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Abstract

Syndecan-2 was found to detach from RACK1 and associate with caveolin-2 and Ras in cells transformed with oncogenic ras. Most
of syndecan-2 from transformed cells was revealed with negligible phosphorylations at tyrosine residues. We experimented with HeLa
cells transfected with plasmids encoding syndecan-2 and its mutants (syndecan-2Y180F, syndecan-2Y192F, and syndecan-2Y180,192F) to pro-
vide evidences that PY180 of syndecan-2 is a binding site for RACK1 and is deprived in cells transfected with oncogenic ras. However, in
HeLa cells transfected with syndecan-2Y180F, RACK1 was found to sustain its reactions with syndecan-2 independent of phosphoryla-
tion. The finding of syndecan-2 reactive with caveolin-2/Ras suggests the molecular complex most likely to obstruct RACK1 for func-
tional attachment at syndecan-2, as revealed in cells transfected with oncogenic ras. We provided evidences to reinforce the view that
molecular rearrangements upon transformation are specific and interesting.
� 2006 Elsevier Inc. All rights reserved.
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Thirty percent of all human cancers express oncogeni-
cally activated ras, and its occurrence is common in
patients with pancreatic cancer (90%), colorectal cancer
(50%), and lung cancer (20%) [1]. Ras proteins are plasma
membrane-bound GTP-binding proteins that play a key
role in mitotic signal transduction [2]. Mutations that acti-
vate Ras in the GTP-locked form constitutively result in
uncontrolled cell growth and a common contributor to
malignant transformation [3]. The Ras protein is synthe-
sized as a cytosolic precursor and is localized to the inner
plasma membrane only after it undergoes a series of
post-translational modifications that are triggered by pre-
nylation [2].

Mammalian cells express three ras genes that encode
four Ras proteins (H-, N-, KA-, and KB-Ras), and the most
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prevalent activated Ras in human cancers is of the K-type
[1]. All mammalian Ras proteins are prenylated by protein
farnesyltransferase [4], except KB-Ras, which is additional-
ly acylated by protein geranylgeranyltransferase I [5,6].
Similarly prenylated mechanism was evidenced in S-Ras
of shrimp Penaeus japonicus which shares 85% homology
with mammalian KB-Ras protein, with identity in the
guanine nucleotide binding domains, but differences in
the lysine-rich region, which is replaced with arginine clus-
ters in S-Ras [7].

Syndecans are located between extracellular matrix and
intracellular cytoskeleton [8]. The amount of cell surface
syndecan is controlled by reduced expression or shedding
in accord with morphological changes, as induced by trans-
formation with oncogenic ras [9]. The syndecans are a four-
member family of transmembrane cell surface heparan
sulfate proteoglycans that are characterized by highly con-
served transmembrane and cytoplasmic domains [10], and
molecule distinctive extracellular domain to carry out sim-
ilar but non-identical functions [10,11]. Four conserved
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tyrosine residues (Y170, Y180, Y192, and Y201) that are 100%
conserved among four vertebrate syndecans in mammals
[10,11] that are modified by Src [12–15]. This phosphoryla-
tion event may result in a shift of syndecans from non-raft
to caveolae [16].

Caveolae are composed of caveolins, a family of
20–24 kDa integral membrane proteins [17]. The N-termi-
nal and C-terminal domains of caveolin face the cytoplasm
[18,19], allowing them to interact freely as a ‘‘molecular
switch’’ to inactivate and sequester GTP binding proteins
such as H-Ras, as well as Src. Four novel caveolin-related
proteins, caveolin-1a, caveolin-1b, caveolin-2, and caveo-
lin-3, have been identified in mammals [20–22], caveolin-
1a and caveolin-1b being splice variants of the same gene.

Cellular signal transduction cascades are regulated
through precise compartmentalization of signaling pro-
teins. Compartmentalization of signaling proteins such as
kinase and phosphatases is achieved by their interaction
with scaffolding proteins [23,24], such as receptors for
activated C-kinase (RACKs). Two RACKs have been
identified; RACK1 is a homologue of the guanine nucleo-
tide-binding protein (G protein) b subunit [25,26], and
RACK2 is the coatomer protein b 0-COP [27].

The present study was designed to test whether syndec-
an-2 functions as a specific site to rearrange molecules for
oncogenic ras signaling. Therefore, we experimented with
mammalian BALB/3T3 cells transfected with plasmids
containing the S-ras(Q61K) to determine whether syndec-
an-2 associated directly with Ras. Because protein phos-
phorylation plays a critical role in the generation of
intracellular signals in response to external stimuli, we
investigated whether syndecan-2 becomes phosphorylated
or not upon transformation with oncogenic ras, and
whether this event interrupts the reaction of syndecan-2
with scaffolding proteins, such as RACK1. HeLa cells
transfected with plasmids containing the syndecan-2 and
its mutants (syndecan-2Y180F, syndecan-2Y192F, and synd-
ecan-2Y180,192F) were applied to assess the reaction between
syndecan-2 and RACK1. Finally, we asked whether the
reaction of syndecan-2 with RACK1 is dependent on exter-
nal cytokines. We provided evidences to reinforce the view
that molecular rearrangement for aberrant signaling upon
transformation is specific and interesting as that for
cytokines.

Materials and methods

Materials. All reagents used were of the highest grade available com-
mercially. [c-32P]Adenosine5 0-triphosphate ([c-32P]ATP) was from Amer-
sham (Buckinghamshire, UK). ATP and granylocyte-macrophage colony-
stimulating factor (GM-CSF) were from Roche Molecular Biochemicals
(Penzberg, Germany). Protein A and Protein G magnetic microbeads and
lMAS (magnetic Sorting) columns for small scale (approximately 100 ll)
molecular biology applications were purchased from Miltenyi Biotec
(Bergisch Gladbach, Germany). Reagents for polyacrylamide gel electro-
phoresis were obtained as described previously [28].

Cells. HeLa and BALB/3T3 cells were grown at 37 �C in minimal
Eagle’s medium (MEM; Life Technologies; Gaithersburg, MD) supple-
mented with 10% (v/v) fetal bovine serum (Life Technologies; Gaithers-
burg, MD), penicillin (100 U/ml), and streptomycin (100 lg/ml) separately
in an atmosphere of 5% CO2, 95% air.

Mutation and construction of syndecan-2 plasmids. Mutant syndecan-
2Y180F , syndecan-2Y192F, and syndecan-2Y180,192F were produced by the
overlap extension PCR method in human syndecan-2 cDNA [29,30] and
were constructed with pcDNA6.2/GFP-DEST vectors (Invitrogen,
Carlsbad, CA) for expression in mammalian cells. The data were recon-
firmed with Sequenase Kit (US Biochemical Co., Cleveland, OH).

Transfections. BALB/3T3 cells were transfected with shrimp mutant
ras plasmids, pcDNA3.1-[S-ras(Q61K)], using Effective Transfection
Reagent (Qiagen, Hilden, Germany) as specified previously [31]. HeLa
cells were transfected with plasmids pcDNA6.2/GFP-DEST containing
syndecan-2Y180F , syndecan-2Y192F or syndecan-2Y180,192F using lipofect-
amine 2000 transfection Reagent (Invitrogen, Carlsbad, CA).

Production of human syndecan-2-encoded and human syndecan-2Y180F-

encoded, fusion proteins in bacteria. The PCR products of human synd-
ecan-2 and human syndecan-2Y180F were further cloned into expression
vector pET102 (Invitrogen) and expressed in Escherichia coli separately.
Each protein mixture was loaded onto the Ni2+ charged HiTrap chelating
affinity column. The column was equilibrated and washed with 10 · col-
umn volume of 20 mM sodium phosphate buffer and 10 mM imidazole.
Syndecan-2 protein was eluted with 150 mM imidazole. The eluant was
dialyzed overnight employing 10 L of 25 mM Tris, pH 7.5, containing
10 mM NaCl. The protein solution was separately concentrated by
ultrafiltration in centricon (Amicon, Beverly, MA) and stored in aliquots
at �80 �C.

Preparation of membrane lysates from cells. Cells were harvested and
homogenized in 10 ml of buffer [25 mM MES/pH 6.5, 1 lg/ml leupeptin,
1 lg/ml aprotinin, and 15 mM 2-mercaptoethanol, plus 2.5% (w/v)
phenylmethane-sulfonyl fluoride dissolved in propanol, at a dilution of
1:1000] with a Polytron tissue grinder (three 10-s bursts; Kinematica
GmbH, Brinkmann Instruments, Westbury, NY). The homogenate was
centrifuged at 100,000g for 1 h. The recovered pellet was suspended in
25 mM MES, pH 6.5, and incubated with 2% (w/v) Triton X-100 at 37 �C
for 10 min. After centrifugation at 10,000g for 30 min, the supernatant
was subjected to immunoprecipitation.

In vitro phosphorylation. The purified E. coli expressed syndecan-2
protein preparation (1 lg) was incubated with one unit of c-Src kinase
(Upstate) in 100 ll kinase reaction buffer (50 mM PIPES, pH 6.9, 5 mM
MnCl2, 10 mM MgCl2, and 2 mM dithiothreitol), and the reaction was
initiated by addition of 10 lCi of [c-32P]ATP. After 10 min at 37 �C, the
reaction was stopped by addition of 2· Tricine–SDS–PAGE sample buffer
and boiling for 2 min.

Polyacrylamide gel electrophoresis. Tricine–sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (Tricine–SDS–PAGE) was conducted
on slab gels that contained 12% (w/v) acrylamide and 0.61% (w/v) N,N 0-
methylenebisacrylamide [32]. Samples were reduced and alkylated [33]
before application to the gels. Gels were silver-stained by the method of
Merril et al. [34].

Phosphoproteins were separated by Tricine–SDS–PAGE (12% acryl-
amide) and detected by exposure of dried gel to Kodak BioMax-MS film
at �70 �C under an intensifying screen. Radiolabeled bands were quan-
tified with a scanning PhosphorImager (Molecular Dynamics, Sunnyvale,
CA).

Western immunoblotting. Proteins that had been separated by
Tricine–SDS–PAGE were transferred electrophoretically to nitrocellulose
membranes (Bio-Rad, Richmond, CA) and probed by Western immuno-
blotting with antibodies as specified recently [29,30].
Results

Syndecan-2 associates with Ras and caveolin-2 in cells

transformed with oncogenic ras

Membrane proteins were effectively released in soluble
form by treatment with warm Triton X-100 from membranes
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of BALB/3T3 cells transfected with plasmid pcDNA3.1 or
pcDNA3.1-[S-ras(Q61K)] [29,30]. The membrane lysates of
cells transformed with oncogenic ras or not were immuno-
precipitated with antibodies against syndecan-2 and coun-
terstained on a Western blot with antibodies against
caveolin-1, and caveolin-2, and Ras (Fig. 1). The syndec-
an-2 of transformed cells was competent at recruiting caveo-
lin-2, but not caveolin-1 (Fig. 1d), as compared with cells
without transformation (Fig. 1b). Residual amount of Ras
was found with syndecan-2 in transformed cells (Fig. 1d),
but not in cells without transformation (Fig. 1b).

Syndecan-2 exhibits less phosphorylation at tyrosine residues

in cells transformed with oncogenic ras

Protein phosphorylation plays a critical role in the gen-
eration of intracellular signals in response to external stim-
uli, such as oncogenic Ras. The membrane lysates of
BALB/3T3 cells transfected with either plasmids
pcDNA3.1 or pcDNA3.1-[S-ras(Q61K)] were immunopre-
cipitated with monoclonal antibodies against phosphotyro-
sine (PY) or phosphoserine (PS) and counterstained on a
Western blot with antibodies against syndecan-2
(Fig. 2A) and caveolin-2 (Fig. 2B). The syndecan-2 of cells
transformed with oncogenic ras or not was competent at
reacting with anti-PS (Fig. 2A). In contrast, little syndec-
an-2 was reactive with anti-PY in transformed cells
(Fig. 2A). In other words, upon transformation with onco-
genic ras, the phosphorylation at tyrosine residues of synd-
ecan-2 was found to be depressed (Fig. 2A). Of interests,
caveolin-2, a partner of syndecan-2 in transformed cells
(Fig. 1), was heavily phosphorylated at tyrosine residues
(nearly 3-folded; Fig. 2B) as well as at serine residues
(Fig. 2B). Data suggest that a tyrosine kinase (or tyro-
Fig. 1. Caveolin-2 and Ras are selectively recruited with syndecan-2 in
cells transfected with oncogenic ras. Cells (106) transfected with plasmids
of pcDNA3.1-[S-ras(Q61K)] were homogenized and membrane lysates
were incubated with rabbit polyclonal antibody against syndecan-2 (1 lg)
at 37 �C for 30 min. The immunoprecipitate recovered in the elution buffer
(100 ll) containing 25 mM Hepes, pH 7.5, and 1 M NaCl (d) and the
previous unbound fraction (c) were subjected to electrophoresis on a
Tricine–SDS–PAGE (12%), and Western blotting with mouse monoclonal
antibody specific for caveolin-1, caveolin-2, and rabbit polyclonal
antibody specific for Ras. For comparison, lysates from cells transfected
with plasmid pcDNA3.1 were analyzed (a,b). All antisera were used at a
dilution of 1:1000.

Fig. 2. Syndecan-2 is negligibly phosphorylated at tyrosine residues in
cells transformed with oncogenic ras. (A) BALB/3T3 cells (106) transfec-
ted with plasmids of pcDNA3.1-[S-ras(Q61K)] were homogenized and
membrane lysates were incubated with rabbit monoclonal antibody
against phosphotyrosine (1 lg; a–d) or against phosphoserine (1 lg; e–h)
at 37 �C for 30 min. The immunoprecipitates recovered in the elution
buffer (100 ll) containing 25 mM Hepes, pH 7.5, and 1 M NaCl (d,h), and
the previous unbound fractions (c,g) were subjected to electrophoresis on a
Tricine–SDS–PAGE (12%), and Western blotting with rabbit polyclonal
antibody specific for syndecan-2. For comparison, the lysates from cells
transfected with plasmid pcDNA3.1 were analyzed (a, b, e, and f). (B) The
lysates of BALB/3T3 cells (106) transfected with plasmids of pcDNA3.1-
[S-ras(Q61K)] were incubated with rabbit monoclonal antibody against
phosphotyrosine (1 lg; a–d) or against phosphoserine (1 lg; e–h) at 37 �C
for 30 min. The immunoprecipitates recovered in the elution buffer
(100 ll) containing 25 mM Hepes, pH 7.5, and 1 M NaCl (d,h) and the
previous unbound fraction (c,g) were subjected to electrophoresis on a
Tricine–SDS–PAGE (12%), and Western blotting with mouse monoclonal
antibody specific for caveolin-2. For comparison, lysates from cells
transfected with plasmid pcDNA3.1 were analyzed (a, b, e, and f). All
antisera were used at a dilution of 1:1000.
sine/serine kinase) might shift its substrate from syndec-
an-2 to caveolin-2 in cells transfected with oncogenic ras.
Such a substrate selection difference is most likely mediated
by the scaffold protein RACK1, a scaffold protein to
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Fig. 3. Syndecan-2 protein reacts with RACK1. (A) HeLa cells (106)
transfected with plasmids of syndecan-2 (a), syndecan-2Y180F (b), synd-
ecan-2Y192F (c), and syndecan-2Y180,192F (d) were homogenized and
membrane lysates were prepared as mentioned previously. The superna-
tants were incubated with rabbit polyclonal antibody against syndecan-2
(1 lg) at 37 �C for 30 min. The immunoprecipitate recovered in the eluant
buffer (100 ll) containing 50 mM sodium b-glycerophosphate, pH 7.5
(a–d), and recovered consecutively in the buffer containing 25 mM Hepes,
pH 7.5, and 1 M NaCl (e–h) was subjected to electrophoresis on a Tricine–
SDS–PAGE (12%), and Western blotting with mouse monoclonal
antibody specific for RACK1. The antiserum was used at a dilution of
1:1000. (B) The purified recombinant syndecan-2 protein (1 lg) and
syndecan-2Y180F protein (1 lg) were incubated, respectively, with c-Src
(Upstate; one unit) in the reaction buffer as mentioned in Materials and
Methods, and the reaction was initiated by addition of 10 lCi of
[c-32P]ATP. Phosphorylation was allowed to proceed for 10 min at
37 �C. Samples were subjected to electrophoresis on a Tricine–SDS–
PAGE (12%) gel. The autoradiogram of the processed gel is shown.
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anchor kinases and phosphatases for substrates. We thus
investigated whether syndecan-2 in less tyrosine phosphor-
ylated form as revealed in transformed cells interrupts the
association with RACK1 and kinase.

PY180 of syndecan-2 as a membrane anchor site for RACK1

Expression of cDNA encoding human syndecan-2 in

vitro yielded a core protein that migrated at 45 kDa (with
a thioredoxin-tag of 150 amino acid residues) during
Tricine–SDS–PAGE and that protein was phosphorylated
by Src in the presence of [c-32P]ATP (Fig. 3B-a). We set out
to mutate major tyrosine phosphorylation site Y180 of
syndecan-2 (syndecan-2Y180F) and applied in vitro
expressed syndecan-2Y180F to contrast the phosphorylation
of Y180 with Src. Autoradiography revealed that the radio-
activity gain with syndecan-2Y180F was 80% less than with
syndecan-2 (Fig. 3B-b). That is, Y180 of syndecan-2 is a
major phosphorylation site for Src.

We thus transfected cells with plasmids of syndecan-2 to
confirm the tyrosine phosphorylation at Y180 (PY180) of
syndecan-2 is important for binding with RACK1 in vivo.
HeLa cells were applied in the study, because they were
transfected successfully with plasmids containing syndec-
an-2 or syndecan-2Y180F, syndecan-2Y192F or syndecan-
2Y180,192F (with an efficiency of >95%, respectively). The
membrane lysates of transfected HeLa cells were immuno-
precipitated with monoclonal antibodies against syndecan-
2, challenged with non-specific phosphate competitor,
sodium b-glycerophosphate, as well as with NaCl then ana-
lyzed the Western blot with anti-RACK1 (Fig. 3A). The
treatment of sodium b-glycerophosphate to free phosphor-
ylation-dependent reactants resulted in a significant
detachment of RACK1 from the anti-syndecan-2 immune
complex in cells transfected with syndecan-2 (Fig. 3A-a)
or syndecan-2Y192F (Fig. 3A-c). In contrast, a neglected
amount of RACK1 was eluted with sodium b-glycerophos-
phate from cells transfected with syndecan-2Y180F

(Fig. 3A-b) and syndecan-2Y180,192F(Fig. 3A-d).
Data indicate that selective phosphorylation at Y180 (not

Y192) of syndecan-2 contributes a lot to the recruitment of
RACK1, but not all. However, the reaction of syndecan-2
with RACK1 does not depend exclusively on the PY180 of
syndecan-2. Almost all of RACK1 from cells transfected
with syndecan-2Y180F (Fig. 3A-f) and syndecan-2Y180,192F

(Fig. 3A-h), as well as 50% of RACK1 from cells transfec-
ted with syndecan-2 (Fig. 3A-e) and syndecan-2Y192F

(Fig. 3A-g), were eluted with NaCl. In other words, a
mechanism other than tyrosine phosphorylation of syndec-
an-2 at Y180 is required to shut off RACK1 completely from
the attachment of syndecan-2 in response to oncogenic ras.

Cytokine-responsive reactivity between syndecan-2 and

RACK1

Granylocyte-macrophage colony-stimulating factor
(GM-CSF), a ligand for syndecan-2 [35] and a stimulator
for tyrosine kinase JAK2 to phosphorylate syndecan-2
[36,37], was applied to find out whether the reaction
between syndecan-2 and RACK1 is cytokine responsive.
A time- and dose-dependent increase in the binding of
RACK1 with syndecan-2 was found in the elution
with sodium b-glycerophosphate (Fig. 4b–e) or NaCl



Fig. 4. Syndecan-2 reacts with RACK1 in GM-CSF dependency. HeLa
cells (106) were treated with GM-CSF (50 or 100 U/ml) for different time
intervals then homogenized and membrane lysates were incubated with
rabbit polyclonal antibody against syndecan-2 (1 lg) at 37 �C for 30 min.
The immunoprecipitate recovered in the eluant buffer (100 ll) containing
50 mM sodium b-glycerophosphate, pH 7.5 (a–e), and recovered consec-
utively in the buffer containing 25 mM Hepes, pH 7.5, and 1 M NaCl (f–j)
were subjected to electrophoresis on a Tricine–SDS–PAGE (12%), and
Western blotting with mouse monoclonal antibody specific for RACK1.
The antiserum was used at a dilution of 1:1000.
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(Fig. 4g–j). Huge amount of RACK1 to react with syndec-
an-2 was found with the treatment of GM-CSF at 50 U/ml
for 15 min (Fig. 4c and h).

Discussions

By transformation with oncogenic ras and analysis
with immunoprecipitation, syndecan-2 was found to
detach from RACK1 but associate with caveolin-2 and
Ras in transformed cells. In parallel, syndecan-2 was iden-
tified in a tyrosine phosphorylated freed form in trans-
formed cells, the tyrosine kinase is presumably inactive,
in contrast with tyrosine phosphorylated form in cells
without transformation. This seems unlikely on the basis
of current knowledge of kinases in signal-transduction
systems of mammalian cells, where kinase activity is
believed to be transient. However, it cannot be ruled
out that the accumulation of tyrosine phosphorylated
syndecan-2 may reflect the accumulation of constitutively
phosphorylated syndecan-2 in a silent molecular complex
with RACK1 and kinases immobilized at caveolae as sug-
gested recently [29,30]. The molecular complex of syndec-
an-2 is probably then committed to rapid
dephosphorylation by an activated tyrosine phosphatase
in cells transformed with oncogenic ras, to dislodge
RACK1 and deprive PKC signals, to trap caveolin-2 at
syndecan-2 and interrupt hetero-oligomerization with
caveolin-1, thus to sweep out caveolae microdomains.
The possibility of such a regulatory phosphotyrosyl
protein phosphatase, as suggested recently to promote
synapse growth [38], is currently under investigation in
transformed cells. The data reinforce the view that post-
translational modification of syndecan-2, such as tyrosine
dephosphorylation, might result in a rearrangement of
molecules in association with syndecan-2 and a shift of
molecular associates from caveolae to non-raft, in con-
trast with tyrosine phosphorylation signals to shift synd-
ecan-2 from non-raft to caveolae [16].

In the present study, the identity of the tyrosine kinase
that phosphorylates syndecan-2 in BALB/3T3 cells is not
known, but suggested to be JAK2 in the study with
GM-CSF [35–37], or EphB2 receptor tyrosine kinase in
neurospine formation [39]. By using cells transfected with
plasmids of syndecan-2 mutants, Y180 of syndecan-2 was
demonstrated as a catalytic site for Src tyrosine kinase
and PY180 of syndecan-2 was revealed as an anchor site
for RACK1. The PY180 of syndecan-2 provides a binding
site for the SH2 domains of scaffold protein RACK1,
and thereby appears to upregulate PKC signaling [40] for
GM-CSF signals or for left–right asymmetry pattern for-
mation during embryogenesis [41]. However, in cells trans-
fected with syndecan-2Y180F, RACK1 maintains its
reactions with syndecan-2 independent of phosphorylation.
The possibility of complex mechanisms, such as molecular
flow after syndecan-2 clustering [16] or caveolin polymeri-
zation, cannot be ignored. Further studies are directed
towards uncovering the aberrant molecular reactions at
caveolae during transformation.
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