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Introduction: Syndecan-2 expression is elevated during chronic inflammation and cancer
development, and its shedding is observed in cancer patients. However, it remained unknown
whether inflammation triggers syndecan-2 shedding.

Methods: The colitis model was produced in C57BL/6 mice by oral administration of 2-3%
dextran sulfate sodium (DSS) in the drinking water. Syndecan-2 and MMP-7 expression levels in
tissues and cells were detected by real-time PCR, Western blotting, and immunohistochemistry.
Shed syndecan-2 levels were detected by slot blotting. For tissue culture, colon tissues were
divided into proximal, transverse, and distal parts, and incubated in culture media.

Results: In C57BL/6 mice with DSS-induced colitis, syndecan-2 shedding began to increase
after week 12 of chronic inflammation and continued to increase at week 15. The level of
shed syndecan-2 correlated with the colocalization of syndecan-2 and MMP-7 in distal colon
tissues. The mRNA expression of IL-6 was increased specifically in trans-distal colon tissues
from weeks 9 to 15. IL-6 induced syndecan-2 expression and shedding and MMP-7 expres-
sion in ex vivo-cultured distal colon tissues and adenoma cell lines derived from the distal
colon. IL-6 treatment induced STAT3 phosphorylation and MMP-7 expression in DLD-1
cells. The application of MMP-7 to ex vivo-cultured colon tissues increased the shedding of
syndecan-2 to the culture medium.

Conclusion: Our findings suggest that chronic inflammation induces syndecan-2 shedding
via the site-specific colocalization of syndecan-2 with MMP-7 in the distal colon.
Keywords: chronic inflammation, syndecan-2, MMP-7, shedding

Plain Language Summary

Chronic inflammation is linked to a wide variety of diseases, including inflammatory bowel
disease (IBD) such as Crohn’s disease and ulcerative colitis. Since IBD is a leading cause of
colon cancer, with patients increasing over the years, it is important to develop biomarkers to
properly manage the chronic inflammation. One of the interesting features of colon cancer is the
shedding of the cell surface of proteoglycan syndecan-2, which is known to be upregulated
during the development of colon cancer. Here, we show for the first time that chronic inflamma-
tion also causes syndecan-2 shedding. In particular, syndecan-2 shedding is site-specifically
correlated with colocalization of syndecan-2 and MMP-7 in trans-distal colon tissues, and 1L-6,
increased during chronic inflammation, directly regulates MMP-7 expression and syndecan-2
shedding. Because shed syndecan-2 levels reflect site-specific changes during chronic inflamma-
tion, syndecan-2 shedding may be important as a biomarker of chronic inflammation. Therefore,
this study could facilitate future development for the diagnosis and treatment of diseases

associated with the inflammatory response as a biomarker of chronic inflammation.
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Introduction
The inflammatory response is a defense mechanism that
evolved to protect higher organisms from infection and
injury.'” Acute inflammation is a short-term process that
occurs in response to tissue injury, usually appearing within
minutes to hours, whereas chronic inflammation continues
for prolonged periods of several months to years, and is
linked to certain diseases (eg, heart disease and stroke) and
autoimmune disorders (eg, rheumatoid arthritis and lupus).
Notably, chronic inflammation has long been linked to can-
cer: If inflammation is chronically unregulated, there is
a high possibility of tumorigenesis and/or tumor progression.
About 20% of cancers begin with chronic inflammation,
which also promotes tumorigenesis by producing numerous
cytokines and chemokines. Moreover, since cancers induced
by chronic inflammation are usually genetically stable, they
typically exhibit a high level of cancer drug resistance.’ One
mechanism used by the immune system to regulate inflam-
mation is the shedding (via cleavage of the extracellular
domain) of a modulating protein. Since leukocyte recruit-
ment is a key step in basic inflammatory responses, it is
critically important to precisely regulate the shedding of
adhesion molecules, such as L-selectin, ICAM-1 and
VCAM-1, which contribute to leukocyte recruitment. The
extracellular domain of desmoglein-2 is cleaved by the pro-
inflammatory cytokines, IL-13 and TNF-o, in the mucosal
barrier, and this shedding may help rebuild the colonic struc-
ture after inflammation.* TNF-o is a well-known pro-
inflammatory cytokine that is initially produced as a type II
transmembrane protein; when an inflammatory response is
triggered, its ectodomain is cleaved to activate the cytokine.
Activated TNF-a has been shown to initiate the TNF-a-
dependent cytokine cascade to induce severe skin
inflammation.” Moreover, the shedding of IL-6 receptor
a and HB-EGF was found to occur during lung infection;
this boosts the inflammatory response and the ectodomain
cleavage of CD44, leading to the recruitment of leukocytes
during eosinophilic pneumonia.®’ Therefore, the existing
evidence indicates that shedding is a general biological
mechanism for the regulation of various inflammation-
associated diseases, including cancer.

During cancer progression, the shedding of cadherins is
a very common event. The cleavage of P-cadherin is related to
breast cancer:*° Soluble P-cadherin (sP-cadherin) was highly
detected in nipple aspirate fluids at a level that depended on
the cancerous stage,” and elevation of sP-cadherin was
described as enhancing the migration and invasion of breast
cancer.*” Meanwhile, the type III TGF-B receptor (TBRIII)

was found to exert different functions before and after its
shedding: TPRIII itself affects cancer cells in a cancer type-
specific manner, whereas soluble TPRIII (sTPRIII) inhibits
cellular invasiveness in various types of cancer, such as pan-
creatic, non-small cell lung and breast cancer.'®'

Syndecan is a transmembrane-bounded heparan sulfate
proteoglycan that functions as a cell surface receptor to
mediate and regulate both inflammation and cancer. Since
heparan sulfate binds to various cell surface and matrix
molecules, including cytokines and chemokines, syndecan
is able to modulate inflammatory cell maturation, activa-
tion and other related functions.' Interestingly, the extra-
cellular domain shedding of syndecans is also common
during inflammation and cancer. For instance, syndecan-1,
which is predominantly expressed in the epithelium, is
cleaved by matrix metalloproteinases (MMPs), and acts
to attenuate neutrophilic inflammation by removing
chemokines."* In lung inflammation, MMP-7 triggers
shedding of the syndecan-1 extracellular domain, which
inhibits the recruitment of Th2 cells to the inflamed area
and thereby relieves inflammation.'> On the other hand,
elevation of the serum level of shed syndecan-1 in colitis-
induced mice accelerates colonic inflammation, and muta-
tion of the cleaved domain attenuates this inflammatory
response.'®'” Moreover, shed syndecan-4 cleaved by
MMP-2 accelerates inflammation by triggering chemokine
accumulation in airway smooth muscle cells, and oxidative
stress induces syndecan-4 shedding in atrial tissues.'®'’

Syndecan-2 is not expressed in the normal epithe-
lium, but rather exhibits upregulation during chronic
inflammation and cancer progression.’®?! Studies have
shown that: chronic inflammation can induce the expres-
sion of colonic syndecan-2;*° induced syndecan-2
expression in inflammatory macrophages can regulate
fibroblast growth factor activity;*> and syndecan-2
expressed on activated primary human CD4+ lympho-
cytes can regulate T cell activation.”® These findings
suggest that syndecan-2 may also regulate inflammatory
responses. Interestingly, during acute inflammation, syn-
decan-2 expression was up-regulated predominantly in
the proximal colon of colitis-induced mice,?* suggesting
that syndecan-2 plays site-specific functional roles in the
colonic epithelium. Our group further showed that IL-1a
induces syndecan-2 shedding in colorectal cancer cell
lines,”> and that shed syndecan-2 stimulates colorectal
cancer activities.”! However, while the level of shed
syndecan-2 is known to be elevated in colorectal cancer,
no previous study has examined shed syndecan-2 in the
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context of the inflammatory response. Here, we used
mouse models of chronic colitis to examine the mechan-
ism responsible for

syndecan-2 shedding during

inflammation.

Materials and Methods

Materials

Monoclonal and polyclonal anti-syndecan-2 were pro-
duced by AdipoGen Inc. (Incheon, South Korea). The
antibody against MMP-7 was purchased from Cell
Signaling Technology (Danvers, MA, USA), and synde-
can-1 from Sino Biological Inc. (Beijing, China). IL-1a,
IL-1B, IL-6, and IL-17A were purchased from R&D
Systems (Minneapolis, MN, USA). The antibody against
MMP-7 polyclonal and MMP-14 were purchased from
Abcam (Cambridge, England).
MMP-7 enzyme and JSI-124 were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and GM6001 was pur-
chased from Millipore (Billerica, MA, USA).

Human recombinant

Cell Culture

The human colon cancer cell lines (HCT116, SNU-1235,
DLD-1 and SW480) were purchased from Korean cell line
bank (Seoul, South Korea). HCT116 cells were maintained
in McCoy’s 5A medium (Hyclone, Logan, UT, USA),
SNU-1235 cells in RPMI1640 medium (Hyclone, Logan,
UT, USA), DLD-1 cells in DMEM medium (Hyclone,
Logan, UT, USA) and SW480 cells in DMEM/F12 med-
ium (Welgene, Daegu, South Korea) supplemented with
10% (v/v) fetal bovine serum and gentamicin (50 mg/mL)
(Sigma-Aldrich, St. Louis, MO, USA). The cells were
cultured at 37°C in a humidified 5% CO2 atmosphere.

Mice

The seven-week-old male C57BL/6 mice were purchased
from Central Lab Animal, Inc. (Seoul, South Korea). All
procedures in the animal studies were performed in accor-
dance with the guidelines of and under approval by the
Institutional Animal Care and Use Committees (IACUCs)
of Ewha Womans University (No. 15-044 and 16-069) and
Hanyang University (No. HY-16-0066 and HY-17-0007).

Animal Models

Acute colitis model was produced in mice by oral admin-
istration of 3% DSS [35-50 kDa] in the drinking water for
4 days followed by 6 days on tap water (each group n=10).
Mid-term colitis model was administered with 2% DSS in

drinking water for 5 days and followed by 5 days of tap
water (each group n=10) and repeated the cycle 3 times.
2% DSS was orally delivered to chronic colitis model for
a week and followed by two weeks of tap water (each
group n=7) and repeated the cycle 5 times.

Slot Blotting

Conditioned media were slot-blotted onto a 0.45-pm nitrocel-
lulose membrane (GE Healthcare, Chicago, IL, USA) in
a Bio-Rad apparatus (Bio-Rad, Hercules, CA, USA). After
blotting, the membrane was stained with Ponceau S. The
membrane was then washed in 0.05% Tween-20 in Tris-
buffered saline (TBS: 50 mM Tris—HCI, pH 7.4, 150 mM
NaCl), blocked in TBS-T with 5% skim milk, washed, and
probed with anti-syndecan-2 or —1 (1:1000) for overnight at
4°C. Signals were detected using an Odyssey CLx imager (LI-
COR Biosciences, Lincoln, NE, USA), and the data were
analyzed with the Image Studio Lite software (LI-COR
Biosciences).

Immunohistochemical Staining of Tissue

Samples

After mice were sacrificed, their colons were Swiss-rolled,
fixed in 4% formalin, and embedded in paraffin. Each paraf-
fin block was sequentially sectioned at 4 um, and the sections
were mounted on slides. Immunohistochemical staining was
performed using previously described method.?® Briefly, the
sections were rinsed and endogenous peroxidase activity was
blocked with 3% hydrogen peroxide. The sections were then
washed with PBS, blocked with M.OM™ Mouse IgG
blocking reagent (Vector Laboratories, Inc., Burlingame,
CA, USA), and incubated overnight with diluted primary
antibodies. The sections were washed with PBS and incu-
bated with biotinylated secondary antibodies for 1 hr and
immunostaining was visualized with a Vectastain ABC Kkit,
using DAB as a substrate (Vector Laboratories, Inc.). The
sections were rinsed, dehydrated, mounted, and covered with
coverslips. The tissue slides were observed under a light
microscope (Leica DM1000 LED; Leica Microsystems,
Wetzlar, Germany) and images were captured using an
LAS Image Analyzer (LAS ver 4.0; Leica Microsystems).

Double-Immunofluorescence Staining

For double labeling with syndecan-2, MMP-7, and IL-6,
4um paraffin sections were used. The tissue sections were
prepared as described above. In brief, the section was
washed with PBS and then blocked with M.O.M Mouse
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IgG blocking reagent (Vector laboratories, Burlingame, CA,
USA) at 4°C overnight. On the next day, the tissue slides
were incubated with diluted primary antibody mixtures anti-
syndecan-2 (1:300) and MMP-7 (1:100) in antibody diluent
(Dako, Santa Clara, CA, USA) at 4°C overnight and were
rinsed with PBS the next day. Then, the slides were incu-
bated with secondary antibody mixture Texas Red-
conjugated donkey anti-rabbit (Elisa technologies,
Gainesville, FL, USA) and FITC-conjugated donkey anti-
mouse (Elisa technologies) for 2 hr at room temperature. The
tissue slides were observed under Eclipse Ts2R-FL fluoresce
microscope (Nikon Corporation, Minato-ku, Tokyo, Japan)
after the sections were mounted in fluorescence mounting
solution with DAPI (Vector Laboratories, Burlingame, CA,
USA) and images were captured using an imaging software
(Nis-Element BR ver 5.01; Nikon imaging software).

Real-Time PCR (qPCR) and RT-PCR

Expression levels of target genes were measured by qPCR
for colon tissues and by RT-PCR for cell lines. Total RNA
was extracted using the easy-BLUE reagent (iNtRON
Biotech.) as suggested by the manufacturer. Lithium chlor-
ide purification was performed to remove any contaminating
DSS, which can inhibit reverse transcriptases and poly-
merases. Approximately 3 pug of RNA was used to generate
cDNA with AMV reverse transcriptase and random primers
(Promega US, Madison, WI, USA). Aliquots of the resulting
cDNA were amplified using the specific primers listed in
Table 1. Real-time PCR was performed by the CFX96™
Real-Time PCR Detection System (Bio-Rad) in a two-step
procedure using SensiFASTTM SYBR® Hi-ROX Kit

Table | List of Primers

(BioLine, London, UK) wusing the

(Table 1). All reactions were performed in a 96 well plate

specific primers

using the following cycling conditions: 40 cycles of 95°C
for 15 s, and 60°C for 30 s, 72°C 1 min. Using the CT (delta-
delta CT) method, the value of each control sample was set
at 1 and used to calculate the fold-change of target genes.
For the RT-PCR, aliquots of the resulting cDNA were ampli-
fied using the specific primers (Table 1). After an initial
denaturation at 94°C for 5 min, 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.

Tissue Culture

Normal or colitis induced (3% DSS, 4 days) mouse colon
tissues were collected, washed several times with PBS
(n=10 each), dissected longitudinally, and then divided into
proximal, transverse, and distal parts. Each part was incu-
bated in medium supplemented with or without mouse IL-1§
(10 ng/mL) or IL-6 (40 ng/mL) for 24 hr. Media were
collected, centrifugated and supernatants were used for slot
blotting. Colonic tissues were collected for qRT-PCR.

Multiplex Cytokine Analysis

The selected cytokines were determined by Koma Biotech
(Seoul, South Korea) using a Multiplex Map Mouse
Magnetic Bead Panel (Millipore, Billerica, MA, USA) as
previously described methods.?

Reporter Assay
DLD-1 cells plated to 12-well plates were co-transfected with
0.8 pg of pGL3-basic vector or MMP-7(—2344) reporter

Gene Forward Primer Reverse Primer

qPCR mSDC2 TTCAGGAGTATATCCTATTGATGATGA ACTCTCTATGTCTTCATCAGCTCCT
hSDC2 CTGCCCCTAAACTTCTGCCGT CTTGTTGGTTTCTGCACTCCC
mMMP-7 CCCGGTACTGTGATGTACCC AATGGAGGACCCAGTGAGTG
hMMP-7 GGCTTTAACATGTGGGGCA GGCCCATCAAATGGGTGAGA
miL-la GCCTTATTTCGGGAGTCTAT TAGGGTTTGCTCTTCTCTTACA
miL-1B CCTTCCAGGATGAGGACATGA TGAGTCACAGAGGATGGGCTC
mlL-6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC
miL-17A TCCAGAAGGCCCTCAGACTA ACACCCACCAGCATCTTCTC
mGAPDH GGAAGGGCTCATGACCACA CAGTGAGCTTCCCGTTCAG
hGAPDH CCTCAAGATCATCAGCAAT CCATCCACAGTCTTCTGGGT

RT-PCR hSDC2 CATCTCCCCTTTGCTAACGGC TAACTCCATCTCCTTCCCCAGG
hMMP-7 GGTCACCTACAGGATCGTATCATAT CATCACTGCATTAGGATCAGAGGAA
hGAPDH CCACCCATGGCAAATTCCATGGCA TCTAGACGGCAGGTCAGGTCCACC
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constructs together with 0.8 pg of pCMV/B-galactosidase
(Clontech, Palo Alto, CA) (normalizing control), using the
Lipofectamine reagent (Invitrogen). Four hours post-
transfection, the cultured media were replaced with fresh
media and the cells were serum starved with 1% FBS for 16
hr. The cells were then treated with IL-6 (40 ng/mL) in the
absence or presence of 0.5 uM JSI-124 (a selective inhibitor of
the JAK/STAT3 signaling pathway) for 24 hr, washed with
PBS and lysed with the buffer provided in the 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 activities (luciferase activ-
ity/B-galactosidase activity).

Statistical Analysis

Data are presented as the meantstandard error of the mean
(SEM) from each independent experiment. Statistical ana-
lysis was performed using the one-way ANOVA followed
by Bonferroni post hoc test or Student’s ¢ test. A value of p <
0.05 was considered to indicate a statistically significant
difference. The Pearson single-correlation coefficient was
used to compare the syndecan-2 positive area and inflam-
matory area or serum shed syndecan-2 level. Statistical
significance was accepted when p < 0.05. All data were
analyzed SPSS version 20.0 (SPSS, Chicago, IL).

Results
The Extracellular Shedding of Syndecan-2

Occurs During Chronic Inflammation

We previously reported that syndecan-2 expression is
increased during colon cancer formation®® and the extracellular
shedding of syndecan-2 increases during the process of
carcinogenesis.”' We also recently reported evidence suggest-
ing that syndecan-2 expression might be increased during the
inflammatory response.”*** Here, we further investigated
whether syndecan-2 shedding occurs during inflammation.
First, acute inflammation on syndecan-2 shedding was
assessed. C57BL/6 mice were exposed to 3% DSS in their
drinking water for 4 days (acute phase) followed by fresh
drinking water (from the tap) for 6 days (recovery phase). In
our slot blotting analysis, we failed to detect syndecan-2
throughout the experiment, indicating that shed syndecan-2
was not induced or altered under acute DSS-induced colitis
(Figure 1A). When medium-term inflammatory colitis was
induced by three cycles of a 5-day exposure to 2% DSS

followed by 5 days of recovery, detectable level of secreted
syndecan-2 in serum was observed, but the quantified level
was not significantly different from that of the vehicle control
(Figure 1B). This suggested that syndecan-2 shedding requires
a long-term inflammatory reaction. To confirm this, we
induced chronic colitis by applying five cycles of a 7-day
exposure to 2% DSS followed by 14 days of recovery accord-
ing to the protocol previously used.”**’ The serum from week
13 (just after the DSS administration ended), 14 (after 1 week
of recovery) and 15 (after 2 weeks of recovery) was collected.
Compared to vehicle control mice, those subjected to the
chronic colitis-inducing protocol exhibited elevated serum
levels of shed syndecan-2 at the three tested time points, yet
only week 15 showed significant elevated shed syndecan-2
(Figure 1C). We further collected serum at the end of each
cycle and performed slot blotting. As shown in Figure 1D, the
shed syndecan-2 levels were begun to elevate at week 9 with
the significantly highest level seen at week 15. Since the
shedding of syndecan-1 is known to increase during the inflam-

16,1
matory response, 17

we detected the amount of shed synde-
can-1 in the same sera. However, the serum level of shed
syndecan-1 was not elevated at weeks 9 to 15 in our model
(Figure 1E). These data suggest that the extracellular shedding
of syndecan-2, but not syndecan-1, occurs during chronic

inflammation.

Serum Levels of Shed Syndecan-2
Correlate with Its Expression Levels at

Trans-Distal Colon

Although we previously reported that syndecan-2 expression
was predominantly elevated at the proximal colon during
acute inflammation, our above data showed that acute inflam-
mation failed to induce syndecan-2 shedding (Figure 1A). In
an effort to understand this discrepancy, we examined the
expression pattern of syndecan-2 at weeks 9 to 15 of chronic
inflammation, when the elevated serum levels of shed synde-
can-2 were detected (Figure 2). At week 9, syndecan-2 expres-
sion was increased throughout the colon, most prominently in
the proximal colon. Thereafter, from weeks 12 to 15, the
expression of syndecan-2 gradually increased in the trans-
distal colon (Figure 2A). Similarly, the mRNA expression of
syndecan-2 was most clearly elevated in the proximal colon at
week 9, but it was elevated throughout the colon at weeks 12
and 15 (Figure 2B). On the other hand, the mRNA expression
levels of syndecan-1 were progressively reduced under
chronic inflammation (weeks 9-15), compared to that seen
in vehicle control mice (Figure 2B). For further analysis, we

Journal of Inflammation Research 2021:14

4991

Dove:


https://www.dovepress.com
https://www.dovepress.com

Hong et al Dove
A B D
Time (d) Time (d) Wks 9 12 15 9 12 15
0 4 10 0 5 10 15 20 25 30 | e
- - - T R S
A A A A A A + A1 —
N o~N ——
28; B VhIDSS 09 ; N Sa.-SDCZ Ponceau.$
- - ] -
Se2 5¢2 08 4
@ S 11 o e e @D 1] wm A% XF €2 3 .
a0 80 s E2{ o I3
4 7 10 1020 30 €32 7] s> 2F ]
Time (d) Time (d) a0
Wks 9 12 15
C E
- <« Wks 13 14 15 13 14 15 Wks 9 12 15 9 12 15
~N
7] I - | Al
»n b =
@n (] (] — -
LT + + — T
1R = = =
A~y a-SDC2 Ponceau.S a-SDC1  Ponceau.S
b o -
o -~ = 5 fj
: I .3
=) = R
T '% £ g S L;; '% €2
o x g 14 =m=te- S 2 o €2 1] P ;
E b4 0 - | 3 0 p'
Wks 13 14 15 Wks 9 12 15

Figure | The extracellular shedding of syndecan-2 occurs during chronic inflammation. (A and B) Seven-week-old C57BL/6 mice were administrated with 3% (A) or 2% (B)
DSS (n=6 mice per group) and sacrificed for the indicated periods of time. Mice serum were collected and analyzed by slot blotting with anti-syndecan-2 polyclonal antibody.
Quantitative analysis of shed syndecan-2 levels in mice serum were performed using box-whisker plot. The shed syndecan-2 level in vehicle mice was used as a control. (C)
Administration of 2% DSS for a week and two weeks of recovery phase was | cycle and repeated this cycle for 5 times. Mice serum from indicated time points were
collected and analyzed by slot blotting with anti-syndecan-2. Protein loading in blots were determined by Ponceau § staining. Box-whisker plot represented the level of shed
syndecan-2 (SDC2) using shed syndecan-2 level of vehicle as a control. (D and E) Administration of 2% DSS was performed as described in (C). Mice serum from indicated
time points were collected and analyzed by slot blotting with anti-syndecan-2 (D) and anti-syndecan-1 antibody (E). Box-whisker plot represented the level of shed

syndecan-2 (SDC2, (D) and —1 (SDCI, (E) using shed syndecan-2 and —| level of vehicle as a control. *p < 0.05.

digitally colored the regions that stained positive for syndecan-
2 in the proximal or trans-distal colon and calculated the
expression area at each time point for each site (Figure 2C).
The proximal colons of inflamed mice showed significantly
up-regulated syndecan-2 expression (42%) at week 9 and
maintained this elevated expression at week 15 (58%).
However, the expression of syndecan-2 increased more slowly
and to a lower level in the trans-distal colon compared to the
proximal colon. At 9 and 12 weeks, 18% and 37%, respec-
tively, of the trans-distal colon expressed syndecan-2, suggest-
ing that the elevation of shed syndecan-2 was associated with
the increased expression of syndecan-2 in the trans-distal
colon. Indeed, the area of syndecan-2 expression was well
correlated with the inflammatory area (r=0.710, P=0.010,
Figure 2D) and serum shed syndecan-2 level (r=0.717,

p=0.002, Figure 2E) in the trans-distal colon. Since the eleva-
tion of shed syndecan-2 during chronic inflammation appears
to be associated with the upregulation of syndecan-2 expres-
sion in the trans-distal colon, we propose that syndecan-2
expressed in the trans-distal region is associated with the
increased serum level of shed syndecan-2 seen during chronic
inflammation.

Chronic Inflammation Promotes MMP-7
Expression in a Colon-Region-Dependent

Manner
Since MMP-7 and MMP-14 have been shown to be involved

28,29

in syndecan-2 shedding previously, we examined the

expression changes of those MMPs in our experimental
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Figure 2 Serum levels of shed syndecan-2 correlate with syndecan-2 expression at trans-distal colon. (A) Inflammation induced colonic tissues were stained with H&E (top
panel) or immunostained with anti-syndecan-2 antibody at the indicated timepoints. Scale bars: 500um. (B) Expression of syndecan-2 (SDC2) and —1 (SDCI) in the indicated
colon tissues were analyzed by qRT-PCR. (C) The areas expressing elevated syndecan-2 in the proximal or trans-distal colon were digitally colored (yellow) (top panel) and
analyzed with an LAS Image Analyzer (LAS ver 4.0; Leica Microsystems). Scale bars: 500 um. Each colored area was calculated and graphically represented compared to
vehicle (bottom panel). *p < 0.05, **p < 0.01, ***p < 0.001. (D—E) The association between the areas of syndecan-2 and inflammatory (D) and area of syndecan-2 and serum
shed syndecan-2 level (E) were analyzed using correlation analysis, as applied using the ANOVA test program, SPSS (version 20.0). Note the close correlation of area of
syndecan-2 with the inflammatory area in trans-distal colon and shed syndecan-2 level in part of all colon (n=3~4 mice per group).

system (Figure 3). MMP-7 expression was not detected in the
colon tissues of vehicle control mice, whereas chronic colitis-
induced mice exhibited upregulation of MMP-7 expression
in the transverse colon at weeks 9, 12 and 15 (Figure 3A). At
weeks 12 and 15, MMP-7 expression was increased in the
crypt region throughout the colon, with the most dramatic
increase observed in the transverse and distal colon
(Figure 3A). The mRNA expression pattern of MMP-7 was
found to be similar to the corresponding protein level in
colon tissues (Figure 3C). In contrast, whereas the protein
expression of MMP-14 in colon epithelial cells was similar
regardless of the region or time point (Figure 3B), the mRNA
level of MMP-14 was somewhat higher in the trans-distal
colon at weeks 12 to 15 in chronic inflammation-induced

mice compared to vehicle controls (Figure 3D). This may be
due to the lower correlation between MMP-14 expression
and colonic epithelium. Together, these data suggest that
MMP-7 expression is dependent on the colonic region.

Chronic Inflammation Causes
Colocalization of Syndecan-2 with MMP-7

at Distal Colonic Tissues

To determine whether MMP-7 is directly involved in syn-
decan-2 shedding, we performed double immunofluores-
cence staining of chronic inflammation-induced colon
tissues using antibodies against syndecan-2 and MMP-7.

The proximal, transverse and distal colon regions were
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Figure 3 Chronic inflammation promotes MMP-7 expression in a colon-region-dependent manner. (A and B) Proximal, transverse and distal colon tissues from each
indicated time points were immunostained with anti-MMP-7 (A) and MMP-14 (B) antibodies. Scale bars: 50 um (top panel). (C and D) The mRNA expression of MMP-7 (C)
and MMP-14 (D) from each region (n=5) were analyzed by qRT-PCR. *p < 0.05, **p < 0.01, **p < 0.001.

stained and assessed for the colocation of syndecan-2 and
MMP-7 (Figure 4). At week 9, syndecan-2 was observed in
the proximal colonic epithelium, while MMP-7 was weak
but predominantly observed in the crypt of the transverse
colon, suggesting that the two molecules did not spatially
or temporally colocalize (Figure 4A). Interestingly, how-
ever, at week 12, while syndecan-2 was mainly observed in
the colonic epithelium, increased MMP-7 expression was
observed in both the crypt of the trans-distal colon and in
the colonic epithelium. In the colonic epithelium, there was
no detectable colocalization of syndecan-2 and MMP-7 in
the proximal colon, but these molecules were located close
together in both the transverse and distal colon. In the distal
colonic epithelium, about 10% of the cells showed coloca-
lization of syndecan-2 and MMP-7 (Figure 4B), suggesting
that the extracellular domain of syndecan-2 could be shed
by MMP-7 in the distal colon. Collectively, these findings
suggest that syndecan-2 and MMP-7 may colocalize at the

distal colon during chronic inflammation, which might be
important for the shedding of syndecan-2.

IL-6 Promotes Shedding of Syndecan-2 by
Regulating MMP-7 Expression at the

Distal Colon

Since Kwon et al reported that IL-1o promoted MMP-7
expression in colon cancer cell lines®® and Choi et al
reported that IL-1 elevated syndecan-2 expression during
inflammatory hypoxia,”® we hypothesized that proinflam-
matory cytokines are involved in the regulation of synde-
can-2 shedding. To examine this possibility, several
proinflammatory cytokines (IL-la, IL-1B3, IL-6, IL-17A)
that are thought to influence the upregulation of MMP-7
during chronic inflammation were analyzed (Figure 5A).
Compared to vehicle control mice, chronic inflammation-
induced mice did not show any alteration of IL-1a but did
exhibit increases in the levels of IL-1p and IL-17A, mostly
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MMP-7 DAPI

Figure 4 Chronic inflammation causes colocalization of syndecan-2 with MMP-7 at distal colonic tissues. (A and B) Paraformaldehyde fixed, paraffin embedded 4 um
sections of inflammation induced colonic tissues at 9 weeks (A) and |12 weeks (B) were stained with syndecan-2 and MMP-7 primary antibody and nuclei were stained with
DAPI (n=5). Syndecan-2 was visualized with FITC-conjugated goat anti-mouse antibody and MMP-7 was visualized with Texas Red-conjugated goat anti-rabbit antibody. Scale
bars: 100 um. Magnified images of syndecan-2 and MMP-7 co-immunostained region of each proximal (a), transverse (b) and distal (c) colon. Scale bars: 50 um. White arrows

represent the colocalization of syndean-2 with MMP-7 in the magnified images.

at week 15. Interestingly, IL-6 exhibited a gradual eleva-
tion from week 9 to week 15 (Figure 5A). Since the level
of shed syndecan-2 increased most obviously at week 15,
the cytokine analysis result suggests that IL-1p, IL-6 and
IL-17A could be responsible for the initiation of syndecan-
2 shedding (Figure 1D). We therefore studied the mRNA
level of each cytokine in the different colon regions
(Figure 5B). At week 9, the mRNAs for all three cytokines
were most prominently elevated in the transverse colon. At
week 12, the mRNA levels of IL-1B and IL-17A were
ameliorated, but IL-1p was once again upregulated at
week 15. Meanwhile, the mRNA level of IL-6 was main-
tained from weeks 9 to 15, especially in the trans-distal
colon (Figure 5B). These findings suggested that IL-1B
and IL-6 could be considered potential candidates for
syndecan-2 shedding factors. To further examine the direct
effects of cytokines, we applied each cytokine to acute
inflammation-induced colon tissues (treated with 3% DSS
for 4 days) rather than chronically inflamed tissues, in
which we would expect there to be many unpredictable
changes. We collected colonic tissues from normal and
acute DSS-induced mice, treated them with these cyto-
kines (IL-1pB, IL-6), and examined their involvement in

syndecan-2 shedding (Figure 5C). In the colon tissues of
normal mice, neither IL-1 nor IL-6 affected the mRNA
expression of syndecan-2, MMP-7, or the shedding of
syndecan-2 from colon tissues. In acute inflammatory-
induced colon tissues, however, there were relevant cyto-
kine-induced alterations in these mRNA levels. IL-1B
treatment increased the mRNA levels of syndecan-2 and
MMP-7 most prominently in the proximal region, whereas
IL-6 enhanced these levels in the trans-distal colon.
Interestingly, shed syndecan-2 was only detected in the
culture supernatants of IL-6-treated samples, especially
those from the distal region (Figure 5C, bottom).
Moreover, two cancer cell lines originating from the
ascending colon, HCT116 and SNU-1235, showed an
increase in MMP-7 mRNA levels after the cells were
treated with IL-1a or IL-1PB, whereas there was no altera-
tion in the mRNA level of MMP-7 in the descending
colon-originated colon cancer cell lines, DLD-1 and
SW480, following their treatment with IL-la or IL-1p.
Treatment with IL-6, in contrast, increased the mRNA
level of MMP-7 in DLD-1 cells (Figure 5D). Consistent
with these findings, slot blotting showed that treatment
with IL-l1a or IL-1f increased the shed syndecan-2 level
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Figure 5 IL-6 promotes shedding of syndecan-2 by regulating MMP-7 expression at distal colon. (A) Serum samples (n=6) were analyzed for their concentrations of various
cytokines using a multiplex cytokine analysis. (B) The mRNA expression levels of IL-10, IL-If, IL-6, and IL-17A in the proximal, transverse, and distal colon on the indicated
days were assessed by qRT-PCR (n=6). (C) Colon tissues dissected from normal or acute DSS-induced mice administrated with 3% DSS for 4 days were ex vivo cultured and
treated with 10 ng/mL of IL-1B or 40 ng/mL of IL-6 each for 24 hr. The mRNA expression levels of syndecan-2 and MMP-7 were analyzed by qRT-PCR (n=6). The cultured
media was collected and analyzed by slot blotting with anti-syndecan-2 antibody. Box-whisker plot represented the level of shed syndecan-2 using shed syndecan-2 level of
vehicle as a control (n=5). (D) The mRNA levels of human syndecan-2 and MMP-7 in the indicated colon cancer cell lines after treating each indicated cytokine (I ng/mL IL-
la, 10 ng/mL IL-1B, 40 ng/mL IL-6 or 50 ng/mL IL-17A) were determined by RT-PCR. GAPDH was used as the loading control. The cultured media was collected and
analyzed by slot blotting with anti-syndecan-2 antibody. Box-whisker plot represented the level of shed syndecan-2 using shed syndecan-2 level of vehicle as a control. (E)
After serum starvation, DLD-1 cells were treated with 40 ng/mL of IL-6 for 24 hr and then total cell lysates were immunoblotted with the indicated antibodies. (F) The cells
treated with 40 ng/mL of IL-6 in either the absence or presence of 0.5 M of JSI-124 were lysed with luciferase lysis buffer to measure the luciferase activity and the B-
galactosidase activity. Data are shown as mean+S.D. (n=3). *p < 0.05, **p < 0.01, **p < 0.001.

in ascending colon-originated colon cancer cell lines,
whereas treatment with IL-6 induced syndecan-2 shedding
in DLD-1 cells (Figure 5D).

Since IL-6 and signal transducer and activator of transcrip-
tion 3 (STAT3) play important roles in the survival of intestinal
epithelial cells and the development of inflammation-
associated colon cancer,’® we further investigated whether
the IL-6/STAT3 pathway was involved in regulating MMP-7
expression. As expected, IL-6 treatment induced phosphoryla-
tion of STAT3 in DLD-1 cells, but not in HCT116 cells
(Figure SE). Consistently, IL-6 increased MMP-7 promoter
activity and a STAT3 inhibitor (JSI-124) completely abrogated
these changes (Figure 5F). These findings suggest that IL-

6-STAT3 pathway may induce MMP-7 expression in distal
colon to increase the shedding of syndecan-2.

To further investigate the direct role of MMP-7 in the
extracellular shedding of syndecan-2 in colon tissues, we
collected colonic tissues from acute DSS-induced mice and
treated these tissues with MMP-7 in the absence or presence
of an MMP inhibitor (Figure 6). Consistent with a previous
report,”* we found that acute inflammation mediated by DSS
induced expression of syndecan-2 predominantly in the prox-
imal colon, but not detectable amounts of MMP-7 in the
proximal colon (Figure 6A). The direct application of
MMP-7 enzyme to ex vivo-cultured proximal colon tissues
expressing syndecan-2 increased the levels of shed syndecan-
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Figure 6 MMP-7 directly induces shedding of syndecan-2 in colon tissues. (A) Seven-week-old C57BL/6 mice were administrated with 3% DSS for 4 days, and colon sections of
each group were H&E stained or immunostained with the indicated antibodies. Scale bars: 50 pM. (B) Colon tissues dissected from mice were ex vivo cultured and treated with
MMP-7 (320 nM) for 2 hr in the absence (left panel, n=5) or presence (right panel, n=3) of MMP-7 inhibitor (GM6001). The cultured media was analyzed by slot blotting with anti-
syndecan-2 antibody. Box-whisker plot represented the level of shed syndecan-2 using shed syndecan-2 level of vehicle as a control (n=5). *p < 0.05, *p < 0.01.

2 in the tissue culture media, and this was inhibited by
cotreatment with 500 nM MMP-7 inhibitors (GM6001)
(Figure 6B), further confirming that MMP-7 mediates the
extracellular domain shedding of syndecan-2 in colon tissues.

Interestingly, in an acute TNBS colitis model, which was
characterized by more focal damage in distal colon than in
the DSS colitis model, syndecan-2 expression was increased
in all parts of colon, but MMP-7 was expressed only in
proximal colon (Figure 7A). Although the syndecan-2
expression region was well associated with the inflammatory
region (r=0.809, P=0.015) in trans-distal colon (Figure 7B),
there were no detectable amounts of shed syndecan-2 in
TNBS colitis model (Figure 7C), supporting the importance
of syndecan-2 colocalization with MMP-7 in distal colon on

syndecan-2 shedding during chronic inflammation.

Discussion
We previously reported that syndecan-2 expression was
elevated during both chronic inflammation and cancer

203132 and that extracellular domain release

development,
of syndecan-2 occurred in cancer patients.’! Here, we
further investigated whether inflammation triggered extra-
cellular domain shedding of syndecan-2. Our results
revealed that the serum levels of shed syndecan-2 were
increased by chronic inflammation-mediated MMP-7
expression, and that long-term inflammation in the colon
epithelium could increase the serum level of shed synde-
can-2 in a DSS-induced mouse model (Figure 1). This
suggests that syndecan-2 shedding requires chronic inflam-
mation stress. Although a previous study indicated that
syndecan-2 expression begins to increase in the proximal

colon during acute inflammation,**

our present results
showed that syndecan-2 was increased in the same region
by more than 50% at week 15 of chronic inflammation
(Figure 2). These findings suggest that this event requires
an additional regulatory mechanism for syndecan-2 shed-
ding. In addition, our observation that chronic inflamma-

tion induced syndecan-2 expression specifically at the
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whisker plot. Shed syndecan-2 level in vehicle mice was used as a control. *p < 0.05.

distal colon (Figure 2) suggests that site-specific syndecan-
2 expression is critical for its extracellular shedding.
Since MMP-7 and MMP-14 are known shedding fac-

2,242 we investigated the expression

tors for syndecan-
patterns of both proteinases (Figure 3). Our data showed
that MMP-7 was increased in the transverse colon at week
9 of inflammation, especially in the intracellular vesicles
of the crypt region (Figure 3A). At week 12, MMP-7
expression was frequently observed in crypt regions
throughout the colon, as well as in the epithelial region
(Figure 3A). To induce syndecan-2 shedding, MMP-7
must interact with syndecan-2. Colocalization of synde-
can-2 and MMP-7 was not detected at week 9. However,
the two proteins were observed in very close proximity
within cells in the transverse colon and even colocalized
each other in the distal colon at week 12 of inflammation
(Figure 4), suggesting that MMP-7 may be involved in the
shedding of syndecan-2 during chronic inflammation. In
contrast, we did not detect the altered expression of MMP-
14,%® the other syndecan-2 shedding factor, in the colonic

epithelial cells during chronic inflammation (Figure 3B).
Collectively, these data suggest that syndecan-2 and
MMP-7 are colocalized not in the proximal colon, but
rather in the distal colon, which results in the shedding
of syndecan-2.

Our analysis of the serum cytokine levels of DSS-
induced colitic mice revealed that the levels of IL-1p, IL-
6 and IL-17A were increased at week 15, but only IL-6
exhibited a gradual elevation from weeks 9 to 15
(Figure 5A). Interestingly, the mRNA level of IL-1B was
found to increase from the proximal to distal colon at week
15, perhaps connecting our present data to our previous
report showing that IL-1B contributes to syndecan-2
expression during chronic inflammation.?® Although IL-
1B and IL-6 did not influence syndecan-2 shedding in
normal colonic tissues, IL-6, but not IL-1p, could increase
the level of shed syndecan-2 in inflammation-induced
colonic tissues, especially the distal region of ex vivo-
cultured inflamed colonic tissues (Figure 5C), suggesting
that inflammation

IL-6 production during chronic
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upregulates the expression levels of both syndecan-2 and
MMP-7 in the distal colon. Indeed, IL-6 treatment elevated
the expression levels of both syndecan-2 and MMP-7 in
distal colon-originated colon cancer cells (eg, DLD-1
cells) in parallel with an increase in the amount of shed
syndecan-2 found in the conditioned media (Figure 5D).
Consistently, the treatment of MMP-7 induced syndecan-2
shedding in the inflamed colon tissue culture (Figure 6).
These data confirm that local expression of IL-6 is a key
player in the upregulation of MMP-7 expression and the
shedding of syndecan-2 in the distal colon.

Interestingly, an acute TNBS colitis model (Figure 7),
which was characterized by more focal damage in distal
colon than in the DSS colitis model showed increased
syndecan-2 expression in all parts of colon. However,
under our experimental conditions, it did not alter either
the mRNA nor protein expression levels of MMP-7, and
therefore the shedding of syndecan-2 remained unchanged.
Together, these data support the importance of syndecan-2
colocalization with MMP-7 in distal colon on syndecan-2

shedding during chronic inflammation.

Conclusion

In the present paper, we report for the first time that the
level of shed syndecan-2 is increased after long-term
inflammation, and that this occurs through the promotion
of MMP-7 expression. Both MMP-7 and syndecan-2
should be colocalized in a given cell to enable syndecan-
2 shedding. Serum-borne IL-6 is an important factor for
the induction of MMP-7 expression in the distal colon
region, which is a critical region for syndecan-2 shedding
under inflammation. Therefore, the level of shed synde-
can-2 in the sera of colitis patients could potentially be
used as a precise marker to diagnose perpetuated inflam-
mation and monitor their status, potentially helping to
guard against the development of colitis-associated cancer.
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