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Chitinase 3 like 1 suppresses the stability
and activity of p53 to promote lung
tumorigenesis
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Abstract

Background: Chitinase 3 like 1 protein (Chi3L1) is expressed in several cancers, and a few evidences suggest that
the secreted Chi3L1 contributes to tumor development. However, the molecular mechanisms of intracellular Chi3L1
are unknown in the lung tumor development. Methods: In the present study, we generated Chi3L1 knockout mice
(Chi3L1"“"7)) using CRISPR/Cas9 system to investigate the role of Chi3L1 on lung tumorigenesis.

Results: We established lung metastasis induced by i.v. injections of B16F10 in Chi3L1“°"”~. The lung tumor
nodules were significantly reduced in Chi3L1“°“7 and protein levels of p53, p21, BAX, and cleaved-caspase 3 were
significantly increased in Chi3L1%°"/2, while protein levels of cyclin E1, CDK2, and phsphorylation of STAT3 were
decreased in Chi3L1“™"7. Allograft mice inoculated with B16F10 also suppressed tumor growth and increased p53
and its target proteins including p21 and BAX. In addition, knockdown of Chi3L1 in lung cancer cells inhibited lung
cancer cell growth and upregulated p53 expression with p21 and BAX, and a decrease in phosphorylation of STAT3.
Furthermore, we found that intracellular Chi3L1 physically interacted and colocalized with p53 to inhibit its protein

stability and transcriptional activity for target genes related with cell cycle arrest and apoptosis. In lung tumor
patient, we clinically found that Chi3L1 expression was upregulated with a decrease in p53 expression, as well as
we validated that intracellular Chi3L1 was colocalized, reversely expressed, and physically interacted with p53,
which results in suppression of the expression and function of p53 in lung tumor patient.

Conclusions: Our studies suggest that intracellular Chi3L1 plays a critical role in the lung tumorigenesis by
regulating its novel target protein, p53 in both an in vitro and in vivo system.
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Background

Lung cancer is the leading cause of cancer related mor-
tality worldwide [1], and approximately 10-15% are
caused by genetics [2]. Most (approximately 85%) of
lung cancers are of the non-small-cell type (NSCLC) [3].
Major clinical breakthroughs in late stage lung cancer
have been facilitated by the recent advent of patient se-
lection based upon tumor genetic profiles that have pro-
moted a personalized medicine approach for non-small
cell lung patients (NSCLC) [4]. Typical treatment for

* Correspondence: jinthong@chungbuk.ac.kr

Kyung-Ran Park and Hyung-Mun Yun contributed equally to this work.
“College of Pharmacy and Medical Research Center, Chungbuk National
University, Osongsaengmyeong 1-ro 194-21, Osong-eup, Heungduk-gu,
Cheongju, Chungbuk 361-951, Republic of Korea

Full list of author information is available at the end of the article

B BMC

NSCLC is chemotherapy for inhibiting several receptors
and intracellular signaling such as epidermal growth fac-
tor receptor (EGFR), vascular endothelial growth factor
receptor (VEGFR), insulin-like growth factor 1 receptor
(IGF-1R), RAS proto-oncogene (RAS), mammalian tar-
get of rapamycin (mTOR), and signal transducer and ac-
tivator of transcription 3 (STAT3) [5-8]. However, the
targeted chemotherapies are their effects only in a small
fraction of lung cancer patients who have the corre-
sponding molecular alteration that responds to the ap-
propriate treatment [3, 5]. In addition, most of the
chemotherapeutic agents have been shown to cause
treatment related side effects [3, 9, 10]. Thus, develop-
ment of new treatment targets still needs to increase ef-
fective targeted therapies without side effects and
potential benefit for more lung cancer patients.

© The Author(s). 2020 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12964-019-0503-7&domain=pdf
http://orcid.org/0000-0001-6504-1610
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:jinthong@chungbuk.ac.kr

Park et al. Cell Communication and Signaling (2020) 18:5

Chitinase 3-like-1 (Chi3L1), also called a breast regres-
sion protein 39 (BRP-39) in mouse and YKL-40 in human,
is known as a secreted glycoprotein and prototypic mam-
malian chitinase like protein [11, 12]. Increased expression
of Chi3L1 protein and mRNA have been shown in various
disease models and states including rheumatoid arthritis
schizophrenics, inflammatory bowel disease, chronic ob-
structive pulmonary disease, asthma, diabetes, and athero-
sclerosis [13—19], Especially, Chi3L1 expression has been
found in a variety of cancer cells such as breast, lung,
prostate, colon, rectum, ovary, kidney, breast, glioblast-
omas, and malignant melanoma [20-26].

Our previous published data showed that spontaneous
lung tumor incidence was lower in the presenilin mutant
mice and the proteomic analysis showed that the prese-
nilin mutant mice had very lower levels of chitinase like
protein level in the lung tissue [27]. A paper shows
Chi3L1 negatively regulates Type 1T helper (Thl) and
Cytotoxic T lymphocyte (CTL) functions on lung metas-
tasis [22]. Chi3L1 play a critical role as a Type 2 T helper
(Th2) promoting cytokine that is present at high levels
in the tumor microenvironment and in the serum of
cancer patients [28, 29]. It was also reported that Chi3L1
is increased in serum and lung of patients suffering from
idiopathic pulmonary fibrosis [30], and high serum
Chi3L1 level in patients with small cell lung cancer is re-
lated to early death [31]. These results indicate that
Chi3L1 could be significant for lung tumor
development.

Interestingly, it was reported that Chi3L1 was known
as a secreted protein in various cell-types [11, 12], but
Chi3L1 was also localized within the cytoplasm and nu-
cleus of monocyte derived dendritic cells [32]. To date,
there are no studies for the direct role of intracellular
Chi3L1 on lung tumorigenesis, although higher expres-
sion and level of Chi3L1 in several cancer cells and
tumor patient tissues have been reported. Considering
that high serum Chi3L1 is a poor prognostic marker in
lung cancer patients [33], it should be investigated for
intracellular Chi3L1 expression and direct roles and
mechanisms on lung tumorigenesis by intracellular
Chi3L1.

In the present study, we demonstrated the critical role
of intracellular Chi3L1 in both an in vitro and in vivo
system using Chi3L1 knockout mice (Chi3L1%%/7)
generated by CRISPR/Cas9 system, lung cancer cells,
and lung tumor patient samples. Our data indicate intra-
cellular Chi3L1 as a key regulatory protein in lung
tumorigenesis.

Methods

Human samples

Human lung cancer and normal lung tissues from 15
lung cancer patients were obtained from Keimyung
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University Dongsan Medical Center, Chonnam National
University Hospital, and Chonbuk National University
Hospital. All studies for human samples were conducted
in accordance with the Declaration of Helsinki and were
approved by the Ethics Committee of Chungbuk Na-
tional University Medical Centre (IRB No.. CBNU-IRB-
2011-U01).

Animals

Mice were housed in standard cages in an Assessment
and Accreditation of Laboratory Animal Care credited
specific pathogen-free (SPF) animal facility on a 12h
light-12 h dark cycle. All protocols involving mice in this
study were reviewed and approved by the Chungbuk Na-
tional University Institutional Animal Care and Use
Committee (IACUC) and complied with the Korean Na-
tional Institute of Health Guide for the Care and Use of
Laboratory Animals (CBNUA-792-15-01).

DNA constructs for the CRISPR RNAs

Single guide RNAs (sgRNAs) targeting a site of genome
corresponding N-terminal region of chi3ll were de-
signed using ZiFiT (http://zifit.partners.org/ZiFiT/) pro-
gram. The candidates of target nucleotides having a
potential off-target with 1 or 2 base mismatch were
avoided for the design. The two complimentary oligos of
each sgRNA were annealed and cloned in pT7-gRNA
vector which is a vector designed for synthesis of sgRNA
[34].

In vitro sgRNA synthesis and purification

In vitro transcription of sgRNAs and RNA purification
were performed using MEGAshortscript T7 kit
(Ambion) according to the manufacturer’s instructions.

Microinjection of one-cell zygotic embryos
Microinjection was performed in the fertilized eggs from
C57BL/6 mice. The embryos were harvested in M2
medium and cultured in M16 medium for 2-3h. The
mixture of sgRNA (100 ng/pl) and Cas9 protein (80 ng/
pul) was injected into the cytoplasm of the one-cell stage
embryos. Injected embryos were overnight incubated in
the culture media prior to embryo transfer into pseudo-
pregnant female mice [35].

Genotyping by T7E1 assay and sequencing analysis

Genomic DNAs were extracted from toes or tails of the
progenies and subjected to PCR. PCR amplicons were
denatured and slowly reannealed to facilitate heterodu-
plex formation. The reannealing procedure consisted of
a 5-min denaturing step at 95 °C, followed by cooling to
85°C at -2°C per second and further to 25°C at -
0.1°C per second. Reannealed amplicons were treated
with 5units of T7 endonuclease I (New England
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BioLabs) for 30 min at 37 °C then analyzed by agarose
gel electrophoresis. To check the potential off-target ef-
fects, the genomic regions encompassing the potential
off-target sites with 1 or 2 base-mismatch were PCR
amplified and subjected to T7E1 assay or sequencing
analysis. For PCR genotyping assay, primer sets amplify-
ing region of exon 3 were designed as followed. Forward:
5-GAGTTTAGTATCCCATATCACC-3, reverse: 5-
GGCCACATATTTTGTCACTCAT-3, which amplify a
PCR fragment of 600 base pairs long.

Lung metastasis model

B16F10 cells were injected into the lateral tail veins of
Chi3L1*°“"” mice and wild type mice (1 x 10* cells in
/100 pl phosphate-buffered saline (PBS) per animal). 8
weeks after the injections, animals were sacrificed and
the tumor lung metastases were counted on the lung
surface. Metastases were counted in all lobes of the lung,
except for the middle lobe where the primary tumors lo-
calized. Data are presented as the number of tumor nod-
ules per lung.

Allograft animal model

B16F10 cells were implanted subcutaneously (s.c.) (1 x
10° tumor cells/0.1 ml PBS/animal) into upper dorsal re-
gion of the mice with a 27 gauge needle. Implantation
tumors visually detected in injected region of the mice
after 7 days. The weight and tumor volume of the ani-
mals were monitored twice per week during 27 days.
The tumor volumes were measured with vernier calipers
and calculated using the following formula: A x B* / 2,
where A is the larger and B is the smaller of the two di-
mensions. At the end of the experiment, the animals
were sacrificed and the tumors were separated from the
surrounding muscles and dermis, excised and weighed.

Immunohistochemistry

Tumor tissues were fixed in formalin and embedded in
paraffin for examination. Sections were stained with
hematoxylin and eosin (H&E) and analyzed by immuno-
histochemistry. The sections were blocked for 30 min
with 5% BSA diluted in 1X PBS and incubated with spe-
cific primary antibodies (1:200 dilution). The next day,
immunological detection was started with incubation in
horseradish peroxidase (HRP)-conjugated secondary
antibodies (1:500, Jackson ImmunoResearch) for 1h at
room temperature. After washing with 1X PBS, chromo-
gen development was performed with 0.02% 3,3"-diami-
nobenzidine  tetrahydrochloride (DAB,  Vector
Laboratories, Burlingame, CA). Finally, the sections were
dehydrated with ethanol, cleared with xylene, and
mounted with Permount (Fisher Scientific, Rockford,
IL), and evaluated on a light microscopy (ZIESS, Ober-
kochen, Germany).
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Western blot analysis

Western blot analysis was done as described previously
[36]. Cells were washed twice with ice-cold PBS, and
lysed in 20 mM Tris-HCI buffer (pH7.4) containing a
protease inhibitor mixture (0.1 mM PMSF, 5mg/mL
aprotinin, 5 mg/mL pepstatin A, and 1 mg/mL chymos-
tatin). Protein concentration was determined using Brad-
ford reagent (Bio-Rad, Hercules, CA). Equal amounts of
lysate (20ug) were resolved by sodium dodecyl-
polyacrylamide gel electrophoresis (SDS-PAGE), and
subsequently transferred to a polyvinylidene fluoride
(PVDF) membrane (Millipore, Bedford, MA). Thereafter,
the membrane was blocked with 1x TBS containing
0.05% Tween 20 (TBST) and 5% skim milk or 2% BSA
for 1h at room temperature. After blocking, the mem-
branes were incubated overnight at 4°C with the re-
spective primary antibodies, washed with 1 x TBST, and
then incubated with diluted horseradish peroxidase
(HRP)-conjugated secondary antibodies (1:10,000, Jack-
son ImmunoResearch, West Grove, PA) for 1 h at room
temperature. After three washes, the bound antibodies
were detected using an enhanced chemiluminescence
(ECL) kit (Millipore, Bedford, MA). The intensity of the
bands was measured using the Fusion FX 7 image acqui-
sition system (Vilber Lourmat, Eberhardzell, Germany).

Adenoviral vector generation for ad-shChi3L1
Ad-shChi3L1 was constructed by Sirion Biotech (Mar-
tinsried, Germany). The U6-shRNA-SV40-pA region of
the pO6A5 shuttle vector was transferred via recombin-
ation in a bacterial artificial chromosome vector, con-
taining the genome of the replication Ad5-based vector
deleted for the E1/E3 genes (involved in replication and
immunomodulation, respectively). Adenoviral particles
were produced by construction of the shRNA expression
shuttle vector into HEK-293 cells. Cloning success for
the resultant vector was verified by restriction analysis
and DNA sequencing.

Cell culture, transfection, and transduction

A549 human lung cancer cells and and B16F10 mouse
skin melanoma were obtained from the American Type
Culture Collection (Manassas, VA, USA). RPMI1640,
penicillin, streptomycin, and fetal bovine serum were
purchased from Invitrogen (Carlsbad, CA, USA). A549
cells were grown in RPMI1640 with 10% fetal bovine
serum, 100 U/ml penicillin, and 100 pug/ml streptomycin
at 37°C in 5% CO, humidified air. BI6F10 cells were
grown in DMEM with 10% FBS, 100 U/mL penicillin,
and 100 pg/mL streptomycin, at 37°C in 5% CO, hu-
midified air. For transfection and transduction, we used
Lipofectamine 3000, Lipofectamine RNAIMAX (Invitro-
gen), and Ad-shChi3L1.
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Cell proliferation assay

Cell proliferation was measured by an 3-[4,5-dimethyl-
thiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
assay to detect NADH-dependent dehydrogenase activity
as previously described [37]. 5mg/ml 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT;
Sigma-Aldrich, St. Louis, MO) diluted in PBS was added
to the cells, which was then incubated for 2h to allow
MTT to metabolize to formazan. Absorbance was mea-
sured at 570 nm (Beckman Coulter, Fullerton, CA). The
data were normalized to their respective controls and
are presented as a bar graph.

Ubiquitination assay

A549 cells were transfected with control siRNA or
Chi3L1 siRNA using Lipofectamine RNAIMAX (Invitro-
gen). After transfection, the soluble lysates were incu-
bated with anti-p53 antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) at 4°C and incubated with Protein A
agarose (Sigma-Aldrich), and then washed six times. Im-
munoprecipitates were eluted by boiling for 10 min at
95 °C in SDS sample buffer followed by Western blotting
with anti-ubiquitin (1:1000, Santa Cruz Biotechnology)
or anti-p53 (1:1000, Cell Signaling Technology, Beverly,
MA) antibodies.

Co-immunoprecipitation

Cells and tissues were gently lysed with lysis buffer for 1
h on ice and then centrifuged at 15,000 g and 4 °C for
15 min, and the supernatant was collected. After the ly-
sates were precleared with 50 pl of Protein A agarose
(Sigma-Aldrich) for 2 h, the precleared lysates were incu-
bated with 2 pg of each specific antibody overnight at
4°C and then incubated with 50 ul of Protein A agarose
for 4h at 4°C and were washed seven times. Immune
complexes were eluted by boiling for 10 min at 95°C in
SDS sample buffer, followed by Western blotting with
mouse primary anti-Myc (1:1000, Cell Signaling Tech-
nology) or mouse primary anti-p53 (1:1000, Santa Cruz
Biotechnology) antibodies for cells, and rabbit primary
anti-Chi3L1 (1:1000, abcam, Cambridge, MA) or mouse
primary anti-p53 (1:1000, Santa Cruz Biotechnology)
antibodies for tissues.

Molecular docking model

The docking of Parkin with p53 was examined using the
rigid-body docking program ZDOCK 3.0.2 on the
ZDOCK server (http://zdock.umassmed.edu). p53 (PDB
ID: 1TUP monomer) and Chi3L1 (PDB ID: 1INWR
monomer) without DNA were used for docking. Dock-
ing experiments were carried out without selecting or
blocking residues.
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p53-transcriptional activity

The pGL4.38[luc2P/p53 RE/Hygro] Vector contains two
copies of a p53 response element (p53 RE) that drives
transcription of the luciferase reporter gene luc2P (Pho-
tinus pyralis was purchased from Promega (Madison,
WI). 24 h after transfection into A549 lung cancer cells,
luciferase activity was measured using the luciferase re-
porter assay system (Promega) according to the manu-
facturer’s protocol.

Immunofluorescence

Cells and lung cancer patient tissue array with normal
colon tissues as control (US Biomax Inc., Rockville, MD)
were blocked with 3% BSA diluted in PBS for 1 h and in-
cubated with primary antibodies for overnight at 4 °C.
Subsequently, the cells and tissue sections were incu-
bated with an anti-mouse secondary antibody labeled
with Alexa-Fluor 488 (1:500 dilution, Invitrogen) and
anti-rabbit secondary antibody labeled with Alexa-Fluor
568 (1:400 dilution, Invitrogen) for 2h at room
temperature. Next, the cells and tissue sections were in-
cubated with 4’,6-diamidino-2-phenylindole (DAPI) for
15min at 37°C. Finally, the cells and sections were
rinsed, mounted, and viewed on on a confocal LSM 510
Laser Scanning microscope (Zeiss, Gottingen, Germany).
A negative control was included in all experiments by
omitting the primary antibody.

Data analysis

The data were analyzed using the GraphPad Prism 5
software ((GraphPad Software, Inc., San Diego, CA).
Data are presented as mean+ SEM. Statistical signifi-
cance was evaluated by one-way analysis of variance
(ANOVA) and the differences were assessed by the Dun-
nett’s test. A value of P <0.05 was considered to indicate
statistical significance.

Results

Chi3L1 accelerates lung tumorigenesis in metastasis and
allograft model in vivo

To investigate whether Chi3L1 knockout (Chi3L1K¥C¢/?)
mice contribute to lung tumorigenesis, the mice was ad-
ministrated i.v. with BI6F10 melanoma to induce lung
metastasis. 3 weeks after the injections, the number of
surface lung metastases was significantly lower in
Chi3L1%°“/?) mice than those observed in wild type
mice (Fig. 1a and b). As shown in Fig. 1c, Western blot
analysis showed that p53 and p21 were markedly higher
in the lung of Chi3L1%°“"") mice, while Cyclin El,
CDK?2, and phoshop-STAT3 were significantly lower in
the lung of Chi3L1%°/~) mice than those in wild type
mice We also found that the apoptosis-related marker
protein, BAX and cleaved caspase 3 were significantly in-
creased in the meta nodules of Chi3L1¥°/?) mice,
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Fig. 1 Chi3L1°“? mice in lung metastasis In Vivo. a, b B16F10 cells were injected by a single iv. injection (1 x 10% cells) to induce lung
metastasis. At the time of sacrifice, lungs were lavaged (a) and used for surface tumor number and diameter measurements (b). The results are
expressed as mean ++ SEM. *, p < 0.05 compared to wild type mice. c Tissue extracts were analyzed by Western blotting. Samples were resolved
on SDS-PAGE, and detected with antibodies against Chi3L1, p53, p21, Cyclin E1, phoshp-STAT3, STAT3, Cdk2, BAX, Caspase3, and B-actin. Data
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suggesting Chi3L1¥°"/~) mice may reduce lung metasta-

sis by regulating tumor suppressor proteins, cell cycle
arrest, apoptosis, and proliferation.

To elucidate the direct function of Chi3L1 in lung
tumor growth in vivo, we next investigated lung tumori-
genesis in allograft mice inoculated with B16F10 melan-
oma transduced by a Chi3L1 short hairpin RNA
(shRNA)-expressing adenoviral vector (Chi3L1 shRNA
mice). Tumor growth was monitored for 27 days after
implanted with B16F10 melanoma into the mice. Tumor
volume was measured weekly twice, and all mice were
killed at the end of the experiment when tumors were
dissected and weighted. There was a significant differ-
ence in tumor growth between con shRNA and Chi3L1
shRNA mice (Fig. 2a). The tumor volumes and weights
of B16F10 lung melanoma transduced by Chi3L1 shRNA
were significantly smaller than in those of the control
shRNA mice (Fig. 2b). The expression of Chi3L1 in con-
trol shRNA and Chi3L1 shRNA mice was confirmed by
Western blot analysis (Fig. 2c). The histological findings
after haematoxylin and eosin (H&E) staining indicated
that the tumors in Chi3L1 shRNA mice were significant
reduced than those from control shRNA mice (Fig. 2d).
Immunohistochemical analysis also showed that expres-
sion of Chi3L1 was lower in the tumor section of Chi3L1
shRNA mice, whereas the expression of p53 was mark-
edly higher and its target proteins such as p21, BAX,

and cleaved cas-3 consequently were increased in the
section of Chi3L1 shRNA mice compared to those of
control shRNA mice (Fig. 2d).

Chi3L1 downregulates p53 and its target proteins, and
induce the ubiquitination of p53 in the lung cancer cells
To verify whether Chi3L1 inhibits lung cancer cell
growth, Chi3L1 was knockdowned using Chi3L1 siRNA
in A549 lung cancer cells. We found that the lung can-
cer cell growth was decreased by knockdown of Chi3L1
(Fig. 3a and b. and Additional file 1: Figure S1A). Similar
to tumor tissues, the expression of p53 and its target
proteins (p21 and BAX), and cleaved caspase 3 were in-
creased, whereas the phosphorylation of STAT3 was de-
creased in the Chi3L1 knockdown lung cancer cells than
those of the lung cancer cells transfected with control
siRNA (Fig. 3c and Additional file 1: Figure S2A-F).
Next, we examined whether knockdown of Chi3L1 af-
fects the ubiquitination of p53 that leads to the degrad-
ation of p53. As shown in Fig. 3d, the knockdown of
Chi3L1 resulted in a decrease in ubiquitinated high-
molecular-weight p53 bands (Fig. 3d, third lane) in im-
munoprecipitates using p53 antibody, whereas no signal
was detected in immunoprecipitates using control IgG
antibody (Fig. 3d, first lane).

To predict network connections between Chi3L1 and
p53, we searched the diseases and signaling network
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Fig. 2 Regulation of Chi3L1 on tumor development in allograft mice. a-c Mice inoculated with B16F10 transduced by Chi3L1 shRNA were
sacrificed after 27 days. Tumor images (a) and tumor volume (b) were measured, and tissue extracts were analyzed by Western blotting (c). d
Tumor sections were analyzed by immunohistochemistry for detection of Chi3L1, p53, p21, BAX, and cleaved caspase3 in tumor tissues. Data

associated with Chi3L1 and p53 using the mechanism-
based disease-disease connections (http://disease-con-
nect.org) (Fig. 3e) and the GeneMANIA in source organ-
ism Homo sapiens as additional parameters (https://
genemania.org/) (Fig. 3f). The network data show that
Chi3L1 is also related to the p53 in a variety of diseases
and singaling proteins (Fig. 3e and f).

Chi3L1 localizes in cytoplasm and nucleus, and the
intracellular Chi3L1 physically interacts with p53 in the
lung cancer cells

We determined the intracellular localization of
Chi3L1 in the lung cancer cells. Immunofluorescence
data exhibited that Myc-tagged full-length Chi3L1
(myc-Chi3L1) was present in the cytoplasm and nu-
cleus of the lung cancer «cells (Fig. 4a). The

interaction between Chi3L1 and p53 was next exam-
ined using a co-immunoprecipitation (IP) assay. After
myc-Chi3L1l was transfected into the lung cancer
cells, cell lysates were prepared, immunoprecipitated
with anti-Myc antibodies, and subsequently immuno-
blotted with anti-p53 antibodies. As shown in Fig. 4b,
Input data shows the expression of p53 was signifi-
cantly decreased in the myc-Chi3L1 expressing cells,
as well as IP data show that the myc-Chi3L1 bound
to endogenous p53 compared to those of transfected
cells with control myc-vector. Molecular docking
model also indicated possible interactions in the side
chain of Arg 86, Phe 87, and Thr 88 of Chi3L1 (Fig.
4c). Although the interaction between two proteins
was validated in the lung cancer cells, the association
of two proteins in intracellular regions was still
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Fig. 3 Regulation of Chi3L1 on lung cancer cell growth and tumor suppressor proteins, and diseases and signaling network associated with
Chi3L1 and p53. a, b After A549 lung cancer cells were transfected with Chi3L1 siRNA for 24 h, the morphological changes were observed, and
then cell viability was analyzed by MTT assay (b). ¢ Chi3L1, p53, p21, BAX, cleaved caspase 3, phoshp-STAT3, STAT3, and B-actin were analyzed by
Western blotting. d After the lung cancer cells were transfected with Chi3L1 siRNA for 24 h, cell lysates were immunoprecipitated with anti-
control IgG or anti-p53, and then the cell lysates (bottom) and immunoprecipitants (top) were then analyzed by immunoblotting with anti-
ubiquitin and anti-p53 antibodies. e The disease connections of Chi3L1 (Top) and p53 (Bottom) were analyzed by publicly available Disease-
Connect from the mechanism-based disease-disease connections (http://disease-connect.org). f The signaling network among Chi3L1, p53, and
related signals and was predicted using GeneMANIA (https://genemania.org/). Data shown represent mean + SEM. *, p < 0.05 compared to

undetermined since a common requirement for spe-
cific functional interaction between Chi3L1 and p53 is
that they must be positioned in same regions. We,
therefore, examined whether both proteins are co-
localized in the same cellular compartment in the
lung cancer cells. Immunofluorescence analysis using
confocal microscopy revealed that Chi3L1l was

positioned in close proximity for functional inter-
action between Chi3L1 and p53, which also demon-
strated a decrease in the expression of p53 in myc-
Chi3L1 expressing cells compared to that of myc-
Chi3L1-non-expressing cells on the confocal image
(Fig. 4d and Additional file 1: Figure S3A). These re-
sults suggest that intracellular Chi3L1 is co-localized
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Myc-Chi3L1-non-expressing cell

Fig. 4 Intracellular co-localization and physical interaction between Chi3L1 and p53 (a) After lung cancer cells were transfected with Myc-Chi3L1
for 24 h, the cells were fixed and permeabilized. Myc-Chi3L1 (green) was immunostained with mouse anti-Myc antibody, followed by Alex488-
conjugated secondary antibodies. And then sections were stained with DAPI (blue). b The lung cancer cells were lysed and immunoprecipitated
with anti-Myc antibody. Cell lysates (Input) and immunoprecipitants (/P) were then analyzed by Western blotting with anti-Myc and anti-p53
antibodies. ¢ Molecular surface representation in the docking model of p53 with Chi3L1. d After the lung cancer cells were permeabilized, p53
(red) was immunostained with rabbit anti-p53 followed by Alex568-conjugated secondary antibodies and myc-Chi3L1 (green) was immunostained
with mouse anti-Myc antibody, followed by Alex488-conjugated secondary antibodies. And then sections were stained with DAPI (blue). Merged |
shows the merged images of Myc-Chi3L1 and p53, and Merged Il shows the merged images of myc-Chi3L1, p53, and DAPI. Negative control
experiments (CON) were processed with only Alex568- and Alex488-conjugated IgG antibodies. Arrow: Myc-Chi3L1-expressing cell, Arrow head:
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with p53 in the lung cancer cells and regulates the
expression of p53.

Intracellular Chi3L1 inhibits the transcriptional activity of
p53 via the direct interaction in the lung cancer cells

Deletion mapping was next employed to define the re-
gions in Chi3L1 that are required for binding to p53
using co-IP assay. These studies demonstrated that the
chitin binding domain (CBD) region of Chi3L1 between
amino acids 261 and 328 was required to interact to
p53, which is consistent with an interaction between
Chi3L1 and p53 via molecular docking model (Fig. 5a,
third lane). The c-terminal (CT) region of Chi3L1 be-
tween amino acids 356 and 383 did not play a critical
role in this interaction (Fig. 5a, fourth lane). Deleted
Chi3L1 of both CBD and CT regions did not interact
with p53 (Fig. 5a, fifth lane). These results demonstrate

that the physical interaction between Chi3L1 and p53 is
mainly dependent on the CBD of Chi3L1.

To examine whether the downregulation of p53 by
Chi3L1 in the lung cancer cells is mediated through the
direct interaction between Chi3L1 and p53, we tried to
interfere in this interaction by overexpression of the
CBD region. As shown in Fig. 5b and Additional file 1:
Figure S4A, the overexpression of the CBD region sig-
nificantly abolished a decrease in the expression of p53
by myc-Chi3L1, which consequently attenuated effects
of myc-Chi3L1 on expression of p21, BAX, and cleaved
caspase 3 (Fig. 5b, third lane). We also confirmed the re-
duced expression of p53 mediated through the direct
interaction using confocal microscopy (Fig. 5¢ and Add-
itional file 1: Figure S5A). Then, we further investigated
functional interaction where is based on physical inter-
action between Chi3L1 and p53 using p53 luciferase re-
porter assay. We demonstrated that Chi3L1 inhibits the
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Fig. 5 Effect of the CBD region of Chi3L1 on binding to p53 and its transcriptional activity (a) After the lung cancer cells were transfected with
myc-vector, myc-Chi3L1, myc-CBD, myc-CT, and myc-ACBD-ACT, the cells were immunoprecipitated with anti-Myc antibody and then the
immune complexes were then analyzed by Western blotting with anti-p53 antibody (left). Characterization of the structures in Chi3L1 that bind to
p53 is illustrated (right). CBD: chitin binding domain, CT: C-terminal fragment. b The lung cancer cells were transfected with myc-vector, myc-
Chi3L1, and myc-Chi3L1 + CBD. After then, the expression of myc-Chi3L1, p53, p21, BAX, cleaved caspase 3, and {3-actin were analyzed by
Western blotting. ¢ The cells were fixed, permeabilized, and were analyzed by confocal microscopy for detection of intracellular co-localization for
myc-Chi3L1 (green) and p53 (red). d p53 luciferase reporter vector that contains two copies of a p53 response element (p53 RE) were co-
transfected with myc-vector, myc-Chi3L1, and myc-Chi3L1+ CBD for 24 h, the lysates were harvested and analyzed for luciferase activity. Data
shown represent mean + SEM. *, p < 0.05 compared to myc-vector. #, p < 0.05 compared to myc-Chi3L1

transcriptional activity of p53, and this response was at-
tenuated by the interference of the CBD region (Fig. 5d).

Expression pattern of Chi3L1 is reversely correlated with
expression pattern of p53, and intracellular Chi3L1 highly
interacts with p53 in human lung cancer patients

To clear the expression of Chi3L1 on the lung tumor de-
velopment in human, we performed Western blot assay
using tumor tissues of human lung cancer patient. This

study demonstrated that the expression of Chi3L1 was sig-
nificantly increased in tumor tissues of human lung cancer
patient compared to human normal lung tissues (Fig. 6a).
We also found that the level of Chi3L1 significantly was
elevated in serum of human lung cancer patient compared
to normal serum (Fig. 6b). To further determine the
pathological relevance between intracellular Chi3L1 and
p53 expression in lung cancer patients, we examined
whether the expression of Chi3L1 was related with p53
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Fig. 6 Human lung cancer patients in reverse expression, intracellular colocalization, and physical interaction between Chi3L1 and p53 in (a)
Normal and lung tumor extracts which isolated from lung cancer patients were analyzed by Western blotting and detected using antibodies
against Chi3L1 and B-actin. b The Chi3L1 level were detected by ELISA assay in lung cancer patients and normal person serum. ¢ Human normal
lung or tumor sections (Stage I-ll) were processed and stained with Hematoxylin or analyzed by immunohistochemistry for detection of positive
cells for Chi3L1, p53, p21, and p-STAT3. d After human patient tissues and normal lung tissues were permeabilized, the tissues were analyzed by
confocal microscopy for detection of intracellular co-localization for Chi3L1 (green) and p53 (red). And then sections were stained with DAPI
(blue). Merged | shows the merged images of Chi3L1 and p53, and Merged Il shows the merged images of Chi3L1, p53, and DAPI. Negative
control experiments (CON) were processed with only Alex568- and Alex488-conjugated IgG antibodies. @ Human patient tissues and normal lung
tissues were lysed and immunoprecipitated with anti-control IgG or anti-Chi3L1 antibodies. The immunocomplexes (IP) and extracts (Input) were
then analyzed by Western blotting with anti-Chi3L1 and anti-p53 antibodies

expression in different stage of lung tumor patients tissues
using application of human tissue microarray. In immuno-
histochemical staining, Chi3L1 expression was strongly in-
creased in human lung tumor tissues at a stage dependent
manner. We also investigated the expression of p53, a tar-
get protein of Chi3L1. The expression pattern of p53 was
lower in tumor tissues compared to that in normal tissues
(Fig. 6¢). Thus, these data support the reliability that intra-
cellular Chi3L1 and p53 play a role in the human lung
cancer development.

To order to validate the intracellular relationship be-
tween Chi3L1 and p53, we performed Immunofluores-
cence analysis in tissues of human lung cancer patient. As
shown in Fig. 6d, the expression of Chi3L1 was increased
in tissues of human lung cancer patient compared to hu-
man normal lung tissues, whereas the expression of p53
was decreased in human lung cancer patient compared to
human normal lung tissues. Moreover, Immunofluores-
cence analysis indicated intracellular co-localization be-
tween Chi3L1 and p53 in human tissues (Fig. 6d).
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Accompanied with co-localization, we demonstrated that
physical interaction of intracellular Chi3L1 with p53 was
increased in tissues of lung cancer patient (Fig. 6e). Our
data suggest that intracellular Chi3L1 suppressed the ex-
pression and function of p53 in human lung cancer
patients.

Discussion

Chi3L1 do not possess chitinase activity and fails to de-
grade chitin due to amino acid mutations within the pro-
posed catalytic site (conserved sequence: DXXDXDXE;
YKL-40 sequence: DGLDLAWL) although Chi3L1 has
homologous sequence to bacterial and fungal chitinases
[11, 38]. High expression of Chi3L1 is found in patho-
logical conditions [20-31], but the clinical implications
and function of Chi3L1 are still elusive. In these experi-
ments, we generated Chi3L1¥°"/~) mice using CRISPR/
Cas9 system and found that the Chi3L1°’~) mice sig-
nificantly reduced lung tumorigenesis. This effect was co-
incident with the increased p53 expression which led to
cell cycle arrest and apoptotic signaling. Lower tumor
growth by the downregulation of shRNA-induced Chi3L1
was also associated with increased p53 expression with its
target proteins in in vivo allograft mice. Moreover, Chi3L1
knockdown in lung cancer cell significantly inhibited lung
cancer cell growth accompanied with increased p53 ex-
pression and its target proteins. These data indicate that
the expression of Chi3L1 promotes lung tumorigenesis via
decreasing tumor suppressor proteins, followed by an in-
crease in cell cycle arrest and apoptosis, but a decrease in
proliferation.

Recent studies demonstrated that the secreted Chi3L1
directly binds to IL-13 receptor a2 (IL-13Ra2) that was
originally described a high affinity receptor for IL-13 and
believed to be a decoy receptor for IL-13 [39-42]. The
extracellular interaction between IL-13Ra2 and Chi3L1
regulates pathogen responses, oxidant injury, inflamma-
tion, and melanoma metastasis [39], and also Chi3L1 acti-
vates the Wnt/[-catenin, mitogen-activated protein kinase
(MAPK), and Protein kinase B (PKB/AKT) signaling path-
ways via IL-13Ra2 [39] In addition, transmembrane pro-
tein 219 (TMEM219), a membrane protein plays a critical
role in Chi3L1-induced IL-13Ra2 mediated signaling and
responses including oxidant-induced apoptosis, lung in-
jury, and melanoma metastasis [40]. When viewed in
combination and based on the previous literatures [39-41,
43-46], it is supposed that Chi3L1 is secreted and extra-
cellular Chi3L1 regulates lung metastasis and pathological
phenomenon via putative membrane proteins. However, it
is still unclear how Chi3L1 accomplishes these varied re-
sponses and how Chi3L1 induces lung tumorigenesis.

Interestingly, it is reported that Chi3L1 was localized
within the cytoplasm and nucleus in monocyte derived
dendritic cells, and Chi3L1 even possesses nuclear
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localization sequence (RRDKQHFTTLIKEMKAE-
FIKEAQPGKKQLL) that could be localized in the nucleus
and in the cytoplasm [32], suggesting that the increase of
intracellular Chi3L1 during the differentiation and the
maturation of dendritic cells may play a new role in the
transcriptional process of dendritic cells [32]. In the
present study, we also found that Chi3L1 is placed within
the cytoplasm and nucleus in the lung cancer cells. Ac-
cording to the diseases and signaling network, p53 is
closely related with Chi3L1 and our results demonstrated
that p53 is significantly increased in Chi3L1¥°""" mice.
Similar with this data, p53 was also significantly increased
in downregulation of Chi3L1 in allograft mice and lung
cancer cells. Chi3L1 also suppressed p53 transcriptional
activity via the direct interaction mediated by CBD region
of Chi3L1. Concomitantly, the expression of p21 and BAX
was increased under the same condition. These results are
in agreement with previous reports for p53, a well known
transcriptional factor that functions as a tumor suppressor
[47, 48]. p53 is activated in response to various oncogenic
stresses and, thus, plays crucial roles in cancer prevention
of tumor formation through cell cycle arrest, apoptosis, or
autophagy [47-49]. Therefore, our data suggest that p53
is a novel binding partner of intracellular Chi3L1 and the
physical interaction is essential in lung tumorigenesis by
inhibiting tumor suppresser proteins.

p53 is targeted for ubiquitination and degradation by
directly various E3 ubiquitin ligases, including MDM2 and
Parkin [49, 50]. In the present study, we demonstrated
that the interaction of Chi3L1 with p53 induces p53 ubi-
quitination. Molecular docking model of Chi3L1 with p53
and also the deletion mutants of Chi3L1 revealed the dir-
ect interactions with p53 in CBD region of Chi3L1. Since
Jab1 indirectly enhances MDM2-mediated p53 ubiquitina-
tion [51, 52] and also YY1 (Yin Yang 1) binds to MDM2
and indirectly enhances p53 ubiquitination and degrad-
ation [53], our data suggest that Chi3L1 negatively regu-
lates p53 by inducing ubiquitination even if Chi3L1 is not
a E3 ubiquitin ligase. On the other hand, it was reported
that the increased levels of Chi3L1 occur in inhibition of
an effective p53 signaling in U87 cells by siRNA or cyclic
pifithrin-a, and the expression of Chi3L1 was elevated
both on RNA levels and protein levels [54], suggesting
that p53 stabilization exerts an inhibitory influence on
Chi3L1 production although the study was not investi-
gated in mutant p53 protein. Considering this paper and
our data, one could speculate that the activity and expres-
sion of p53 were negatively modulated by Chi3L1 and vice
versa. To be more accurate, Chi3L1 affects p53
stabilization and its transcriptional activities on protein
levels, while p53 transcriptionally affects Chi3L1 expres-
sion on mRNA level, indicating that the balance between
p53 and Chi3L1 is strictly regulated under pathophysio-
logcal condtions. In human lung tumor patients, we also
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validated in vitro and in vivo experiments. The intracellu-
lar colocalization and interaction between Chi3L1 and p53
occurred, as well as the expression pattern of Chi3L1 also
showed reverse correlation with the expression pattern of
p53 in human lung tumor patients.

Conclusion

Our finding is the first report demonstrating the critical
role and mechanisms of intracellular Chi3L1-mediated
p53 inhibition through direct interaction in the lung
tumorigenesis. Thus, the crucial roles identified for intra-
cellular Chi3L1 in a new context provide new insight on
molecular and clinical pathology into lung tumorigenesis,
and suggest that Chi3L1 may be a potential target for the
development of new therapeutic agents.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512964-019-0503-7.

Additional file 1 : Figure S1. Regulation of Chi3L1 on lung cancer cell
growth. (A) After A549 lung cancer cells were transfected with Chi3L1
SIRNA for 24 h, the morphological changes were observed, and then cell
proliferation was analyzed by BrdU incorporation assay. Data shown
represent mean + SEM. *, p < 0.05 compared to con siRNA. Figure S2. Bar
graph for western blot bands in Fig. 3c (A - F) The bar graph represents
densitometry data from Chi3L1 (A), p53 (B), p21 (C), BAX (D), cleaved
caspase 3 (E), and phoshp-STAT3 (F). Relative level (%) was normalized to
B-actin and relatively quantified to the amount in cells transfected with
con siRNA. Data shown represent mean + SEM. *, p < 0.05 compared to
con siRNA. Figure S3. Bar graph for confocal images in Fig. 4d (A) The
bar graph represents densitometry data from p53 (red). Relative level
(fold) was normalized to the amount of p53 in Myc-Chi3L1-non-express-
ing cell. Arrow: Myc-Chi3L1-expressing cell, Arrow head: Myc-Chi3L1-non-
expressing cell. Figure S4. Bar graph for western blot bands in Fig. 5b (A)
The bar graph represents densitometry data from p53. Relative level (%)
was normalized to B-actin and relatively quantified to the amount in cells
transfected with Myc-Vector. Data shown represent mean + SEM. *, p <
0.05 compared to Myc-Vector. Figure S5. Bar graph for confocal images
in Fig. 5¢ (A) The bar graph represents densitometry data from p53 (red).
Relative level (fold) was normalized to the amount of p53 in Myc-Chi3L1-
expressing cell transfected with Myc-Chi3L1.
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