material from each well was
transferred to a scintillation vial and neutralized by adding 100 �l of acetic
acid. Three milliliters of Ecoscint scintillation fluid was added to the neutral-
ized mixture, and radioactivity was measured by scintillation counting.

Reverse Transcriptase (RT)-PCR Analysis of SMOC-2 and
Cyclin D1 mRNA
Total cellular RNA was extracted from 3T3 cells by using TRIzol reagent
(Invitrogen), according to the manufacturer’s instructions. The concentration
and purity of the RNA were determined by measurements of absorbance at
260 and 280 nm by using a spectrophotometer. One microgram of RNA was
used for each RT-PCR reaction. RT-PCR was performed using the Thermo-
Script RT-PCR system (Invitrogen) according to the manufacturer’s instruc-
tions. The following primers were used: 5�-CAGGTCCAGTGTCACAGCTA-
CAC-3�(mouse SMOC-2 forward), 5�-GGTCTTGTTCTGCCGACTCTTAAC-3�
(mouse SMOC-2 reverse), 5�-GACTCCCCACGATTTCATCGAACAC-3�(mouse
cyclinD1 forward), 5�-GAAGGGCTTCAATCTGTTCCTGGCAG-3�(mouse cy-
clinD1 reverse), 5�-GGCTACAGCTTCACCACCACAGC-3�(mouse �-actin
forward), and 5�-CCACAGGATTCCATACCCAAGAAGG-3� (mouse �-actin
reverse). The amplified products were separated on 1.0% agarose gels and
visualized under an UV transilluminator.

Immunofluorescence Microscopy
Rat1 cells grown on chamber slides were fixed with 4% paraformaldehyde
solution for 10 min, and then they were permeabilized with 0.2% Triton X-100
for 10 min. Slides were blocked in 5% bovine serum albumin (BSA) for 1 h,
followed by overnight incubation at 4°C with primary antibodies. After
extensive washing with phosphate-buffered saline (PBS), cells were incubated
with fluorescein isothiocyanate (FITC)- or Cy3-conjugated secondary antibod-
ies (Jackson ImmunoResearch Laboratories, West Grove, PA). After washing,
the slides were 4,6-diamidino-2-phenylindole (DAPI) stained and mounted
with VECTASHIELD solution (Vector Laboratories, Burlingame, CA). Slides
were imaged using a Nikon Eclipse E800 fluorescent microscope. For F-actin
staining, Rat1 cells were grown on chamber slides, rinsed twice with PBS, and
fixed with 3.7% formaldehyde solution in PBS. The fixed cells were washed
twice with PBS and permeabilized with 0.5% Triton X-100 in PBS for 5 min.
The permeabilized cells were incubated with 1% BSA in PBS for 30 min at
room temperature. After blocking with BSA, the cells were labeled with 5
U/ml Alexa Fluor 488-labeled phalloidin (Invitrogen) in PBS containing 1%
BSA for 20 min at room temperature. The labeled cells were washed three
times with PBS, and then they were mounted with VECTASHIELD solution
and imaged as described for immunofluorescence staining.

Preparation of Whole Cell Extracts and Immunoblotting
Plates of cells were rinsed three times with PBS to remove the growth
medium. Washed monolayers were lysed in 0.5 ml of ice-cold lysis buffer
containing 50 mM HEPES, pH 7.4, 0.1% Triton X-100, 150 mM NaCl, 1 mM
EDTA, 50 mM NaF, 80 mM �-glycerophosphate, and protease inhibitor
cocktail (Roche Applied Science, Indianapolis, IN). The lysates were trans-
ferred to microcentrifuge tubes and centrifuged at 10,000 � g for 5 min to
remove nuclei and other insoluble material. The cleared extracts were nor-
malized for protein content, boiled in SDS-polyacrylamide gel electrophoresis
(PAGE) sample buffer, resolved by electrophoresis on 10% acrylamide gels,
and transferred to nitrocellulose. Membranes were probed with various an-
tibodies and signals were detected by chemiluminescence (PerkinElmer Life
and Analytical Sciences).

Isolation of Sodium Deoxycholate-insoluble ECM
Exponentially growing cells in 10-cm culture dishes (for immunoblotting) or
chamber slides (for immunofluorescence staining) were rinsed twice with
PBS, followed by three 5-min incubations with sodium deoxycholate (DOC)-
EDTA buffer (0.1% DOC, 1 mM EDTA, and 10 mM Tris-Cl, pH 8.0) at 4°C. For
immunofluorescence staining, the DOC-resistant material remaining on the
chamber slides was fixed with ice-cold methanol for 10 min, rinsed with PBS,
and then probed with primary and secondary antibodies as described above.
For immunoblotting, DOC-resistant extracellular matrix fractions were lysed
with ice-cold lysis buffer and analyzed exactly as described for whole cell
extracts above.

ILK Protein Kinase Assays
ILK activity assays were performed exactly as described by Delcommenne et
al. (1998). In brief, cells were lysed in kinase lysis buffer containing 50 mM
HEPES, pH 7.5, 100 mM NaCl, 5 mM EDTA, 1 mM dithiothreitol (DTT), 0.5%
NP-40, 1 mM sodium-orthovanadate, and 1 mM �-glycerophosphate, supple-
mented with protease inhibitor cocktail (Roche Applied Science). Lysates
were clarified by centrifugation at 10,000 � g for 10 min. Soluble supernatants
were normalized for protein content, and they were precleared for 1 h at 4°C
with protein A/G-Sepharose beads (Santa Cruz Biotechnology). Precleared
supernatants containing �500 �g of protein were incubated for 2 h at 4°C
with 1 �g of anti-ILK antibody (BD Biosciences, San Jose, CA) or with a
nonspecific immunoglobulin G (for negative controls) on a rotating platform.
Twenty-five microliters of packed protein A/G-Sepharose beads was added
to each tube, and the incubations were continued for another hour. Immune
complexes were recovered by centrifugation at 10,000 � g for 10 s. The
resulting beads were washed twice with kinase lysis buffer and then twice
with kinase wash buffer containing 50 mM Tris-HCl, pH 7.5, 10 mM MgCl2,
and 0.5% NP-40. After the final wash, beads were suspended in kinase assay
buffer containing 10 �g of myelin basic protein (MBP), 1 mM unlabeled ATP,
10 �Ci of [�-32P]ATP, and 1 mM DTT. Kinase reactions were incubated for 30
min at 30°C. Reactions were terminated by the addition of SDS-PAGE reducing
buffer. Phosphorylated proteins were electrophoresed on 12% SDS-PAGE gels.
The resulting gels were fixed and stained with Coomassie Blue. The gels were
dried, and phosphorylated proteins were visualized by autoradiography.

Fluorescence-activated Cell Sorting (FACS) Analysis
After various treatments, cells were trypsinized, recovered by centrifugation
(5000 � g; 1 min), and fixed with 35% ethanol in PBS overnight. The fixed cells
were recovered by centrifugation (1000 � g; 5 min), rinsed with PBS, and then
resuspended in 1 ml of PBS containing 8 �g of RNAse A and 50 �g of
propidium iodide (PI). The nuclear suspensions were incubated in the dark at
room temperature for 30 min before analysis by flow cytometry. FACS analysis
was performed on a BD Biosciences flow cytometer with CellQuest software.

Ablation of SMOC-2 and ILK Expression by Using Small
Interfering RNA (siRNA)
3T3 cells were grown to 50% confluence and then transfected with siRNA
duplexes against SMOC-2 (siSMOC-2), ILK (siGENOME SMARTpool
M-040115-00-0020) or with control (siCy3, Cy3-Luciferase-GL2 Duplex) RNA
duplex oligonucleotides (Dharmacon RNA Technologies, Lafayette, CO) by
using Lipofectamine 2000 (Invitrogen) according to manufacturer’s instruc-
tions. The SMOC-2 siRNA target sequence used is TTAAGAGGTTCCTGC-
GAAA.

Whole Mount In Situ Hybridization
We assessed distribution of SMOC-2 mRNA in embryonic day (E)12–13 mouse
embryos as described by Malpel et al. (2000). Briefly, digoxigenin (DIG)-
labeled riboprobes (sense and antisense) (MaxiScript kit; Ambion, Austin, TX)
were generated from a plasmid carrying a mouse SMOC-2 cDNA. Embryos
were rehydrated, digested with proteinase K, prehybridized for 1 h at 70°C in
solution containing 50% formamide, 5X SSC buffer, 1% SDS, 50 mg/ml yeast
RNA, and heparin, followed by overnight hybridization with DIG-labeled
RNA probes. Samples were then incubated with anti-DIG alkaline phospha-
tase conjugate overnight at 4°C. Signal was visualized with BM Purple sub-
strate solution (Roche Applied Science), as described in the manufacturer’s
protocol.

Reproducibility
All results are representative of experiments that were repeated at least three
times with similar results on each occasion. Statistical analyses were per-
formed using a paired t test.

RESULTS

Identification of SMOC-2 as a Mitogen-regulated mRNA
During microarray profiling experiments, we noticed that
the mRNA corresponding to I.M.A.G.E. EST clone ID
#482198 was abundant in quiescent Swiss 3T3 cells, but it
was repressed after serum stimulation (unpublished obser-
vations). As described in Materials and Methods, we identified
clone 482198 as SMOC-2. Our Northern blot analyses con-
firmed that SMOC-2 mRNA levels were elevated during
quiescence and then repressed in response to serum con-
comitant with G1/S phase progression (Figure 1, A and B).
The effects of serum on SMOC-2 mRNA levels were relatively
specific as shown by RNA blot analysis of other mRNAs,
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including p21 and Mdm2 (Figure 1B). Therefore, SMOC-2
mRNA levels are specifically increased during quiescence.

We generated anti-SMOC-2 polyclonal antibodies by us-
ing an immunogenic peptide corresponding to a conserved
region of mouse and human SMOC-2. Immunoblotting ex-
periments with anti-SMOC-2 antibodies showed that
SMOC-2 protein levels were elevated after serum starvation
in Swiss 3T3 fibroblasts and in several other cells tested,
including MCF10A, MCF10CA1h, and MCF10CA1d (Figure
1C). Therefore, the serum-dependent changes in SMOC-2
mRNA levels correlated with expression of SMOC-2 protein.
For comparison, we also performed immunoblot analysis of
the SMOC-2–related protein SMOC-1 in lysates from quies-
cent and serum-stimulated Swiss 3T3 cells. In contrast to
SMOC-2, expression of SMOC-1 was not repressed by se-
rum. Note that the diffuse nature of SMOC-1 and SMOC-2
bands on immunoblots has been observed by previous
workers and seems to represent extensive glycosylation of
these factors (Vannahme et al., 2002, 2003). Together, the
results of Figure 1 show that SMOC-2 expression is induced
during quiescence and down-regulated in response to serum
stimulation concomitant with cell cycle reentry.

SMOC-2 Is Expressed in Distinct Developing Structures of
Mouse Embryos
To investigate the potential role of Smoc2 in development,
we performed a preliminary analysis of its expression pat-

tern in midgestation mouse embryos. Whole mount in situ
hybridization at E12.5–E13 revealed a well-defined distribu-
tion of SMOC-2 transcripts in structures, such as the devel-
oping limb, branchial arches, and somites (Figure 2). In both
forelimbs and hindlimbs, transcripts were restricted to prox-
imal regions, and they were clearly excluded from distal
sites, including the apical ectodermal ridge (Figure 2A).
Signals were also present in a number of internal organs,
such as the lung, stomach, and reproductive tract (data not
shown). A comprehensive analysis of the Smoc2 expression
pattern pre- and postnatally is underway and will be re-
ported elsewhere. Nevertheless, the results of Figure 2 dem-
onstrate a broad pattern of Smoc2 expression, and they sug-
gest that SMOC-2-dependent events might serve important
roles in multiple tissues during development. Furthermore,
mouse embryo-derived cells such as the fibroblasts used in
our study are widely used in the fields of growth factor and
integrin signaling. Therefore, it is likely that the role we have
discovered for SMOC-2 in mitogenic signaling and cell cycle
control (described below) is relevant to cell culture model
systems studied commonly by other laboratories.

Subcellular Distribution of SMOC-2
To gain insight into possible biological roles of SMOC-2, we
investigated its subcellular distribution. We constructed a
recombinant adenovirus vector for ectopic expression of
Myc-tagged SMOC-2 (designated AdSMOC-2). We infected
Rat1 fibroblasts with AdSMOC-2 (or with a GFP control
adenovirus vector designated AdGFP). Extracts from
AdSMOC-2– and AdGFP-infected cells were analyzed for
expression of epitope-tagged SMOC-2 by immunoblotting.
As shown in Figure 3A, we detected a 54-kDa protein (cor-
responding to the expected molecular weight for Myc-
tagged SMOC-2) in lysates from AdSMOC-2–infected (but
not AdGFP-infected) cells. Because SMOC-2 contains a pu-
tative N-terminal signal peptide and it has sequence simi-
larity to matricellular proteins (Vannahme et al., 2003), we
asked whether SMOC-2 was present in the ECM. We per-
formed DOC fractionations (Midwood and Schwarzbauer,
2002) to isolate ECM components from AdGFP- and
AdSMOC-2–infected cells. ECM-containing fractions from
AdGFP- and AdSMOC-2–infected cultures were analyzed
for SMOC-2 expression. As shown in Figure 3A, we detected
Myc-SMOC-2 in ECM preparations from AdSMOC-2–in-
fected (but not control) cells.

We also performed immunofluorescence microscopy to
determine the distribution of ectopically expressed SMOC-2

Figure 1. Identification of SMOC-2 as a serum-repressed mRNA.
Replicate plates of serum-starved cultures of Swiss 3T3 cells were
treated with 10% serum or were left untreated for controls. After
17 h, cells were analyzed for cell cycle distribution by flow cytom-
etry (A). Alternatively, RNA was extracted from the cells, separated
on agarose gels, and analyzed by Northern blotting with cDNA
probes for p21, Mdm2, T-cadherin, and SMOC-2 (B). (C) Immuno-
blot analysis of SMOC-2 and SMOC-1 levels in Swiss 3T3, MCF10A,
MCF10A1h, and MCF10A1d cells after culture in 0.5 or 10% serum.
A nonspecific band recognized by the secondary antibody is shown
as a loading control.

Figure 2. Smoc2 is expressed in distinct structures of the develop-
ing mouse embryo. (A–C) Whole mount in situ hybridization of
Smoc2 in the mouse embryo at E12.5–E13, showing strong signals in
forelimb (fl) and hindlimb (hl), somites (so), and branchial arches
(ba).
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in Rat1 cells. AdCon (“empty” adenovirus control vector) or
AdSMOC-2–infected cells were fixed and stained directly

with anti-Myc antibodies as described under Materials and
Methods. Alternatively, the cells were extracted with DOC,
and the resulting detergent-insoluble remnant ECM was
fixed and analyzed for SMOC-2 expression by immunoflu-
orescence microscopy.

In AdSMOC-2–infected cells probed with anti-Myc, we
observed a broad expression pattern of SMOC-2 with a
slight increase in anti-Myc staining intensity at the cellular
periphery (Figure 3B). For comparison, we also probed the
cells with an antibody against fibronectin (FN, a known
ECM component). As shown in Figure 3B, there was some
similarity between the distribution patterns of fibronectin
and SMOC-2. Interestingly, when we analyzed the DOC-
insoluble ECM preparations by immunofluorescence mi-
croscopy, SMOC-2 was present (Figure 3C). As expected, the
ECM preparations retained fibronectin, but they were DAPI
negative and �-actin free (indicating efficient extraction of
the nuclei and non-ECM compartments).

To complement the immunofluorescence microscopy ex-
periments with the anti-Myc antibody, we performed simi-
lar studies using a polyclonal antibody raised against a
peptide corresponding to an internal domain of SMOC-2
(see Materials and Methods). As shown in Figure 3, we ob-
served similar patterns of staining of ectopically expressed
Myc-SMOC-2 with anti-SMOC-2 and anti-Myc antibodies
(compare Figure 3, B and C, with D and E). As expected, the
staining of SMOC-2 was inhibited when the antibody incu-
bations were performed in the presence of competitor
SMOC-2 antigenic peptide. Fibronectin staining was unaf-
fected by the SMOC-2 competitor peptide. The peptide com-
petition experiments demonstrate specificity of the anti-
SMOC-2 antibody.

Because the SMOC-2 localization experiments in Figure 3,
B–F, were performed with ectopically expressed SMOC-2, it
was of interest to determine the subcellular distribution of
endogenous SMOC-2. Therefore, uninfected Rat1 cells were
also probed with antibodies against SMOC-2 and fibronec-
tin. The distribution of endogenous SMOC-2 was similar to
that of ectopically overexpressed Myc-SMOC-2 in fixed cells
and DOC-extracted ECM (Figure 3, G and H). As expected,
detection of endogenous SMOC-2 (but not of fibronectin)
was prevented when we performed antibody staining in the
presence of competitor SMOC-2 peptide (Figure 3I). To-
gether, our data show that ectopically expressed and endog-
enous SMOC-2 are present in the ECM. The ECM localiza-
tion of SMOC-2 is similar to the localization reported for
other matricellular proteins such as SMOC-1 and SPARC
(Brekken and Sage, 2000; Vannahme et al., 2002). However,
our observation that SMOC-2 assembles fibrils that partly
colocalize with fibronectin is not a typical matricellular char-
acteristic, and it may suggest roles for SMOC-2 other than
those reported for other matricellular factors.

Mitogenic Role of SMOC-2
Because of the similar growth arrest-specific expression pat-
terns of SMOC-2 and other cell cycle regulators such as
PDGF�R (Vaziri and Faller, 1995), an important regulator of
G0-S phase transition (Pardee, 1989), we hypothesized that
SMOC-2 might play a role in growth control. Furthermore,
we previously showed that SMOC-2 overexpression pro-
motes VEGF-induced angiogenic responses in endothelial
cells (Rocnik et al., 2006), also consistent with a role for
SMOC-2 in cell growth. Therefore, in experiments described
below, we investigated a possible role for SMOC-2 in mito-
genic signaling and cell cycle control.

First, we determined the effect of SMOC-2 overexpression
on DNA synthesis responses to serum, basic (b)FGF, and

Figure 3. Subcellular distribution of SMOC-2. (A) Whole cell ly-
sates and ECM preparations from AdCon- and Ad-SMOC-2–in-
fected Rat1 cells were resolved by SDS-PAGE, transferred to nitro-
cellulose and probed with an anti-Myc antibody. The same samples
were probed with antibodies against FN and �-actin. AdSMOC-2–
infected (B–F) or uninfected (G–I) Rat1 cells were fixed and stained
with anti-Myc and anti-fibronectin (B and C) or anti-SMOC-2 and
anti-fibronectin (D–I) antibodies. Bound primary antibodies were
detected using a FITC-conjugated antibody (for detecting anti-Myc
and anti-SMOC-2) and a Cy3-conjugated antibody (for detecting
anti-fibronectin). In some experiments, cells were extracted with
DOC buffer before fixing and antibody staining (C, E, and H). Some
antibody incubations with were carried out in the presence of a
competitor peptide corresponding to the epitope recognized by the
SMOC-2 antisera (F and I). Bars, 10 �m.
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PDGF-BB. As shown in Figure 4A, cells overexpressing
SMOC-2 showed high basal levels of DNA synthesis relative
to control cultures. Moreover, DNA synthesis in response to
serum, bFGF, and PDGF were increased in SMOC-2–over-
expressing cells (Figure 4A). Both the -fold induction of
DNA synthesis, and absolute levels of DNA synthesis at-
tained in response to mitogens were increased as a conse-
quence of SMOC-2 overexpression.

Because overexpressed SMOC-2 stimulated DNA synthe-
sis (Figure 4A), we asked whether endogenous SMOC-2
plays any role in serum or growth factor-induced DNA
synthesis. Therefore, we designed siRNA duplexes to ablate
SMOC-2 expression. We transfected Swiss 3T3 cells with a
SMOC-2-directed siRNA duplex (designated siSMOC-2) or
with a control RNA oligonucleotide (designated siCon). Ex-
tracts from the resulting cells were analyzed by immuno-
blotting with our anti-SMOC-2 antibody. As shown in Fig-
ure 4B (left), expression levels of a 54-kDa protein
(corresponding to the expected size for SMOC-2) were re-
duced by �90% in cells transfected with siSMOC-2 relative
to controls. In a parallel immunoblotting experiment, we
performed the primary antibody incubation in the presence
of the antigenic peptide used to generate our anti-SMOC-2
antibody. As expected, the competitor peptide specifically
prevented detection of the 54-kDa protein recognized by our
anti-SMOC-2 antibody. Therefore, our siRNA strategy was
effective for reducing SMOC-2 protein levels in 3T3 cells.

Having validated our siRNA protocol, we determined the
effect of SMOC-2 ablation on serum-induced DNA synthe-
sis. Figure 4C shows rates of DNA synthesis in control and
siSMOC-2–transfected Swiss 3T3 cells at different time
points after serum stimulation. As expected, rates of DNA
synthesis in control cells increased �16 h after serum treat-
ment, and they continued to rise over the next 8 h. Interest-
ingly, in siSMOC-2–transfected cells, the levels of serum-
induced DNA synthesis attained at 16, 18, and 20 h were
attenuated by 54.8 � 4.068 (p � 0.0004) (Figure 4C). There-
fore, SMOC-2 is important for serum-induced entry into S
phase.

Serum comprises a mixture of fibroblast mitogens that
includes PDGF, EGF, insulin, and other factors (Pardee,
1989). It was of interest to determine whether SMOC-2 is
necessary for DNA synthesis in response to specific factors,
or whether SMOC-2 expression is a general requirement for
mitogen-induced DNA synthesis. Therefore, we tested the
effect of SMOC-2 ablation on induction of DNA synthesis by
several known fibroblast mitogens, including PDGF-BB,
EGF, and TGF�. As expected, PDGF-BB induced a strong
DNA synthesis response, EGF induced a moderate response,
and the response to TGF� was weak in control cultures
(Figure 4D). Interestingly, SMOC-2 ablation attenuated

Figure 4. Role of SMOC-2 in growth factor-induced DNA synthesis.
(A) Quiescent Rat1 cells were infected with AdGFP or AdSMOC-2
for 24 h. The resulting cultures were stimulated with serum (10%),
bFGF (3 ng/ml), or PDGF-BB (10 ng/ml) for 20 h. Rates of DNA
synthesis in the resulting cultures were determined using measure-
ments of [3H]thymidine incorporation. Data points represent the
mean for two samples, with error bars representing the range. *p �
0.005 compared with AdGFP-infected cells. (B) Quiescent Swiss 3T3
cells were transfected with siRNA duplexes targeting SMOC-2
(siSMOC-2) or with control Cy3 oligonucleotide duplexes (siCon).
Duplicate samples of extracts were from the resulting cells were
resolved by SDS-PAGE and transferred to a nitrocellulose mem-
brane. One half of the nitrocellulose membrane was probed sequen-
tially with anti-SMOC-2 and anti-�-actin (left). The other half of the
membrane was processed similarly except that primary antibody in-
cubations were performed in the presence of 100 �g/ml SMOC-2
competitor peptide (right). (C) Swiss 3T3 cells were transfected with
siSMOC-2 or siCon oligonucleotide duplexes. The resulting cells were
made quiescent by serum deprivation. Quiescent siSMOC-2 or Cy3-
transfected cells were stimulated to enter the cell cycle by the addition
of 10% serum. At different time points after serum stimulation, rates of

DNA synthesis were determined using measurements of [3H]thy-
midine incorporation. Data points represent the mean for two sam-
ples, with error bars representing the range. *p � 0.001 compared
with siCon-transfected cells. (D) Swiss 3T3 cells were transfected
with siSMOC-2 or control Cy3 oligonucleotide duplexes and made
quiescent by serum deprivation as described for C. Quiescent cul-
tures were treated with EGF (10 ng/ml), PDGF-BB (5 ng/ml), or
TGF� (5 ng/ml), or they were left untreated for controls. Twenty
hours after growth factor treatment, rates of DNA synthesis were
determined using measurements of [3H]thymidine incorporation.
Note that in the experiment shown here, cells received 10-fold less
[3H]thymidine than was used for the DNA synthesis assay in Figure
4C. Data points represent the mean for two samples, with error bars
representing the range. *p � 0.001 compared with siCon-transfected
cells.
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DNA synthesis induced by all three growth factors (Figure
4D). We have not yet performed an exhaustive analysis of
the requirement of SMOC-2 for DNA synthesis in response
to known fibroblast mitogens. However, the results pre-
sented here suggest a general requirement for SMOC-2 in
growth factor-induced DNA synthesis.

SMOC-2 Is Required for Cyclin D1 Expression
Mitogen-induced cyclin D1 expression is a key rate-limiting
step for G1 progression in many cell types (Sherr, 1993),
including rodent fibroblasts (Quelle et al., 1993). To investi-
gate the role of SMOC-2 in G1 progression, we determined
the effect of SMOC-2 ablation on PDGF-induced cyclin D1
expression. As shown in Figure 5A, PDGF-induced expres-
sion of cyclin D1 protein was detectable after 3–5 h, and
maximal cyclin D1 levels were attained 9–11 h after PDGF
treatment in control (siCon) cells. Interestingly, in SMOC-2-
depleted cells (siSMOC-2), the PDGF-induced levels of cy-
clin D1 expression were reduced relative to controls at every
time point tested (Figure 5A). The maximal level of cyclin D1
expression in SMOC-2–depleted cells was 47% of that in-
duced by PDGF in control cultures (Figure 5A). In four
different experiments (shown in Figures 5C, 7C, 8A, and 8C),
PDGF-induced cyclin D1 expression was inhibited by 51 �
5.68% (p � 0.001). Therefore, PDGF-induced DNA synthesis
and cyclin D1 expression are inhibited to a similar extent as
a result of SMOC-2-ablation. We also determined the effect
of SMOC-2-ablation on cyclin D1 mRNA levels. As shown
by the RT-PCR analyses in Figure 5B, PDGF-induced (and
basal) expression levels of cyclin D1 mRNA were specifically
reduced by SMOC-2 ablation.

It was important to demonstrate that the effect of
siSMOC-2 on cyclin D1 expression was not due to “off-
target” effects of the RNA oligonucleotides. Therefore, we
performed experiments to complement the defective cyclin
D1 expression of siSMOC-2 cultures by using a human
SMOC-2 cDNA (hSMOC-2), which differs from mouse
SMOC-2 with respect to nucleotide sequence and is therefore
resistant to siSMOC-2. Quiescent 3T3 cells were transfected
with siCon or siSMOC-2 oligonucleotides. The resulting cells
were retransfected with CMV-hSMOC-2 or CMV-GFP (for
control) and treated with PDGF. After 9 h of PDGF treat-
ment, cells were harvested and analyzed for cyclin D1
expression by immunoblotting. As expected, siSMOC-2 elic-
ited a 40% decrease in cyclin D1 protein levels in control
CMV-GFP–expressing cells (Figure 5C). Interestingly,
hSMOC-2 expression induced cyclin D1 expression 2.4-fold
relative to CMV-GFP–transfected controls. Moreover, the
elevated cyclin D1 levels resulting from CMV-hSMOC-2
transfection were not reduced by the siSMOC-2 RNA inter-
ference (RNAi) (Figure 5C). Therefore, the effect of ablating
endogenous SMOC-2 on cyclin D expression can be over-
come by ectopically expressed hSMOC-2. We conclude that
SMOC-2 is specifically required for efficient cyclin D1 ex-
pression during G1.

Because SMOC-2 is important for cyclin D1 expression,
we predicted that SMOC-2-deficiency would also affect
distal cyclin D1-CDK4/6–dependent mitogenic signaling
events during G1.

Therefore, we determined the effect of SMOC-2 ablation
on mitogen-induced RB and cyclin A expression. As shown
in Figure 5D, the serum-induced expression of Rb and its

Figure 5. Role of SMOC-2 in mitogen-induced cyclin D1 expres-
sion. (A) Swiss 3T3 cells were transfected with siCon or siSMOC-2
oligonucleotide duplexes. The resulting cells were made quiescent,
then treated with PDGF-BB (3 ng/ml) or left untreated for controls.
At different time points after PDGF-BB treatment, cell extracts were
prepared and analyzed by SDS-PAGE and immunoblotting by us-
ing antibodies against cyclin D1 and �-actin. (B) Swiss 3T3 cells
were transfected with siCon or siSMOC-2 oligonucleotide duplexes.
The resulting cells were made quiescent, then treated with PDGF-BB
(3 ng/ml) for 6 h (or left untreated for controls). RNA extracted from
the resulting cells was analyzed for cyclin D1 and �-actin levels by
using RT-PCR as described in Materials and Methods. (C) Swiss 3T3
cells were cotransfected with siCon or siSMOC-2 together with
expression vectors for hemagglutinin (HA)-hSMOC-2 or GFP. The
resulting cells were made quiescent, then treated with PDGF-BB (3
ng/ml) for 9 h. Extracts from the resulting cells were analyzed by
SDS-PAGE and immunoblotting with anti-HA, anti-cyclin D1, and
anti-�-actin antibodies as described under Materials and Methods. (D)
Swiss 3T3 cells were transfected with siCon or siSMOC-2 oligonu-
cleotide duplexes. The resulting cells were made quiescent by serum
deprivation, and then they were restimulated with 10% serum. At
different time points after serum treatment, cell extracts were pre-
pared and analyzed by SDS-PAGE and immunoblotting by using
antibodies against Rb, cyclin A, and �-actin. (E) Swiss 3T3 cells were
cotransfected with siCon or siSMOC-2 together with expression
vectors for cyclin D1 (Quelle et al., 1993) or GFP. The resulting cells
were made quiescent and then treated with PDGF-BB (3 ng/ml) and
[3H]thymidine (1�Ci/ml) for 17 h. Rates of DNA synthesis were
determined using measurements of [3H]thymidine incorporation as
described under Materials and Methods. Data points represent the
mean for two samples, with error bars representing the range.

*p � 0.001 compared with siCon-transfected cells. #p � 0.7354 and
is not statistically significant compared with siCon-transfected cells.
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phosphorylation (evident as an electrophoretic mobility
shift) were reduced after SMOC-2 ablation. Moreover, the
mitogen-induced expression of cyclin A was dramatically
attenuated in SMOC-2–ablated cells. Therefore, SMOC-2 is
required for growth factor-induced expression of G1 and S
phase cyclins.

Our analyses of cell cycle regulators (Figure 5, A–D) indi-
cated that SMOC-2 contributes to G1 progression by pro-
moting expression of cyclin D1. If cyclin D1 is rate limiting
for G1 progression in SMOC-2–ablated cells, we predicted
that ectopic expression of cyclin D1 would complement the
defective DNA synthesis resulting from SMOC-2 deficiency.
Other investigators have also used cyclin D reconstitution
experiments to bypass cell cycle blocks specifically associ-
ated with reduced expression of endogenous cyclin D1
(Roussel et al., 1995; Brewer et al., 1999; Agami and Bernards,
2000). Therefore, we determined the effect of SMOC-2-abla-
tion on DNA synthesis in cyclin D1-overexpressing fibro-
blasts. A CMV-driven cyclin D1 expression vector (Quelle et
al., 1993), or a CMV-GFP construct for control, were trans-
fected into SMOC-2 ablated (or siRNA control) 3T3 cells. As
expected, SMOC-2 ablation inhibited PDGF-induced DNA
synthesis response by 46% in control (CMV-GFP–trans-
fected) cells (Figure 5E). In contrast, PDGF-induced DNA
synthesis was only inhibited by 4% in cyclin D1-overex-
pressing cells (Figure 5E). Therefore, cyclin D1-overexpress-
ing cells were insensitive to SMOC-2 ablation.

Similar to any reconstitution study, a caveat of the exper-
iment is that the high-level expression of cyclin D1 achieved
by a CMV-driven vector might nonspecifically override the
G1 block resulting from SMOC-2 deficiency. Therefore, our
cyclin D1 reconstitution data alone do not prove that cyclin
D1 deficiency is the cause of the cell cycle arrest in SMOC-
2–ablated cells. However, when viewed together with our
other data showing effects of reduced SMOC-2 expression
on D1 induction, and the stimulation of D1 expression by
ectopically expressed SMOC-2, our data are most consistent
with the idea that cyclin D1 mediates mitogenic effects of
SMOC-2. Together, our results suggest that a key role of
SMOC-2 in growth factor-induced G1 progression is medi-
ated via induction of cyclin D1.

SMOC-2 Is Dispensable for PDGF�R Signaling
The requirement of SMOC-2 for PDGF-induced DNA syn-
thesis suggested the possibility that SMOC-2 is necessary for
efficient activation and signaling by the PDGF�R (the major
PDGF receptor isoform expressed by 3T3 cells). Therefore,
we determined the effect of SMOC-2-deficiency on ligand
induced PDGF�R phosphorylation. As shown in Figure 6A,
PDGF�R was phosphorylated with similar kinetics in re-
sponse to PDGF-BB in both control and SMOC-2–ablated
cultures. Moreover, SMOC-2 deficiency did not reduce the
levels of PDGF�R phosphorylation induced by ligand treat-
ment. In fact, levels of phosphorylated and unphosphory-
lated PDGF�R were typically slightly higher in SMOC-2-
ablated cells, most likely reflecting the decrease in
proliferation-induced PDGFR down-regulation and desensi-
tization (Vaziri and Faller, 1995) resulting from SMOC-2
deficiency.

Mitogen-activated protein kinase (MAPK) and Akt are
important mediators of PDGFR-induced DNA synthesis.
PDGF-BB–induced activation of MAPK and Akt (as deter-
mined using phospho-specific antibodies against the active
forms of these kinases) was also unaffected by SMOC-2
ablation (Figure 6A). The lack of effect of SMOC-2 deficiency
on PDGF-induced MAPK and Akt activation further indi-

cates that proximal PDGF signaling events do not require
SMOC-2.

We also determined whether the inhibitory effect of
SMOC-2 deficiency could be overcome by high concentra-
tions of PDGF. As shown in Figure 6B, PDGF-BB concentra-
tions of 0–10 ng/ml induced a dose-dependent increase in
DNA synthesis in control and SMOC-2–deficient cells.
PDGF-BB concentrations of �10 ng/ml were less effective at
promoting DNA synthesis. The decreased DNA synthesis
responses to PDGF-BB concentrations above 10 ng/ml re-
sults is expected and results from a 1:1 stoichiometry of
PDGF-BB:PDGFR that precludes receptor dimerization and
transphosphorylation. Nevertheless, as shown in Figure 6B,
high concentrations of PDGF-BB did not overcome the re-
duced DNA synthesis resulting from SMOC-2 deficiency.
Therefore, the reduced DNA synthesis of SMOC-2–deficient
cells cannot be compensated for by increased PDGF�R sig-
naling. Together, our data demonstrate that the defective
cell cycle progression of SMOC-2–ablated cells is not due to
reduced PDGF�R activation.

SMOC-2 Is Necessary for ILK Activation
Our analyses indicated that SMOC-2 is required for PDGF-
induced cyclin D1 expression, yet it is dispensable for

Figure 6. SMOC-2 is dispensable for ligand-induced PDGF�R au-
tophosphorylation and activation of MAPK and Akt. (A) Swiss 3T3
cells were transfected with siCon or siSMOC-2 oligonucleotide du-
plexes. The resulting cells were made quiescent by serum depriva-
tion, and then they were stimulated with recombinant PDGF-BB (3
ng/ml) or were left untreated for controls. At different time points
after PDGF-BB treatment, cell extracts were prepared and analyzed
by SDS-PAGE and immunoblotting using antibodies against phos-
pho-PDGF�R, PDGFR, phospho-MAPK, MAPK, phospho-Akt, and
ILK. (B) Swiss 3T3 cells were transfected siCon or siSMOC-2 oligo-
nucleotide duplexes. The resulting cells were made quiescent, and
then they were treated with different concentrations of PDGFBB
(0–100 ng/ml) and [3H]thymidine (1�Ci/ml). Eighteen hours after
stimulation, rates of DNA synthesis in the resulting cultures were
determined using measurements of [3H]thymidine incorporation.
Data points represent the mean for two samples, with error bars
representing the range. *p � 0.001 compared with siCon-transfected
cells.
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PDGF�R activation. Efficient cyclin D1 expression and G1
progression require the concerted actions of RTK (e.g.,
PDGF�R) and integrin-mediated signals. We considered the
possibility that the cell cycle defect of SMOC-2–ablated cells
results from changes in integrin signaling. Therefore, we
sought to determine the effects of SMOC-2 deficiency on
integrin-dependent signal transduction pathways. We in-
vestigated ILK as a candidate SMOC-2–dependent effector
of integrin signaling because similar to SMOC-2, ILK is
necessary for cyclin D1 expression and G1 progression (Tan
et al., 2004). Moreover, Sage and colleagues recently showed
that the SMOC-2–related matricellular factor SPARC is in-
volved in ILK activation (Barker et al., 2005).

Therefore, we measured the kinase activity of ILK immu-
noprecipitated from control and SMOC-2–ablated cells. As
shown in Figure 7A, the MBP-directed kinase activity of
anti-ILK immune complexes from SMOC-2–depleted cells
was reduced by �42% in both quiescent and PDGF-treated
cultures (Figure 7A). In four separate experiments (shown in
Figures 7, A and B, and 8A), ILK activity as determined by
inositol phosphate kinase assays was inhibited by 50.2 �
4.4% (n � 4, p � 0.0001). Levels of ILK protein were unaf-
fected by SMOC-2 status or by PDGF (Figures 7A and 8A),
demonstrating that the effects of SMOC-2 ablation reflected
changes in the activation status of ILK, not ILK protein
levels. Therefore, SMOC-2 is necessary for efficient ILK ac-
tivation.

The results shown in Figure 7A suggested that the cell
cycle defect of SMOC-2–deficient cells might result from
reduced ILK activity. Therefore, we predicted that the de-
fective mitogenic response of SMOC-2–ablated cells might
be corrected by the hyperactive ILK S343D mutant (Cordes,
2004). We introduced a plasmid encoding hyperactive ILK
(or an empty vector control plasmid) into replicate plates of
siCon and siSMOC-2–transfected cells. As expected, ILK-
associated kinase activity in the ILK S343D-expressing cells
was constitutively high and insensitive to inhibition after
SMOC-2 ablation (Figure 7B). In fact, we routinely observed
slight increases in ILK 343D-dependent kinase activity after
SMOC-2 ablation, although the significance of this effect is
unclear. We also determined the effect of ectopically ex-
pressed ILK343D on PDGF-induced cyclin D1 expression
and DNA synthesis in SMOC-2–ablated cells. Similar to the
results of Figure 5, SMOC-2 depletion inhibited PDGF-in-
duced cyclin D1 expression (Figure 7C) and DNA synthesis
(Figure 7D) in control (empty vector-transected) cells.
PDGF-induced cyclin D1 expression was reduced by 60% in
siSMOC-2–transfected cells relative to siCon controls (Figure
7C, see region of blot indicated by the dashed line). PDGF-
induced DNA synthesis was inhibited to a similar extent
(48% inhibition) as a result of SMOC-2 ablation. Interest-
ingly, ectopic expression of hyperactive ILK prevented the
siSMOC-2–induced inhibition of cyclin D1 expression (Fig-
ure 7C, see last two lanes). Ectopically expressed hyperac-
tive ILK also conferred normal levels of PDGF-induced
DNA synthesis (Figure 7D) in SMOC-2–deficient cells. To-
gether, our results suggest that SMOC-2 is necessary for ILK
activation and that hyperactive ILK can correct the cell cycle
defect of SMOC-2–deficient cells. These data suggest that
reduced ILK activity underlies the defective G1/S progres-
sion of SMOC-2–deficient cells.

Figure 7. SMOC-2 is necessary for ILK activation. (A) Swiss 3T3
cells were transfected with siCon or siSMOC-2 oligonucleotide du-
plexes. The resulting cells were made quiescent, and then they were
treated with PDGF-BB (3 ng/ml) or left untreated for controls. Cells
were lysed and ILK was immunoprecipitated as described under
Materials and Methods. Immune complexes were assayed for in vitro
ILK kinase activity (top), or they were analyzed by immunoblotting
with anti-ILK antibodies (bottom). (B) Swiss 3T3 cells were cotrans-
fected with siCon or siSMOC-2 oligonucleotide duplexes together
with an expression vector for hyperactive ILK (CMV-ILK343D) or
empty vector (for control). After transfection, cells were serum-
deprived for 24 h. Then, some cultures were treated with PDGF-BB
(10 ng/ml) for 20 min. After PDGF treatment, the cells were lysed,
ILK was immunoprecipitated, and the resulting immune complexes
were assayed for MBP-directed kinase activity in vitro (as described
under Materials and Methods). (C) Quiescent Swiss 3T3 cells were
cotransfected with siCon or siSMOC-2 oligonucleotide duplexes
and an expression vector for hyperactive ILK or empty vector for
control. Cells were stimulated with PDGF-BB (10 ng/ml) to induce
cell cycle reentry. After 0, 5, and 10 h of PDGF-BB treatment, cells
were lysed and the resulting samples were tested for ILK, cyclin D1,
and �-actin levels by immunoblotting. The lanes indicated by the
dashed box show the inhibitory effect on SMOC-2 RNAi on cyclin
D1 expression, which is most evident 10 h after PDGF treatment. (D)
Quiescent Swiss 3T3 cells were cotransfected with siCon or
siSMOC-2 oligonucleotide duplexes and an expression vector for
hyperactive ILK or empty vector for control. Cells were stimulated
with PDGF-BB (10 ng/ml) to induce cell cycle reentry. After 18 h of
PDGF treatment, rates of DNA synthesis were determined as de-
scribed under Materials and Methods. Data points represent the mean
for two samples, with error bars representing the range. *p � 0.001

compared with siCon-transfected cells. #p equals 0.156 and is not
statistically significant compared with siCon-transfected cells.
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ILK Is Necessary for PDGF-induced Cyclin D1 Expression
and DNA Synthesis in 3T3 Cells
The results of Figure 7 showed that SMOC-2 is required for
efficient ILK activation, suggesting that defective ILK signal-
ing is responsible for the cell cycle retardation of SMOC-2–
deficient cells. It was important to test whether ILK is nec-
essary for cyclin D1 expression and DNA synthesis in our
experimental system, as has been reported for other cell
types (Tan et al., 2004).

Therefore, we used ILK-directed siRNA (designated siILK)
to ablate ILK expression in 3T3 cells. As shown in Figure 8A,
we typically achieved �60% knockdown of ILK protein by
using siRNA. The siRNA-induced decrease in ILK protein
expression resulted in a 56% decrease in activity measured
using anti-ILK IP kinase assay (Figure 8A). We determined
the effect of ILK ablation on PDGF-induced cyclin D1 ex-
pression. As shown in Figure 8A, ILK ablation inhibited the
PDGF-induced expression of cyclin D1 by 43 and 44% at 5-
and 9-h time points after PDGF treatment, respectively. In
[3H]thymidine incorporation assays conducted in parallel,
PDGF-induced DNA synthesis was inhibited by 50% as a
result of ILK ablation. In a complementary approach to test
the role of ILK in cell cycle progression of 3T3 cells we
determined the effects of ectopically expressed “dominant-
negative” R211A mutant ILK (designated ILK R211A). As
shown in Figure 8, C and D, transiently transfected ILK R221
inhibited PDGF-induced cyclin D1 expression and DNA
synthesis by 50 and 40%, respectively, in 3T3 cells. There-
fore, similar to results reported by other workers, perturba-
tion of ILK signaling inhibits cyclin D1 expression and DNA
synthesis. Importantly, the results of Figure 8 indicate that
the �50% decrease in ILK-associated kinase activity result-
ing from SMOC-2 depletion (Figure 7) is sufficient to account
for the inhibitory effects of SMOC-2 on cyclin D1 expression
and DNA synthesis.

If SMOC-2 induces cyclin D1 via ILK, we predicted that
SMOC-2–induced cyclin D1 expression should be attenu-
ated in ILK-ablated cells. Therefore, we overexpressed
SMOC-2 in control and ILK-ablated cells, and then we de-
termined cyclin D1 expression by immunoblot analysis of
extracts from the resulting cells. Consistent with the results
of Figure 5C, SMOC-2 induced cyclin D1 protein levels by
2.5-fold in siCon-transfected cells (Figure 9A). However, in
the ILK-ablated cells, cyclin D1 expression was only in-
creased by 1.3-fold as a result of SMOC-2 overexpression
(Figure 9A).

Moreover, if SMOC-2 and ILK participate in a common
pathway, we predicted that the inhibitory effects of SMOC-2
depletion and ILK depletion on DNA synthesis should not
be additive. Therefore, we used siRNA to silence ILK and
SMOC-2 individually, and in combination. As shown in
Figure 9, B and C, individual and combined knockdown of
SMOC-2 and ILK inhibited DNA synthesis and cyclin D1
expression to a similar extent. These data are consistent with
an epistatic relationship between ILK and SMOC-2. To-
gether, our experiments suggest that ILK mediates the stim-

Figure 8. ILK is necessary for cyclin D1 induction and DNA syn-
thesis. (A) Quiescent Swiss 3T3 cells were transfected with siCon or
siILK oligonucleotide duplexes. The resulting cells were treated
with PDGF-BB (10 ng/ml). At 0, 5, and 9 h after PDGF treatment,
cells were lysed and extracts were analyzed for ILK, cyclin D1, and
�-actin expression by SDS-PAGE and immunoblotting. For the 0-
and 9-h time points, ILK was immunoprecipitated from cell extracts,
and the resulting immune complexes were assayed for in vitro ILK
kinase activity. (B) Quiescent 3T3 cells were cotransfected with
siCon or siILK oligonucleotide duplexes. The resulting cells were
stimulated for 22 h with PDGF-BB (10 ng/ml), or they were left
untreated for controls. Rates of [3H]thymidine incorporation were
determined as described under Materials and Methods. Data points
represent the mean for three samples, with error bars representing
the range. *p � 0.001 compared with siCon-transfected cells. (C)
Quiescent 3T3 cells were cotransfected siSMOC-2 (or siCon) oligo-
nucleotides and a plasmid encoding dominant-negative ILK (des-
ignated ILK R211A) or a CMV-GFP control vector. Transfected
cultures were treated with PDGF-BB (10 ng/ml) for 10 h, and lysates
from the resulting cells were analyzed for ILK and cyclin D1 ex-
pression by SDS-PAGE and immunoblotting. (D) Triplicate cultures

of quiescent 3T3 cells were cotransfected siSMOC-2 (or siCon) oli-
gonucleotides and a plasmid encoding dominant-negative ILK (des-
ignated ILK R211A) or a CMV-GFP control vector, as described for
C. The resulting cells were stimulated for 22 h with PDGF-BB (10
ng/ml), or they were left untreated for controls. Rates of [3H]thy-
midine incorporation were determined as described under Materials
and Methods. Data points represent the mean for three samples, with
error bars representing the range. *p � 0.001 compared with siCon-
transfected cells.
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ulatory effects of SMOC-2 on cyclin D1 expression and DNA
synthesis.

DISCUSSION

In this study, we have analyzed the expression and biolog-
ical function of the putative matricellular factor SMOC-2.
We have demonstrated that SMOC-2 is required for efficient
DNA synthesis in response to PDGF and other growth fac-
tors. Our results indicate that SMOC-2 is dispensable for
RTK activation. Instead, we suggest that the critical function
of SMOC-2 during G1/S progression is maintenance of ILK
activity and cyclin D1 expression (Figure 10).

Although we have shown that SMOC-2 is necessary for
ILK activation and DNA synthesis, details of signaling
events initiated by SMOC-2 (presumably at the cell surface)
remain unknown. In contrast, mechanisms of signaling by
the SMOC-2–related factor SPARC have been studied exten-
sively and multiple biochemical activities have now been
attributed to SPARC. For example, SPARC binds various
mitogens (including VEGF, PDGF, and FGF) and inhibits
receptor-mediated signaling by these growth factors
(Brekken and Sage, 2000, 2001; Framson and Sage, 2004). In
contrast with results reported for SPARC (which is antimi-
togenic), we have shown here that SMOC-2 promotes
growth factor-induced DNA synthesis. Nevertheless, we
considered the possibility that SMOC-2 might interact with
growth factors, perhaps modulating their recruitment of to
the cell surface or augmenting their interactions with recep-
tors. However, SMOC-2 ablation does not affect PDGF-in-
duced PDGF�R autophosphorylation or activation of
PDGF�R effector kinases (MAPK and Akt), yet significantly
attenuates PDGF-induced mitogenesis. Therefore, we con-
sider it unlikely that a PDGF-binding activity is required for
SMOC-2–dependent DNA synthesis after PDGF treatment.
Instead, our analyses suggest that the major contribution of
SMOC-2 to PDGF-induced DNA synthesis occurs via ILK,
an integrin-activated protein kinase.

ILK is implicated in transcriptional activation of cyclin D1
(D’Amico et al., 2000), and our data also identify cyclin D1 as
a distal effector of SMOC-2–dependent DNA synthesis. In-
duction of cyclin D1 is critical for G1 progression and re-
quires cooperation between integrin and growth factor-me-
diated signaling pathways (Zhu et al., 1996; Danen and
Yamada, 2001). Therefore, ILK provides a link between
SMOC-2 and cyclin D1. Pestell and Li (2006) recently re-
ported that cyclin D1 is necessary for VEGF-induced growth
of vascular endothelial cells (Pestell and Li, 2006). We have
shown that SMOC-2 is necessary for VEGF-induced mito-
genesis and tube formation (hallmarks of the angiogenic
response) in endothelial cells (Rocnik et al., 2006). Based on
findings presented in this report, it is likely that SMOC-2
also contributes to angiogenesis via ILK-mediated induction
of cyclin D1.

Clearly, further experiments are necessary to elucidate the
mechanisms that mediate SMOC-2–dependent ILK activa-
tion. ILK activity is rapidly induced in response to engage-
ment of integrins via adhesion to the ECM or Arg-Gly-Asp
peptide (Wu et al., 1998; Barker et al., 2005). ILK catalytic
activity is also subject to negative regulation by the phos-
phatase ILK-associated protein (ILKAP) (Wu and Dedhar,
2001; Wu, 2004, 2005). Potentially, SMOC-2 might facilitate
integrin engagement by the ECM, thereby promoting inte-
grin-dependent ILK activity. Alternatively, putative SMOC-

Figure 9. SMOC-2 and ILK regulate a common signaling pathway
leading to cyclin D1 expression. (A) Quiescent Swiss 3T3 cells were
cotransfected with siCon or siILK together with expression vectors
for HA-hSMOC-2 or GFP. The transfected cells were treated with
PDGF-BB (3 ng/ml) for 9 h. Extracts from the resulting cells were
analyzed by SDS-PAGE and immunoblotting with anti-HA, anti-
cyclin D1, and anti-�-actin antibodies as described under Materials
and Methods. (B) Triplicate cultures of quiescent 3T3 cells were
cotransfected with siCon, siSMOC-2, and siILK individually or in
combination as described in A. The resulting cells were treated with
PDGF-BB (10 ng/ml) for 22 h (or were left untreated for controls).
Rates of [3H]thymidine incorporation were then determined as de-
scribed under Materials and Methods. Data points represent the mean
for three samples, with error bars representing the range. *p � 0.001
compared with siCon-transfected cells. (C) Quiescent 3T3 cells were
cotransfected with siCon, siSMOC-2, and siILK individually or in
combination. The total amount of siRNA used for each transfection
was kept constant. The transfected cells were treated with PDGF-BB
(10 ng/ml). At 0 and 9 h after PDGF treatment, cells were lysed, and
extracts were analyzed for ILK, cyclin D1, and �-actin expression by
SDS-PAGE and immunoblotting.

Figure 10. Hypothetical model describing requirement of SMOC-2
for cell cycle progression. See text for details.
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2–binding partners/receptors might interact directly or in-
directly with integrins to promote ILK activation. It is also
possible that putative SMOC-2 effectors activate ILK inde-
pendently of integrins, for example, via modulation of
ILKAP. These hypothetical models of SMOC-2–mediated
ILK activation are not necessarily mutually exclusive.

Interestingly, in phage display experiments to detect
SPARC-interacting proteins, Sage and colleagues recently
identified an interaction (presumably direct) between ILK
and SPARC (Barker et al., 2005). Those workers also demon-
strated that SPARC and ILK could be coimmunoprecipitated
from cell extracts and that ILK fails to be activated in Sparc–/–

cells (Barker et al., 2005). These findings are superficially
similar to our results and might suggest that SPARC and
SMOC-2 activate ILK via a common mechanism. However,
it is unclear how matricellular proteins such as SPARC and
SMOC-2 (which reside in the ECM) might interact directly
with ILK (an intracellular signaling molecule) in a physio-
logically meaningful manner. It is possible that the interac-
tion between ILK and SPARC occurs indirectly, perhaps via
a transmembrane protein (although this would not explain
the phage display interaction between SPARC and ILK).
Alternatively, matricellular factors might activate ILK upon
internalization. In contrast with results reported for SPARC,
we have not detected any interactions between ILK and
SMOC-2, even when both proteins are ectopically overex-
pressed (Liu and Vaziri, unpublished results). Moreover,
ILK is generally proangiogenic and promitogenic. Therefore,
it is unclear how ILK activation can account for the well-
documented antiangiogenic and antimitogenic activities of
SPARC. Nevertheless, a role for SPARC in ILK activation
was also reported more recently by Shi et al. (2007). There-
fore, ILK may represent a general effector of SMOC-2,
SPARC, and possibly other matricellular proteins. It should
be noted however, that the kinase domain of ILK differs
from the catalytic loops and DGX motifs of other Ser/Thr
kinases. Moreover, the catalytic domain of ILK is very di-
vergent across species, possibly suggesting that ILK func-
tions mainly as an adaptor rather than as a physiologically
relevant protein kinase in vivo (Legate et al., 2006). There-
fore, the protein kinase activity that we and other workers
have detected in anti-ILK immune complexes might repre-
sent an ILK-associated kinase. Nevertheless, our data pro-
vides a novel link between SMOC-2 and ILK signaling.

Given the strong similarity between SPARC and SMOC-2,
it is interesting that these factors have opposing activities
with respect to angiogenesis. The opposing effects of SPARC
and SMOC-2 on angiogenesis are reminiscent of the rela-
tionship between matricellular factors CCN1 and CCN3
which interact with integrins and HSPG to regulate growth
(Brigstock, 2003). Whereas CCN1 acts as a tumor-promoting
factor, CCN3 exhibits tumor-suppressive capabilities (Lom-
bet et al., 2003; Bleau et al., 2005). It is possible that SPARC
and SMOC-1/SMOC-2 have similar antagonistic relation-
ships and that the balance between SPARC and SMOC
activities dictates net proliferation, angiogenesis or other
cellular outcomes.

Our work demonstrates that SMOC-2 expression levels
can have a profound influence on mitogenesis. Therefore,
regulated changes in SMOC-2 expression are likely to im-
pact cell growth in vitro and in vivo. The quiescence-specific
expression of SMOC-2 in cultured cells is similar to the
expression pattern of PDGF receptors. PDGF�R and
PDGF�R are highly expressed in G0 cells and are transcrip-
tionally down-regulated in response to mitogens (Vaziri and
Faller, 1995; Lih et al., 1996). Down-regulation of PDGF�R
concomitant with cell cycle entry most likely represents a

negative feedback mechanism that desensitizes cells to
PDGF after cell cycle entry (Vaziri and Faller, 1995; Lih et al.,
1996). Because SMOC-2 is required for mitogenesis, its
down-regulation after cell cycle entry could help desensitize
cells to mitogens.

The mechanism underlying cell cycle-dependent changes
in SMOC-2 expression is unclear. We have isolated the 5�
region of the mouse Smoc2 gene and generated heterologous
luciferase reporter constructs containing up to �1.2 kb of its
promoter (Liu and Vaziri, unpublished). In transient trans-
fection experiments, Smoc2 promoter-driven luciferase ex-
pression was insensitive to cell cycle state and mitogen
treatments. Therefore, it is possible that nontranscriptional
mechanisms regulate SMOC-2 levels during the cell cycle.
Alternatively, it is possible that the large Smoc2 gene (�100
kb) is transcriptionally regulated via putative elements re-
siding outside the 1.2-kb promoter region we have isolated.

Regardless of the precise mechanisms that determine
SMOC-2 levels, it will be interesting to determine whether
SMOC-2 expression is deregulated in diseases involving
aberrant cell proliferation (such as cancer). Potentially, fail-
ure to appropriately down-regulate SMOC-2 and its resulting
aberrant overexpression might contribute to malignancy. In-
terestingly, inappropriate expression of the SMOC-2-related
matricellular factor SPARC has been implicated in tumori-
genesis. SPARC is expressed at high levels in many cancers,
particularly in stromal cells and in the vasculature (Framson
and Sage, 2004). Massague and colleagues recently showed
that SPARC and other extracellular factors are important for
metastasis of breast cancer cells to the lung (Minn et al.,
2005). Although a role for SMOC-2 in tumorigenesis has not
been tested, it is possible that aberrant SMOC-2 overexpres-
sion could promote growth of tumor cells, particularly those
that are dependent on mitogenic growth factors such as
PDGF.

The distinct pattern of SMOC-2 we observed in various
developing structures is intriguing, and suggests a role in
control of specific events during organogenesis. Whether
SMOC-2 controls rates of cell proliferation in the limbs or in
somites, and whether it participates in some aspect of cell
differentiation, remains to be investigated. Together, our
results indicate that SMOC-2 is an important regulator of
mitogenesis. Studies are underway to define the essential
role(s) of SMOC-2 in growth factor signaling and cell cycle
control during development and in disease.
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