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Abstract

Altered expression of syndecan-2 (SDC2), a heparan sulfate
proteoglycan, has been associated with diverse types of human
cancers. However, the mechanisms by which SDC2 may contribute
to the pathobiology of lung adenocarcinoma have not been
previously explored. SDC2 levels were measured in human lung
adenocarcinoma samples and lung cancer tissue microarrays using
immunohistochemistry and real-time PCR. To understand the role
of SDC2 in vitro, SDC2 was silenced or overexpressed in A549
lung adenocarcinoma cells. The invasive capacity of cells was
assessed using Matrigel invasion assays and measuring matrix
metalloproteinase (MMP) 9 expression. Finally, we assessed tumor
growth and metastasis of SDC2-deficient A549 cells in a xenograft
tumor model. SDC2 expression was upregulated in malignant
epithelial cells and macrophages obtained from human lung

adenocarcinomas. Silencing of SDC2 decreased MMP9 expression
and attenuated the invasive capacity of A549 lung adenocarcinoma
cells. The inhibitory effect of SDC2 silencing on MMP9
expression and cell invasion was reversed by overexpression of
MMP9 and syntenin-1. SDC2 silencing attenuated NF-kB p65
subunit nuclear translocation and its binding to the MMP9
promoter, which were restored by overexpression of syntenin-1.
SDC2 silencing in vivo reduced tumor mass volume and
metastasis. These findings suggest that SDC2 plays an important
role in the invasive properties of lung adenocarcinoma cells and
that its effects are mediated by syntenin-1. Thus, inhibiting SDC2
expression or activity could serve as a potential therapeutic target
to treat lung adenocarcinoma.
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Lung cancer is the leading cause of cancer
mortality in both men and women in the
United States (1) and worldwide. An estimated
234,030 new lung cancer cases and 154,050
lung cancer deaths are projected to occur in the
United States in 2018 (2). Despite advances in
surgical techniques and novel therapeutic
interventions, such as targeted therapy and
immune checkpoint blockade, 5-year survival

remains elevated at 17% (3), and the molecular
mechanisms that drive lung tumorigenesis
continue to be poorly understood.

Syndecans (SDCs), a family of type 1
transmembrane heparan sulfate
proteoglycans, consisting of four members
(SDC1–4), have been implicated in the
regulation of several types of cancer (4–7).
SDCs play a role in the control of cell

adhesion, survival, proliferation,
migration, and differentiation. These
pleiotropic activities are mediated by
interactions of the SDC ectodomain and
its glycosaminoglycan chains with
extracellular matrix and cell surface
proteins, proteases, cytokines, and their
receptors. Some of these interactions
are transduced through a single
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transmembrane domain to a short, highly
conserved, cytoplasmic tail that tethers
SDCs to intracellular structural proteins
and signaling pathways (8).

SDC2 is mainly expressed in cells of
mesenchymal origin, but has been shown to
exert effects on several cell types. We have
previously demonstrated the role of SDC2 in
epithelial cells and fibroblasts in the setting
of idiopathic pulmonary fibrosis (9) and
radiation-induced pulmonary fibrosis (10),
respectively. Overexpression of this
proteoglycan has also been associated
with the tumorigenic properties and poor
prognosis of various malignancies,
including colon (11, 12) and prostate
adenocarcinomas (13, 14), melanoma
(15, 16), and fibrosarcoma (17). It has been
shown to also potentiate angiogenesis, as
downregulation of SDC2 expression at the
surface of microvascular endothelial cells
reduces angiogenic sprouting (18–20).
Conversely, elevated levels of SDC2 have
been associated with decreased migration of
human osteosarcoma cells and increased
sensitivity to chemotherapy-induced
apoptosis (21).

The role of SDC2 in lung
adenocarcinoma, the most common form of
lung cancer, has not been well characterized.
Here, we demonstrate that SDC2 is highly
expressed in human lung adenocarcinomas
and contributes to cancer cell invasion,
matrix metalloproteinase (MMP)-9
expression, tumor growth, and metastasis.
We further show that this is mediated by
syntenin-1 and NF-kB activation.

Methods

Human Samples
All human samples were obtained under
Institutional Review Board–approved
protocols at the University of New Mexico,
the University of Pittsburgh Cancer
Institute, or Brigham and Women’s
Hospital. Control human lung samples
without malignancy were obtained from
donor lungs deemed unsuitable for
transplantation.

Antibodies
Anti-MMP9 and anti–NF-kB (p65)
antibodies were purchased from Cell
Signaling Technology, anti-SDC2 from
Thermo Scientific, and anti–syntenin-1
from Santa Cruz Biotechnology. All other

antibodies and associated reagents were
purchased from Sigma-Aldrich.

Immunohistochemistry
Immunostaining of lung tissue from lung
biopsies and tissue arrays was performed as
previously described (22). Lung Cancer
Tissue MicroArrays were obtained from
Pantomics (cat. nos. LUC481, LUC961, and
LUC962). Briefly, sections were incubated
in citric acid buffer (pH 6.0) at 958C for 30
minutes for the purpose of antigen retrieval.
Sections were then incubated in 1% BSA for

blocking nonspecific binding of the
antibody. A polyclonal antibody for
SDC2 was prepared in dilution of
1:500 and applied to the sections overnight
at 48C. Sections were stained using
the HRP-DAB System (Cell and
Tissue Staining Kit) according to the
manufacturer’s instructions, and then
counterstained with hematoxylin and eosin.
The amount of staining was scored from
1 to 4 (lowest to highest, respectively). The
score was determined by staining intensity
in conjunction with the percentage of cells
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Figure 1. Syndecan (SDC)-2 is overexpressed in human lung adenocarcinoma. (A) SDC2
expression in lung adenocarcinoma tumor core and tumor-free margins was assessed by
immunohistochemistry. SDC2 expression was detected in tumor-affected epithelium (upper right
panel) and tissue-associated macrophages in tumor-free margins (upper left panel). Representative
images are shown. The arrows indicate the area of magnification. (B) SDC2 mRNA levels were
elevated in tumor core samples compared with tumor-free margin samples (n = 16; *P, 0.05). (C)
Anti–human SDC2 antibody was applied to a Lung Cancer Tissue MicroArray (LTMA) in control lung
tissue (n = 8) and lung adenocarcinoma (n = 24). Staining intensity was scored from 1 to 4 (lowest to
highest, respectively), showing increased staining in adenocarcinoma tissue compared with controls
(*P, 0.05). Representative images are shown. (D) SDC1 and SDC2 mRNA levels were measured in
human lungs with adenocarcinoma and control lungs without cancer (n = 9). Data represent fold
increase of SDC2 expression relative to normal lung tissue. SDC2 levels, but not SDC1 levels, were
increased 5- to 35-fold compared with controls (*P, 0.05). Scale bars: 20 mm and 100 mm.
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staining positively, counting 10 random
fields at 2003 magnification in tissue
sections. Slides were independently
scored by three investigators using
an Olympus BX40 microscope
(Olympus).

Cell Culture
A549 cells were obtained from American
Type Tissue Culture Collection and cultured
according to the manufacturer’s instructions
in Dulbecco’s modified Eagle medium
supplemented with 10% FBS, penicillin
(100 U/ml), and streptomycin (10 mg/ml)
(Invitrogen).

Statistical Analysis
Data are expressed as means (6SEM).
Comparisons of mortality were made by
analyzing Kaplan-Meier survival curves and
log-rank tests to assess for differences in
survival. For comparisons between two
groups, we used Student’s unpaired t test
and statistical significance defined as P
less than 0.05. One-way ANOVA
followed by Newman-Keuls or Tukey’s
post-test analysis, was used for analysis of
more than two groups. The numbers of
samples per group (n), or the numbers of
experiments, are specified in the figure
legends.

For additional details regarding
materials and methods, please see the data
supplement.

Results

SDC2 Expression Is Upregulated in
Human Lung Adenocarcinoma
Immunostaining of lung tissue sections
from patients with lung adenocarcinoma
revealed that SDC2 was highly
expressed in malignant epithelial cells in the
tumor core, whereas, in the tumor-free
margins, it was mainly expressed in
macrophages (Figure 1A). SDC2
mRNA levels were also significantly
elevated in the tumor core compared with
the tumor-free margins (Figure 1B). We
also assessed SDC2 expression using
a Lung Cancer Tissue MicroArray and
observed a significant increase in SDC2
staining in human lung adenocarcinoma
tissue compared with control lung tissue
(Figure 1C). SDC2 expression was
also increased in other types of lung
carcinomas (Figure E1 in the data
supplement). To determine whether our
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Figure 2. SDC2 potentiates matrix metalloproteinase (MMP) 9 expression and enzymatic activity and
enhances cell invasion in A549 lung adenocarcinoma cells. A549 cells were transfected with lentiviral
particles carrying either scrambled (scr) or SDC2 shRNAs. (A) Transfected cells were transferred onto
Matrigel-coated inserts and incubated for 24 hours to detect invasion. The invaded cells were stained
with hematoxylin and eosin. Cells transfected with shSDC2 had significantly less invasion compared
with Scr-transfected controls. shSDC2-transfected cells had significantly lower MMP9 (B) gene
expression, as determined by RT-PCR and (C) protein levels and enzymatic activity, as determined via
Western blot (WB) and zymography (Zymo). The data are presented as mean6 SEM, n = 3/group,
with testing by Student’s unpaired t test (*P, 0.05, significant comparisons vs. Scr).
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Figure 3. Overexpression of SDC2 enhances MMP9 expression and A549 cell invasion. Cells were
lentivirally transfected with empty vector (EV) or pLenti-SDC2-GFP (SDC2-GFP). (A) Transfection
efficiency was confirmed by flow cytometry to detect GFP-positive cells. (B and C) Transfected cells
were lysed and MMP9 expression and cell invasion were determined by Western blot or a Matrigel
invasion assay, respectively. The data are presented as mean6 SEM, n = 3/group, with testing by
Student’s unpaired t test (*P, 0.05, significant comparisons vs. EV).
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findings were specific to SDC2, we
measured syndecan-1 and SDC2 mRNA
levels in lung adenocarcinoma tissue and
control lungs without cancer (n = 9 per
group). SDC2 mRNA was increased 5- to
35-fold in lung adenocarcinomas compared
with controls (Figure 1D). In contrast, there
was no significant difference in syndecan-1
mRNA expression.

Taken together, these findings
demonstrate that SDC2 expression is
upregulated in lungs from patients with lung
adenocarcinoma, and that malignant
epithelial cells are the main source of this
heparan sulfate proteoglycan.

SDC2 Increases MMP9 Expression
and Activity, and Is Associated with
Enhanced Invasive Activity of A549
Lung Adenocarcinoma Cells
We next sought to establish the role of
SDC2 in the malignant properties of lung
adenocarcinoma. MMP9 has been
strongly correlated with tumor malignant
potential and poor patient survival,
especially in lung cancer (23, 24). MMP9
is regulated by NF-kB signaling, which
has been associated with poor prognosis
in non–small-cell lung cancers (25).
MMP9 inhibition has been reported to
attenuate cancer cell invasion and
metastasis (26, 27). We found an
increased expression of SDC2
NF-kB (p65), and MMP9 in lung
adenocarcinoma tissue (Figure E2).
Although SDC2 has previously been
shown to act as a docking protein for
MMP7 in colon cancer (11), it is
unknown whether it modulates MMP9
activity. Accordingly, we investigated the
potential interaction between SDC2 and
MMP9 in a lung adenocarcinoma cell
line. Silencing of SDC2 in A549 cells
reduced their invasive capacity, as
determined by a Matrigel invasion assay
(Figure 2A), significantly decreased
MMP9 gene and protein expression, and
attenuated its enzymatic activity
(Figures 2B and 2C). SDC2 silencing had
a similar effect on cell invasiveness and
MMP9 expression in NCI-H23 cells,
another lung adenocarcinoma cell line
(Figure E3B).

We hypothesized that SDC2
overexpression would conversely enhance
MMP9 expression and cell invasion. A549
cells were lentivirally transfected with
human SDC2 plasmids tagged with GFP
(Figure 3A). Overexpression of SDC2

increased MMP9 expression and Matrigel
invasion (Figures 3B and 3C). Cell invasion
was significantly increased compared with
controls at 8 hours, but not at 24 hours,
possibly due to the high levels of
endogenous SDC2 expressed in A549
cells, which may have diminished the
early effects of SDC2 overexpression over
time.

MMP9 Regulates Cell Invasiveness
and Overexpression Reverses
SDC2-mediated Cell Invasion
To confirm that MMP9 is an important
contributor in lung adenocarcinoma
invasiveness, we silenced MMP9 using
shRNA lentiviral particles and found that
this significantly reduced cell invasion
in A549 cells (Figures 4A and 4B).

Conversely, overexpression of MMP9 in
A549 cells by pCMV6-MMP9 transfection
enhanced cell invasion and completely
reversed shSDC2-mediated inhibition of
cell invasion (Figure 4C). These data
suggest that MMP9 plays a critical role
in A549 cell invasiveness and that SDC2
mediates cell invasion via regulation of
MMP9.

Syntenin-1 Facilitates SDC2-mediated
MMP9 Expression and Cell Invasion
Syntenin-1 is an adaptor molecule involved
in diverse cellular processes, including
protein trafficking, cell adhesion and
tumorigenesis. It has been previously shown
that syntenin-1 can be activated by binding
to the PDZ region of the cytosolic tail of
SDC2 which, in turn, activates a

0.0

0.5

1.0

1.5

*

Scr

shMMP9 (a)
shMMP9 (b)

M
M

P
9/
-

ac
tin

 (
de

ns
ity

 r
at

io
)


–
–

–


–

–

–


0

1

2

3

*

M
M

P
9/
-

ac
tin

 (
de

ns
ity

 r
at

io
)

pCMV6

pCMV6-MMP9

+

–

–

+

MMP9

-actin

Scr

sh
M

M
P9 

(a
)

sh
M

M
P9 

(b
)

pC
M

V6

pC
M

V6-
M

M
P9

A

0

40

20

60

80

100

M
at

rig
el

 In
va

si
on

 A
ss

ay
(c

el
l n

um
be

r/
fie

ld
)

Scr

shMMP9 (b)

+

–

–

+

*

B

pCMV6

pCMV6-MMP9
shSDC2

0

50

100

150

M
at

rig
el

 In
va

si
on

 A
ss

ay
(c

el
l n

um
be

r/
fie

ld
)

+

+
+

–

+

–

–
–
–

+

–
+

*

†

*

C

Figure 4. Silencing of MMP9 inhibits A549 cell invasion, whereas overexpression reverses shSDC2-
mediated inhibition of cell invasion in A549 cells. (A) A549 cells were transfected with lentiviral
particles carrying Scr or shMM9 (a and b) or transiently transfected with pCMV6 (EV) or pCMV6-
MMP9. Cells were lysed and MMP9 expression was measured via Western blot. (B) The invasive
capacity of Scr and shMMP9 (b)-transfected cells was measured using a Matrigel invasion assay. (C)
Overexpression of MMP9 restored the invasive capacity of cells transfected with shSDC2. The data
are presented as mean6 SEM, n = 3/group, with testing by Student’s unpaired t test or by one-way
ANOVA (*P, 0.05, significant comparisons vs. EV; †P, 0.05, significant comparisons versus
EV1shSDC2).
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variety of signaling molecules, such as
mitogen-activated protein kinases and
NF-kB (28–30). We confirmed that
syntenin-1 binds to SDC2 in A549 cells,
and that this binding is abolished by
silencing of SDC2 (Figure 5A). We then
assessed whether syntenin-1 mediates the
invasive effects of SDC2 in A549
cells. Overexpression of syntenin-1
almost completely restored MMP9
expression and the invasive capacity
of cells in which SDC2 was silenced,
suggesting that syntenin-1 is necessary

for SDC2-mediated invasion (Figures
5B–5D).

SDC2 Regulates NF-kB Activation
through Syntenin-1

It has previously been suggested that
syntenin-1 may be involved in the activation
of NF-kB (31, 32), a master regulator of
cancer cell metastasis and gene expression.
In light of our findings showing that NF-kB
expression is elevated in human lung
adenocarcinomas (Figure E2) and that

SDC2 regulates A549 cell invasion via
syntenin-1, we asked whether SDC2 also
modulates NF-kB activation. As shown in
Figure 6A, nuclear translocation of the p65
subunit of NF-kB was significantly lower in
shSDC2-transfected A549 cells than in
scramble-transfected cells. Syntenin-1
overexpression restored p65 nuclear
translocation. Furthermore, silencing of
SDC2 significantly attenuated p65 binding
to the MMP9 promoter, but not in cells
overexpressing syntenin-1 (Figure 6B).
Knockdown of p65 significantly reduced
MMP9 expression and cell invasion
(Figures 6C and 6D). These data strongly
suggest that SDC2 regulates MMP9
expression via syntenin-1 and NF-kB
activation to facilitate cell invasion.

SDC2 Silencing Attenuates Growth
and Metastasis of A549 Cells in
Severe Combined Immunodeficient
Mice
To evaluate the effect of SDC2 on tumor
progression in vivo, scramble or shSDC2-
transfected A549 adenocarcinoma cells
were subcutaneously injected into severe
combined immunodeficient mice.
Consistent with our in vitro findings,
silencing of SDC2 with targeted shRNA
significantly attenuated tumor growth
(Figures 7A and 7B) and micrometastasis to
the lungs (Figure 7C) in severe combined
immunodeficient mice, further highlighting
the role of SDC2 in potentiating
adenocarcinoma cell invasion.

Discussion

Tumor metastasis is the primary cause of
morbidity and mortality in patients with
cancer (33). It is a complex process in
which diverse interactions between cancer
cells and their microenvironment enable
malignant cells to invade the tissue
surrounding the primary neoplasm, enter
the circulation via the bloodstream or
lymphatics, and populate distant locations
(33). Proteolysis of tissue barriers is an
essential component of the invasive
process and has been linked to the
production of degradative enzymes by
cancer cells, the most intensively studied
being MMPs (34). MMPs are a group of
proteins with a variety of cellular and
extracellular functions, including
extracellular matrix degradation (24). To
date, 23 different MMPs have been
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syntenin-1 expression in cell lysates. (C) MMP9 expression was measured in cells transfected with
shSDC2 with or without Synt-DDK. Cotransfection with Synt-1–DDK restored expression of MMP9 in
cells transfected with shSDC2. (D) Cotransfection with Synt-1–DDK almost completely restored
the invasive capacity of cells transfected with shSDC2. The data are presented as mean6 SEM,
n = 3/group, with testing by Student’s unpaired t test or by one-way ANOVA (*P, 0.05, significant
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identified in humans. MMP9, also known
as gelatinase B, has been shown to play a
prominent role in tumor malignant
potential and lung-specific metastasis
(23, 35). Higher levels of MMP9 are
correlated with poor patient prognosis in
non–small-cell lung cancer (36), and
MMP9 inhibition has been reported to
attenuate cancer cell invasion and
metastasis (26, 27).

Syndecans interact with multiple
proteins in the extracellular environment,
including cytokines and their receptors,
through their highly divergent ectodomains
(37). High levels of SDC2 have been
detected in diverse cancers, and are
associated with cancer cell migration,
invasion, and proliferation. On the other
hand, shed SDC2 has been shown
to inhibit angiogenesis, a critical feature

of metastasis, by activating membrane-
bound protein tyrosine phosphotase
eta (38). The role of SDC2 in lung
adenocarcinoma has not been extensively
studied (39).

In this study, we report, for the first
time, that SDC2 is significantly elevated in
malignant lung epithelial cells of patients
with lung adenocarcinoma as well as
other lung cancer types. Using
loss- and gain-of-function experiments,
we demonstrate that SDC2 plays an
important role in lung adenocarcinoma
cell invasion and MMP9 expression and
activity. Furthermore, silencing of SDC2
in A549 cells significantly reduced tumor
growth and cancer cell metastasis in a
xenograft tumor model. Interestingly,
SDC2 was also detected in the tumor
stroma of lung adenocarcinoma

(Figure 1A). Elevated expression of
syndecan-1 has been observed in tumor
stromal cells and is associated with poor
prognosis (40), and expression of
syndecan-1 in fibroblasts enhances
tumor growth and angiogenesis in vivo
and in vitro (41). Future studies should
be dedicated to evaluate the role of SDC2
in cancer-associated stromal cells, as
well as to correlate SDC2 expression to
lung adenocarcinoma histological subtypes,
lymphovascular invasion, metastases, and
clinical outcomes.

In contrast to our findings, Munesue
and colleagues (42) demonstrated that
overexpression of SDC2 is associated
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with decreased metastatic potential in
cells cloned from Lewis lung carcinoma
3LL by suppressing the activity of MMP2.
However, the 3LL clones used in these
experiments only expressed MMP2 in the
extracellular matrix, suggesting that the
biological effects of SDC2 are highly
dependent on their interactions with
specific heparin-binding extracellular
ligands, and that the balance between
MMP2 and MMP9 expression may be
critical in determining the role of SDC2 in
the tumor microenvironment.

The cytoplasmic domain of SDC2 has
been shown to interact with different
adapter proteins. These include PDZ
proteins, such as syntenin. Syntenin, a PDZ
domain–containing adapter protein,
originally identified as a syndecan-binding
protein, is known to be involved in the
organization of protein complexes in the

plasma membrane. Syntenin plays a
well-described role in cell migration and
invasion in different cancer cell types
(30–32, 43, 44). In this study, we
demonstrate that syntenin-1 interacts
with SDC2 and that overexpression of
syntenin-1 restores the invasive
phenotype in SDC2-silenced lung
adenocarcinoma cells. It has recently
been shown that syntenin-1 tightly
regulates the epithelial–mesenchymal
transition in transforming growth factor-
b–induced lung adenocarcinoma epithelial
cells (45, 46). Further investigation is
needed to understand the role of SDC2 in
epithelial–mesenchymal transition.

Previous reports suggest that the
prometastatic role of syntenin is mediated
by NF-kB activation (44, 45). NF-kB is well
established as a master regulator of multiple
genes involved in cancer cell metastasis,

including MMPs (47). Our findings clearly
demonstrate that SDC2 regulates the
NF-kB p65 subunit cytosol to nuclear
translocation and its binding to the
MMP9 promoter via syntenin-1. This
further supports the role of SDC2 in
enhancing the invasive capacity of lung
cancer cells.

Taken together, these findings
demonstrate the important role of SDC2
in mediating lung adenocarcinoma cell
invasion, and highlight its potential as a
target for therapeutic interventions to treat
lung adenocarcinomas. n
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