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Impact statement

MSCs have the property of chemotaxis
and they can migrate to the tumor site by
paracrine pathway in the tumor environ-
ment, and then interact with tumor cells.
Although a mass of studies have been
conducted about the impact of MSCs on
tumors, it is still controversial whether the
exogenous MSCs promote or inhibit tumor
growth. In this work, we evaluated the
effects of MSCs from three sources (bone
marrow, adipose, placenta) on the prolif-
eration, stemness, and metastasis of the
colon cancer cells both in vitro and in vivo.
Then, we proved the IL-8/CXCR2/MAPK
and FGF10-PKA-Akt-f-catenin signaling
pathway which mediate the interplay
between MSC and CD133+/CD44+ colon
cancer cell. This research aims to provide a
theoretical basis for the safe application of
MSCs in the clinical treatment of colon
cancer.

Abstract

Mesenchymal stem cells (MSCs) can act as a carrier in tumor therapy, and tumor suppres-
sor gene-modified MSCs can reach and suppress the tumor. However, in the colon cancer
microenvironment, MSCs could promote tumor growth and create the environment that is
conducive to the survival of cancer stem cells (CSCs). This study discovered MSCs from
three sources (bone marrow, adipose, placenta) could induce the stemness and epithelial-
mesenchymal transition (EMT) of HCT116 in vitro, meanwhile adipose- and placenta-
derived MSCs increase the proportion of CD133+/CD44+ HCT116. Then, we explored
the interaction mechanism between CD133+/CD44+ HCT116 and MSCs by the bioinfor-
matics and in vitro assays. After CD133+/CD44+ HCT116 were co-cultured with MSCs,
many cytokines in MSCs were stimulated, including interleukin-8 (IL-8). The binding of IL-8/
CXCR2 activates the downstream mitogen-activated protein kinase (MAPK) signaling path-
way in colon CSCs, thereby promoting the stemness and EMT. However, inhibition of IL-8/
CXCR2/Erk1/2 could reverse the effect of MSCs on CSC stemness. In addition, MSCs co-
cultured with CD133+/CD44+ HCT116 produce a carcinoma-associated fibroblast pheno-
type via intracellular FGF10-PKA-Akt-f-catenin signaling, which can be attenuated by IL-

8 peptide inhibitor. To conclude, IL-8 promotes the interaction between colon CSCs and MSCs, and activates the MAPK signaling
pathway in colon CSCs, which provides a theoretical basis for the application of MSCs in clinical practice.
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Introduction

Colon cancer is the second most common cancer killer
worldwide and the fourth major cause of cancer-related
mortality." According to the results of the American
Cancer Association, the five-year survival rate of stage I
colorectal cancer patients was 93.2%, while that of stage
IV was only 8.1%. It can be seen that the prognosis of
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advanced colon cancer is not optimistic, and the cause of
death is mostly the metastasis of tumor to liver, lung,
abdominal lymph nodes, and other organs.” Many studies
have confirmed that cancer progression and distant metas-
tasis are mainly related to the occurrence of epithelial-
mesenchymal transition (EMT), while mesenchymal stem
cells (MSCs) can promote EMT of cancer cells. MSCs have
the property of chemotaxis and they can migrate to the
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tumor site by paracrine pathway in the tumor environment,
and then interact with tumor cells.® Therefore, MSCs can
act as a carrier in tumor therapy, and tumor suppressor
gene-modified MSCs can reach and suppress the tumor.
For example, MSCs genetically modified to mediate anti-
high mobility group box 1 activity can target colon cancer
cells;* placenta-derived MSCs expressing endostatin can
suppress colorectal peritoneal tumorigenesis.

Although plentiful studies have been conducted about
the effects of MSCs on tumors, it is still controversial
whether the exogenous MSCs promote or inhibit tumor
growth. We must assess whether the in vivo transfusion of
MSCs could lead to tumor progression before their clinical
application. So, it is necessary to clarify the interaction
mechanism between MSC and colon cancer cell. After
being recruited to the tumor site by various chemokines,
MSCs can change the phenotype of cancer cells and induce
malignant behavior of tumors by secreting various cyto-
kines, matrix hydrolases, and immunoregulators.6 Three
phenotypes of cancer cells are worthy of our attention: (a)
the ability to regulate cancer stem cells (CSCs) or to initiate
tumors,”® (b) the ability to resist chemotherapy, and (c) the
ability to metastasize. Above all, CSCs have received much
attention in the field of cancer research, which plays a crit-
ical role in tumor initiation, metastasis, invasion, and drug
resistance. For example, labeled human bone marrow-
derived MSCs are concentrated in the tumor site of the
orthotopic breast cancer xenografts, and the proportion of
CSCs is increased by the paracrine secretion of cytokines
IL-6 and CXCL7.® Thus, the potential link between MSCs
and CSCs is worth exploring in the colorectal cancer. In
addition, the sources of MSCs have different effects on
tumors. This may be due to the different immunomodula-
tory capacity, migration ability, and secreted cytokines of
MSCs from different sources.’ In this research, we com-
pared the effects of human MSCs from three different sour-
ces (bone marrow, adipose, placenta) on the stemness, EMT,
and proliferation phenotypes of colon cancer cell line
HCT116. Animal experiments explored the effects of three
types of MSCs on the growth and metastasis of colon cancer
xenograft. Microarray analysis and in vitro experiments
explored the molecular mechanisms that mediate the inter-
action between human MSC and colon CSC.

Materials and methods

Cell culture, reagents, and transfection

Human placenta-derived mesenchymal stem cells
(PMSCs), human bone marrow-derived mesenchymal
stem cells (BMSCs), and human adipose-derived mesen-
chymal stem cells (AMSCs) were bought from Sciencell
Research Laboratories, Inc. (CA, USA). MSCs were cultivat-
ed in MSC medium (ScienCell, Cat. No. 7501) in a humid-
ified atmosphere at 37°C. Parental HCT116 and CD133+/
CD44+ HCT116 were cultured in DMEM/F12 serum-free
medium (Gibco, CA, USA) supplemented with 10% FBS
and stem cell growth factors (20ng/mL EGF, 10ng/mL
bFGF (PeproTech, NJ, USA), 2% B27 and 5 pg/mL insulin
(Gibco, CA, USA)), respectively. In the co-culture system,
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HCT116 was cultured in the upper chamber of 0.4 um trans-
well plate (TS) or cultured with conditioned medium of
MSCs (CM). MSCs of 80% cell density were refreshed
with DMEM/F12 basic medium and cultured for 24 h; the
supernatant was then filtrated and stored at —20°C.
SB225002 (CXCR2 inhibitor) and U0126 (Erk1/2 inhibitor)
were purchased from MedChemExpress LLC. IL-8 peptide
inhibitor (Cat. No. 62401) was purchased from ANASPEC,
Inc., California.

Construction of IL-8 (NM_NM_000584.4) knockdown
vector

Primers were designed according to the shRNA sequence
given by the Sigma-Aldrich website (http://rnaidesigner.
thermofisher.com/rnaiexpress/) and the pSilencer2.1_U6
vector instructions; the sequences were as follows: sh#1
[TCTCTTGGCAGCCTTCCTGATTTCTGCAGTTCAAGA
GACTGCAGAAATCAGGAAGGCTGCCAAGAGATTTT
TT]; sh#2[GAACTTAGATGTCAGTGCATTCAAGAGATG
CACTGA CATCTAAGTTCTTTTTT].

Animal experiments

Six-week-old male balb/c nude mice were purchased from
JSJ Lab (Shanghai, China) and maintained in a sterile envi-
ronment with modest temperature and humidity. The
animal protocol in this study conformed to guidelines for
the care and use of laboratory animals authorized by
Ministry of Science and Technology of the People’s
Republic of China. The animal study was approved by
Shanghai Longhua Hospital. Mice were divided into eight
groups at random (four mice per group). First of four
groups were subcutaneously inoculated with 5 x 10°
HCT116 and 1 x 10° MSCs (AMSCs, BMSCs, or PMSCs)
or 5x10° HCT116 alone; another four groups were first
injected subcutaneously with 5 x 10° HCT116. When the
subcutaneous tumors were grown at 50 mm®, 1x 10°
MSCs (AMSCs, BMSCs, or PMSCs) or 150 pL saline were
injected through the tail vein every four days for a total of
four times. The CT-26 peritoneal metastasis model of six-
week-old male balb/c mice (5x10° CT26 cells blended
with Matrigel at a ratio of 1:1) was divided into four
groups (five mice per group). On the day of modeling,
1x10° MSCs (AMSCs, BMSCs, or PMSCs) or 150 puL
saline were injected into the tail vein every four days for
a total of four times. Mice were sacrificed with 160 mg/kg
sodium pentobarbital.

Real-time RT-PCR qPCR

Total RNA was extracted using the Trizol reagent
(Invitrogen). The cDNAs were synthesized by a reverse
transcription kit (Transgene Biotech, Beijing, China).
qPCR assay followed the instruction of TransStart Top
Green qPCR SuperMix (Transgene Biotech). GAPDH was
used as the internal control. The sequences of specific
primers are listed in Table 1.
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Table 1. Oligonucleotide primers used in the real-time PCR.

Gene Sequence (5'—3)
Vimentin F:GAAGAGAACTTTGCCGTTG
R:GAAGGTGACGAGCCATTT
Twist1 F:AGCCTGAGCAACAGCGA
R:ACAGCCCGCAGACTTCTT
E-cadherin F:GGTTGATCCTGGCTTTGTT
R:GCCCTGTTGTCCTTCTTTT
o-SMA F:CGTGGCTATTCCTTCGTT
(alpha-smooth muscle actin) R:ACGTTCATTTCCGATGGT
FAPA F:ATAATGACCCCAGTGCTTTT
(fibroblaat activation protein alpha) R:TATTCCCTTTCCCAGACCT
Tenascin-c F:AAACTGCCCTCCTTACCTG
R:GGACCCACAATGACTTCCT
FGF10 F:TGGTGTCTTCCGTCCCT
(fibroblast growth factor 10) R:TGATTGTAGCTCCGCACAT
FGFR1 F:CCTGGGCAACAGAGAAAAC
(fibroblast growth factor receptor 1) R:GAAGCACTGGCAAAACCA
FGFR2 F:CATTGCGCGTAGTCCAT
(fibroblast growth factor receptor 2) R:CCGGTCCTCTTCCATATCT
Akt F:AAGCCCCAGGTCACGTC
(protein kinase B) R:TCGCTGTCCACACACTCC
PKAc (protein kinase A) F:TTAACGTCCAGCCTTCCC
R:TTGGCCTCTTCTGTTCCC
B-catenin F:TGGGACCTTGCATAACCT
R:TTCACCAGGGCAGGAAT
CXCL1 F:GGCAAATCCAACTGACCA
(CXC chemokine ligand 1) R:ACATTAGGCGCAATCCAG
CXCL2 F:AACCGAAGTCATAGCCACA
(CXC chemokine ligand 2) R:CAGGAACAGCCACCAATAA
CXCL3 F:TTTCCAGTCTCAACCATGC
(CXC chemokine ligand 3) R:GTGTGGCTCCCCAAGAT
CXCL6 F:CCCTTCTTTCCACACTGC
(CXC chemokine ligand 6) R:GGTTTCCTCGTGCCTTC
CXCL8 F:GTGCTGTGTTGAATTACGGA
(CXC chemokine ligand 8) R:TTGACTGTGGAGTTTTGGC
IL-32 (interleukin-32) F:GGGTGAAGGAGAAGGTGGT
R:GGGCTCCGTAGGACTGG
CXCR1 F:CCTGCCCTTCTTCCTTTT
(C-X-C chemokine receptor 1) R:ACACCATCCGCCATTTT
CXCR2 F:CGCAATGTGACTTAATGCC
(C-X-C chemokine receptor 2) R:CTTTTGGGGCTCAGGTTT
EGFR F:GCCTGAAAACAGGACGGA
(epidermal growth factor receptor) R:GAGGGAGCGTAATCCCAAG
ADAM10 F:TATTATGTGCCCCGTGTTC
(a disintegrin and R:TAGCCTTGATTGGCAGTTG
metalloproteinase domain 10)
CD133 F:GCATCCATCAAGTGAAACC
(cluster differentiation 133) R:ACCAGGCCATCCAAATC
CD44 F:AGTCCCTGGATCACCGA
(cluster differentiation 44) R:CCTCTTGGTTGCTGTCTCA
KLF4 F:AGGAGCCCAGCCAGAAA
(kruppel like factor 4) R:TCCAGTCACAGACCCCATC

Colony formation assay

HCT116 was cultured in a six-well plate (1 x 10* cells per
well). Photos were taken under the inverted microscope on
the 14th day.

Western blot

Total proteins were extracted and separated on a 10% SDS-
PAGE gel, then transferred onto PVDF membranes. After
blocked with 4% BSA-TBST for 1.5h, membranes were

incubated with different primary antibodies overnight
such as f-catenin, p-fi-catenin(ser552), p-f-catenin(ser675),
p-f-catenin(ser33/37/41), N-cadherin, Vimentin, KLF4,
EpCAM and GAPDH (Santa Cruz), CD133 (Proteintech),
Slug, a-SMA, E-cadherin, IL-8, Erkl/2, p-Erkl/2, JNK,
p-INK, p38, p-p38, f-actin and PCNA (Abways), CXCR2
(Affinity), PKA and Akt (CST), FGF10 (Abclonal). f-actin
or GAPDH was used as the loading control.

Immunohistochemistry

Immunohistochemical staining of paraffin-embedded clin-
ical tissue slides was conducted. IL-8 anti-human antibody
(Abways) was diluted with PBS at a ratio of 1:100. Eight
fields of view were randomly photoed under microscope.
The mean optical density value of the positive protein in
each field was analyzed by Image-Pro Plus 6.0 software.

In vitro limiting dilution assay

Cells were diluted into the final concentration of 1000, 100,
10, 1 cells/well in the low attach 96-well plate. Two weeks
later, we examined which well contained cell spheres and
counted. We then used Extreme Limiting Dilution Analysis
online software to analyze the cancer cell initiating frequen-
cy (http://bioinf.wehi.edu.au/software/elda/).

Stem cell sphere formation assay

We suspended the dissociated spheres in 2mL SFM, took
the required number of live cells (counting with a hemocy-
tometer in presence of trypan blue solution to exclude dead
cells), and adjusted to a final concentration of 100 cells/
100 uL in SFM. We pipetted 400 uL/well of SFM in each
24-well plate for a total of six wells for each treatment,
seeded 100 pL of cells in SFM (100 cells/well), and placed
the plate in an incubator at 37°C with 5% CO,. Spheres can
be counted under an optical microscope with 20x objective
after seven days.

Flow cytometry analysis

The digested cells were centrifuged at 300xg and blocked
with 2.5% BSA at 37°C for 1h; cells were incubated with
CD44-FITC and CD133-PE (eBioscience) antibodies at 4°C
for 45min, then washed and resuspended in 500 puL PBS,
followed by flow cytometry (BD) detection.

Statistical analysis

Statistical analysis of the data was performed by GraphPad
Prism 5.0 software. All the data were expressed as mean
+SD (or SEM) of biological replicates. Student’s t-test was
applied to evaluate the difference between each test group
and control group. P <0.05 was considered statistically
significant.
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Results

Three different sources of MSCs increase the stemness
and EMT phenotype of HCT116

MSCs play a double role in the tumor microenvironment,
that is promoting or inhibiting tumor progression.
The discrepancy may result from tissue sources, individ-
ual variability, and the methods of MSC injection.4 In this
study, colon cancer cell line HCT116 was co-cultured
with human MSCs from three different tissue sources
(bone marrow, adipose, placenta) by CM or TS (0.4 pm
Transwell) co-culture method. qRT-PCR detected the
levels of stemness-related molecules (CD133, CD44,
KLF4) of HCT116 after co-culture. The results suggested
that the levels of three genes were all augmented after co-
culture. Among them, the expression of KLF4 and CD133
was significantly increased after co-culture with AMSCs
and BMSCs (Figure 1(a)). We then detected the expres-
sion of EMT-related molecules (Vimentin, Twistl, E-cad-
herin) after co-culture. The results showed that the
expression of Vimentin and Twistl in HCT116 after co-
culture was significantly increased, and the level of E-
cadherin was greatly decreased (Figure 1(b)). Besides,
the colony formation ability of HCT116 after co-culture
with AMSCs or BMSCs was slightly decreased and was
increased after co-culture with PMSCs (Figure 1(c)).
Western blot examined the levels of stemness-related
and EMT-related proteins of HCT116 after co-culture
and the levels of EpCAM, f-catenin, TCF7L2, and Slug
were increased evidently after co-culture with three
kinds of MSCs under the condition of CM or TS.
Vimentin was increased in the PMSCs co-culture
group. E-cadherin was reduced in the PMSCs (CM)
group, AMSCs (TS) group, and BMSCs (TS) group
(Figure 1(d)). CD133 and CD44 are well-known cell
surface markers widely applied in colon CSC sorting.
The ratio of CD133+/CD44+ HCT116 was increased
after co-culture with AMSCs or PMSCs, indicating
an increase in the proportion of colon cancer stem-like
cells (Figure 1(e)).

Therefore, MSCs from three sources could induce the
stemness and EMT phenotype of colon cancer cells in
vitro, meanwhile AMSCs and PMSCs increase the propor-
tion of colon CSCs.

The in vivo effect of MSCs on colon cancer xenografts

The dual effect of MSCs on cancer cells is related to the
tissue source, co-culture methods, in vivo injection meth-
ods, and the tumor microenvironment. Therefore, we con-
structed a subcutaneous tumor model and a peritoneal
metastasis model to investigate the impact of three sources
of MSCs on the growth and metastasis of xenograft tumors
in mice. Four groups of balb/c nude mice were subcutane-
ously injected with the mixture of 5x 10° HCT116 and
1x10° MSCs (AMSCs, BMSCs, or PMSCs) or 5 x10°
HCT116 alone (four mice per group). After one month,
the mice in the AMSC group have the largest tumor
(Figure 2(a) and (b)). Meanwhile, another four groups of
nude mice were first subcutaneously inoculated with
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5 x 10° HCT116 (four mice per group). When the tumors
were grown at 50 mm® (on day 7), 1x10° MSCs were
injected through the tail vein every four days for a total
of four times. After one month, the tumor volume of the
PMSC group and the BMSC group is larger than the control
group, which is statistically significant (Figure 2(c) and (d)).
Next, we constructed a CT-26 peritoneal metastasis model
of balb/c mice (5 x 10° CT26 with Matrigel). On the day of
modeling, 1 x 10° MSCs (AMSCs, BMSCs, or PMSCs) or
150 pL saline (five mice per group) were injected into the
tail vein every four days for a total of four times. In contrast
to the control group, liver metastasis was obvious in the
PMSC group (data not shown). Three kinds of MSCs all
promoted abdominal metastasis. The survival rate of mice
in the PMSC group and AMSC group decreased (Figure 2
(© to (g).

In conclusion, MSCs may have different impact on colon
cancer in vitro and in vivo. Also, different injection methods
may affect the growth of colon cancer cells in vivo.

Cytokines regulate the interaction between MSC and
colon CSC

MSCs migrate to the tumor site and interact with tumor
cells via paracrine signals. Certain cytokines secreted by
MSCs can regulate tumor growth and metastasis. MSCs
secrete IL-6 through STAT3 to increase the number of
colorectal CSCs and promote tumor initiation."” To
explore the interaction between colon CSC and MSC, we
first sorted CD1334/CD44+ HCT116 (HCT116++) by
fluorescence-activated cell sorting which we have per-
formed in the previous research."! Then, we extracted
the raw data of GSE106325 from GEO DataSets, in
which BMSCs cultured alone was the control group and
BMSCs co-cultured with HT29 or HCT116 was the exper-
imental group. The differential genes of HT-29 group and
HCT116 group in the GSE106325 chip were crossed. After
co-culture, there were 74 genes with elevated expression
and 78 genes with decreased expression. (Figure 3(a),
Supplement 1A). Among 152 genes, we found six cyto-
kines (CXCL1, 2, 3, 6, IL-8 and IL-32). qRT-PCR detected
their expression in three kinds of MSCs after co-culture
with HCT116+/+ and the levels of all cytokines in the
AMSC group were increased. In the PMSC group,
except for CXCL6, the expression of other five cytokines
was increased. In the BMSC group, the expression of
CXCL1, 2, 3 was decreased, and CXCL6, IL-8, and IL-32
were increased (Figure 3(b) to (g)). IL-8, also known as
CXCLS, plays a vital role in the self-renewal, chemoresist-
ance, and tumorigenesis in tumor-initiating cells of lung,
breast, and colon cancers.'? TCGA database analysis and
immunohistochemistry results showed that the levels of
IL-8 mRNA were significantly augmented in tumor tis-
sues compared with adjacent normal mucosa
(Supplement 1C, 1D). The available information on in
situ tumor samples is shown in Table 2. It is reported
that advanced TNM stage, poor differentiation, and dis-
tant metastasis were related with 1L-8.'® But, we found no
significant correlation of IL-8 with relapse-free survival,
overall survival, and distant metastasis-free survival in
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Figure 1. Three different sources of MSCs increase the stemness and EMT phenotype of HCT116. HCT116 was cultured in CM from three different sources of MSCs
for 48 h. (a, b) gRT-PCR detected the levels of stemness-related molecules KLF4, CD44, CD133 in HCT116 and EMT marker molecules Vimentin, Twist1, E-cadherin.
(c) Colony formation assays detected the sphere formation ability of HCT116. (d) Western blot detected the levels of stemness-related proteins EpCAM, f3-catenin,
TCF7L2 and EMT marker proteins Vimentin, Slug, E-cadherin in HCT116 under two co-culture conditions (CM and TS). (e) Flow cytometry detected the proportion of
CD133+/CD44+ double positive cells in HCT116. Data shown are the results (mean + SD) from three independent experiments. The asterisks indicate a significant
difference (***P < 0.001, **P < 0.01, *P < 0.05), the # indicates a significant difference (***P < 0.001, #P < 0.01) and the @ indicates a significant difference

(®*®®P < 0.001, ®P < 0.05) between MSC co-culture group and NC group. Images are representative of experiments with similar results. (A color version of this figure is

available in the online journal.)
AMSCs: human adipose-derived mesenchymal stem cells; BMSCs: human bone marrow-derived mesenchymal stem cells; CM: conditioned medium from MSCs;

EpCAM: epithelial cell adhesion molecule; KLF4: kruppel like factor 4; NC: negative control; PMSCs: human placenta-derived mesenchymal stem cells; TS: 0.4 um
Transwell co-culture in which HCT116 was placed in the upper chambers.

the Kaplan-Meier plotter database (Supplement 1B). IL-8/CXCR2/mitogen-activated protein kinase (MAPK)
Then, Western blot demonstrated that the expression of  signaling pathway is activated in HCT116++ after

IL-8 in PMSCs and HCT116+/+ was both enhanced after  co-culture with MSCs

co-culture, indicating that IL-8 could be secreted in the co-

culture environment by both MSC and CSC (Figure 3(h) CXC chemokines bind to G-protein-coupled receptors,
and (i)). mainly CXCR1 and CXCR?2, that play an important role in
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Figure 2. The in vivo effect of MSCs on colon cancer xenografts. (a) Balb/c nude mice were subcutaneously inoculated with 5 x 10° HCT116 and 1 x 108 MSCs (four
mice per group). (b) One month later, the tumor weight of the mice was examined. (c) Balb/c nude mice were inoculated subcutaneously with 5 x 10° HCT116. When
the subcutaneous tumors were grown at 50 mm?®, 1 x 10° MSCs or 150 l saline (four mice per group) were injected through the tail vein every four days for a total of
four times. (d) One month later, the tumor volume of the mice was examined. The CT-26 peritoneal metastasis model of balb/c mice (5 x 10° CT26 cells blended with
Matrigel) was constructed. On the day of modeling, 1 x 10% MSCs or 150 ul saline (five mice per group) was injected into the tail vein every four days for a total of four
times. The liver metastasis (e), abdominal metastatic nodules (f), and survival rate (g) of the mice were observed. The data for each histogram are presented as mean
+SEM. The asterisks indicate a significant difference (*P<0.05) between MSC treatment group and saline group. (A color version of this figure is available in the online
journal.)

AMSCs: human adipose-derived mesenchymal stem cells; BMSCs: human bone marrow-derived mesenchymal stem cells; CM: conditioned medium from MSCs;
NC: negative control; PMSCs: human placenta-derived mesenchymal stem cells.

tumor formation and progression.'* The interaction
between cytokine and cytokine receptor is highlighted in
the co-culture of BMSCs with colon cancer cells through GO
analysis (Figure 4(a)). First, we detected the mRNA levels
of CXCR1 and CXCR2 in HCT116-+/ + after co-culture with
MSCs and the expression of CXCR2 was greatly augmented
in the BMSC group and PMSC group while the level of
CXCR1 did not change in the AMSC group and was
decreased in the BMSC group and PMSC group.

Therefore, we hypothesized that IL-8 secreted under the
co-culture condition may activate the downstream signal-
ing of CSCs by binding to the CXCR2 receptor (Figure 4
(b)). IL-8 activates MAPK signaling pathway character-
ized by enhanced phosphorylated Erk1/2 levels.'?
MAPKSs, mainly Erk, JNK, and p38, regulate the inflam-
matory response, inducing inflammatory cytokines and
chemokines.' To further investigate the impact of secret-
ed IL-8 on the CSCs, the activation of MAPK signaling
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AMSCs: human adipose-derived mesenchymal stem cells; BMSCs: human bone marrow-derived mesenchymal stem cells; PMSCs: human placenta-derived
mesenchymal stem cells; TS: 0.4 um Transwell co-culture in which HCT116 was placed in the upper chambers.

pathway, including Erk1/2, JNK, and p38, was detected.
The results demonstrated that MSCs significantly pro-
moted the phosphorylation of Erk1/2, JNK, and p-38 in
CSCs (Figure 4(c) and (d)). Meanwhile, qRT-PCR detected
the levels of EGFR and ADAM10 in HCT116+/+. The
results showed that the mRNA levels of EGFR and
ADAM10 were enhanced in CSCs after co-culture with
MSCs (Figure 4(b)). We suggested that MSCs could acti-
vate MAPK signaling pathway in CSCs through IL-8/
CXCR2. Next, we constructed two IL-8 knockdown plas-
mids to explore the impact of IL-8 on the stemness of
CSCs. The knockdown effect was examined by gqPCR
assay (Figure 4(e)).

IL-8/CXCR2/MAPK signaling pathway regulates CSC
phenotype of HCT116+/+

First, we detected the impact of knockdown of IL-8 in
PMSCs (sh-IL-8), inhibition of CXCR2 receptor and Erk1/
2 in HCT116+/+4 on the expression of CD133, KLF4,
Twistl, Vimentin of HCT16+/+. The results showed that
inhibition of IL-8 and CXCR2 expression could attenua-
te the effect of co-culture on the expression of these four
genes. Inhibition of the Erkl/2 in CSCs attenuates the
effect of co-culture on the enhanced expression of CD133,
KLF4, and Twistl (Figure 5(a)). Western blot detected
the effects of knockdown of IL-8 in PMSCs or
inhibition of IL-8 expression in co-culture system with IL-
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Colonic adenocarcinoma Is the tumor

No. of patients Age Sex pathological grading metastasized?
#17-21978 78 Male 11l Yes

#17-27583 86 Male I No

#17-30660 62 Female I No

#17-27586 70 Female 111 Yes

#17-26788 58 Male -1 Yes

#17-27636 77 Female 111 Yes

#17-27636 44 Male 1]l Yes

8 peptide inhibitor (nIL-8 Abs) on HCT116+/+ stemness-
and EMT-related proteins. The results showed that
CXCR2 expression was slightly decreased by nlIL-
8 Abs, and the levels of CD133, KLF4, N-cadherin,
and Vimentin were all decreased by shIL-8 and nIL-8 Abs
(Figure 5(b)).

Then, in vitro limited dilution assay and sphere forma-
tion assay examined the effect of knockdown of IL-8 in
PMSCs, inhibition of CXCR2 receptor, Erkl/2 in
HCT116+/+ and IL-8 expression in co-culture system on
HCT116+/+ self-renewal ability. The results showed that
inhibition of IL-8/CXCR2/Erk1/2 attenuated the effect of
co-culture on HCT116+4/+ self-renewal ability (Figure 5
(c)). However, in the sphere formation assay, only
SB225002 (CXCR2 inhibitor) can significantly inhibit the
proliferation of CSCs (Figure 5(d)).

In conclusion, inhibition of IL-8/CXCR2/Erkl1/2 could
reverse the impact of PMSC on the stemness of colon CSC.

Colon CSCs promote cancer-associated fibroblast
(CAF) phenotype of PMSCs via FGF10-PKA-Akt-f-cat-
enin signaling

Studies'®'” proved that MSCs can differentiate into CAF-
like cells after its consecutive exposure to cancer cell CM.
We first examined whether HCT116+/+ can promote the
differentiation of PMSCs into CAFs by detecting the levels
of CAF markers Vimentin, «-SMA, FAPA, and Tenascin-c in
PMSCs. The results showed that the expression of Vimentin
and a-SMA was significantly increased after co-culture
(Figure 6(a)). We then examined the fluorescence intensity
and distribution of Vimentin and «-SMA by the confocal
microscope and found the strengthened intensity of
Vimentin and o-SMA and nuclear translocation of
Vimentin in the co-culture group (Figure 6(b)). It is reported
that some EMT-related genes are stimulated in AMSCs via
the canonical Wnt signaling when co-cultured with
HCT116."® Next, we detected the levels of ZEB1 /2,
MMP2, MMP-9 (data not shown), FGF-10, and f-catenin
in MSCs after co-culture with CSCs. The results showed
that the levels of FGF-10 and its receptors FGFR1 and
FGFR2 were upregulated in MSCs after co-culture, but
total f-catenin was not changed at all (Figure 6(c)).
Intriguingly, we found the levels of nuclei f-catenin were
increased in the MSCs after co-culture with CSCs (Figure 6
(d)). p-catenin can also be activated non-canonically via
receptor tyrosine kinase activation featured by Akt-
dependent and protein Kinase A (PKA) mediated

phosphorylation of f-catenin at Serine-552.'° Then, we
detected the activation of FGF10-PKA-Akt-f-catenin sig-
naling pathway in PMSCs after co-culture with CSCs. The
results showed that the expression of FGF10, PKA, Akt, p-
p-catenin(ser552), and p-f-catenin(ser675) was obviously
increased in the PMSCs after co-culture (Figure 6(e)).

In conclusion, PMSCs co-cultured with HCT116+/+
could produce a CAF phenotype and the intracellular
FGF10-PKA-Akt-f-catenin  signaling pathway was
activated.

nlL-8 abs could attenuate the activated PKA-Akt-
p-catenin signaling pathway in PMSCs

First, we examined the impact of IL-8 peptide inhibitor
(nIL-8 Abs) on the CAF phenotype and non-canonical
f-catenin signaling in PMSCs. The results showed that
nIL-8 Abs attenuated the levels of IL-8, PKA, Akt, f-cate-
nin, and «-SMA in PMSCs co-cultured with CSCs under the
condition of TS co-culture (Figure 7(a) and (b)).
Immunofluorescence showed that the intranuclear fluores-
cence intensity of fi-catenin was increased in PMSCs after
co-culture with HCT116+/+ and was significantly attenu-
ated after the addition of IL-8 peptide inhibitor into the co-
culture system (Figure 7(c)).

Therefore, the conclusion of this study can be summa-
rized as follows: After co-culture of CCSC and MSC, IL-
8 secreted by MSC binds to CCSC cell membrane receptor
CXCR2, then activates downstream MAPK signaling path-
way, thus enhancing the stemness and EMT of CCSC. At the
same time, CCSC activates FGF10-PKA-Akt-f-catenin sig-
naling in MSC, promoting the nuclear translocation of
p-catenin and a CAF phenotype (Figure 7(d)).

Discussion

MSCs are a category of adult stem cells that develop from
the mesoderm with the general features of stem cells,
namely the self-renewal ability and multidirectional differ-
entiation capability.”” With the deepening research on the
biological characteristics of MSCs, its clinical application is
also widespread. MSCs are low in immunogenicity, making
them susceptible to exogenous gene expression.”’ At the
same time, MSC has excellent tumor tropism. These advan-
tages make MSCs useful in animal models of a variety of
malignant solid tumors. For example, MSCs could be
genetically modified to secrete different anticancer mole-
cules, such as tissue necrosis factor (TNF), TNF-related
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ADAM10: a disintegrin and metalloproteinase domain 10; AMSCs: human adipose-derived mesenchymal stem cells; BMSCs: human bone marrow-derived mes-
enchymal stem cells; CM: conditioned medium from MSCs; CXCR: C-X-C chemokine receptor; EGFR: epidermal growth factor receptor; p-ERK1/2: phospho-
extracellular regulated protein kinases1/2; p-JNK: phospho-c-Jun N-terminal kinase; NC: negative control; PMSCs: human placenta-derived mesenchymal stem
cells; TS: 0.4 um Transwell co-culture in which HCT116 was placed in the upper chambers.

apoptosis-inducing ligand, or IFN-f. MSCs modified with ~ development of colon cancer.”> MSCs promote CRC
IFN-f were inoculated into a human melanoma xenograft  through the interplay between MSCs and colon cancer
model and the tumor growth was decreased and the cells.?® Therefore, we were meant to assess the safety of
survival rate of mouse was increased.’?> In addition, MSCs for clinical treatment in colon cancer. To explore the
TRAIL-modified MSCs can effectively inhibit the growth  effects of different sources of MSCs on colon cancer cells,
of intracranial glioma.”® There are many sources of MSCs. ~ HCT116 was cultured in CM from three different sources of
It is worth mentioning that placenta-derived MSCs have a ~ MSCs (bone marrow, adipose, placenta). The results sug-
longer life span and higher proliferation than MSCs  gested that the levels of KLF4, CD44, and CD133 in the
derived from other tissues.?* Thus, many researchers three co-cultured groups were evidently higher than that
believe the placenta may serve as a favorable source of in the control group, meanwhile the expression of EMT-
MSC:s for clinical use. related genes Vimentin and Twistl was increased, and E-

Preclinical data have demonstrated that MSCs are stro-  cadherin was decreased. The proliferation ability of
mal cells involved in promoting the initiation and  HCT116 after co-culture with PMSCs was increased. After
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CM: conditioned medium from MSCs; CXCR2: C-X-C chemokine receptor 2; KLF4: kruppel like factor 4; NC: negative control.

co-culture of HCT116 with AMSCs and PMSCs, the propor-
tion of CD133+/CD44+ subpopulations was increased.
The balb/c nude mice were inoculated subcutaneously,
and the tumor mass of AMSC group increased significantly.
When the subcutaneous tumor grew to 50 mm?, the MSCs
were injected through the tail vein, and the tumor volume
of the PMSC group and AMSC group increased. The CT-26
peritoneal metastasis model of balb/c mice was con-
structed and MSCs were injected into the tail vein. Liver
metastasis was evident in the PMSC group, and all three
MSCs promoted abdominal metastasis. The survival rate of
mice in AMSCs and PMSCs decreased. In summary, MSCs
from three sources can induce the stemness and EMT of

colon cancer cells in vitro, and AMSCs and PMSCs increase
the proportion of colon CSCs.

Cytokines play a key role in intercellular communica-
tion and mediate stem cell phenotype. Tumor microenvi-
ronment can produce VEGF  TGF-f, matrix
metalloproteinase, SDF-1, IGF, PDGF Wnt, and
Hedgehog ligands, which stimulate CSC self-renewal
and angiogenesis.”’ When MSCs migrate toward the
tumor, they can interact with tumor cells through para-
crine signals. Different sources of MSCs secrete different
cytokines in the tumor microenvironment. After being
affected by cytokines secreted by MSCs, the tumor micro-
environment can self-evolve and facilitate metastasis,
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o-SMA: alpha-smooth muscle actin; AMSCs: human adipose-derived mesenchymal stem cells; BMSCs: human bone marrow-derived mesenchymal stem cells; CM:
conditioned medium from MSCs; DAPI: 4’,6-diamidino-2-phenylindole; FAPA: fibroblaat activation protein alpha; FGF10: fibroblast growth factor 10; FITC: fluo-
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egative control; PCNA: proliferating cell nuclear antigen; PKAc: protein kinase A;

PMSCs: human placenta-derived mesenchymal stem cells; TS: 0.4 um Transwell co-culture in which MSCs were placed in the upper chambers.

which has a great impact on the risk assessment of meta-
static cancer patients.28 In this work, the effects of colon
CSCs on cytokines in MSCs were analyzed by bioinfor-
matics and in vitro assays. These cytokines function
through two high-affinity receptors: CXCR1 and CXCR2.
The GEO enrichment of differentially expressed genes in
GSE106325 indicates that the interaction between cyto-
kine and cytokine receptor is enhanced in the MSC-CSC
co-culture system. The cytokine IL-8 was significantly
enhanced in the MSCs and CSCs of the three co-culture
groups. Many researchers have discovered that MSC
helps to construct the CSC niche, which provides a pow-
erful tumor microenvironment for the maintenance of
CSC stemness, thereby promoting cancer cell metastasis,
including breast, ovarian, lung, and colon cancer.” Tumor-
infiltrating MSCs can support CSCs through a variety of

autocrine and/or paracrine pathways, that is MSCs can
secrete some cytokines, IL-6, IL-8, and CCL-5 to promote
stemness of the cancer cell.”” For instance, breast cancer
can produce IL-6, which attracts MSCs, thereby produc-
ing a CSC-supporting cytokine CXCL7.®> MSCs in colon
cancer maintain the stemness of CSCs by secreting the
Notch ligand Jagged-1.*° In the pancreatic ductal gland
mouse xenograft model, MSCs positively regulated CSCs
through the STAT3-CXCL10-CXCR3 paracrine signal
axis.’ IL-8 can initiate an intracellular downstream
MAPK signaling by binding to the CXCR1/2 receptor.>
Our studies indicate that IL-8 secreted by MSCs activates
the CXCR2/MAPK signaling pathway of CSCs. Inhibition
of IL-8 in co-culture systems can inhibit the stemness and
EMT of CSCs. Inhibition of CXCR2 receptor and Erk1/2
also inhibits the self-renewal ability of CSCs.
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In addition, MSCs can be differentiated into cancer asso-
ciated fibroblasts (CAFs). The role of MSCs in the tumor
microenvironment is based on the assumption that MSCs
are precursors of CAFs.*® CAFs are important cell groups in
the tumor microenvironment, which are involved in vascu-
lar construction and promote tumor cell infiltration and
metastasis. In this study, co-culture of CSCs with MSCs
increased the expression of CAF markers o-SMA
and Vimentin in MSCs and also elevated MSC
migration-related FGF10. This work demonstrated for the
first time that Wnt non-canonical pathway is activated in
MSC:s after co-culture with CSCs.

To conclude, we are the first to co-culture MSCs from
three different sources with colon CSCs in vitro. We found
inhibition of IL-8/ CXCR2/MAPK signaling pathway could
reverse the effect of MSCs on CSC stemness, which pro-
vides a theoretical basis for the application of MSCs in clin-
ical practice.
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