
Syndecan-2 cytoplasmic domain up-regulates matrix
metalloproteinase-7 expression via the protein kinase
C�–mediated FAK/ERK signaling pathway in colon cancer
Received for publication, April 28, 2017, and in revised form, August 4, 2017 Published, Papers in Press, August 16, 2017, DOI 10.1074/jbc.M117.793752

Bohee Jang‡, Hyejung Jung‡, Sojoong Choi‡, Young Hun Lee§, Seung-Taek Lee§, and Eok-Soo Oh‡1

From the ‡Department of Life Sciences, Research Center for Cellular Homeostasis, Ewha Womans University, Seoul 03760 and the
§Department of Biochemistry, College of Life Science and Biotechnology, Yonsei University, Seoul 03722, Korea

Edited by Amanda J. Fosang

The syndecan family of heparan sulfate proteoglycans con-
tributes to cell adhesion and communication by serving as co-
receptors for cell signaling and extracellular matrix molecules.
Syndecan-2 is located at the cell surface, and we previously
reported that it induces matrix metalloproteinase-7 (MMP-7)
expression in colon cancer cells. However, the underlying regu-
latory mechanisms are unknown. Here, we report that overex-
pression of syndecan-2 in HT-29 colon cancer cells increases the
phosphorylation of focal adhesion kinase (FAK) and ERK in par-
allel with up-regulated MMP-7 expression, but a syndecan-2
mutant lacking the cytoplasmic domain showed significant
reductions in these effects. Consistent with this observation,
FAK inhibition via FAK-related non-kinase expression or inhi-
bition of ERK with the ERK1/2 inhibitor SCH772984 dimin-
ished the syndecan-2–mediated up-regulation of MMP-7.
Activation of PKC enhanced syndecan-2–mediated MMP-7
expression, whereas inhibition of PKC had the opposite effect.
Of note, the exogenous expression of syndecan-2 triggered
localization of PKC� to the membrane. Expression of synde-
can-2 harboring a phosphomimetic (S198E) mutation of the
variable region of the cytoplasmic domain enhanced MMP-7
expression and FAK phosphorylation. Finally, experimental
suppression of shedding of the syndecan-2 extracellular domain
did not significantly affect the syndecan-2–mediated up-regula-
tion of MMP-7 in the early period after syndecan-2 overexpres-
sion. Taken together, these findings suggest that syndecan-2’s
cytoplasmic domain up-regulates MMP-7 expression in colon
cancer cells via PKC�-mediated activation of FAK/ERK
signaling.

The members of the syndecan family of heparan sulfate pro-
teoglycans contribute to cell adhesion and cell communication
by serving as co-receptors for cell signaling and extracellular
matrix (ECM)2 molecules (1). Similar to many other receptors,

the syndecans contain three domains (2) that have unique but
related functions in signal transduction. The extracellular
domain interacts with various extracellular ligands, including
growth factors, ECM molecules, cytokine, chemokines, and
enzymes (1), to accommodate the functional needs of the cells
(3). These interactions initiate signal transduction to regulate
cellular functions both inside and outside cells. In particular,
extracellular ligand binding induces clustering of syndecan
transmembrane domains to initiate intracellular signaling
events. Notably, syndecans contain a GXXXG motif that pro-
motes self-association with the core protein (4). In the context
of intracellular signaling, however, the cytoplasmic domain
sequence is the most critical for regulating syndecan-mediated
adhesion and cytoskeletal organization. The cytoplasmic
domain of syndecan is essentially composed of two regions of
conserved amino acid sequences, C1 and C2. The C1 region
participates in direct interactions with the ezrin-radixin-moe-
sin protein, tubulin, cortactin, and Src (5, 6); in syndecan-1, this
domain is involved in regulating endocytosis (7). The C2 region
contains a PDZ-binding motif and is responsible for regulating
syndecan recycling and exosome formation (8, 9). The C1 and
C2 regions are separated by a central variable sequence of
amino acids that is distinct for each family member (V) and
provides the unique function of each syndecan (10). The V
region of syndecan-1 is known to be involved in the regulation
of cell spreading and actin–fascin bundling (11). The synde-
can-4 V region contains an NPXY sequence that binds to phos-
phatidylinositol 4,5-bisphosphate and regulates syndecan-4
cytoplasmic domain oligomerization and PKC� activation (12–
14). In syndecan-2, the V region has the sequence RKPSSAA, in
which the two serine residues can be phosphorylated by PKC�,
-�, and -� (15–17). Indeed, the associations of the syndecan-2
cytoplasmic domain with PKCs are important for syndecan-2–
mediated functions. For example, PKC-�II directly interacts
with syndecan-2, enhances its membrane localization, and
increases melanin synthesis in melanoma cells (18). Moreover,
PKC� has been shown to mediate the development of the left–
right axis in the Xenopus heart (15). These previous results sup-
port the unique functional roles of the cytoplasmic domain of
syndecan-2 and show that these functions may be mediated
through serine phosphorylation.
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In colon cancers, various matrix metalloprotease (MMPs)
are overexpressed, and their increased expressions and activa-
tions have been correlated with cancer activity and poor prog-
nosis (19, 20). Human colon cancer cells reportedly overexpress
MMP-1, -2, -3, -7, -9, -10, -11, -12, -13, and -14 (21). Of them,
MMP-7 is consistently expressed in colon cancer cells (22), and
its enzymatic activity has been closely associated with colon
cancer progression and advanced clinical stages (23). MMP-7 is
well-known to directly cleave various ECM substrates, includ-
ing elastin, type II collagen, fibronectin, vitronectin, aggrecan,
and proteoglycan (24 –26). When promoting cancer activity,
MMP-7 also cleaves cell surface molecules; it has been shown to
promote the shedding of pro-TNF-�, Fas ligand, and heparan
sulfate proteoglycans in various cancers (27–29). We previ-
ously reported that syndecan-2 expression is increased in colon
cancer cells (30) and that increased syndecan-2 expression
enhances the tumorigenic potential of colon cancer cells (30 –
33). Therefore, the regulation of MMP-7 expression might be
critical to colon cancer progression.

We previously reported that syndecan-2 interacts with pro-
MMP-7 at the cell surface and that elevated syndecan-2 expres-
sion critically activates the processing of pro-MMP-7 into the
active form (30). Accordingly, we proposed that syndecan-2
could function as a docking receptor for pro-MMP-7. However,
it remained unknown how syndecan-2 might regulate the
expression of MMP-7 as a cell surface receptor. Here, we ana-
lyzed the ability of the syndecan-2 cytoplasmic domain to act as
a cell surface receptor in regulating MMP-7 expression.

Results

Syndecan-2 promotes MMP-7 expression by activating the
focal adhesion kinase (FAK)/ERK pathway

We previously reported that syndecan-2 expression triggers
MMP-7 expression in HT-29 colon cancer cells (30). To further
explore the mechanism through which syndecan-2 regulates
MMP-7 expression, we examined how the stable expression of
rat syndecan-2 affected human colon carcinoma cell lines
HT-29 and SNU-1235 (Fig. 1). Consistent with our previous
results (30), both HT-29 and SNU-1235 cells overexpressing rat
syndecan-2 showed an increase in the mRNA expression levels
of MMP-7, and knockdown of syndecan-2 expression by target-
specific siRNA reduced expression levels of MMP-7 in HT-29
cells (Fig. 1A), confirming involvement of syndecan-2 in
MMP-7 expression. To begin investigating the regulatory
mechanism underlying this effect in HT-29 cells, we examined
the effect of human syndecan-2 expression on tyrosine phos-
phorylation of FAK, which is a major regulator of cell adhesion
signaling (34, 35), and its activation critically involves autophos-
phorylation at tyrosine 397 (36, 37). As shown in Fig. 1B, our
analysis revealed that syndecan-2 expression increased the phos-
phorylation of FAK tyrosine 397, and knockdown of synde-
can-2 expression by target-specific siRNA reduced the phos-
phorylation of FAK tyrosine 397 in HT-29 cells (Fig. 1B).
Consistently, transfection of HA-tagged FAK-related non-ki-
nase (HA-FRNK), which is known to have a dominant negative
effect on FAK signaling (39, 40), reduced both the basal (Fig.
1C) and syndecan-2–induced (Fig. 1D) expression levels of

MMP-7 in HT-29 cells, suggesting that syndecan-2 regulates
MMP-7 expression through the FAK signaling pathway.

Consistent with previous reports that FAK can activate the
mitogen-activated protein kinase cascade during adhesion-me-
diated cell signaling (38), we observed increased phosphoryla-
tion of ERK, but neither p38 nor JNK, in HT-29 cells stably
expressing syndecan-2 (Fig. 1E). The syndecan-2–mediated
induction of MMP-7 expression was inhibited in cells treated
with the potent MEK inhibitor, PD98059, and the specific
ERK1/2 inhibitor, SCH772984 (Fig. 1F). Furthermore, synde-
can-2 expression increased the activity of the MMP-7 pro-
moter, but both PD98059 and SCH772984 reduced this effect
(Fig. 1G). Taken together, these data suggest that syndecan-2
expression up-regulates MMP-7 by activating the FAK/ERK
signaling pathway.

The cytoplasmic domain of syndecan-2 is crucial for its ability
to induce MMP-7 expression

We next investigated whether the cytoplasmic domain of
syndecan-2 was involved in its ability to induce MMP-7 expres-
sion. We expressed wild-type syndecan-2 or a syndecan-2
mutant lacking the entire cytoplasmic domain (�C31). As
expected, the exogenous expression of syndecan-2 increased
the expression of MMP-7 and the proteolytic activity of
MMP-7 in the HT-29 conditioned media (Fig. 2A). In contrast,
�C31 showed much lower expression levels of MMP-7 and the
proteolytic activity of MMP-7 in the HT-29 conditioned media
(Fig. 2A). Similar results were observed when we monitored
MMP-7 promoter activation; �C31 expression triggered much
less MMP-7 promoter activity than wild-type syndecan-2 (Fig.
2B). Parallel with reduced expression levels of both syndecan-2
and MMP-7 in the HT-29 conditioned media, �C31 showed
much less phosphorylation of FAK or ERK (Fig. 2C). These
findings indicate that the cytoplasmic domain is important for
the ability of syndecan-2 to mediate MMP-7 expression. Con-
sistent with this notion, compared with wild-type syndecan-2,
�C31 expression triggered much less cell migration activity (as
monitored using an xCELLigence system; Fig. 2D) and colony
formation (as assessed using a soft agar colony forming assay;
Fig. 2E). These data suggest that the syndecan-2 cytoplasmic
domain is essential for the ability of syndecan-2 expression to
increase MMP-7 expression in HT-29 colon cancer cells.

Phosphorylation of serine 198 in the variable region is
required for the ability of syndecan-2 to induce MMP-7
expression

The variable cytoplasmic domain is important for the func-
tional specificity of each syndecan (15, 41, 42). As the ability to
regulate MMP-7 expression is a unique feature of syndecan-2,
we examined the possible involvement of the cytoplasmic
domain in this effect. We generated truncated cytoplasmic
domain mutants lacking the C-terminal EFYA sequence (�C4),
the central region and the EFYA sequence (�C14) or the entire
cytoplasmic domain (�C31) (Fig. 3A). HT-29 cells were trans-
fected with vectors encoding the wild-type or mutant versions
of syndecan-2, and the mRNA expression of MMP-7 was
assessed by RT-PCR and quantitative real-time PCR. Com-
pared with vector-transfected cells, those expressing wild-type
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syndecan-2 exhibited enhanced expression of the MMP-7
mRNA. The mutant syndecan-2 harboring deletion of four
amino acid residues at the C terminus (the �C4 mutant) also
increased MMP-7 expression, whereas the other two deletion
mutants failed to enhance MMP-7 expression (Fig. 3A). The
same two deletion mutants, �C14 and �C31, both failed to
induce MMP-7 promoter activity (Fig. 3B) or increase colony-
forming activity (Fig. 3C). These findings suggest that the cen-
tral variable region of the cytoplasmic domain is important for
the ability of syndecan-2 to increase MMP-7 expression.

Because the syndecan-2 cytoplasmic domain contains
unique serine residues within the variable region, we hypothe-
sized that serine phosphorylation might be involved in the abil-
ity of syndecan-2 to regulate MMP-7 expression. To test this
possibility, we replaced serine 197 and/or 198 with either ala-
nine (to prevent potential phosphorylation) or glutamic acid (to
act as a phosphomimetic of phosphoserine) (Fig. 3D). Similar to
the results shown in Figs. 1 and 2, syndecan-2 overexpression
increased MMP-7 expression and the phosphorylations of FAK
tyrosine 397 and ERK. Interestingly, syndecan-2 mutants sub-

Figure 1. The syndecan-2 cytoplasmic domain regulates MMP-7 expression via FAK/ERK signaling. A, cells were transfected with either a rat syndecan-2
cDNA or oligomer si-syndecan-2 (si-hSDC2). The expression levels of the target mRNAs were analyzed by both RT-PCR (top) and quantitative real-time PCR
(bottom). Data are shown as mean � S.D. (error bars) (n � 3), normalized to GAPDH expression. *, p � 0.05; **, p � 0.01 versus control. B, control HT-29 and HT-29
cells stably overexpressing syndecan-2 were lysed with RIPA buffer, and equal amounts of total cell lysates (TCL) were subjected to immunoblotting with
the indicated antibodies (left). HT-29 cells were transfected with oligomer si-syndecan-2 for 48 h. Total cell lysates were subjected to immunoblotting
with the indicated antibodies (right). Quantitative analysis of three independent experiments was performed. Data are shown as mean � S.D. (n � 3),
normalized to total FAK expression. *, p � 0.05; **, p � 0.01 versus control. C and D, HT-29 cells (C) or HT-29 cells stably expressing syndecan-2 (D) were
transfected with 1 �g of control vector (VEC) or vectors encoding FRNK or FAK. After 24 h, the expression levels of the target mRNAs were analyzed by
RT-PCR (top). TCL were subjected to immunoblotting with the indicated antibodies. HA was detected as the transfection control. �-Actin was detected
as a control (middle). Conditioned media (CM) were immunoblotted with the MMP-7-specific antibody (bottom). E, equal amounts of TCL from HT-29
cells were subjected to immunoblotting with the indicated antibodies. Data are shown as mean � S.D. (n � 3), normalized to total ERK expression. *, p �
0.05 versus control. F, cells were treated with either 100 �M PD98059 or 1 �M SCH772984. After 5 h, the expression levels of the target mRNAs were
analyzed by RT-PCR. Both expression and phosphorylation of Erk1/2 were examined by Western blotting in triplicate. G, HT-29 cells stably expressing
syndecan-2 were co-transfected with PGL-3 basic or the MMP-7 promoter expression vector together with pCMV/�-galactosidase. After 24 h, the cells
were treated with 100 �M PD98059 or 1 �M SCH772984. After 5 h, luciferase activity and �-galactosidase activity were measured. Data are shown as
mean � S.D. (n � 3). *, p � 0.05 versus control.
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stituting serine 197 and 198 with alanine (AA) or glutamic acids
(EE) did not activate MMP-7 expression as much as wild-type
syndecan-2. However, syndecan-2 mutant AE, in which serine
197 was mutated to alanine and serine 198 was mutated to
glutamic acid, triggered higher-level MMP-7 expression than
wild-type syndecan-2, whereas syndecan-2 mutant EA, in
which serine 197 was mutated to glutamic acid and serine 198
was replaced with alanine, showed much reduced MMP-7
expression activity (Fig. 3D). These findings suggest that phos-
phorylation of serine 198 is crucial for the ability of syndecan-2
to trigger MMP-7 expression. Consistent with the above
results, AE, but not EA, induced phosphorylation of FAK tyro-
sine 397 (Fig. 3D) and enhanced the soft agar colony-forming
activity of HT-29 cells (Fig. 3E). Together, these data suggest
that phosphorylation of syndecan-2 serine 198 in the cytoplas-
mic domain is essential for the ability of syndecan-2 to induce
MMP-7 expression in HT-29 colon cancer cells.

Syndecan-2 requires PKC� to up-regulate MMP-7

It has been shown that the syndecan-2 cytoplasmic domain
can be serine-phosphorylated by PKC�, -�, and -� (15, 16). To
explore the potential involvement of PKCs in the syndecan-2–
mediated up-regulation of MMP-7, we treated HT-29 cells with

either phorbol 12-myristate 13-acetate (PMA; a highly potent
PKC activator) or bisindolylmaleimide I (GF 109203X; a com-
petitive PKC inhibitor) and examined MMP-7 expression over
time (Fig. 4). Our results revealed that PMA enhanced the basal
expression level of MMP-7 in vector control cells and further
enhanced the syndecan-2–mediated up-regulation of MMP-7
(Fig. 4, A and B). The syndecan-2–induced increase in MMP-7
expression was greatly reduced in cells expressing the cytoplas-
mic domain deletion mutant (�C31; Fig. 4, A and B). Moreover,
treatment with GF 109203X reduced syndecan-2–mediated
MMP-7 expression at 6 h and completely inhibited it after 24 h
(Fig. 4, A and B). Consistent with this finding, inhibition of PKC
activity blocked the ability of syndecan-2 to increase the soft
agar colony-forming activity of HT-29 cells (Fig. 4C). Together,
these data suggest that PKC activity is necessary for the ability
of syndecan-2 to induce MMP-7 expression.

To further investigate which PKCs are involved in the synde-
can-2 cytoplasmic domain-mediated up-regulation of MMP-7
expression, we examined PKC isotypes PKC�, -�, and -�, which
are known to phosphorylate serine residues in the syndecan-2
cytoplasmic domain (Fig. 5). As shown in Fig. 5A, HT-29 cells
expressed all three of these PKC isotypes. Both syndecan-2
overexpression and siRNA-mediated syndecan-2 knockdown

Figure 2. The cytoplasmic domain of syndecan-2 is critical for its ability to up-regulate MMP-7. A, schematic representations of WT syndecan-2 and the
syndecan-2 mutant lacking the entire cytoplasmic domain (�C31) (top). HT-29 cells were stably transfected with the vector encoding the syndecan-2 or �C31
mutant, and the expression levels of the target mRNAs were analyzed by RT-PCR and qPCR (bottom left). Data are shown as mean � S.D. (error bars) (n � 3),
normalized to total ERK expression. *, p � 0.05. Proteolytic activity of MMP-7 in the conditioned media was evaluated by quenched fluorescence peptide
cleavage assay (bottom right). Data are shown as mean � S.D. (n � 3). **, p � 0.01 versus SDC2. B, HT-29 cells stably expressing syndecan-2 or the �C31 mutant
were lysed with luciferase lysis buffer, and luciferase activity and �-galactosidase activity were measured. Data are shown as mean � S.D. (n � 3). *, p � 0.05.
C, HT-29 cells stably expressing syndecan-2 or the �C31 mutant were lysed with RIPA buffer. TCL and CM were immunoblotted with the indicated antibodies.
CM were subjected to slot blotting (SB) with anti-syndecan-2 antibody (bottom). D, cells were plated on RTCA CIM-plates and cultured for the indicated times,
and cell migration was monitored using the xCELLigence system. Representative results from three independent experiments are shown as mean � S.D. (n �
3). *, p � 0.05. E, cells were seeded on soft agar. After 17 days, colonies were stained with 0.005% crystal violet and counted. Data are shown as mean � S.D. (n �
3). **, p � 0.01.

Role of the syndecan-2 cytoplasm in MMP-7 expression

16324 J. Biol. Chem. (2017) 292(39) 16321–16332

 at E
w

ha M
edical L

ibrary on A
pril 25, 2019

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


failed to affect the levels of these PKC isotypes in HT-29 cells
(Fig. 5A). Interestingly, however, the overexpression of synde-
can-2 specifically induced the membrane localization of PKC�,
but not PKC� or PKC�, and syndecan-2 knockdown reduced
the membrane localization of PKC� (Fig. 5B). These findings
suggest that PKC� is involved in the syndecan-2 cytoplasmic
domain–mediated induction of MMP-7. Consistent with these
findings, the syndecan-2 cytoplasmic domain deletion mutant
(�C31) could not induce the membrane localization of PKC�
(Fig. 5C). Interestingly, none of the syndecan-2 mutants (AE,
AA, EE, or EA) induced the membrane localization of PKC�
(Fig. 5D), suggesting that PKC� localizes to the membrane but
might separate from the membrane following the phosphory-
lation of Ser-198.

To further analyze the interaction between syndecan-2 and
PKC�, we performed a GST-pulldown assay with purified GST-
tagged syndecan-2 protein and purified rat brain PKCs. The
GST-pulldown assay showed that, unlike PKC�II, which was
previously known to interact with syndecan-2 (18), we could
not detect direct interaction between recombinant syndecan-2
and PKC� under our experimental conditions (Fig. 5E), sug-
gesting indirect involvement of syndecan-2 on PKC� mem-

brane localization. In addition, immunostaining of HT-29 cells
with PKC�-specific antibody indicated that expression of wild-
type syndecan-2 increased the membrane localization of PKC�,
as also seen in HT-29 cells treated with PMA (Fig. 5F). In ad-
dition, FRNK-mediated inhibition of FAK activity did not affect
the membrane localization of PKC� (Fig. 5G), suggesting that
this localization is upstream of FAK activation. Taken together,
these results suggest that the syndecan-2 cytoplasmic domain-
mediated activation of PKC� is crucial for the ability of synde-
can-2 to induce MMP-7 expression.

Syndecan-2 cytoplasmic domain induces MMP-7 expression
independent of extracellular domain shedding

We previously showed that 1) the extracellular domain of
syndecan-2 can be shed from the cell surface (33); 2) MMP-7
mediates the extracellular domain shedding of syndecan-2 (32);
and 3) the shed syndecan-2 fragment enhances MMP-7 expres-
sion (33). We also proposed that syndecan plays a dual regula-
tory role as a cell surface receptor and docking receptor and
that this dual regulatory function enables syndecan-2 to regu-
late both intracellular and extracellular activities (43). There-
fore, we speculated herein that syndecan-2 might regulate

Figure 3. A serine residue in the variable region of the syndecan-2 cytoplasmic domain is important for its ability to upregulate MMP-7. A, schematic
representations of the studied versions of syndecan-2. The full-length syndecan-2 protein (WT), a mutant lacking the C-terminal EFYA sequence (�C4), a
mutant lacking half of the variable cytoplasmic domain and EFYA (�C14), and a mutant lacking the entire cytoplasmic domain (�C31) are shown (top). Cells
were stably transfected with the indicated mutant constructs, as described under “Experimental procedures.” Total RNA was extracted, and the expression
levels of syndecan-2 and MMP-7 were analyzed by RT-PCR (middle) and RT-qPCR (bottom). Data are shown as mean � S.D. (error bars) (n � 3), normalized to
GAPDH expression. *, p � 0.05. B, the indicated cells were lysed with luciferase lysis buffer, and luciferase activity and �-galactosidase activity were measured.
Data are shown as mean � S.D. (n � 3). *, p � 0.05. C, the indicated cells were seeded on soft agar. After 17 days, colonies were stained with 0.005% crystal violet
and counted. Data are shown as mean � S.D. (n � 3). *, p � 0.05. D, schematic representation of the studied versions of the syndecan-2 cytoplasmic domain.
Shown are the WT syndecan-2 cytoplasmic domain and mutants in which serines 197 and 198 were changed to alanine and glutamic acid, respectively (AE);
glutamic acid and alanine, respectively (EA); alanine and alanine (AA); and glutamic acid and glutamic acid (EE) (top). Cells were stably transfected with the
indicated mutant constructs. After 24 h, the expression levels of the target mRNAs were analyzed by RT-PCR and RT-qPCR (bottom left). TCL were subjected to
immunoblotting with the indicated antibodies, and quantitative analysis of three independent experiments was performed (bottom right). Quantitative
analysis of three independent experiments was performed and normalized to GAPDH or total FAK expression. Data are shown as mean � S.D. (n � 3). *, p �
0.05. E, the indicated cells (1 � 105 cells/well) were seeded on soft agar. After 17 days, colonies were stained with 0.005% crystal violet and counted. Data are
shown as mean � S.D. (n � 3); *, p � 0.05.
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MMP-7 expression through both cytoplasmic domain–
mediated signal transduction (as a cell surface receptor) and
shed syndecan-2–mediated signal transduction (as an extracel-
lular ligand). To clarify the potential cell surface receptor–
related effect of syndecan-2 on MMP-7, we generated a non-
cleavable syndecan-2 mutant (NC) (33) and an NC lacking the
entire cytoplasmic domain (NC�C31) (Fig. 6A). We then trans-
fected cells with vectors encoding the wild-type and mutant
versions of syndecan-2 and examined MMP-7 expression over
time. At 24 h post-transfection, cells expressing wild-type syn-
decan-2 and the NC mutant showed comparable enhance-
ments of MMP-7 expression, whereas NC�C31 failed to induce
MMP-7 expression (Fig. 6B). At 48 h post-transfection, the NC
mutant-induced MMP-7 expression was significantly lower
than induced by wild-type syndecan-2 (Fig. 6C). This suggests
that syndecan-2 induces MMP-7 expression mainly via the
cytoplasmic domain soon after transfection and that shed syn-
decan-2 mediates MMP-7 expression later on, after MMP-7
has accumulated to a sufficient degree. Consistent with this
notion, the levels of shed syndecan-2 were higher in the condi-
tioned media of HT-29 cells transfected with a syndecan-2–
expressing construct compared with vector-transfected cells,
but the observed increases were progressively less dramatic in
cells expressing the NC and NC�C31 mutants (Fig. 6C).

Because both syndecan-2 and shed syndecan-2 have been
shown to regulate cell migration (31–33), we performed a real-
time migration assay using an xCELLigence system (Fig. 6D).

Over 19 h, overall cell migration was markedly higher in HT-29
cells expressing wild-type syndecan-2 than in cells expressing
any of the tested mutants (NC, �C31, and NC�C31; Fig. 6D). At
5 h after plating, however, the NC mutant (but not �C31 or
NC�C31) was associated with an increase of cell migration
comparable with that seen in cells expressing wild-type synde-
can-2 (Fig. 6D). This suggests that syndecan-2–induced cell
migration is dependent on the syndecan-2 cytoplasmic domain
at the early stage of syndecan-2 expression. Similarly, HT-29
cells expressing the syndecan-2 mutants showed much less col-
ony-forming activity compared with those expressing wild-type
syndecan-2 (Fig. 6E). Taken together, our findings strongly sug-
gest that the syndecan-2 cytoplasmic domain induces MMP-7
expression via FAK/ERK signaling and independent of extracel-
lular domain shedding.

Discussion

Although syndecans are highly conserved among family
members and species, each syndecan has one or more unique
functional roles that are critically governed by the variable cyto-
plasmic domain. The syndecan-2 cytoplasmic domain is known
to be involved in regulating MMP-7 expression, but the under-
lying mechanism was previously unknown. Here, we investi-
gated the regulatory role of the syndecan-2 cytoplasmic domain
in detail and show that the syndecan-2 cytoplasmic domain
regulates MMP-7 expression through the PKC�-mediated acti-
vation of FAK/ERK signaling. Our results revealed that overex-

Figure 4. PKC activity is required for the ability of syndecan-2 to up-regulate MMP-7. A and B, HT-29 cells stably expressing syndecan-2 or the �C31
mutant were treated with 50 ng/ml PMA or 0.1 �M GF109203X. At 6 and 24 h post-treatment, the expression levels of the target mRNAs were analyzed by
RT-PCR and RT-qPCR. Data are shown as mean � S.D. (error bars) (n � 3), normalized to GAPDH expression. *, p � 0.05. A, conditioned media were collected from
the indicated cells and immunoblotted with the MMP-7–specific antibody (B). C, HT-29 cells with or without stable expression of syndecan-2 were treated with
0.1 �M GF109203X. After 24 h, the cells were seeded on soft agar and grown for 17 days. The colonies were then stained with 0.005% crystal violet and counted.
Data are shown as mean � S.D. (n � 3). *, p � 0.05.
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pression of syndecan-2 up-regulated MMP-7, enhanced the
membrane localization of PKC� (Fig. 5), and increased the phos-
phorylations of FAK tyrosine 397 and ERK (Fig. 1). In contrast,
deletion of either the entire cytoplasmic domain or the serine
residue– containing variable region diminished the ability of
syndecan-2 to enhance MMP-7 expression, suggesting that the
variable region of the cytoplasmic domain plays an important
role in this effect. Because syndecan-2 is the only syndecan
known to regulate MMP-7 expression as a cell surface receptor,
this involvement of the variable region is not unexpected. Syn-
decan-2 is unique among the syndecans in that its cytoplasmic
domain contains two serine residues in the variable region.
Therefore, it is highly plausible that the regulatory function of
syndecan-2 could be closely related to serine phosphorylation.
A previous study showed that PKC� mediates the phosphory-
lation of the syndecan-2 cytoplasmic domain to regulate
syndecan-2–mediated inside-out signaling during the left–
right development of Xenopus (15). PKC�II was shown to be
involved in regulating syndecan-2–mediated melanogenesis in
melanocyte-derived cells (18), and PKC� was found to regulate
syndecan-2–induced apoptosis in osteoblasts (44). In addition,
Oh et al. (41) and Prasthofer et al. (17) reported that classical
PKC directly phosphorylates serine residues in the variable

region of the syndecan-2 cytoplasmic domain. Our present
findings suggest that PKC� is a major regulator of syndecan-2
cytoplasmic domain serine phosphorylation, because synde-
can-2 expression in HT-29 cells increased the membrane local-
ization of PKC� but not PKC� (Fig. 5). In addition, our
experiments using a phosphomimetic mutant showed that
phosphorylation of serine 198 in the variable region of syn-
decan-2 was involved in its ability to activate FAK and sub-
sequently increase MMP-7 expression (Fig. 3). This may
explain the specific ability of syndecan-2 to regulate MMP-7
expression. Interestingly, however, neither of the phospho-
mimetic mutants for serine 197 (EA or EE) increased the
expression of MMP-7; instead, cells expressing these
mutants showed less induction of MMP-7 than those
expressingwild-typesyndecan-2(Fig.3).Thissuggeststhatphos-
phorylation is specifically required for the syndecan-2–
mediated up-regulation of MMP-7 expression. Furthermore,
our data indicate that excess phosphorylation at serine 197
may negatively regulate the ability of syndecan-2 to regulate
MMP-7 expression. Our findings thus confirm the specific
role of the cytoplasmic domain and suggest that the PKC
isotypes play different regulatory roles in different cell types
and for different functions.

Figure 5. Syndecan-2 expression increases membrane localization of PKC�. A and B, HT-29 cells stably transfected with syndecan-2 or si-syndecan-2
(si-hSDC2) oligomer. After 48 h, the PKC isotypes in TCL were determined by immunoblotting with isotype-specific antibodies. GAPDH was used as a loading
control (A). The indicated cells were fractionated, and the amounts of the different PKC isotypes in the membrane fraction were analyzed by immunoblotting
with isotype-specific PKC antibodies. Integrin �1 was used as a loading control (B). C and D, HT-29 cells stably expressing the syndecan-2, �C31, AA, EE, AE, or
EA mutant constructs were subjected to membrane fractionation, and the amount of PKC� in the membrane fraction was analyzed by immunoblotting with
an isotype-specific PKC antibody. Integrin �1 was used as a loading control. Data are shown as mean � S.D. (error bars) (n � 3), normalized to total FAK
expression. *, p � 0.05. E, purified GST-SDC2 was incubated with rat brain PKCs for 2 h. Bound proteins were immunoblotted with anti-PKC antibodies. F, HT-29
cells were treated with 20 nM PMA for 4 h and immunostained with the PKC� antibody. The percentage of PKC� membrane localization (cells showing
membrane localization/total cells) is presented (left). HT-29 cells with or without stable expression of syndecan-2 were immunostained with the PKC� antibody.
The percentage of PKC� membrane localization (cells showing membrane localization/total cells) is presented (right). Scale bars, 20 �m. Data are shown as
mean � S.D. (n � 3). *, p � 0.05. G, HT-29 cells stably expressing syndecan-2 were transfected with either control (VEC) or an expression vector encoding FRNK.
After 24 h, the amount of PKCs in the membrane fraction was analyzed by immunoblotting with an isotype-specific PKC antibody. Integrin �1 was used as a
loading control.
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Along with PKC, FAK is an important regulator of adhesion-
mediated signaling. Syndecan-2 has been reported to regulate
FAK activity in fibrosarcoma and melanoma cells (45, 46). Here,
we show that syndecan-2 expression enhances FAK tyrosine
397 phosphorylation and the activity of ERK, which is a down-
stream effector of FAK, in colon cancer cells (Fig. 1, B–E). In
colon cancer cells, the ERK MAPK pathway is critically impor-
tant for intestinal epithelial differentiation, tumor progression,
and oncogenic behaviors (47). Here, we found that inhibition of
ERK reduced the syndecan-2–triggered expression of MMP-7
in HT-29 cells (Fig. 1, F and G), suggesting that the FAK/ERK
pathway is an important regulator of syndecan-2–induced
MMP-7 expression. Interestingly, inhibition of FAK activity via
the application of FRNK diminished the syndecan-2–mediated
up-regulation of MMP-7 (Fig. 1D) but did not alter the synde-
can-2-induced membrane localization of PKC� (Fig. 5G). This
suggests that the membrane localization of PKC� is upstream
of FAK phosphorylation.

We also previously showed that MMP-7 can induce shedding
of the extracellular domain of syndecan-2 (32) and that shed

syndecan-2 can induce MMP-7 expression as a cell surface
ligand (33). To analyze the role of the syndecan-2 extracellular
domain, we explored and compared the effects of wild-type
syndecan-2, a non-cleavable syndecan-2 mutant (NC), and an
NC mutant lacking the cytoplasmic domain (NC�C31; Fig. 6).
Our data revealed that wild-type syndecan-2 and the NC
mutant induced MMP-7 expression to comparable degrees at
an early stage of syndecan-2 transfection, whereas the NC�C31
mutant induced much less MMP-7 expression at this point (Fig.
6). This confirmed that the cytoplasmic domain of syndecan-2
is important for its ability to up-regulate MMP-7. Interestingly,
the NC�C31 mutant, but not the NC mutant, significantly
reduced syndecan-2–mediated cell migration and colony-
forming activity (Fig. 6, D and E). This was somewhat unex-
pected, as we previously showed that syndecan-2–mediated cell
migration was reduced in cells expressing the NC mutant (33).
The present findings suggest that MMP-7 is likely to be impor-
tant to the ability of syndecan-2 to regulate cancer cell activity.
Because syndecan-2–induced cell migration could reflect the
abilities of syndecan-2 to up-regulate MMP-7 as both a cell

Figure 6. The syndecan-2 cytoplasmic domain induces MMP-7 expression independent of extracellular domain shedding. A, schematic representations
of the studied syndecan-2 proteins rat syndecan-2 WT, the L149I non-cleavable mutant (NC), the syndecan-2 mutant lacking the whole cytoplasmic domain
(�C31), and the L149I non-cleavable mutant lacking the whole cytoplasmic domain (NC�C31). B, HT-29 cells were transfected with 1 �g of vectors encoding
WT syndecan-2 or the �C31, NC, or NC�C31 mutants. Total RNA was extracted, and the expression levels of the target mRNAs were analyzed by RT-PCR. GAPDH
was used as a loading control (top left). The expressions of MMP-7 were analyzed by RT-qPCR (bottom left). TCL were subjected to immunoblotting with the
indicated antibodies. GAPDH was detected as a control (top right), and quantitative analysis of three independent experiments was performed (bottom right).
Data are shown as mean � S.D. (error bars) (n � 3), normalized to GAPDH expression or total FAK expression. *, p � 0.05 versus SDC2. C, HT-29 cells were
transfected with 1 �g of vectors encoding WT syndecan-2 or the NC or NC�C31 mutants. After the indicated times, the expression levels of the target mRNAs
were analyzed by RT-PCR (top), and conditioned media were subjected to slot blotting (SB) with anti-syndecan-2 antibody (bottom). D, HT-29 cells were
transfected with 1 �g of vectors encoding WT syndecan-2 or the �C31, NC, or NC�C31 mutants and plated on RTCA CIM-plates. After the indicated times, cell
migration was monitored using an xCELLigence system. Representative results from three independent experiments are shown as mean � S.D. *, p � 0.05
versus SDC2. E, the indicated cells (1 � 105 cells/well) were seeded on soft agar. After 17 days, colonies were stained with 0.005% crystal violet and counted.
Shown are representative results from three independent experiments. Data are shown as mean � S.D. (n � 3). *, p � 0.05 versus SDC2.
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surface receptor and a shed ligand, we monitored cell migration
in real time (Fig. 6D). Interestingly, at an early stage of cell
transfection, cell migration was dependent on the expression of
syndecan-2 (Fig. 6C), presumably reflecting its action as a “cell
surface receptor.” Later, however, shed syndecan-2 appeared to
play a more important role in regulating cell migration and
other cancer activities. We speculate that significant levels of
MMP-7 are present by this time, due to the actions of the syn-
decan-2 cytoplasmic domain as a cell surface receptor. More-
over, syndecan-2 shedding is increased at this point. Thus, we
believe that syndecan-2 regulates MMP-7 expression and colon
cancer activity as both a cell surface receptor and a soluble
ligand. In addition, our findings indicate that syndecan-2–
mediated MMP-7 expression is critical at the early stage of can-
cer progression, whereas MMP-7–mediated syndecan-2 shed-
ding is more important at the later stage. Thus, our study
suggests that anti-cancer efforts targeting such signaling mole-
cules may need to use different strategies during different
stages of cancer progression.

Our experiments further reveal that when syndecan-2
expression is increased in colon cancer cells, its cytoplasmic
domain activation triggers the membrane localization of PKC�,
which may then induce the activating phosphorylation of syn-
decan-2 serine 198. The activated syndecan-2 cytoplasmic
domain then activates FAK/ERK signaling to up-regulate
MMP-7 expression. Based on our further findings, we propose
that after syndecan-2 acts as a cell surface receptor to induce
MMP-7 expression, the generated MMP-7 promotes the extra-
cellular shedding of syndecan-2, and the shed syndecan-2 acts
as a soluble ligand to additionally enhance the expression of
MMP-7 (Fig. 7). To our knowledge, this is the first study exam-
ining the molecular mechanisms that regulate syndecan-2–
mediated MMP-7 expression in colon cancer cells that model
an early stage of cancer progression.

Experimental procedures

Antibodies and materials

An antibody capable of recognizing human, rat, and mouse
syndecan-2 was produced by AdipoGen Inc. (Incheon, Korea)

using the Fc-fused extracellular domain of syndecan-2. Mono-
clonal anti-MMP-7 was obtained from Abcam (Cambridge,
UK). Monoclonal anti-phosphotyrosine (4G10) was purchased
from Upstate Biotechnology, Inc. (Lake Placid, NY). The poly-
clonal antibodies against site-specific phosphorylated FAK
(FAK-Tyr(P)397), FAK, phospho-p38, phospho-JNK, p38, and
JNK were obtained from Cell Signaling (Danvers, MA). Mono-
clonal anti-ERK, anti-phospho-ERK, anti-�-actin, anti-GST,
and anti-HA and polyclonal anti-PKC�, anti-PKC�II, and anti-
integrin �1 were purchased from Santa Cruz Biotechnology,
Inc. (Dallas, TX). Monoclonal anti-PKC� was purchased from
BD Biosciences. PD98059 was purchased from Cell Signaling.
SCH772984 and PMA was purchased from Sigma. GF109203X
was purchased from Millipore (Billerica, MA).

Cell culture and transfection

The HT-29 human colon adenocarcinoma cell line (ATCC�
HTB-38TM) was purchased from ATCC (Manassas, VA), and
the SNU-1235 human colon adenocarcinoma cell line was pur-
chased from the Korean Cell Line Bank (KCLB, Seoul, Korea).
HT-29 cells were maintained in McCoy’s 5A complete medium
(Welgene, Daegu, Korea), and SNU-1235 cells were maintained
in Roswell Park Memorial Institute 1640 complete medium
(RPMI 1640) (Welgene, Daegu, Korea) supplemented with 10%
(v/v) FBS (Hyclone, Logan, UT) and gentamycin (50 g/ml;
Sigma) at 37 °C in a 5% CO2-containing humidified atmo-
sphere. Transfections were performed using the Viva Magic
transfection reagent (Vivagen, Gyeonggi-Do, Korea) according
to the manufacturer’s instructions. HT-29 cells (4.0 � 105 cells/
well) and SNU-1235 cells (3.0 � 106 cells/well) were plated on
6-well plates, incubated at 37 °C for 24 h, and then transfected
with the generated expression vectors. siRNA transfection was
performed in 60-mm dishes using Lipofectamine 2000 (Invit-
rogen) according to the manufacturer’s instructions.

Vector construction and generation of stable cell lines

Expression vectors encoding HA epitope–tagged WT FAK
(pKH3-HA-FAK) and FRNK (pKH3-HA-FRNK) were kindly
provided by Dr. Jun-Lin Guan (Cornell University, Ithaca, NY).
The cytoplasmic deletion mutant of rat syndecan-2, the �C4
construct deletion of amino acids 198 –201, the �C14 construct
deletion of amino acids 188 –201, and the �C31 construct dele-
tion of amino acids 181–211 were constructed by PCR amplifi-
cation (31). Double point mutants in the cytoplasmic domain of
syndecan-2 (i.e. AA (S197A/S198A), EE (S197E/S198E), AE
(S197A/S198E), and EA (S197E/S198A)) were constructed by
commercial gene synthesis (Bioneer, Daejeon, Korea). The
deletion or point mutants were inserted into the pcDNA3.1
expression vector (Invitrogen). To generate cell lines stably
expressing the various versions of syndecan-2, HT-29 cells (1 �
105) were transfected with 1 �g of empty pcDNA3.1 (control),
pcDNA3.1-FLAG-Syndecan-2 (wild type), �C4, �C14, �C31,
AA, EE, AE, or EA and then selected in medium containing 400
�g/ml G418 (EMD Biosciences, San Diego, CA) for 4 weeks.
The surviving clones were individually isolated and analyzed by
FACS and RT-PCR.

Figure 7. Syndecan-2 cytoplasmic domain regulates MMP-7 expression
via protein kinase C�–mediated FAK/ERK signaling pathway.
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RT-PCR

Total RNA was extracted from cells and reverse transcribed.
Aliquots of the resulting cDNAs were amplified using the
following primers: rat syndecan-2, 5�-ATGCGGGTACGAGC-
CACGTC-3� (forward) and 5�-CGGGAGCAGCACTAGT-
GAGG-3� (reverse); human MMP-7, 5�-GGTCACCTA-
CAGGATCGTATCATAT-3� (forward) and 5�-CATCACTG-
CATTAGGATCAGAGGAA-3� (reverse); human �-actin, 5�-
TGGAATCCTGTGGCATCCATGAAA-3� (forward) and 5�-
TAAAACGCAGCTCAGTAACAGTCCG-3� (reverse); human
GAPDH, 5�-CCACCCATGGCAAATTCCATGGCA-3� (for-
ward) and 5�-TCTAGACGGCAGGTCAGGTCCACC-3�
(reverse); and human syndecan-2, 5�-ACATCTCCCCTTT-
GCTAACGGC-3� (forward) and 5�-TAACTCCATCTC-
CTTCCCCAGG-3� (reverse). After an initial denaturation at
94 °C for 5 min, the samples were subjected to 30 cycles of
denaturation at 94 °C for 30 s, annealing at 55 °C for 60 s, and
extension at 72 °C for 60 s. Human GAPDH and human �-actin
were amplified as internal controls. The generated PCR prod-
ucts were separated by 1% agarose gel electrophoresis.

Quantitative real-time PCR

Quantitative real-time PCR was performed using the
CFX96TM real-time PCR detection system (Bio-Rad) in a two-
step procedure using SensiFASTTM SYBR� Hi-ROX kit (Bio-
Line, London, UK). Amplification of GAPDH was performed to
standardize the amount of sample cDNA. Primer sequences
were as follows: GAPDH, 5�-CCTCAAGATCATCA-
GCAAT-3� (forward) and 5�-CCATCCACAGTCTTCT-
GGGT-3� (reverse); human syndecan-2, 5�-CTGGGAATATC-
CGTGCCAGG-3� (forward) and 5�-AGTTGAAGAAAACTG-
GATGTCAGTC-3� (reverse); human MMP-7, 5�-GGCTTTA-
AACATGTGGGGCA-3�(forward) and 5�-GGCCCATCA-
AATGGGTAGGA-3� (reverse). All reactions were performed
in a 96-well plate using the following cycling conditions: 40
cycles of 95 °C for 15 s, 60 °C for 30 s, and 72 °C 1 min. Using the
��CT method, the value of each control sample was set at 1 and
used to calculate the -fold change of target genes.

siRNAs

Two human syndecan-2 siRNA constructs, number 1 (cata-
log no. 1134290) (sense, 5�-CAGCAAACCCAAAGAUGUU-
3�; antisense, 5�-AACAUCUUUGGGUUUGCUG-3�) and
number 2 (catalog no. 1134292) (sense, 5�-CUCAGAUUGAC-
CUUACCAA-3�; antisense, 5�-UUGGUAAGGUCAAUCU-
GAG-3�) were obtained from a predesigned siRNA library from
Bioneer. An additional oligonucleotide (number 3) was pur-
chased from Dharmacon, Inc. The oligonucleotide sequence
was as follows: 5�-GATCCCCTGACGATGACTACGC-
TTCTTTCAAGAGAACTGCTACTGATGCGAAGATT-
TTTGGAAA-3� (sense) and 5�-AGCTTTTCCAAAAATG-
ACGATGACTACGCTTCTTCTCTTGAAACTGCTACT-
GATGCGAAGAGGG-3� (antisense).

MMP enzyme assay

Catalytic activity of MMP-7 was analyzed by a peptide
cleavage assay using a quenched fluorescent peptide,

7-methoxycoumarin-4-yl–acetyl-Pro-Leu-Gly-Leu–N-3(2,4-
dinitrophenyl)-L-2,3-diaminopropionyl–Ala-Arg–NH2 (cata-
log no. M-1895, Bachem), as a substrate (49). The reactions
were performed in a final volume of 100 �l of MMP assay buffer
(20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM CaCl2, 0.5 mM

ZnCl2, 0.001% Brij35) in the presence of 1 �M oligopeptide and
50 �l of conditioned media for 4 h at 37 °C. The reaction was
stopped by the addition of 0.1 M (final concentration) sodium
acetate, pH 4.0. Fluorescence was determined at an excitation
wavelength of 328 nm and at an emission wavelength of 393 nm
with a KONTRON SFM 25 fluorometer (50).

Immunoblotting

Cultures were washed twice with PBS, and the cells were
lysed with RIPA buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1%
Nonidet P-40, 10 �M NaF, and 2 �M Na3VO4) containing a
protease inhibitor mixture (1 �g/ml aprotinin, 1 �g/ml anti-
pain, 5 �g/ml leupeptin, 1 �g/ml pepstatin A, and 20 �g/ml
phenylmethylsulfonyl fluoride). Cell lysates were clarified by
centrifugation at 13,000 rpm for 15 min at 4 °C, denatured with
SDS-PAGE sample buffer, boiled, and analyzed by SDS-PAGE.
Proteins were transferred to 0.45-�m nitrocellulose blotting
membranes (GE Healthcare) and probed with the appropriate
antibodies. Signals were detected using an Odyssey CLx imager
(LI-COR Biosciences, Lincoln, NE), and the data were analyzed
with the Image Studio Lite software (LI-COR Biosciences).

Cellular fractionation

Culture plates were washed twice with PBS and then treated
with a hypo-osmotic solution (20 mM Tris-HCl, pH 7.5, 2 mM

2-mercaptoethanol, 5 mM EGTA, 2 mM EDTA) containing a
protease inhibitor mixture. The cells were then scraped off of
the plates and homogenized on ice, and the homogenate was
centrifuged at 13,000 � g for 15 min at 4 °C. To collect the
membrane fraction, the remaining pellet was solubilized in
RIPA buffer containing a protease inhibitor mixture. Equal
amounts of lysates were resolved by SDS-PAGE, transferred to
NC membranes, and probed with the indicated antibodies.

TCA precipitation and slot blotting

Conditioned media were collected, and proteins were con-
centrated by TCA precipitation (48). Conditioned medium
samples were applied to the membrane on a Bio-Dot SF appa-
ratus (Bio-Rad). The membrane was stained with Ponceau S (as
a control) and then blocked in 0.05% Tween 20 in TBS (TBST;
50 mM Tris-HCl, pH 7.4, 150 mM NaCl) containing 5% skim
milk. The membrane was washed with TBST and probed with
the appropriate primary antibody (MMP-7 mAb or syndecan-2
mAb) for 24 h at 4 °C. The blots were then probed with a spe-
cies-specific secondary antibody of IRDye 800CW-conjugated
goat anti-mouse, and the signals were detected with an Odyssey
CLx imager (LI-COR Biosciences).

Luciferase assay

HT-29 cells stably expressing the various versions of synde-
can-2 and the corresponding control cells were plated to 6-well
plates. After 24 h, the cells were co-transfected with 1 �g of
pGL3-basic vector or MMP-7(�2344) reporter constructs (a
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generous gift from Dr. Seung-Teak Lee at Yonsei University)
together with 0.1 �g of pCMV/�-galactosidase (Clontech, Palo
Alto, CA) (normalizing control), using the Viva Magic transfec-
tion reagent (Vivagen). Twenty-four hours post-transfection,
the cells were washed with PBS and lysed with the buffer pro-
vided in the utilized luciferase assay kit (Promega, Madison,
WI). Soluble extracts were harvested and assayed for luciferase
and �-galactosidase activities, according to the manufacturer’s
instructions. To normalize the luciferase values for transfection
efficiency, the results are presented as relative luciferase units
(luciferase activity/�-galactosidase activity).

Cell migration and colony-forming assays

Cell migration was monitored in real time using an xCELL-
igence system (Roche Diagnostics GmbH, Basel, Switzerland).
The lower chambers of a CIM-plate 16 (8-�m pore size) were
filled with fresh medium containing 10% FBS, the upper cham-
bers were filled with serum-free medium (30 �l/well), and the
plate was incubated at 37 °C in 5% CO2 for 1 h. The background
was measured using an RTCA DP Analyzer (RTCA software
version 1.2, ACEA Biosciences). Transfected HT-29 cells (4 �
104 cells/well) were added to each well, and the plate was incu-
bated at 25 °C. After 30 min, the plate was assembled onto the
RTCA DP Analyzer, and cell migration was assessed at 5-min
intervals for 48 h under conditions of 37 °C and 5% CO2. The
data obtained were analyzed using the provided RTCA soft-
ware. To assess colony formation, 6-well culture plates were
coated with 3 ml/well bottom agar mixture (McCoy’s 5A, 10%
FBS, 0.6% agar). After the bottom layer had solidified, 1 ml of
top agar mixture (McCoy’s 5A, 10% FBS, 0.3% agar) containing
HT-29 cells (1 � 105 cells/well) was added to each well, and the
cultures were incubated at 37 °C in a 5% CO2 atmosphere. Col-
ony formation was monitored daily with a light microscope.
After 17 days, the colonies were stained with 0.005% crystal
violet and photographed with a digital camera.

Immunofluorescence analysis

Cells cultured in coverslips in 12-well plates were fixed with
3.5% paraformaldehyde for 10 min. The cells were then washed
with PBS, blocked with 0.5% BSA, and incubated overnight with
anti-PKC� antibodies at 4 °C. For detection of intracellular pro-
teins, the cells were permeabilized with 0.5% Triton X-100 in
PBS for 10 min before the blocking step. After a further wash
with PBS, the cells were incubated with fluorescent dye-conju-
gated secondary antibodies (Invitrogen) for 1 h at 25 °C. The
coverslips were mounted on glass slides with mounting solu-
tion, and the results were imaged under a confocal fluorescence
microscope (Carl Zeiss, Gottingen, Germany).

GST pull-down assay

Rat brain PKCs was purified by ion exchange chromatogra-
phy as described previously (51). Recombinant GST–synde-
can-2 proteins were purified on glutathione-agarose beads as
described previously (14). Bead-bound proteins were mixed
with purified PKC� or -� and incubated at 4 °C on a rotator for
2 h. The precipitated complexes were eluted with SDS sample
buffer, resolved by SDS-PAGE, and immunoblotted with anti-
PKC antibodies.

Statistical analysis

Data are presented as the means from at least three indepen-
dent experiments. Statistical analysis was performed using an
unpaired Student’s t test. A p value � 0.05 or � 0.01 was con-
sidered statistically significant.
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