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Chitinase 3-like-1 (CHI3L1/YKL-40) is a protein secreted
from restricted cell types including colonic epithelial
cells (CECs) and macrophages. CHI3L1 is an inflamma-
tion-associated molecule, and its expression is en-
hanced in persons with colitis and colon cancer. The
biological function of CHI3L1 on CECs is unclear. In this
study, we investigated the role of CHI3L1 on CECs dur-
ing the development of colitis-associated neoplasia. We
analyzed colonic samples obtained from healthy per-
sons and from persons with ulcerative colitis with or
without premalignant or malignant changes. DNA mi-
croarray and RT-PCR analyses significantly increased
CHI3L1 expression in non-dysplastic mucosa from pa-
tients with inflammatory bowel disease (IBD) who had
dysplasia/adenocarcinoma compared with that in
healthy persons and in patients with IBD who did not
have dysplasia. As determined by IHC, CHI3L1 was ex-
pressed in specific cell types in the crypts of colonic
biopsies obtained from patients with ulcerative colitis
who have remote dysplasia. Purified CHI3L1 efficiently
activated the NF-kB signaling pathway and enhanced
the secretion of IL-8 and TNF-« in SW480 human colon
cancer cells. In addition, colon cancer cell proliferation
and migration were significantly promoted in response
to CHI3L1 in these cells. In summary, CHI3L1 may con-
tribute to the proliferation, migration, and neoplastic
progression of CECs under inflammatory conditions
and could be a useful biomarker for neoplastic changes
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in patients with IBD. (4m J Pathol 2011, 179:1494—1503;
DOI: 10.1016/j.ajpath.2011.05.038)

Chitinase 3-like-1 (CHI3L1, also known as YKL-40 or HC-
gp39) is classified in the glycosyl hydrolases 18 family
based on the structural similarity with other chitinases.?
However, functionally, CHI3L1 lacks enzymatic activity
and belongs to the family of chi-lectins (chitinase-like
lecting) that includes Ym-1® and stabilin-1-interacting
chitinase-like protein.* CHI3L1 is a 40 kDa protein and is
produced by restricted cell types, including colonic epi-
thelial cells (CECs) and macrophages.>” CHI3L1 can be
detected in the Golgi apparatus and the endoplasmic
reticulum,® but its major sites of action seems to be ex-
tracellular as a secreted protein.® The secreted form of
CHI3L1 has growth-stimulating effects in connective tis-
sue cells, including synoviocytes and chondrocytes.® In
addition, CHISL1 shows dose-dependent growth-stimu-
lating effects in human fibroblasts and shows similar and
synergistic effects with well-characterized mitogen, insu-
lin-like growth factor 1 (IGF-1)."" However, the exact bi-
ological function of CHI3L1 in CECs remains uncertain.

It is well documented that elevated levels of CHI3L1
can be detected in the sera of persons with rheumatoid
arthritis, bronchial asthma, or inflammatory bowel dis-
ease (IBD).">7'® Serum CHI3L1 is significantly increased
in active but not quiescent IBD.>2'® In agreement with
this observation, approximately 64% of persons with
Crohn’s disease (CD) who have extra-intestinal manifes-
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tations such as erythema nodosum and fistulas showed
significantly increased serum levels of CHI3L1."%"¢ In
addition, patients with CD who had stenotic disease had
higher serum CHI3L1 than did patients with non-stenotic
disease."” Of note, the colonic CHI3L1 mRNA level was
increased in persons with active ulcerative colitis (UC)
and CD but was in the normal range in persons with
quiescent UC and the uninvolved regions of CD.® In
addition, CHIZL1 serum concentrations seem to be not
only highly up-regulated in persons with active CD and
UC but also correlated with poor prognosis of solid tu-
mors, including breast cancer and colon cancer.®

Patients with chronic IBD have an increased risk of
developing colitis-associated cancer, which increases by
0.5% to 1% annually after 10 years of chronic inflamma-
tion.™® A growing amount of evidence indicates that various
soluble factors produced by epithelial cells and immune
cells play a pathogenic role in the carcinogenic change of
CECs."92° CHI3L1 seems to be one of the soluble factors
that play a pivotal role in protecting cancer cells from un-
dergoing apoptosis, as well as promoting tissue remodeling
by interacting with the extracellular matrix and by stimulat-
ing angiogenesis.?! However, little is know about the role of
CHI3L1 in IBD-associated colon cancer.

In this study we show that CHI3L1 expression in CECs
is significantly and specifically increased in non-dysplas-
tic mucosa of patients with UC who have dysplasia that is
away from the non-dysplastic mucosa (remote dysplasia)
as well as colorectal adenocarcinoma; we also show that
it may be a reliable biological marker of neoplasia in
high-risk individuals. In addition, we demonstrate a new
mechanism by which CHI3L1 may contribute to IBD-
associated neoplasia through a growth-stimulating effect
on enhancing the production of NF-kB—induced IL-8 and
tumor necrosis factor (TNF)-«, which presumably are as-
sociated with chronic inflammation-mediated malignant
transformation in CECs.

Materials and Methods

Cell Culture

SW480 and COLO 205 cells were obtained from Ameri-
can Type Culture Collection (Manassas, VA) and were
cultured in Dulbecco’s modified Eagle’s medium with
L-glutamine (Cellgro, Lawrence, KS), supplemented with
10% (v/v) fetal calf serum (Atlanta Biological Inc., Nor-
cross, GA) and a mixture of antibiotics (penicillin G and
streptomycin) (Cellgro).

Cases

The total 10, 22, 33, 14, and 10 cases of normal, IBD, IBD
with dysplasia/carcinoma, conventional colorectal ade-
nocarcinoma, and colorectal adenoma, respectively,
were examined for DNA microarray/RT-PCR analyses
and/or immunohistochemical (IHC) analysis.
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CHIBL1 Protein Preparation

Purified CHIBL1 protein was specially prepared by
Quidel Corporation (San Diego, CA) according to the
method as previously described.?? Briefly, CHI3L1 was
collected from culture supernatant of MG-63 cells in se-
rum-free medium. CHI3L1 was purified from the superna-
tants by concentrating glass-fiberfiltered material 20-fold
with a 30 kDa screen channel cassette with tangential flow
followed by affinity purification by a heparin-sepharose
CL-6B column (Amersham Pharmacia Biotech, Piscataway,
NJ). The purified CHISL1 protein did not contain endotoxin
(<0.83 ng/mL), as determined by HEK-Blue LPS detection kit
(InvivoGen, San Diego, CA).

DNA Microarray Analysis

Colon biopsies were obtained from the rectosigmoid
junction in healthy control subjects as well as patients
who had UC with or without dysplasia. RNA was ex-
tracted with use of the RNeasy kit (Qiagen, Germantown,
MD) according to manufacturer's recommendations. In
this study, Affymetrix One Cycle reactions were com-
pleted using an Affymetrix 1 Cycle HT Kit, following the
company’s instruction (Affymetrix, Santa Clara, CA).
Briefly, after synthesis of cDNA from 1.5 ng total RNA,
biotin-labeled complementary RNA was prepared by us-
ing in vitro transcription reaction. Biotinylated cRNA sam-
ples were purified and quantified, and the cRNA reaction
products were fragmented. A total of 5 ug of fragmented
cRNA target was combined with a hybridization cocktail
and hybridized to the Affymetrix HT HG-U133 PM plate
on an Affymetrix Gene Titan Instrument. The automated
hybridization, washing, staining, and scanning of the ar-
rays was completed on the Affymetrix Gene Titan Instru-
ment. The Affymetrix data (CEL files) were imported into
the Partek Genomics Suite, and Robust Multichip Average
was normalized by the Gene Titan Instrument. Analysis of
variance calculation was performed to determine significant
differences. The unsupervised hierarchical clustering was
performed with Cluster software version 3.0 (http://bonsai.
hgc.jo/~mdehoon/software/cluster/software.htmitctv), and
heat maps were created with JavaTree view software
V 1.1.1 (http://jtreeview.sourceforge.net).

mRNA Analysis

The mRNA levels were assessed using real-time RT-PCR as
described previously.® The sequences for the primers used
in real-time RT-PCR were obtained from MGH Primer Bank
online at http://pga.mgh.harvard.edu/primerbank. We
used the following primers for Q-PCR analysis in this
study: CHI3L1 F: 5'-TGATGTGACGCTCTACG-3'; GC, R:
5'-AATGGCGGTACTGACTTGATG-3'; B-actin F: 5’-GCT-
GTGCTACGTCGCCCTG-3'; and R: 5'-GGAGGAGCTG-
GAAGCAGCC-3'. Samples obtained from five healthy
patients, four patients with UC, and seven patients with
UC who had dysplasia (listed in Table 1) were analyzed
by real-time RT-PCR analysis, based on the availability of
RNA samples.
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Table 1. Demographic Characteristics of Healthy Control
Subjects, Subjects with UC, and Subjects with UC Who
Have Dysplasia

Healthy Subjects with
control Subjects UC who have

Characteristic subjects  with UC dysplasia
No. 5 4 13
Age, year, mean 46 48.3 46.2
Sex, male/female 5/0 5/0 121
Race, AA/C/A/U 2/3/0/0  0/3/0/1 1/8/1/3
Year of disease NA 20 13.0
duration, median
Displasia histology, NA NA 4/5/4
LGD/HGD/
adenocarcinoma
Left-sided colitis (%) NA 2 (50) 1(8)
Pancolitis (%) NA 2 (50) 12 (92)

A, Asian; AA, African American; C, Caucasian; HGD, high-grade dys-
plasia; LGD, low-grade dysplasia; NA, not available; U, unidentified.

Histology and IHC Analysis

Human surgical samples were fixed in 10% formalin, and
paraffin-embedded tissue sections were stained with H&E
using standard technique. The serial sections were stained
with rabbit anti-CHISL1 (YKL-40) polyclonal antibody
(Quidel Corporation) and/or mouse anti-human CD68
monoclonal antibody (Dako, Carpinteria, CA) by the avidin-
biotin complex method as previously described.?®

Human NF-kB Signaling Pathway Microarray
Analysis

Oligo GEArray human NF-«B signaling pathway microar-
ray (SuperArray Bioscience, Frederick, MD) that covers
128 genes related to signal transduction in humans was
used. All of the procedures were performed according to
the manufacturer’s instructions (SuperArray Bioscience).
For semiquantification of the results, each spot of array was
measured with use of the National Institute of Health Scion
image software B 4.03 for Windows XP (Frederick, MD).

ELISA

For enzyme-linked immunosorbent assay (ELISA), the
procedure was performed following the instruction proto-
col from R&D systems (Minneapolis, MN). The optical
density at 450 nm was read by an AutoReader (Bio-Tec
Instruments, Burlington, VT). To standardize the assay,
recombinant proteins for IL-8 and TNF-a were used as
positive controls. A standard curve was created with the
optical density from 62.5 to 2000 pg/mL for recombinant
IL-8 and from 31.25 to 1000 pg/mL for recombinant
TNF-a. The quantities of soluble IL-8 and TNF-a in the
culture supernatant were calculated using these stan-
dard lines. For the NF-kB inhibition experiment, SW480
cells were pretreated with caffeine acid phenethyl ester
(Santa Cruz Biotechnology, Santa Cruz, CA) or SP
600125 (BioVision, Mountain View, CA) for 2 hours before
stimulating with CHI3L1.

Immunoblot Analysis

Western blot analysis was performed as previously de-
scribed. Briefly, cells were washed and then homogenized
in a lysis buffer containing 50 mmol/L/L Tris (pH 8.0), 0.5%
NP-40, 1 mmol/L/L EDTA, 150 mmol/L/L sodium pyrophos-
phate, 1 mmol/L/L sodium orthovanadate, 1 mmol/L/L phen-
ylmethylsulfonyl fluoride, and a tablet of protease inhibitor
cocktail (Roche Diagnostics, Mannheim, Germany). After
being lysed on ice in 100 wL lysis buffer for 30 minutes, the
cell lysates were centrifuged at 9300g for 10 minutes and
the supernatant was collected for measuring protein con-
centration with use of the BCA Protein Assay Kit (Pierce
Company, Rockford, IL). IkB were detected by antibodies
obtained from Cell Signaling Technology (Beverly, MA). Af-
ter stripping antiphospho kB antibody using Western blot
stripping buffer (Pierce, Rockford, IL), the membranes were
reprobed by B-actin antibodies.

Luciferase Assay

The pNF«B-Luc reporter plasmid was obtained from Dr.
Ramnik J. Xavier (Massachusetts General Hospital, Bos-
ton, MA). SW480 cells were seeded at the density of 2 to
3 X 10° cells/well in 24-well tissue culture plates (Corning
Incorporated, Corning, NY). After seeding the cells for 24
hours, cells were transfected with 10 ng/well of the re-
porter plasmids (NF-«B-Luc) and 0.4 ng of Renilla plas-
mid (control vector) using Lipofectamine 2000 (Invitro-
gen, Carlsbad, CA). Transfected cells were treated with
different concentrations (0 to 80 ng/mL) of purified-
CHI3L1 (Quidel) or recombinant-IGF (R&D Systems). Af-
ter 24 hours, luciferase activity was measured with use of
the Dual-Luciferase Reporter Assay System (Promega,
Madison, WI) according to the manufacturer’s instruc-
tions and normalized relative to Renilla activity.

In Vitro BrdU Incorporation

CECs were pulse-labeled with 10 umol/L 5-bromo-2-de-
oxyuridine (BrdU) (Sigma-Aldrich, St. Louis, MO) in 300 uL
of culture medium for 1 hour. Cytocentrifuge preparations of
BrdU-labeled cells were made with use of a Shandon
Southern Cytocentrifuge (Cheshire, England). Each prepa-
ration was fixed for 10 minutes in 100% acetone. Rat anti-
BrdU monoclonal antibody (SeroTec, Oxford, England) was
used to detect BrdU-incorporated cells according to the
immunoperoxidase technique described previously.?*

Boyden-Chamber Assay

Cell migration assay was measured with use of modified
Boyden chambers (8 wm pore, Coster) as described
previously.?® Briefly, SW480 cells were treated with
CHI3L1 protein (Quidel) or PBS for 24 hours before seed-
ing in the upper chamber of the Boyden chamber appa-
ratus; 5 X 10 cells in serum-free media were then added
to each upper migration chamber that had been coated
with fibronectin (Upstate Biotechnology Inc., Waltham,
MA). Medium supplemented with 0.5% fetal calf serum
were added to the lower chamber, and the cells were



incubated 24 hours. Nonmigratory cells on the upper
membrane surface were moved with a sterile cotton
swab, and the migratory cells attached to the bottom
surface of the membrane were fixed, stained with DAPI,
and counted. For inhibitory experiment, SW480 cells
were treated with 100 pwg/mL of rabbit anti-CHI3L1 poly-
clonal antibody® or rabbit IgG for 2 hours before treat-
ment with CHI3L1 protein.

Results

CHIBL1 Expression in UC-Associated Dysplasia

Patients with active UC had elevated serum levels of
CHIBL1 compared with healthy control subjects, a finding
in agreement with prior studies of patients with
IBD."'%:17 Our group also previously demonstrated that
the colonic CHISL1 mRNA level was increased in areas of
active UC and those of CD compared with inactive UC,
uninvolved regions of CD, and healthy individuals.® In
addition, CHI3L1 is expressed and secreted by several
types of solid tumors, including colon cancer.®2%27 |t is
well known that CECs become highly proliferative and
acquire dysplastic changes in some patients with chronic
IBD—so called colitis-associated carcinogenesis.?®—2°
Therefore we hypothesized that CHI3L1 might play a
pivotal role in dysplastic and/or carcinogenic changes of
CECs in patients with UC. To test this hypothesis, we
examined CHI3L1 expression in non-dysplastic mucosa
of patients who had UC with or without remote dysplasia
who showed quiescent disease or mild inflammation. This
CHI3L1 expression was examined in a DNA microarray
analysis performed at the University of Chicago (Chi-
cago, IL). The demographic characteristics of these pop-
ulations are summarized in Table 1. Interestingly, CHI3L1
is one of only nine up-regulated genes (more than 10-
fold) in patients with UC harboring remote dysplasia com-
pared with patients with UC who do not have dysplasia
(J. Pekow and M. Bissonnette, manuscript in prepara-
tion). CHIBL1 expression was around 20-fold increased
(P < 0.001) in patients with UC who harbored remote
neoplastic lesions compared with healthy individuals
(Figure 1, A and B), while there was a less significant
increase (P = 0.079) in CHI3L1 expression in patients
who had UC but no remote dysplasia compared with
healthy individuals. In addition, a significant difference
(P = 0.05) in CHIBLT mRNA expression was seen in pa-
tients with UC who did and did not harbor remote dysplasia
(Figure 1B). We confirmed these DNA microarray data by
real-time RT-PCR using colonic biopsy samples obtained
from the three groups shown in Table 1 (Figure 1C).

CHIBL1 Is Expressed by Unique Types of Cells
in Colonic Crypts from Patients with UC Who
Have Early Dysplasia

To further confirm our DNA microarray analysis and Q-
PCR data at the protein level, we next performed histo-

logic and CHI3L1 IHC analyses using the samples ob-
tained from patients with quiescent UC with or without
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Figure 1. CHI3L1 is up-regulated in CECs of colons obtained from patients
with UC who have dysplasia. A and B: DNA microarray data (heat map) of
non-dysplastic colonic samples obtained from healthy persons (7 = 5),
patients with UC who did not have dysplasia (2 = 4), and patients with UC
who had remote dysplasia (12 = 13). These patients with UC showed quies-
cent disease or mild inflammation in the colon. A: Low and high expression
levels were shown as green and red, respectively. Each line of the heat map
represents an Affymetrix ID for CHI3L1 (first: 209396_PM_s_at; second:
209395_PM_at). B: Fold increase of CHI3L1 expression in patients with UC
who did and did not have dysplasia versus healthy control subjects are
shown. C: Real-time RT-PCR analysis of CHI3L1 versus B-actin mRNA in the
colonic biopsy samples used for DNA microarray analysis. *P = 0.05, *P <
0.05, and **P < 0.01 (comparison among the indicated groups).

remote dysplasia who were listed in Table 1. As deter-
mined by histology, no apparent dysplastic changes oc-
curred in CECs, but mixed cellular infiltration was seen in
the lamina propria in both groups of patients with UC
(Figure 2, A and B). Many scattered cells in the lamina
propria were positively stained with anti-CHI3L1 antibody
(Figure 2, C and D) as well as anti-CD68 antibody (mac-
rophage marker) (Figure 2, E and F) in both groups of
patients. This finding is compatible with a previous report
that CHI3L1 is strongly expressed in macrophages in
chronic colitis and colorectal cancer cells.®>® In addition,
normal colonic mucosa also contains CD68-positive
cells, but these are negatively stained with anti-CHI3L1
antibody, as we previously reported.® CHI3L1 expression
in colonic crypt cells was seen in seven out of the nine
patients with UC who had remote dysplasia (Figure 2D),
while positive colonocytes were not observed in any of
the four patients with UC who did not have dysplasia
(Figure 2C). Therefore we next analyzed the CHI3L1 ex-
pression in colonic crypt cells in a biopsy sample ob-
tained from patients with UC who had high-grade dys-
plasia (Figure 3, A and B). As shown in Figure 3, C and D,
in dysplastic foci of colon, CHI3L1 was strongly ex-
pressed in triangular-shaped cells (presumably stemlike
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Figure 2. CHI3L1-positive cells are observed in colonic lamina propria and
CECs in patients with UC who have remote dysplasia. Serial colonic biopsy
specimens obtained from patients with quiescent UC without remote dys-
plasia (A, C, and E) or with remote dysplasia (B, D, and F) were stained with
H&E (A and B), anti-CHI3L1 antibody (C and D) or anti-CD68 antibody
(E and F). Many scattered cells in the lamina propria were positively stained
with anti-CHI3L1 and anti-CD68 antibodies (arrows). Some colonocytes at
the crypt base were positively stained with anti-CHI3L1 antibody in patients
with UC who had remote dysplasia (arrowheads). A—F: objective, 20X.

cells) and Paneth cells, which were filled with granular
staining in cytoplasm at the base of crypts. In addition, a
few scattered (Figure 3E) or clustered (Figure 3F) neu-
roendocrine-like cells in the crypts occasionally were
stained with anti-CHI3L1 antibody in patients with UC
who had dysplasia. In contrast, no CHI3L1-positive
colonocytes were identified in patients with UC who did
not have dysplasia (Figure 2C) or healthy individuals
(data not shown) in this study. The result demonstrated
that elevated protein expressions of CHI3L1 are ob-
served in distinct cell types of colonic crypts in patients
with UC who have dysplasia.

Next, we performed histologic and CHI3L1 IHC analy-
ses on a surgical resection from a patient with UC who
had mucinous adenocarcinoma (see Supplemental Fig-
ure S1D at http.//ajp.amjpathol.org) and high-grade neu-
roendocrine carcinoma (Figure 3, G-I) of the colon. Both
carcinomas were positively stained with anti-CHI3L1
polyclonal antibody, but CHI3L1 expression was more
intense in the neuroendocrine carcinoma (Figure 3, H
and ). The patient had deposits in mesenteric lymph
nodes from both components (data not shown) and in the
liver from the neuroendocrine carcinoma (Figure 3, J-L).
The liver metastasis also showed diffuse CHI3L1 expres-
sion (Figure 3L). The results suggest that expression
levels of CHI3L1 in the primary tumor cells may be pos-
itively associated with the invasiveness and metastatic

ability of tumor cells. We further examined the CHI3L1
expression in biopsy or surgical specimens that were
obtained from randomly selected patients with colonic
adenoma (n = 10), sporadic colorectal adenocarcinoma
(n = 14) and IBD-associated adenocarcinoma (n = 7) in
the Department of Pathology at Massachusetts General
Hospital (Table 2). CHI3L1 was specifically stained in
Paneth cells, triangular-shaped cells, and/or neuroendo-
crine-like cells in all cases of IBD-associated cancer and
35.7% cases of sporadic and advanced colorectal ade-
nocarcinoma, but none of the adenoma cases showed
positive staining in these types of cells (see Supplemen-
tal Figure S1 at http://ajp.amjpathol.org). Of note, 21.4% of
conventional colorectal cancer cells diffusely and
strongly expressed CHI3L1 (see Supplemental Figure
S1F at http://ajp.amjpathol.org). In approximately 40% of
adenoma cases, CHI3L1 was expressed in a few areas of
focally hyperproliferating CECs (Table 2). Macrophages,
neutrophils, dendritic-like cells, and fibroblasts in colonic
lamina propria were positively stained with anti-CHI3L1
antibody in 80%, 92.8%, and 85.7% of adenoma, con-
ventional carcinoma, and IBD-associated cancer cases,
respectively (Table 2) (see Supplemental Figure S1 at
http://ajp.amjpathol.org). These results suggest that
CHIBL1 expression in specific types of cells in colonic
epithelium, but not in lamina propria cells, is a novel
marker for malignant transformation in the colon.

CHIBL1 Specifically Induces kB
Phosphorylation, NF-kB Activation, and
TNF-o/IL-8 Production in CECs

Activation of NF-kB signaling is required for many of the
biological actions of TNF-a and IL-18. We have previ-
ously shown that these two cytokines significantly en-
hanced the endogenous CHI3L1 expression in SW480
cells.® To determine the genes involved in the NF-«B
pathway activation by CHI3L1, we performed DNA array
with use of the Oligo GEArray human NF-«B signaling
pathway (SuperArray Biosciences Cooperation, Freder-
ick, MD). After 3 hours of stimulation, purified CHI3L1
protein (Quidel) at a concentration of 80 ng/mL signifi-
cantly activated only a restricted number of genes, in-
cluding IRAK1, IkBa, NF-kBp65 (RelA), and MyD88 in
SW480 cells (Figure 4, A and B). These results strongly
suggest that CHIBL1 specifically stimulates the activation
of the NF-kB signaling pathway through MyD88/IRAK1
molecules in the cytoplasm of CECs. NF-«B activation in
SW480 cells after stimulation with purified CHI3L1 was
marginally increased (P < 0.1) and significantly in-
creased (P < 0.01) at the concentration of 40 ng/mL and
80 ng/mL, respectively (Figure 5A). The same concentra-
tion of IGF-1 had no significant effect on NF-«B activation in
SW480 cells (Figure 5A). Phosphorylation of IkBa also was
dependent on the concentration of CHISL1, and a strong
phosphorylation was observed when the cells were stimu-
lated with 80 ng/mL of CHI3L1 (Figure 5B). Unlike IGF-1
stimulation, CHI3L1 significantly enhanced the pro-inflamma-
tory cytokine TNF-a and prototypic chemokine IL-8 in a dose-
dependent manner (Figure 5C), and the CHI3L1-mediated
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enhanced productions of TNF-a and IL-8 were specifi-
cally blocked by NF-«B inhibitor (see Supplemental Fig-
ure S2 at http://ajp.amjpathol.org).

CHIBL1 Has Growth-Stimulating Effects on
CECs in a Dose-Dependent Manner

It has been reported previously that purified CHI3L1
shows growth-stimulating effects in human connective
tissue cells, including articular chondrocytes and skin
fibroblasts."' Because we had demonstrated that both
human and mouse colonic crypt cells showed excess

Figure 3. CHI3LI is expressed by unique type
of cells in colons from patients with UC who
have dysplasia. A and B: A colonic biopsy spec-
imen obtained from a patient with UC who has
high-grade dysplasia is shown (H&E stain, A:
objective, 10X, B: objective, 40X). The area in-
dicted by a rectangle in A corresponds to B.
C and D: Serial sections of the same case were
stained with rabbit anti-CHI3L1 antibody (objec-
tive, 40X). Arrows show triangular-shaped cells
(O) and Paneth cells (D) stained positively with
CHI3L1. E and F: Colonic biopsies from patients
with UC who had remote dysplasia were stained
with anti-CHI3L1 antibody (objective, 40X). Ar-
rows demonstrate scattered (F) and clustered
(BE) neuroendocrine-like cells in colonic crypts
with intense CHI3L-1 expression. G-L: H&E sec-
tions of a colonic resection (G) and a liver bi-
opsy (J and K) from a patient with UC in whom
colonic mucinous adenocarcinoma (not shown)
and high-grade neuroendocrine carcinoma (G)
developed, followed by liver metastasis (J and
K). The area indicated by a rectangle in J cor-
responds to K. In J, the hepatic parenchyma is
completely replaced by neuroendocrine carci-
noma (arrows) and desmoplastic stroma (G:
objective, 10X; J: objective, 4X; and K: objec-
tive, 40X). H, I, and L: The area indicated by a
rectangle in H corresponds to L. Serial sections
stained with anti-CHI3L1 antibody show diffuse
CHI3L-1 expression in tumor cells (I and L).
Arrows in I demonstrate presumable neuroen-
docrine granules with strong CHI3L1 staining
(H: objective, 20X; I: objective, 60X; and L:
objective, 40X).

elongation and proliferation with increased expression of
CHI3L1 during intestinal inflammation,® we hypothesized
that CHI3L1 also may have growth-stimulating and cell
survival effects on CECs. To test this hypothesis, cell
proliferative response was examined by a BrdU-incorpo-
ration assay in comparison with IGF-1. Vind et al'® pre-
viously reported that patients with severe active UC had
higher serum CHI3L1 (median, 59 ug/L) than did patients
with inactive UC (33 pg/L), and therefore we chose the
range of CHI3L1 concentrations from 0 to 80 ng/mL in
this study. After stimulating with a relatively high dose
(80 ng/mL) of CHI3L1, an increased number of BrdU-

Table 2. CHI3L1 Expression in Colorectal Adenomas and Adenocarcinomas

CHI3L1 expression by IHC

CECs
Scattered Specific
Negative (focal) (%) Diffuse (%) cell-types* (%) LP cells
Adenoma (n = 10) 6 (60) 4 (40) 0(0) 0(0) 8 (80)
Conventional and advanced adenocarcinoma (n = 14) 0(0) 11 (78.5) 3(21.4) 5(85.7) 13(92.8)
IBD-associated adenocarcinoma (n = 7) 0(0) 7 (100) 0(0) 7 (100) 6(85.7)

Values are number of patients with or without CHI3L1 expression.

*Specific cell-types include Paneth cells, triangular-shaped cells, and/or neuroendocrine-like cells in CECs.

LP, lamina propria.
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Figure 4. Purified CHI3L1-enhanced expression of restricted genes. A: A
representative result of genes that are associated with signaling pathway in
SW480 cells with (right) or without (left) stimulation with purified CHI3L1
(80 ng/mL) for 3 hours. Oligo GEArray human NF-«B signaling pathway
microarray (OHS-025) was used for the analysis following the manufacturer’s
instruction. Only selected genes (Fas ligand, IkBea, IRAK1, MyD88, and RelA)
were up-regulated after 3 hours stimulation with CHI3L1. B: Semiquantitative
data of the microarray [normalized by glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) score as 1.0] are shown. Results represent an average of
three independent experiments. *P < 0.1, *P < 0.05 (non-stimulated versus
stimulated cells with CHI3L1).

incorporated COLO 205 cells were observed (Figure 6A).
To further quantify the response, the BrdU incorporation
index was examined in two distinct characters of colonic
epithelial cell lines. SW480 cells have an ability to pro-
duce CHI3L1 constitutively, but COLO205 cells do not
have this ability.® Purified CHI3L1 showed significantly
enhanced growth-stimulating effects in a dose-depen-
dent manner detected by BrdU incorporation in both cell
lines (Figure 6B). The proliferation-stimulating effects of
CHI3L1 were very similar to those of IGF-1, a well-char-
acterized growth factor and a potent inhibitor of pro-
grammed cell death (Figure 6B). Therefore, like IGF-1,
CHI3L1 has growth-stimulating effects not only for con-
nective tissue cells but also for CECs.

CHIBL1 Promotes Cellular Migratory
Function of CECs

We next investigated whether CHI3L1 facilitated CEC
migration. To prove this, we set up an in vitro model of
cellular migration using a previously established Boyden
chamber system.?®> As shown in Figure 7, A and B,
CHI3L1-stimulated SW480 cells showed sixfold higher
migration rates compared with the non-stimulated cells.
To confirm that the enhanced cellular migration is medi-
ated by CHI3L1, studies to inhibit CHI3L1 activity were
performed. CHI3L1 activity was neutralized by incubating

SW480 cells with anti-CHI3L1 polyclonal antibody or con-
trol normal rabbit IgG for 2 hours before treatment with
CHI3L1 protein. Anti-CHI3L1 antibody significantly (P <
0.05) reduced the migration rate compared with normal
rabbit IgG (Figure 7B). This result suggests that the en-
hanced migration effect of SW480 cells is specifically
mediated by CHI3L1.

Discussion

It is well known that the risk of colon cancer for persons
with IBD increases around 8 to 10 years after the initial
diagnosis and that the risk is approximately five times
higher than for the general population. Important risk
factors include family history of colon cancer, disease
duration/extent, degree of inflammation, and complica-
tion of primary sclerosing cholangitis.®'=2® Essentially, all
colitis-associated cancers are believed to develop from
dysplastic precursor lesions.®° To detect microscopic
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Figure 5. CHI3L1 activates NF-«kB signaling pathway in a concentration-
dependent manner. A: NF-kB activity in SW480 cells was determined 24
hours after stimulation with purified CHI3L1 or recombinant IGF-1 using
NF-kB luciferase reporter assay and normalized with Renilla. B: Protein
expression of phosphorylated-IkBa and B-actin were analyzed by Western
blot analysis as detailed in Materials and Methods. C: TNF-a (left) and IL-8
(right) secreted in the culture supernatant of SW480 cells were detected by
ELISA. Cells were stimulated with 0 to 80 ng/mL of purified CHI3L1 or
recombinant IGF-1 for 24 hours. The data shown are the means = SEM from
triplicate culture for each concentration. *P < 0.05, **P < 0.01 (non-stimu-
lated versus stimulated cells with CHI3L1 or IGF).
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Figure 6. Purified CHI3L1 protein enhances epithelial proliferation. A:
COLO 205 colonic epithelial cells were treated with (right) or without (left)
purified CHI3L1 at 80 ng/mL, pulse-labeled with 10 umol/L BrdU (Sigma) for
1 hour, and detected by anti-BrdU antibody as detailed in Materials and
Methods. B: BrdU-labeled cells were determined in COLO205 (left) and
SW480 (right) colonic epithelial cells stimulated with different concentration
of YKL-40 (closed bars) and IGF-1 (open bars). The data shown are the
means * SD from triplicate culture for each concentration. *P < 0.05 (non-
stimulated versus stimulated cells with CHI3L1 or IGF).

foci of dysplasia or an early stage of carcinoma, patients
with IBD are advised to undergo an annual colonoscopy
with multiple biopsies. However, data are limited regard-
ing the mechanisms leading to colitis-associated cancer.
In this study, we demonstrated that the expression levels
of CHI3L1 are significantly increased in colonic biopsies
of non-dysplastic mucosa of patients with UC harboring
neoplastic lesions when compared with healthy persons
or patients with UC who do not have dysplasia. Enhanced
CHIBL1 expression seems to be a useful marker for pre-
dicting malignant transformation in patients with UC, and
heterogeneous cell types, including macrophages, den-
dritic-like cells, fibroblasts, and CECs, actively produce
CHIBL1 in dysplastic colon. In particular, the emergence
of specific CHI3L1-positive cells, including Paneth cells,
triangular-shaped cells, and/or neuroendocrine-like cells,
in colonic epithelium in patients with chronic UC appears
to be strongly associated with malignant transformation.
These findings are consistent with an animal model of
inflammation-associated gastric cancer, the Helicobacter
felis—infected hypergastrinemic transgenic mice (FVB/N
background), where CHI3L1 is one of only 31 up-regu-
lated cDNAs compared with three different control
groups.®2 Our data support the hypothesis that increased
CHIBL1 levels in epithelial cells are strongly associated
with inflammation-associated malignant transformation in
CECs. As reported by Johansen,® epithelial cells that
express CHI3L1 may have a different phenotype com-
pared with epithelial cells without CHI3L1 expression,
and the protein may reflect differences in the biology of
epithelial cells and cancer cells.

Human and mouse CHI3L1 have been identified as
proteins expressed during conditions of tissue remodel-
ing,"? atherogenesis,®® and processes that are associ-
ated with changes in cell adhesion and migration.34-36
An elevated serum CHI3L1 level also was an indepen-
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dent prognostic parameter of metastatic cancer,®® sug-
gesting that CHI3L1 may be a growth factor of cancer
cells and/or may prevent them from apoptosis.® However,
it is unclear whether the increased CHI3L1 expression is
observed only in the lesions undergoing malignant trans-
formation or whether the expression is already up-regu-
lated in nonneoplastic regions of the colon that carry both
UC and dysplasia/adenocarcinoma. It also is unclear
whether secreted CHIBL1 directly regulates the cell pro-
liferation and migration of CECs. To address these im-
portant questions, we designed the current study and
found that CHI3L1 expression was up-regulated in dis-
tinct cell types of crypt epithelial cells in both dysplastic
and non-dysplastic areas of the colon with UC that had
developed dysplasia/adenocarcinoma. Furthermore, the
extent of CHI3L1 expression in tumor cells was associ-
ated with invasiveness and metastasis. We also found
that soluble CHI3L1 protein, which was purified from cul-
ture supernatant of osteoblastic MG-63 cells, enhances
IkBa phosphorylation, NF-«B signaling activation, and
pro-inflammatory cytokine production after 3 hours of
stimulation in vitro. We also showed that CECs produce
IL-8 in response to soluble CHI3L1. We postulate that IL-8
induction is likely controlled by an activation of signaling
through the NF-kB cascade because only a few selected
genes in the NF-kB pathway were activated by CHI3L1 at
this time point by NF-«B signaling pathway microarray.
However, the involvement of other pathways, including
mitogen-activated protein kinase p42/p44 and phospho-
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Figure 7. CHI3L1 enhances a cellular migration of CECs. A: SW480 cells in
the presence of 50 ng/mL CHI3L1 protein (right) or PBS (left) were seeded
on a transwell filter insert in a modified Boyden chamber. The migrating cells
were fixed on the filter after 24 hours, stained with DAPI, and counted under
the microscope. Representative image of migrated cells were shown. B: The
number of migrated cells was counted per field of 20X, objective, and data
represent a mean value with SEM of three independent experiments in each
group. *P < 0.05, *P < 0.01. NS, not significant.
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inositide 3-kinase/protein kinase B, has not been ex-
cluded. In general, activated NF-«B is found in inflamed
colon in patients with IBD,3® and TNF-a induces strong
NF-«B activity and promotes tumor development in mod-
els of experimental colitis.®” NF-«kB efficiently stimulates
the proliferation of tumor cells and enhances their survival
by up-regulating the expression of anti-apoptotic
genes.®® In addition, constitutive activation of NF-«B has
been demonstrated recently in colitis-associated can-
cer,3 assessed by a constitutive activation in RelA, RelB,
and NF-kB1 in colon cancer.*® Therefore CHI3L1 may
control intestinal inflammation and presumably enhance
the subsequent dysplastic changes in CECs by activat-
ing the NF-kB signaling cascade that induces pro-inflam-
matory cytokines, including TNF-a and IL-8. Based on
these observations, we speculate that CHI3L1-mediated
NF-«B activation in CECs may play a critical role to initiate
and/or accelerate the dysplastic change in chronic IBD.

Increased serum CHI3L1 levels often are found in pa-
tients with liver metastases of colorectal cancers.?2”
The development of liver metastases involves several
steps, including invasion of tumor cells from the primary
site into vessels, adhesion to the endothelium, extrava-
sation in the hepatic microvasculature, and multiplication
and formation of tumor deposits in the liver parenchyma.®
In this study, CHI3L1 was highly expressed in neuroen-
docrine cells in patients with UC who had primary colonic
adenocarcinoma and was associated with and may have
contributed to the development of liver metastasis (Figure
3, J-L). In addition, CHI3L1 efficiently stimulates SW480
cellular proliferation and migration as shown in Figures 6
and 7. Shao et al*' also demonstrated that ectopic
CHI3L1 expression in HCT-116 colon cancer cells led to
extensive angiogenesis and tumor progression com-
pared with empty vector transduced control cancer cells
in a xenograft mouse model. In addition, CHI3L1 has an
anti-apoptotic effect by enhancing the activation of mito-
gen-activated protein kinase and phosphoinositide 3-ki-
nase signaling cascades.'"*? The phosphoinositide 3-ki-
nase pathway—in particular, the phosphorylation of
protein kinase B—is strongly associated with cell sur-
vival,*® and we have previously reported that soluble
CHIBL1 efficiently stimulates the nuclear translocation of
B-catenin in SW480 cells.** Therefore, not only during the
tumor metastatic phase but also during the transitional
phase from chronic colitis to dysplasia, CHI3L1 may ef-
fectively promote tumor development by enhancing cell
proliferation, migration, angiogenesis, and cell survival in
selected types of CECs (eg, triangular-shaped cells and
Paneth cells) and neuroendocrine cells in colonic crypt
cells.

Our current study strongly suggests that CHI3L1 plays
a major role in inflammation-associated neoplastic
changes in CECs. Our findings may be useful for future
development of therapeutic strategies to prevent persis-
tent and chronic epithelial cell hyperproliferation and ac-
tivation during inflammatory conditions. Additional stud-
ies of CHI3L1 in animal models of colitis-associated
neoplasia might help us further understand its underlying
biological mechanisms.

Increased CHI3L1 expression is associated with
chronic colitis-induced neoplastic changes in CECs. The
mechanism by which CHI3L1 contributes to neoplastic
formation is not known. In this study we have showed that
CHI3L1 efficiently activates NF-«B signaling pathway and
subsequently enhances the secretion of pro-inflamma-
tory cytokines such as IL-8 and TNF-a. In addition,
CHI3L1 actively promotes cellular proliferation and mi-
gration in CECs.
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