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Abstract
Colorectal cancer (CRC) development is mediated by uncontrolled survival and proliferation

of tumor progenitor cells. Using animal models to identify and study host-derived factors

that underlie this process can aid interventions in preventing tumor expansion and metasta-

sis. In healthy steady states in humans and mice (e.g. C57BL/6 strain), colonic Chitinase 3-

like 1 (CHI3L1) gene expression is undetectable. However, this expression can be induced

during intestinal inflammation and tumorigenesis where CHI3L1 plays an important role in

tissue restitution and cell proliferation. Here, we show that a wild-derived mouse strain

MOLF/EiJ expresses high levels of colonic epithelial CHI3L1 at the steady state due to sev-

eral nucleotide polymorphisms in the proximal promoter regions of the CHI3L1 gene. Inter-

estingly, these mice spontaneously developed polypoid nodules in the colon with signs of

immune cell infiltrations at steady state. The CHI3L1 positive colonic epithelial cells were

highly proliferative and exhibited malignant transformation and expansion when exposed in
vivo to azoxymethane, one of the well-known colonic carcinogens.

Introduction
Colorectal cancer (CRC) is one of the most common cancers, accounting for approximately
600,000 deaths a year globally [1]. CRC can develop either via an adenoma-carcinoma
sequence or an inflammation-dysplasia-carcinoma sequence. Although the precise mecha-
nisms behind the two forms of CRCs may be different, the basic prerequisite for tumor
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expansion in both cases involves uncontrolled proliferation and survival of colonic epithelial
cells (CECs).

Chitinase 3-like 1 (CHI3L1) is a pseudo-chitinase that is undetectable in the colon in
healthy individuals, but its expression is induced during the course of intestinal inflammation
and CRC development [2,3]. In the colon, CHI3L1 expression primarily serves to promote pro-
liferation and survival of CECs and endothelial cells. Inhibition of CHI3L1 using pan-chitinase
inhibitors, including cyclic dipeptide CI–4 [cyclo-(I-Arg-d-Pro)], allosamidine, and methyl-
xanthine derivatives (e.g. caffeine), effectively retard the growth and viability of colon cancer
cell line [4,5]. This cell survival and proliferative effects of CHI3L1 subsequently promote
higher cancer cell migration/metastasis with an increased risk of malignancy. Transgenic (Tg)
mice overexpressing CHI3L1 that received melanoma cells through tail vein injection devel-
oped extensive metastatic melanoma colonies in the lungs [6]. In addition to CRCs, up-regula-
tion of CHI3L1 has been widely suggested to be a biomarker for a wide range of solid tumors
including breast and lung cancers [7]. All of these clearly support the pro-tumorigenic effect of
CHI3L1; once its expression is induced, it promotes cell survival and proliferation.

Genetic engineering of common laboratory mouse strains has been an instrumental model
to study the mechanism of CRC pathogenesis. Currently, several mice lines, including the Ade-
nomatous polyposis coli (APC) knockout (KO) mice and Tg mice containing the KrasV12G

point mutation are available. On a C57/Bl6 (B6) background Apcmin (Min, multiple intestinal
neoplasia) mice, which have a point mutation in the murine homology of the APC gene are
highly susceptible to the development of spontaneous intestinal adenoma [8]. Similarly, up to
80% of KrasV12G Tg mice on a B6D2 background showed aberrant crypt foci and/or invasive
adenocarcinomas [9]. In addition, murine colitis models that spontaneously develop intestinal
inflammation, such as IL–10 KO and Gαi2 KO mice, also show increased incidences of colonic
adenocarcinoma, allowing better understanding of the inflammation-associated carcinogenic
changes in CECs [10]. However, the challenge now is to better define and dissect the exact dif-
ferences between genes that induce tumor transformation, as opposed to genes that may not
have the potential to induce tumor transformation but rather promote survival and prolifera-
tion of both normal and neoplastic CECs.

In addition to classical inbred mouse strains, wild-derived strain of mice may provide an
invaluable model to study disease pathogenesis due to the significant evolutionary distance
that results in a range of genetic polymorphisms. These wild-derived strains of mice, such as
the MOLF/EiJ (Mus musculus molossinus: abbreviated as MOLF), are usually descendants of
captured wild mice and the genetic diversity of these wild-derived mice allows better pheno-
typic screenings and genetic mapping of disease causal genes. In this study, we identify that
MOLF mice show high levels of colonic CHI3L1 expression under healthy steady state com-
pared to B6 mice as the result of multiple polymorphisms at the CHI3L1 proximal promoter
region. These MOLF mice develop spontaneous polypoid nodules in the colon under steady
state that display excessive proliferation/survival of non-neoplastic CECs, recapitulating bio-
logical characteristics of endogenous CHI3L1. MOLF mice are more susceptible to azoxy-
methane (AOM)-induced carcinogenesis as compared to B6 mice.

Materials and Methods

Animals and ethic statement
The animal protocols (#2005N000254 and #2011N000017) have been reviewed and approved
by the Massachusetts General Hospital Subcommittee on Research Animal Care (SRAC)-
OLAWAssurance #A3596-01. These protocols as submitted and reviewed confirm to the
USDA Animal Welfare Act, Partners Healthcare System Policy on Human Care and Use of
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Laboratory Animals, the Institute for Laboratory Animal Research Guide for the Care and Use
of Laboratory Animals and applicable laws and regulations. Six weeks old MOLF and age-
matched B6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) and
housed in the Massachusetts General Hospital specific pathogen free facility under a 12-hour
day/night light cycle. Body weight and physical conditions were checked daily to monitor dis-
ease progression and animal wellbeing during the duration of experiments. All mice were non-
fasting and had access to food and drinking water ad libitum. Mice were euthanized in accor-
dance with SRAC guidelines by CO2 inhalation. No other analgesics/anesthetics were used in
this study. No animals showed severe illness (e.g., more than 15% body weight loss, rectal pro-
lapse) or die during the duration of experiments.

Enzyme-linked immunosorbent assay (ELISA)
Mouse CHI3L1 levels in serum were detected using ELISA kit purchased from R&D systems
(Minneapolis, MN, USA) and performed according to manufacturer’s instructions. Optical
density was measured at 450 nm using Auto-Reader Model 680 (Bio-Rad, Hercules, CA, USA).

Construction of MOLF- or B6- CHI3L1 promoter luciferase reporter
plasmid
Six month old MOLF and C57Bl/6 colonic genomic DNA was extracted and the CHI3L1 proxi-
mal promoter was amplified using forward primer: 5’-TGAGTCACATCACCACAGTC and
reverse primer 5’-GCCCTCCTTACAGGAACTG. The PCR product was individually cloned
into the XhoI and HindIII site of the pGL3-basic luciferase reporter plasmid (Promega,
Madison, WI, USA).

Luciferase assay
2 X 104 SW480 CECs were seeded on at 24 well plates. Empty pGL3 control plasmid (0.7 μg),
MOLF-CHI3L1-promoter-pGL3 (0.7 μg), B6-CHI3L1-promoter-pGL3 (0.7 μg) were trans-
fected to the seeded cells 24 hours later using Lipofectamine 2000 (Invitrogen), together with
0.1 μg of Renilla reporter plasmid. Cells were harvested 48 hours later and luciferase activities
were measure using the Dual-Reporter Luciferase Assay System (Promega) according to manu-
facturer’s protocol.

Tumor induction
Eight to ten weeks old B6 and MOLF mice (n = 7 from each group) were intraperitoneally
injected with 12 mg/kg of azoxymethane (AOM; Sigma Aldrich) once a week for 6 weeks. After
additional 8 weeks, mice were sacrificed and the colons were opened-up and macroscopic
tumors were counted and the colon was examined to measure the number and size of macro-
scopic tumors. Colonic tissue was evaluated by 2 independent investigators (MMK and EM) in
a blinded fashion. The tumor score represents the score 0 to 5 as follows: 0, no tumor; 1, low-
grade dysplasia; 2, high-grade dysplasia; 3, intra-mucosal adenocarcinoma (carcinoma in situ),
4, invasive carcinoma; 5, distant metastasis [11].

Immunohistochemical analysis
Colonic frozen sections (4 μm thick) were stained with anti-Ki67 (Abcam, Cambridge, MA,
USA), rabbit anti-CHI3L1 (Affinity Bioreagent, Golden, CO), rat anti-F4/80 (Serotec, Raleigh,
NC, USA), -CD4 (eBioscience, San Diego, CA, USA), -CD11b (BD Pharmingen, San Jose, CA,
USA), or -cytokeratin 8, TROMA–1 (Developmental Studies Hybridoma Bank at the
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University of Iowa (Iowa City, IA) antibodies, as well as normal rabbit Ig using the avidin-bio-
tin-complex system (Vector laboratories) as previously described [12].

Confocal Microscopic analysis
Mouse colonic cryosections were fixed in acetone for 10 minutes and air-dried at RT, and
blocked in 5% goat and horse serum for 30 minutes at RT and then co-stained with rabbit-
anti-mouse/human CHI3L1 and rat-anti-CD4, -F4/80 or -CD11b antibodies at 4°C overnight.
Sections were washed three times with PBS and stained with Alexa Fluor 647-conjugated goat
anti-rabbit IgG (Invitrogen) and FITC-conjugated horse anti-mouse IgG secondary antibodies
(Vector, Burlingame, CA) for 30 minutes at RT. The sections were washed three times with
PBS, mounted in Vecta-shield (Vector) and analyzed under a Bio-Rad Radiance 2000 confocal
microscope (Bio-Rad).

Statistical Analysis
Statistics analyses were performed using Student’s T-test or non-parametric test (Mann-Whit-
ney U test by utilizing GraphPad Prism 6 software, http://www.graphpad.com/scientific-
software/prism/). Multiple comparison experiments were analyzed to determine statistical sig-
nificance within individual groups. Values were presented in mean ± the standard error of the
mean (SEM).

Results

MOLFmice express high level of colonic CHI3L1 at steady-state
In the initial set of experiments, we unexpectedly found that CHI3L1 mRNA levels as measured
by quantitative real time PCR were significantly increased in the colon of MOLF mice as com-
pared to B6 mice at 6 months of age [Fig 1A]. This finding was consistent with the data from
serum that shows higher levels of CHI3L1 protein in the MOLF mice as compared to age-
matched B6 mice [Fig 1B].

To identify the genetic variations in both strains of mice on the CHI3L1 locus, CHI3L1
intragenic sequence was analyzed for single nucleotide polymorphisms (SNPs) using the Jack-
son Laboratory Mouse Phenome Database (http://phenome.jax.org). Sequence comparisons
between B6 and MOLF mice show at least 16 known SNPs along the CHI3L1 intragenic locus
(i.e. 14 in introns and 2 in exons) [Fig 1C]. Therefore, the proximal promoter regions of both
strains of mice were PCR amplified and then sequenced. Indeed, there were 8 SNPs and an
additional 10 base-pair nucleotide insertion in the CHI3L1 proximal promoter region of the
MOLF mice [Fig 1D]. While comparing the CHI3L1 promoter sequence of these two mouse
strains to the human counterpart, it is notable that these SNPs in the MOLF mice are more
conserved to that of the human counterpart, rather than those of B6 mice [Fig 2].

To determine whether these promoter SNPs exert any effects on transcriptional activities,
each MOLF and B6 proximal promoter region was individually cloned into the pGL3-luciferase
reporter vector and transfected into SW480 human colonic CEC line. Subsequent luciferase
assay after 48 hours revealed higher luciferase activity in the cell transfected with the MOLF-
derived CHI3L1 promoter construct transfected cells, as compared to the B6-derived CHI3L1
promoter construct. These findings suggest that the genetic variation present in MOLF can
enhance CHI3L1 promoter transcriptional activity [Fig 1E].
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Fig 1. High endogenous colonic CHI3L1 expression state MOLF/EiJmice colon at steady state. [A] Colonic CHI3L1 mRNA level in MOLF/Eij (MOLF)
and C57BL/6 (B6) mice were measured using real time PCR (n = 5 in each group). [B] Serum CHI3L1 protein level in MOLF (n = 5) and B6 (n = 5) mice were
quantified using ELISA. [C] Schema showing the genomic structure of the CHI3L1 locus. Arrows indicating single nucleotide polymorphisms between MOLF
and B6 mice identified by in silico comparison using the Jackson mouse phenome database. [D] Proximal promoter fromMOLF and B6 mice was PCR
amplified, sequenced and aligned using Clustal W program. [E] SW480 cells were transfected with pGL3-basic vector containing MOLF- or B6-derived
CHI3L1 proximal promoter and renilla-normalised luciferase assay was performed (n = 5 in each group). **P<0.01, ***P<0.001 between the two groups as
indicated.

doi:10.1371/journal.pone.0139149.g001
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MOLFmice spontaneously develop polypoid nodules in distal colon
To determine whether the presence of high CHI3L1 levels at steady-state renders any pheno-
typic aberrations in the MOLF mice, 6 months old MOLF and age-matched B6 control mice

Fig 2. Alignment of Human, MOLF and B6mice CHI3L1 proximal promoter. Approximately 600 bp upstream sequence of the CHI3L1 transcription start
site from human, MOLF and B6 mice were aligned using Clustal W program.

doi:10.1371/journal.pone.0139149.g002
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were euthanized and the whole colon was grossly examined. Surprisingly, protruding polypoid
nodules were macroscopically detectable in almost all of the MOLF mice at steady-state pre-
dominately in the distal part of colon, but not in any of the age-matched B6 mice [Fig 3A and
3B]. These polypoid nodules were confirmed on the H&E sections from the colon of the
MOLF mice, whereas no abnormality can be observed in the B6 mice. Although these protru-
sions appear to be highly conspicuous, pathological examination did not reveal any cytological
abnormalities or dysplasia transformation. Conversely, an immunohistochemical analysis
showed remarkably high Ki–67 labeling indices in the MOLF mice, consistent with hyper-pro-
liferative rates in CECs [Fig 3C and 3D]. In the polypoid nodules, Ki–67 labeling was mainly
seen in the tip of each nodule, suggesting a bottom-down expansion. In contrast, B6 mice dis-
played normal Ki–67 staining pattern, detected predominantly at the base of the individual
intestinal crypt [Fig 3D].

High CHI3L1 expression correlates with an increase in colonic immune
cell infiltration at steady state in MOLF mice
To visualize the extent of high CHI3L1 expression in the MOLF, colonic sections were sub-
jected to immunofluorescence staining using anti-CHI3L1 primary and Alexa–647 secondary
antibodies. Notably, CHI3L1 was barely detectable in the colon of B6 mice [Fig 4A, 4B and
4C]. In contrast, MOLF mice showed high CHI3L1 expression throughout the mucosal and
sub-mucosal areas. In the polypoid nodules of the MOLF mice, CHI3L1 expression was pre-
dominately localized at the tip of the epithelial layer, which highly co-localized with the Ki–67
positive cells [Fig 3D].

Since CHI3L1 has been previously shown to directly enhance immune cell recruitment in
vitro, both MOLF and B6 mice derived colonic sections were co-stained with anti-F4/80,
-CD11b, -CD4 primary and FITC-conjugated secondary antibodies. The serial sections were
stained with H&E to show the morphology of each colonic section. The high CHI3L1 expres-
sion in the MOLF mice was associated with significantly increased numbers of immune cell
infiltrations in the colon at the steady state [Fig 4A, 4B and 4C]. In contrast, B6 mice did not
show appreciable infiltration of these immune cells in the colon [Fig 4A, 4B and 4C]. As
shown in Fig 5, CHI3L1 was mainly expressed in TROMA–1 (cytokeratin–8) positive epithelial
cells but not in F4/80+ macrophages, CD11b+ granulocytes/macrophages/myeloid dendritic
cells or CD4+ T cells in MOLF-derived colonic sections. Furthermore, two-color immunohis-
tochemistry using the serial sections has confirmed that CHI3L1 is specifically expressed on
the TROMA–1 positive CECs [Fig A and Fig B in S1 Fig].

AOM-induced colorectal cancer was significantly more frequently
developed in MOLF mice than B6 mice
MOLF mice developed spontaneous polypoid nodules at the steady state, but since these nod-
ules did not display the characteristics of dysplastic transformation at steady conditions, we
next examined the susceptibility of MOLF mice to carcinogenesis under chronic inflammatory
conditions. To do so, 8–10 weeks old MOLF and B6 mice were given intraperitoneal injections
of AOM (12mg/Kg) once a week for 6 weeks, and were sacrificed 8 weeks after the last injec-
tion. During the treatment, B6 mice did not show significant body weight fluctuations, but
MOLF mice continuously increased body weight [Fig 6A]. However when the colons were dis-
sected longitudinally at the end of experiment, MOLF mice showed striking development of
polypoid nodules as compared to B6 mice [Fig 6B]. Both polypoid nodule number and size
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were significantly larger in the MOLF mice than in the B6 mice [Fig 6C]. In addition, histologi-
cal scoring of the H&E sections revealed significantly higher grade of tumors in the MOLF
mice, suggesting that CHI3L1 plays a role in tumorigenesis by promoting larger number and
size of more advanced tumors [Fig 6D and 6E].

Fig 3. MOLFmice spontaneously developed polyp-like nodules in colon at steady state. [A] Six months old MOLF and B6 mice were sacrificed and the
colons were opened up longitudinally. [B] Multiplicity and size of polyp-like nodules were determined under a dissection microscope (n = 7 in each group). [C]
H&E sections of colons from B6 and MOLF are shown. [D] IHC staining of colonic sections from B6 and MOLFmice was performed using anti-Ki67 primary
antibody.

doi:10.1371/journal.pone.0139149.g003
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Fig 4. MOLF express high levels of CHI3L1 in the colon and polypoid area and associates with high immune cellular infiltrates. Two-color
Immunofluorescence analysis was performed on colonic sections from six months old B6 and MOLFmice using anti-CHI3L1 and anti-F4/80 (A) -CD11b (B)
or -CD4 (C) primary antibodies respectively.

doi:10.1371/journal.pone.0139149.g004
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Discussion
The genetic diversity present in wild-derived mice increases the likelihood of phenotypic varia-
tions as compared to classical mice strains. This allows experimental interrogation to explore
novel phenotypes. Traditionally, wild-derived mice tend to be underrepresented in forward
genetic studies. However, several disease-related genes have been discovered using wild-
derived mouse strains, such as the Mx1 and MnV genes that confer resistance of wild-derived
mice to influenza virus and play a role in West Nile virus infection pathogenesis respectively
[13, 14]. More recently, hypo-responsiveness to polyinosinic-polycytidylic acid [poly(I:C)]
stimulation was found in a wild-derived MSM/Ms mouse strain that exhibits mutations in the
toll-like receptor 3 (TLR3) [15]. Likewise, peritoneal macrophages in MOLF mice show hypo-
responsiveness to TLR9-ligand, CPG-motif containing oligodeoxynucleotides (CpG ODNs)
although these mice are fully responsive to other endosomal TLR agonists [16]. The hypo-
responsiveness to CpG ODNs in MOLF mice is mainly a consequence of the specific mutations
in the mannose receptor 1 (mrc1) gene, resulting in low expression levels of MRC1, which is
dispensable for CpG-induced cytokine responses [16]. Since wild-derived MOLF mice show a
divergent development of genes, which are activated in response to pathogens and their micro-
bial components, this mouse model seems to be one of the most useful tools for further under-
standing natural occurring regulators in innate immune responses under inflammatory
conditions [16, 17].

Although the main advantage of wild-derived mice is the heterogeneity within the popula-
tion that allows linkage analysis to identify disease-causing genes, these mice have to be wildly

Fig 5. MOLF express high levels of CHI3L1 in colonic epithelial cells but not in immune cells.
Immunohistochemical analysis was performed on colonic serial sections (non-polypoid area) from six months
old MOLFmice using anti-CHI3L1, -TROMA–1 (cytokeratin 8), -CD4, -CD11b, and -F4/80 antibodies.

doi:10.1371/journal.pone.0139149.g005
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caught and examined in order to leverage on this advantage. However, inbreeding these wild-
derived mice line results in the loss of the heterogeneity [18]. Despite this, the “genetic devi-
ants” present in these strains, when compared to common laboratory strains, allow one to (re)
discover phenotype-causing genes. In the case of this study, the polymorphisms in the CHI3L1
proximal promoter render higher transcriptional activation in the MOLF mice at steady state.
This is in contrast to the colonic expression of CHI3L1 in B6 mice, which is only induced

Fig 6. MOLFmice showed exacerbated AOM-induced CRC development. [A] AOMwas intraperitonally injected into 6 months old B6 (n = 7) and MOLF
(n = 7) mice once a week for 6 weeks and sacrificed after addition 8 weeks. Body weight was measure weekly as shown. [B] AOM-treated B6 and MOLF
mice colons were open-up longitudinally and inspected. [C] Tumor size and multiplicity of colons from steady state or AOM-treated B6 and MOLFmice were
determined under a dissection microscope (n = 7 in each group). [D] Representative H&E section of colons from AOM-treated B6 and MOLFmice are shown.
[E] Histological scoring of tumor from AOM-treated B6 (n = 7) and MOLF (n = 7) mice are shown. *P<0.05, **P<0.01, ***P<0.001 between the two groups
as indicated.

doi:10.1371/journal.pone.0139149.g006
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during inflammatory and tumorigenenic conditions. The high expression of this proliferation-
related gene in the MOLF mice colon may associate with the spontaneous development of pro-
trusive polypoid nodules.

Some previous reports have demonstrated that both promoter and intragenic polymorphisms
in human CHI3L1 is associated with serum CHI3L1 levels and disease severity, such as bronchial
asthma [19]. However, multiple alignments between the CHI3L1 intronic SNPs of B6 and MOLF
mice do not show any distinct pattern conservation with human counterparts [S2 and S3 Figs].
This may be a result of lesser conservation of introns in general, as compared to gene promoters
and exons. Therefore, in this study, we have focused on the effects of the promoter SNPs in
MOLF mice, demonstrating higher CHI3L1 levels and conservation with the human counterpart.
Bhardwaj et al has previously reported that IL–1 and IL–6 family cytokines-driven expression of
CHI3L1 in astrocytes required both STAT3 and NF-κB binding elements of the CHI3L1 pro-
moter [20]. However, the binding sites of these two transcription factor are outside the region of
the SNPs analyzed in this study (-1 to -579 bp). Since our group demonstrated that the SNPs
within this region (-1 to -517 bp) showed an effect on CHI3L1 expression, it is therefore unlikely
to be a result of transcription factor binding. Rather than that, we have noticed that many of the
promoter-SNPs, between B6 andMOLF mice, are occurring at the region of CG dinucleotides.
This may potentially affect proper DNAmethylation, and the higher CHI3L1 gene activation in
MOLF mice. In our future study, more detailed characterization of CHI3L1 intronic regions will
be carried out to identify potential enhancer sites, splicing changes, or presence of small regula-
tory RNAs, to determine if these murine intronic SNPs are functional.

Despite CECs showing hyperproliferation in the MOLF mice that may be responsible for
the protrusions, these CECs do not exhibit cytological abnormalities or neoplastic changes at
steady state. This finding may be consistent with our unpublished observations that CHI3L1
does not directly participate in neoplastic transformation in the colon, but rather promotes
CECs survival and proliferation during intestinal inflammation and tumorigenesis in B6 mice.
Therefore, once tumor formation was induced by carcinogen (AOM) injection, inherently
increased CHI3L1 expression in MOLF mice allows drastically accelerated tumor growth than
B6 mice with increased polypoid nodule numbers and sizes.

In addition to the aberrant CEC proliferation in MOLFmice, previous studies have reported
other characteristics in these mice that are associated with the major CHI3L1 protein functions.
For instance, MOLF mice are extremely susceptible to Salmonella infection, as compared to
other inbred strains such as A/J or B6 x MOLF F1 strains [21, 22]. Our group has also reported
that CHI3L1 can directly increase mice susceptibility to Salmonella, and other potentially patho-
genic E coli, by enhancing its adhesion and invasion on/into CECs [2,12]. Therefore, it is possible
that enhanced bacterial/epithelial interaction due to increased CHI3L1 expression makes MOLF
mice more susceptible to carcinogenesis and tumor cell expansion. Indeed, it has been reported
that enteric microbiota can release factors that further promote tumor cell expansion [23].

Taken together, the wild-derived MOLF mouse strain is an ideal model to understand the
mechanism of tumor expansion and proliferation in CRC. High endogenous CHI3L1 expres-
sion in the steady state of MOLF mice associates with high proliferation rates in the colon and
may promote spontaneous development of polypoid protrusion in the colon. This results in
the rapid expansion of tumor cells when CRC is induced in the mice.

Supporting Information
S1 Fig. Two-color immunohistochemical analysis with anti-CHI3L1 and anti-cytokeratin 8
antibodies in MOLF colon.
(TIFF)
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S2 Fig. Alignment of Human, MOLF/EiJ (MOLF) and C57Bl/6 (B6) mice CHI3L1 SNPs in
intron 5.
(TIFF)

S3 Fig. Alignment of Human, MOLF/EiJ (MOLF) and C57Bl/6 (B6) mice CHI3L1 SNPs in
intron 6.
(TIFF)
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(DOC)

S3 Text. Supporting References.
(DOC)

Acknowledgments
The authors are grateful to Drs. Atul K. Bhan, In-Ah Lee, and Renuka Subramaniam for their
helpful discussions, advices and/or data analyses. The authors would like to also thank to Alan
Kamba, and Cindy W. Lau for their technical or secretarial assistance.

Author Contributions
Conceived and designed the experiments: DL EM. Performed the experiments: DL AKD EM.
Analyzed the data: DL AKD AP AMMMK EM. Contributed reagents/materials/analysis tools:
AP AM. Wrote the paper: DL AP AMMMK EM.

References
1. Brenner H, Kloor M, Pox CP (2014) Colorectal cancer. Lancet 383: 1490–1502. doi: 10.1016/S0140-

6736(13)61649-9 PMID: 24225001

2. Mizoguchi E (2006) Chitinase 3-like–1 exacerbates intestinal inflammation by enhancing bacterial
adhesion and invasion in colonic epithelial cells. Gastroenterology 130: 398–411. PMID: 16472595

3. Chen CC, Pekow J, Llado V, Kanneganti M, Lau CW, Mizoguchi A, et al. (2011) Chitinase 3-like–1
expression in colonic epithelial cells as a potentially novel marker for colitis-associated neoplasia. Am J
Pathol 179: 1494–1503. doi: 10.1016/j.ajpath.2011.05.038 PMID: 21763261

4. Lee IA, Kamba A, Low D, Mizoguchi E (2014) Novel methylxanthine derivative-mediated anti-inflamma-
tory effects in inflammatory bowel disease. World J Gastroenterol 20: 1127–1138. doi: 10.3748/wjg.
v20.i5.1127 PMID: 24574789

5. Lee IA, Low D, Kamba A, Llado V, Mizoguchi E (2014) Oral caffeine administration ameliorates acute
colitis by suppressing chitinase 3-like 1 expression in intestinal epithelial cells. J Gastroenterol 49:
1206–1216. doi: 10.1007/s00535-013-0865-3 PMID: 23925589

6. He CH, Lee CG, Dela Cruz CS, Lee CM, Zhou Y, Ahangari F, et al. (2013) Chitinase 3-like 1 regulates
cellular and tissue responses via IL–13 receptor alpha2. Cell Rep 4: 830–841. doi: 10.1016/j.celrep.
2013.07.032 PMID: 23972995

7. Eurich K, SegawaM, Toei-Shimizu S, Mizoguchi E (2009) Potential role of chitinase 3-like–1 in inflam-
mation-associated carcinogenic changes of epithelial cells. World J Gastroenterol 15: 5249–5259.
PMID: 19908331

8. Taketo MM, EdelmannW (2009) Mouse models of colon cancer. Gastroenterology 136: 780–798.
PMID: 19263594

9. Janssen KP, el-Marjou F, Pinto D, Sastre X, Rouillard D, Fouguet C, et al. (2002) Targeted expression
of oncogenic K-ras in intestinal epithelium causes spontaneous tumorigenesis in mice. Gastroenterol-
ogy 123: 492–504. PMID: 12145803

Chitinase in MOLF Tumorigenesis

PLOS ONE | DOI:10.1371/journal.pone.0139149 October 6, 2015 13 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139149.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139149.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139149.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139149.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139149.s006
http://dx.doi.org/10.1016/S0140-6736(13)61649-9
http://dx.doi.org/10.1016/S0140-6736(13)61649-9
http://www.ncbi.nlm.nih.gov/pubmed/24225001
http://www.ncbi.nlm.nih.gov/pubmed/16472595
http://dx.doi.org/10.1016/j.ajpath.2011.05.038
http://www.ncbi.nlm.nih.gov/pubmed/21763261
http://dx.doi.org/10.3748/wjg.v20.i5.1127
http://dx.doi.org/10.3748/wjg.v20.i5.1127
http://www.ncbi.nlm.nih.gov/pubmed/24574789
http://dx.doi.org/10.1007/s00535-013-0865-3
http://www.ncbi.nlm.nih.gov/pubmed/23925589
http://dx.doi.org/10.1016/j.celrep.2013.07.032
http://dx.doi.org/10.1016/j.celrep.2013.07.032
http://www.ncbi.nlm.nih.gov/pubmed/23972995
http://www.ncbi.nlm.nih.gov/pubmed/19908331
http://www.ncbi.nlm.nih.gov/pubmed/19263594
http://www.ncbi.nlm.nih.gov/pubmed/12145803


10. Uronis JM, Muhlbauer M, Herfarth HH, Rubinas TC, Jones GS, Jobin C. (2009) Modulation of the intes-
tinal microbiota alters colitis-associated colorectal cancer susceptibility. PLoS One 4: e6026. doi: 10.
1371/journal.pone.0006026 PMID: 19551144

11. Lowe EL, Crother TR, Rabizadeh S, Hu B, Wang H, Chen S, et al. (2010) Toll-like receptor 2 signaling
protects mice from tumor development in a mouse model of colitis -induced cancer. PLos One 5:
e13027. doi: 10.1371/journal.pone.0013027 PMID: 20885960

12. Low D, Tran HT, Lee IA, Dreux N, Kamba A, Reinecker HC, et al. (2013) Chitin-binding domains of
Escherichia coli ChiA mediate interactions with intestinal epithelial cells in mice with colitis. Gastroen-
terology 145: 602–612 e609. doi: 10.1053/j.gastro.2013.05.017 PMID: 23684751

13. Mashimo T, Lucas M, Simon-Chazottes D, Frenkiel MP, Montagutelli X, Ceccaldi PE, et al. (2002) A
nonsense mutation in the gene encoding 2'-5'-oligoadenylate synthetase/L1 isoform is associated with
West Nile virus susceptibility in laboratory mice. Proc Natl Acad Sci U S A 99: 11311–11316. PMID:
12186974

14. Haller O, Frese M, Kochs G (1998) Mx proteins: mediators of innate resistance to RNA viruses. Rev Sci
Tech 17: 220–230. PMID: 9638812

15. Stephan K, Smirnova I, Jacque B, Poltorak A (2007) Genetic analysis of the innate immune responses
in wild-derived inbred strains of mice. Eur J Immunol 37: 212–223. PMID: 17163447

16. Moseman AP, Moseman EA, Schworer S, Smirnova I, Volkova T, von Andrian U, et al (2013). Mannose
receptor 1 mediates cellular uptake and endosomal delivery of CpG-motif containing oligodeoxynucleo-
tides. J Immunol 191: 5615–5624. doi: 10.4049/jimmunol.1301438 PMID: 24184555

17. Conner JR, Smirnova II, Poltrak A (2008) Forward genetic analysis of Toll-like receptor responses in
wild-derived mice reveals a novel antiinflammatory role for IRAK1BP1. J Exp Med 205: 305–314. doi:
10.1084/jem.20071499 PMID: 18268037

18. Harper JM (2008) Wild-derived mouse stocks: an underappreciated tool for aging research. Age
(Dordr) 30: 135–145.

19. Ober C, Tan Z, Sun Y, Possick JD, Pan L, Nicolae R, et al (2008) Effect of variation in CHI3L1 on serum
YKL–40 level, risk of asthma, and lung function. N Engl J Med 358: 1682–2691. doi: 10.1056/
NEJMoa0708801 PMID: 18403759

20. Khan RT, Yuki KE, Malo D (2014) Fine-mapping and phenotypic analysis of the Ity3 Salmonella sus-
ceptibility locus identify a complex genetic structure. PLoS One 9: e88009. doi: 10.1371/journal.pone.
0088009 PMID: 24505352

21. Sancho-Shimizu V, Khan R, Mostowy S, Lariviere L, Wilkinson R, Riendeau N, et al (2007). Molecular
genetic analysis of two loci (Ity2 and Ity3) involved in the host response to infectiuon with Salmonella
typhimurium using congenic mice and expression profiling. Genetics 177: 1125–1139. PMID:
17660555

22. Grivennikov SI, Wang K, Mucida D, Stewart CA, Schnabl B, Jauch D, et al. (2012) Adenoma-linked bar-
rier defects and microbial products drive IL–23/IL-17-mediated tumour growth. Nature 491: 254–258.
doi: 10.1038/nature11465 PMID: 23034650

23. Bhardwaj R, Yester JW, Singh SK, Biswas DD, Surace MJ, Waters MR, et al. (2015) RelB/p50 com-
plexes regulate cytokine-induced YKL–40 expression. J Immunol 194: 2862–2870. doi: 10.4049/
jimmunol.1400874 PMID: 25681350

Chitinase in MOLF Tumorigenesis

PLOS ONE | DOI:10.1371/journal.pone.0139149 October 6, 2015 14 / 14

http://dx.doi.org/10.1371/journal.pone.0006026
http://dx.doi.org/10.1371/journal.pone.0006026
http://www.ncbi.nlm.nih.gov/pubmed/19551144
http://dx.doi.org/10.1371/journal.pone.0013027
http://www.ncbi.nlm.nih.gov/pubmed/20885960
http://dx.doi.org/10.1053/j.gastro.2013.05.017
http://www.ncbi.nlm.nih.gov/pubmed/23684751
http://www.ncbi.nlm.nih.gov/pubmed/12186974
http://www.ncbi.nlm.nih.gov/pubmed/9638812
http://www.ncbi.nlm.nih.gov/pubmed/17163447
http://dx.doi.org/10.4049/jimmunol.1301438
http://www.ncbi.nlm.nih.gov/pubmed/24184555
http://dx.doi.org/10.1084/jem.20071499
http://www.ncbi.nlm.nih.gov/pubmed/18268037
http://dx.doi.org/10.1056/NEJMoa0708801
http://dx.doi.org/10.1056/NEJMoa0708801
http://www.ncbi.nlm.nih.gov/pubmed/18403759
http://dx.doi.org/10.1371/journal.pone.0088009
http://dx.doi.org/10.1371/journal.pone.0088009
http://www.ncbi.nlm.nih.gov/pubmed/24505352
http://www.ncbi.nlm.nih.gov/pubmed/17660555
http://dx.doi.org/10.1038/nature11465
http://www.ncbi.nlm.nih.gov/pubmed/23034650
http://dx.doi.org/10.4049/jimmunol.1400874
http://dx.doi.org/10.4049/jimmunol.1400874
http://www.ncbi.nlm.nih.gov/pubmed/25681350

