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Mesenchymal Stem Cells Cancel Azoxymethane-
Induced Tumor Initiation

a

MasANAO NASUNO,? YOSHIAKI ARIMURA,> KANNA NAGAISHI,® HIROYUKI IssHIKI,® KEI ONODERA,
SUGURU NAKAGAKI,® SHUHEI WATANABE,? MASASHI IDOGAWA, KENTARO YAMASHITA,?
YasuvosHi NAISHIRO,® YAsusHI ADACHL,® HIROMU Suzuki,® MINEKO FUlMIYA,® KoHzoH IMAl,f
YASUHISA SHINOMURA®
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Chemoprevention

The role of mesenchymal stem cells {(MSCs) in tumorigenesis remains controversial. Therefore,
our goal was to determine whether exogenous MSCs possess intrinsic antineoplastic or proneo-
plastic properties in azoxymethane (AOM)-induced carcinogenesis. Three in vivo models were
studied: an AOM/dextran sulfate sodium colitis-associated carcinoma model, an aberrant crypt
foci model, and a model to assess the acute apoptotic response of a genotoxic carcinogen
(AARGC). We also performed in vitro coculture experiments. As a result, we found that MSCs
partially canceled AOM-induced tumor initiation but not tumor promotion. Moreover, MSCs
inhibited the AARGC in colonic epithelial cells because of the removal of 0°%-methylguanine
(0°MeG) adducts through O°MeG-DNA methyltransferase activation. Furthermore, MSCs broadly
affected the cell-cycle machinery, potentially leading to G1 arrest in vivo. Coculture of IEC-6 rat
intestinal cells with MSCs not only arrested the cell cycle at the G1 phase, but also induced
apoptosis. The anti-carcinogenetic properties of MSCs in vitro required transforming growth fac-
tor (TGF)-B signaling because such properties were completely abrogated by absorption of TGF-
B under indirect coculture conditions. MSCs inhibited AOM-induced tumor initiation by prevent-
ing the initiating cells from sustaining DNA insults and subsequently inducing G1 arrest in the
initiated cells that escaped from the AARGC. Furthermore, tumor initiation perturbed by MSCs
might potentially dysregulate WNT and TGF-B-Smad signaling pathways in subsequent tumori-
genesis. Obtaining a better understanding of MSC functions in colon carcinogenesis is essential
before commencing the broader clinical application of promising MSC-based therapies for
cancer-prone patients with inflammatory bowel disease. STEM CELLS 2014,;32:913-925

human MSCs possess intrinsic antineoplastic
properties in an in vivo model of Kaposi’s sar-
coma by inhibition of Akt activity in a cell—cell
contact-dependent manner {11]. In contrast,

Stem and progenitor cells are well-known
direct cellular targets of genetic alterations in

human carcinogenesis [1-3]. Previous studies
have altered our perception of stromal cells
from being innocent bystanders to active pro-
moters in the neoplastic process [4-6]. Carci-

noma formation accompanied by well-
orchestrated desmoplastic reactions [7] closely
resembles wound healing and scar formation,
and entails the constant availability of growth
factors, cytokines, and matrix-remodeling pro-
teins that render the tumor site as a “wound
that never heals” [8). Recent studies have
shown that bone marrow-derived mesenchy-
mal stem cells (MSCs) are recruited in large
numbers to the stroma of developing tumors
[9, 10].

However, the role of MSCs in tumorigene-
sis remains an intensely debated topic. Khakoo
et al. demonstrated that intravenously injected

STEM CELLS 2014;32:913-925 www.StemCells.com
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Karnoub et al. demonstrated that MSCs within
the stroma of the tumor microenvironment
facilitate metastatic spread via paracrine sig-
nals of C—C motif chemokine 5 that is
secreted de novo by MSCs [12].

A meta-analysis of chemoprevention stud-
ies has suggested that azoxymethane {AOM)-
based rodent models of carcinogenesis are val-
uable for prediction of chemopreventive effi-
cacy in humans, which is better than that of
other models [13, 14]. The prominent advan-
tages of the AOM/dextran sulfate sodium
(DSS) colitis-associated carcinogenesis model
are that factors influencing tumor initiation
[15, 16] should result in changes of the aver-
age tumor number per animal, whereas differ-
ences of the average tumor size typically
provide evidence for factors involved in tumor

©AlphaMed Press 2013
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progression [17, 18]). AOM is a genotoxic agent that initiates
cancer by alkylation of DNA, in which O6-methylguanine
(0°MeG) is a highly cytotoxic, apoptotic, mutagenic, recombi-
nogenic, and clastogenic DNA adduct [19]. Conversely, dextran
sulfate sodium (DSS) is not genotoxic, but rather a proinflam-
matory tumor promoter [20]. Studies in rodents have
revealed that AOM-induced tumors resemble human colo-
rectal cancer at the molecular level, which displays dysregula-
tion of the canonical WNT signaling pathway, similar target
genes [21-24], and mutation of K-ras [25).

Our goal was to determine whether MSCs possess intrinsic
antineoplastic or proneoplastic properties in an AOM-induced
tumorigenesis model. Because MSCs are prime candidates for
use in cell- and gene-based therapies [26, 27], this essential
information must be obtained before implementing the
broader clinical application of MSC therapies.

For detailed Materials and Methods, refer to Supporting
Information.

Experimental Animals

Animal studies were performed under the supervision of the
Committee for Animal Research of Sapporo Medical University
in accordance with protocols approved by the Institutional Ani-
mal Care and Use Committee. All animals were maintained
according to the guidelines of the Committee for Animal
Research of Sapporo Medical University. Lewis rats were pur-
chased from Charles River Laboratories Japan (Yokohama,
Japan; http://www.crj.co.jp), and SD-TG (CAG-EGFP) rats were
purchased from Japan SLC, Inc. (Hamamatsu, Japan; hitp://
www.jslc.co.jp/) [28]. All rats were aged 6 weeks and were
female unless indicated otherwise and were housed under
pathogen-free conditions and received autoclaved food and
water ad libitum.

Cell Lines and Culture Conditions

Bone marrow cells were harvested by inserting a needle into
the shaft of the femur or tibia and flushing it with 30 ml o-
modified Eagle’s medium (¢MEM) containing 20% fetal bovine
serum (FBS). To harvest rat MSCs [29], the cell suspensions
were passed through a 70-pm nylon filter (Becton Dickinson,
Franklin Lakes, NJ; http://www.bd.com/us/) and plated in 75-
cm? flasks. Cells were grown in alpha-modified Eagle’s
medium (MEM) containing 20% FBS at 37°C and 5% CO,.
After 3 days, the medium was replaced with fresh «MEM con-
taining 10% FBS, and the adherent cells were grown to 80%
confluence to obtain passage 0. In accordance with the Inter-
national Society for Cellular Therapy criteria [30], cells
between passages 3 and 5 were used for subsequent experi-
ments [26]. To harvest rat hematopoietic stem cells (HSCs)
[31], €D90.1 (Thy1l.1)" cells were magnetically labeled with
CD90.1 MicroBeads (Miltenyi Biotec GmbH, Gladbach, Ger-
many; https://www.miltenyibiotec.com/en/) for 15 minutes.
Then, the cell suspension was loaded onto a MACS column
that was placed in the magnetic field of a MACS separator.
The magnetically labeled CD90.1% cells were retained and
then eluted as the positively selected cell fraction. Detailed
protocols and data sheets are available at http://www.

©AlphaMed Press 2013

miltenyibiotec.com. To prepare conditioned medium from rat
MSCs (MSC-CM), MSCs {4 % 10° cells per 150-mm culture
dish) were seeded and cultured to confluency. Then, the
medium was changed to serum-free Dulbecco’s modified
Eagle’s medium (Invitrogen, Carlsbad, CA; lifetechnologies.
com), and the rat MSCs were cultured for a further 48 hours.
The conditioned medium was collected, centrifuged at 300g
for 5 minutes, filtered using a 0.22-pum syringe filter, and then
stored at —80°C until use.

IEC-6 cells obtained from the American Type Culture Col-
lection (Manassas, VA; http://www.atcc.org/) and 3Y1 rat
fibroblasts (3Y1-B Clone 1-6) [32] obtained from JCRB Cell
Bank (Saito, Japan; http://cellbank.nibio.go.jp/) were main-
tained as recommended by the depositors.

AOM/DSS Colitis-Associated Carcinoma Model and
Evaluation of Tumor Growth

We adopted the two-stage colon tumor model that mimics
colitis-driven tumor development as described by Tanaka
et al. [33]. A total of 39 female Lew rats were divided into
three groups (n= 13 each group): two treatment groups and
one control group (Fig. 1). The control group designated as
“MSC {—)" was administered a single intraperitoneal injection
of AOM {15 mg/kg body weight; Sigma-Aldrich, St. Louis, MO;
http://www.sigmaaldrich. com/united-states.html) and was
not treated with MSCs. Starting at 1 week after injection, the
animals received 2.5% DSS (molecular weight 9,000-20,000;
Sigma-Aldrich) in drinking water for 7 days, and then received
no further treatment for 18 weeks. The group designated as
“MSC Day0” was intravenously administered 2 X 107 MSCs/g
body weight on day 0 when AOM was injected, and the group
designated as “MSC Day9” was administered MSCs on day 9
following the AOM administration corresponding to day 2
after receiving DSS in drinking water. Evaluation of tumor
growth in the AOM/DSS colitis-associated carcinoma model is
described in Supporting Information.

Analysis of Aberrant Crypts

Fifteen female Lew rats were divided into three groups (n =5
each group): two treatment groups and one control group
(Fig. 3). The control group designated as MSC {—) was admin-
istered two separate intraperitoneal injections of AOM (15
mg/kg body weight) at 7 days apart (Days O and 7) and was
not treated with MSCs. No further treatment was performed
for 3 weeks. The group designated as “MSC Dayl” was intra-
venously administered 2 X 10* MSCs/g body weight on day
1, which was 1-day before AOM was first injected, and the
group designated as “MSC Day8” was administered MSCs on
day 8 (1-day after the second AOM administration). The rats
were killed at the end of the study (week 4) by transcardial
perfusion with 4% paraformaldehyde in phosphate buffered
saline (PBS). The colon was removed and cut open from the
anus to the cecum along the longitudinal axis. We defined
the rectum as the segment at 2 cm proximal to the anus,
and divided the entire colon into three segments each meas-
uring approximately 7 ¢cm in length: the distal colon including
the rectum and the middie and proximal colon. The colon
was spread flat between sheets of filter paper and fixed in
10% buffered formalin. Then, the colon tissues were stained
with 0.2% methylene blue in saline according to the proce-
dure described by Bird [34] to observe aberrant crypts (ACs).
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Figure 1. Effects of mesenchymal stem cells (MSCs) in the azoxymethane (AOM)/dextran sulfate sodium (DSS) colitis-associated carci-
noma model. AOM/DSS model rats (n = 39) were classified into three groups (n = 13 each group) according to the timing of MSC
administration in carcinogenetic phases: MSC-untreated control (MSC [—]), tumor initiation (day 0; MSC Day0), and tumor promotion
phases (day 9; MSC Day9), as shown in panel A. Brown, orange, and blue bars represent data obtained from MSC (—), MSC Day0, and
MSC Day9 groups, respectively. The upper panel of B shows the average tumor number per rat (a total of 271 tumors developed), and
the lower panel indicates the average tumor size. *, p = .023; **, p = .008. The upper row of the panel C shows that ff-catenin protein
expression (n = 70 tumor tissues) was regarded as positive when the band intensity was stronger than that in the normal colon in West-
ern blot analyses. In all, 23 of 29 (79.3%), 23 of 25 {92.0%), and 13 of 16 (81.2%) tumors examined were positive for ff-catenin expres-
sion in MSC (—), MSC Day0, and MSC Day9 groups, respectively. The lower row indicates positivity of phospho-f-catenin at Ser33/37/
Thrdl in Western blot analyses in the three groups. The contingency table analysis reached statistical significance (*, p =.0006). The
WNT signal pathway polymerase chain reaction (PCR) array of representative samples pairs obtained from MSC (—) and MSC Day0
groups was depicted in panel D. PCR and Western blot analyses were performed in triplicate unless specified otherwise. Abbreviations:

AOM, azoxymethane; DSS, dextran sulfate sodium; MSC, mesenchymal stem cell.

Based on the Mclellan and Bird {35] definition, aberrant
crypts (ACs) were defined as those that (i} were larger than
normal crypts, (ii) had an increased pericryptal space that sep-
arated them from normal crypts, (i) had a thicker layer of
epithelial cells that often stained darkly, and (iv) generally had
oval rather than circular openings. The number of aberrant
crypt foci (ACF) per colon, the number of ACs in each focus,
and the location of each focus were determined by stereomi-
croscopy (Olympus, Tokyo, lJapan; http://www.olympus.co.jp/
jp/) at 40X magnification. The mucosa of the distal segments
was scraped off and subjected to Western blot analysis.

Effects of MSCs on the AARGC

The five experimental groups included the MSC-untreated
control group administered PBS, the group designated as
“MSC”  administered  MSCs, groups designated as
“hematopoietic stem cells (HSCs)” and “3Y1” administered
HSCs or 3Y1 rat fibroblasts, respectively, and the group desig-
nated as “MSC-conditioned medium (MSC-CM)” treated with
MSC-CM at 24 hours before AOM administration. Each group
consisted of five rats and received a single subcutaneous
injection of AOM (15 mg/kg body weight) at 09:00 hours. The
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rats were then killed by CO,-induced narcosis at the indicated
intervals from 8 to 48 hours. The entire colon was removed
immediately, cut open, and flushed with ice-cold saline. Seg-
ments measuring 2 cm were taken from the rectal end of the
distal portion. These segments were immediately fixed in 10%
paraformaldehyde overnight at room temperature and then
embedded in paraffin. The mucosa on the remaining seg-
ments was scraped off and subjected to subsequent analyses.

P-Catenin Nucleotide Sequence
Sequencing was performed by the classical Sanger method [36].

WNT Signaling Pathway PCR Array Analysis

A rat WNT signaling pathway RT? profiler polymerase chain
reaction (PCR) array (SuperArray Bioscience, Frederick, MD;
http://www.sabiosciences.com/) was performed according to
the manufacturer’s instructions.

Analysis of the Cell Cycle and Apoptosis

The cell cycle was assessed by flow cytometry and Ki67
immunohistochemistry. The apoptotic cell fraction was
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determined by terminal  deoxynucleotidyl  transferase-
mediated dUTP nick-end labeling (TUNEL) reactions.

Immunofluorescence of the DNA Adduct of 0°MeG

The level of DNA alkylation was analyzed by immunofluores-
cence of distal colon sections using an antibody specific for
the DNA adduct of O°MeG. Frozen sections (4 nm) were
prepared, rehydrated, and incubated with 3% hydrogen per-
oxide in 50% ethanol for 15 minutes at room temperature.
Antigen retrieval was carried out with a Retrieval Solution
(DAKO, Carpinteria, CA; hittp://www.dako.com/) for 10
minutes at 105°C in an autoclave. RNase treatment (20 pl
RNase A at 10 mg/ml and 5 pl RNase T at 10 U/ml in 1,000
ul PBS, pH 7.5) was carried out for 1 hour at 37°C, and
then stopped by treatment with a 140-mmol/i sodium chlo-
ride (NaCl) solution for 5 minutes at 4°C. DNA unwinding
was achieved by alkali treatment (1,500 pl of 70 mmol/l
NaOH/140 mmol/l NaCl and 1,000 pl of absolute methanol)
before applying Protein Block (DAKO) for 10 minutes at
room temperature. The sections were then incubated at
room temperature overnight with an anti-0°MeG monoclo-
nal antibody (clone EM 2-3; Squarix Biotechnology, Marl,
Germany; http://www.squarix.de/) diluted at 1:1,000 in PBS.
The next day, the sections were washed in PBS three times
for 5 minutes each before applying an Alexa Fluor 594-
labeled secondary anti-mouse 1gG. Sections were counter-
stained with DAPI, dehydrated, and cover slipped for obser-
vation under a LSM 510 META. The primary antibody was
omitted for the negative control.

MTT Assay

Cell proliferation was measured by a MTT [3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyl-tetrazolium bromide] dye reduction
assay [37].

RNA Isolation and gPCR Analysis

Quantitative Real-Time PCR (gPCR) was performed using Tag-
Man Universal PCR Master Mix (Applied Biosystems, Carlsbad,
CA; lifetechnologies.com) for 40 cycles at 95°C for 15 seconds
and 60°C for 1 minutes by standard methods.

Western Blot Analysis

Western blot analysis was performed according to standard
methods.

MSC and IEC-6 Cell Coculture Experiments

Green fluorescent protein (GFP)-labeled rat MSCs were cocul-
tured with the rat small intestinal cell line 1EC-6. MSCs and
IEC-6 cells cultured separately were included as controls. The
cells were cocultured in RPMI 1,640 (Sigma-Aldrich) supple-
mented with 10% FBS, penicillin (100 U/ml), and streptomycin
(100 pg/ml) at 37°C with 5% CO,. A total of 1 X 10°® MSCs
were seeded per 100-mm dish for the MSC control and har-
vesting MSC-CM, and 1 X 10% 1EC-6 cells per dish for the cell
line control. For direct coculture, 1 X 10° MSCs per dish were
preseeded for 2-3 hours. Then, 1 X 10° IEC-6 cells per dish
were added and cultured for up to 72 hours with/without
AOM treatment. For indirect coculture, 1,250 IEC-6 cells per
well were preseeded in the lower chamber of a Transwell
(0.4-um pores, 48 wells; Corning, Tewksbury, MA; http://www.
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corning.com) for 2-3 hours. Then, the same number of MSCs
per well were added to the upper chamber of the Transwell
and cultured for up to 72 hours with/without AOM, methyla-
zoxymethanol (MAM; Wako Pure Chemical Industries, Tokyo,
Japan; http://www.wako-chem. co.jp/), or O°benzylguanine
(0°BG; Sigma-Aldrich), which binds irreversibly to and inhibits
the DNA repair enzyme O°MeG-DNA methyltransferase
(Mgmt). Because AOM is metabolized into the active metabo-
lite methylazoxymethanol {MAM) by Cyp2el, we confirmed
whether Cyp2el was expressed in IEC-6 cells [38]. For absorp-
tion of transforming growth factor (TGF)-f5, 1.0 pg/ml anti-
transforming growth factor (TGF)-f neutralizing antibody
(Clone # 9016; R&D Systems, Minneapolis, MN; http://www.
rndsystems.com/) was added to the direct coculture
condition.

Statistical Analysis

To compare means between two groups, parametric and non-
parametric analyses were performed using the unpaired Stu-
dent’s t-test and the Mann-Whitney U-test, respectively.
Categorical variables were compared using the chi-square test,
exact p value based on Pearson’s statistic, or the Monte Carlo
method. For multiple comparisons, we applied analysis of var-
iance (ANOVA), especially in serial assessments, and two-way
repeated measures (mixed between-within subjects) analysis of
variance (ANOVA) followed by the Bonferroni test {39]. A differ-
ence was considered significant at p < .05 in all two-tailed
tests. The SPSS Statistics 17.0 software package (SPSS Inc., Chi-
cago, IL; http://www.spss.com/) was used for all statistical
analyses.

MSCs Reduce the Tumor Number but Not the Tumor
Size in AOM/DSS Colitis-Associated Tumorigenesis

We explored whether MSCs affected tumor initiation or pro-
motion in the AOM/DSS model and the associated mechanism
(Fig. 1A). The average tumor number per rat was significantly
decreased by up to half of the expected level when MSCs
were simultaneously injected with AOM (MSC DayQ group;
p=.008 compared with the untreated control and p=.023
compared with the MSC Day9 group; upper panel in Fig. 1B
and Supporting Information Fig. S1A). In contrast, the average
tumor diameter was not significantly different among the
groups as shown in the lower panel of Figure 1B. In this
model, factors that influence tumor initiation should result in
changes of the average tumor number per animal, whereas
differences in average tumor sizes typically provide evidence
of factors involved in tumor progression [18]. Therefore, these
results suggest that MSC partially cancel AOM/DSS-induced
tumor initiation.

MSCs Profoundly Affect the Mutational Spectra During
the Tumor Initiation Phase

As shown in Figure 1C, the tumor f-catenin expression ana-
lyzed by Western blotting was not significantly different
among MSC (—), MSC Day0, and MSC Day9 groups. However,
p-catenin was more frequently phosphorylated (56%, 14 of 25
tumors) in the MSC Day0 group than that in the MSC (—)
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Figure 2.

Double immunofluorescence staining of Smad2 and f-catenin. From the left to right, panels show nuclear counterstaining

with DAPI (1), visualization of Smad2 (2} and f-catenin (3) using Alexa Fluor 488- and 594-labeled secondary antibodies, respectively,
and merged images (4). Panel A shows normal colonic tissues of azoxymethane-untreated healthy rats, panel B shows tumor tissues
from the mesenchymal stem cell (MSC) (—) group, and panel C shows tumor tissues from the MSC Day0 group. White arrowheads in
panel B indicate nuclear staining of Smad2. Bar scales at the right lower corner in each panel indicated 10 pum.

group (13.8%, 4 of 29 tumors) and the MSC Day9 group
(12.5%, 2 of 16, p = .0006). Furthermore, the mutation spec-
trum of f-catenin was quite different between MSC (—) and
MSC Day0 groups. The codon 34 missense mutation (GGA—
GAA) was the most frequent {11 of 25, 44%) in the MSC {(—)
group. In addition to the above mutation (5 of 15, 33.3%),
the codon 32 missense mutation (GAT-AAT) was also fre-
quently mutated (5 of 15, 33.3%) in the MSC Day0 group.
Four (66.7%) of the six mutated regions detected in the MSC
Day0 group and 12 (85.7%) of the 14 regions detected in the
MSC (—) group appeared to be unique (Supporting Informa-
tion Table S3). Of the 89 genes, 79 (88.8%) genes of the WNT
signal pathway examined in the WNT PCR array were downre-
gulated in MSC Day0 tumors compared with that in MSC {—)
tumors (Fig. 1D).

Receptor-regulated Smad representing canonical TGF-f3-
Smad signaling was confined to the cell membrane of the
laminar propria stromal cells, and f-catenin was expressed
only on the cell membranes of crypt epithelial cells in the
normal colon (Fig. 2A). Phospho-Smad2 expression represent-
ing activated TGF-§ signaling was not significantly different
between MSC (—) and MSC Day0 groups in Western blot
analyses (data not shown). The total Smad2 protein level was
upregulated locally in the cytoplasm and partially in the nuclei
(white arrowheads in Fig. 2B). p-Catenin was slightly upregu-
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lated in membranous and cytoplasmic staining of the colon
carcinomas in MSC (—) group rats (Fig. 2B). In contrast, both
Smad2 and f-catenin were localized only on the membrane
of colon carcinoma cells in MSC DayQ group rats (Fig. 2C).
MSC engraftment was observed in tumors established at 20
weeks after AOM administration (data not shown). Therefore,
these results suggest that MSCs profoundly affect the muta-
tional spectra during the tumor initiation phase, leading to
distinct WNT and canonical TGF-f-Smad signaling in subse-
quent tumorigenesis and even in the established tumors.

MSCs Reduce the Formation of ACF

Next, we determined whether MSCs affect aberrant crypt foci
(ACF) formation and the timing of MSC administration during
tumor initiation induced by AOM for the most efficacious che-
moprevention (Fig. 3A). The average ACF density was signifi-
cantly lower in both pre-AOM (MSC Day-1; p = 4.7E-4) and
post-AOM (MSC Day8; p = .001) treatment groups than that
in the MSC (=) control group (Fig. 3B; Supporting Information
Fig. S1B). As depicted in Figure 3C, ACF were formed more
frequently in the distal colon than in the proximal colon as
reported previously [34]. ACF formation was suppressed in
both the distal and middle colons of both treatment groups
(MSC Dayl and MSC Day8) with no significant differences
between the two treatment groups. The multiplicity of ACs
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Figure 3. Analysis of the aberrant crypt foci (ACF) model. ACF model rats (n = 15) were classified into three groups (n =5 each group)
according to the timing of mesenchymal stem cell (MSC) administration either before or after administration of two separate of azoxy-
methane (AOM) on Days 0 and 7: MSC (—), MSC pre-AOM (Day-1), and MSC post-AOM (day 8) groups (A). A total of 400 ACF devel-
oped: 213, 95, and 92 in MSC (), MSC Day-1, and MSC Day8 groups, respectively. The average ACF density is shown in panel B. *1,
p=47E-4;, *2, p=.001. The average ACF density in the proximal, middle, and distal colon is shown in panel C. *1, p=.02; *2,
p=1.6E-4; *3, p=.037; *4, p=.017; *5, p=.022; *6, p=.002; *7, p=.004; *8, p=4.0E-5; *9, p=2.28-4; *10, p = 2.1E-7; *11,
p = 1.9E-6. Representative ACs, one to more than four ACs per focus, are shown in panels D1-4, respectively. Scale bars: 50 um. The
average density of ACs per focus, one to more than four ACs, is shown in panel E. ¥1, p =.009; *2, p=.011; *3, p=5.2E-5; *4,
p = 7.3E-5; *5, p =.005; *6, p = 7.3E-5; *7, p = 5.3E-5; *8, p = 1.7E-4; *9, p = 7.9E-5; *10, p = .021; *11, p = .005; *12, p = 4.0E-6; *13,
p = 6.4E-6; *14, p = .001; *15, p = .001. Panel F shows the analysis of transforming growth factor-fi signaling by Western blotting of
Smad2 and phospho-Smad2. Lanes 1-5, 6-10, and 11-15 show data for MSC (—) control MSC Day-1, and MSC Day8 groups, respec-

tively. Abbreviations: AC, aberrant crypt; ACF, aberrant crypt foci; AOM, azoxymethane; MSC, mesenchymal stem cell.

per focus, as shown in Figure 3D1 (one AC) to D4 (>four ACs),
was reciprocally related to the frequency of the ACs. Among
these ACs, one AC/focus was significantly reduced by MSC
treatment, although there was no significant difference between
the treatment groups (Fig. 3E). Canonical TGF-f-Smad signaling
represented by phospho-Smad2 was activated in all colonic epi-
thelia (5 of 5) of the MSC Day8 group and not in the colonic
epithelia of MSC (—) or MSC Day-1 groups (Fig. 3F). Surpris-
ingly, these results suggest that MSCs elicit a chemopreventive
effect on formation of the prototype ACF (one AC/focus), both
as a preventive measure in the preinitiation phase (MSC Dayl)
and a treatment measure in the post-initiation phase (MSC
Day8). However, it is unknown why the canonical TGF-f-Smad
signals were distinctly activated by the two measures.

MSCs Suppress the AARGC

To obtain a further mechanistic insight into the antineoplastic
properties of MSCs in AOM-induced carcinogenesis, we exam-
ined whether MSCs affect the acute apoptotic response of a
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genotoxic carcinogen (AARGC) in vivo (Fig. 4A) [40]. The acute
apoptotic response of a genotoxic carcinogen (AARGC) peaked
at 8 hours after AOM administration, which was significantly
suppressed only in the MSC-treated group compared with
that in the MSC-untreated control, HSC, 3Y1, and MSC-CM
groups (Fig. 4B, 4C). The Ki-67 labeling index of the colonic
epithelia was significantly decreased at 24 and 48 hours only
in the MSC group compared with that in the other groups
(Fig. 4D, 4E). Western blot analyses revealed suppression of
Akt in the AARGC (8 hour) observed in control groups was
significantly activated in MSC groups, whereas activation of
p38 in the AARGC observed in control groups was slightly
suppressed in MSC groups (Fig. 4F). Consequently, these
results suggest that AARGC suppression is a specific property
of MSCs, which does not involve other cell types or humoral
factors produced by MSCs. Because the AARGC is accepted as
one of the in vivo mechanisms that suppress tumorigenicity,
further experiments are necessity to explain why MSCs pos-
sess chemopreventive and AARGC suppression effects.
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Figure 4. Effects of mesenchymal stem cells (MSCs) on the acute apoptotic response of a genotoxic carcinogen (AARGC). AARGC model
rats (n = 15) were classified into five groups (n =5 each group) according to the treatment at 24 hours before administration of a single
dose of azoxymethane (AOM) on day 0: MSC (—) control (PBS), MSC, hematopoietic stem cell (HSC), 3Y1, and conditioned medium
from rat MSC (MSC-CM) groups. Rats were killed at 0 hours when AOM was intraperitoneally injected at 4, 8, 16, 24, and 48 hours for
subsequent analyses (A). Representative dUTP nick-end labeling (TUNEL) immunostaining is shown for control (upper) and MSC-24 hour
groups (lower) at 8 hours. The right panel shows magnified views corresponding to the rectangles in the left panel (B). Bar scales at the
right lower corner in each panel indicated 250 um. The apoptotic index was calculated as the percentage of positive nuclear immuno-
staining of TUNEL reactions in approximately 1,000 crypt epithelial cells at each indicated time point (C). *MSC versus control, p = .006;
MSC versus HSC, p = 2.9E-4; MSC versus 3Y1, p =.001; MSC versus MSC-CM, p = 1.7E-4: **MSC versus HSC, p = .010; MSC versus 3Y1,
p = .005; MSC versus MSC-CM p = 1.3E-5. Representative Ki-67 immunofluorescence is shown for control (left) and MSC groups {right)
at 4 hours (D). Bar scales at the right lower corner in each panel indicated 10 pm. The Ki-67 labeling index was calculated as the per-
centage of positive nuclear immunofluorescence in approximately 1,000 epithelial cells at each indicated time point (E}. *MSC versus
control, p=.037: **MSC versus control, p = 2.2E-4; MSC versus HSC, p = 3.2E-5; MSC versus 3Y1, p = .002. Ki-67 immunofluorescence
and TUNEL reactions were performed using at least five different specimens in triplicate. Western blot analyses of Akt and mitogen-
activated protein kinase (MAPK) signaling between MSC-treated and MSC-untreated control groups was performed (F). Abbreviations:
ACF, aberrant crypt foci; AOM, azoxymethane; CM, conditioned medium; HSC, hematopoietic stem cell; MSC, mesenchymal stem cell.

MSCs Reduces the Amount of DNA Adducts of 0°MeG of Mgmt transcripts was more abundant in MSC-treated
After administration, AOM is metabolized into MAM by groups than that in MSC-untreated control groups (Fig. 5D).

Cyp2el, which causes a DNA adduct of genotoxic 0°MeG. The These res.ults suggest that MSFZs ‘indirectly remove O°MeG
methyl moiety in O°MeG is then enzymatically removed by  adducts, likely though Mgmt activation.

Mgmt. Therefore, we examined whether MSCs affect the level

of 0°MeG using the above model to assess the AARGC in  MSCs Profoundly Affect the Cell-Cycle Machinery

vivo. At 8 hours after AOM treatment, massive amounts of In Western blot analyses of the cell-cycle machinery (Fig. 5E),
0°MeG adducts were found in the colonic epithelia of MSC phospho-Smad2 was upregulated at 24 hours in the MSC-
(—) control rats by 0°MeG immunofluorescence analysis (Fig. treated group. Expression of both IxBx and p21 was gradually
SA). Furthermore, the amount of 0°MeG adducts was signifi- upregulated in the treated group, whereas it was gradually
cantly reduced in the MSC-treated group (Fig. 5B). There were downregulated in the control group. Accordingly, p21 expres-
almost no positive signals for DNA adducts in healthy rats sion was upregulated at 4-8 hours in the MSC group as
without AOM treatment at a basal physiological level (Fig. revealed by quantitative real-time PCR (gPCR) (data not
5C). Moreover, at 8 hours after AOM exposure, the amount shown). IKK phosphorylates NFikB bound to IxBx, leading to
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Mechanistic insight into the suppression of azoxymethane (AOM)-induced tumor initiation in vivo. The results of the in vivo

immunoflugrescence analysis of 0°MeG are depicted in panels {A-C). The left panels show nuclei stained with DAPI, the middle panels
visualize 0°MeG adducts in nuclear DNA using an Alexa Fluor 594-labeled secondary antibody, and the right panels are merged images
of the left and middle panels in the same row. Panel (A) shows data from rats killed at 8 hours after AOM administration in the mesen-
chymal stem cell (MSC) (—) control group of the acute apoptotic response of a genotoxic carcinogen model, panel (B) shows data from
rats killed at 8 hours after AOM administration in the MSC-24 hour group, and panel (C) shows data from AOM-untreated healthy rats.
Bar scales at the right lower corner in each panel indicated 10 pm. In panel (D), relative expression of Mgmt in the mucosa was eval-
uated by qualitative polymerase chain reaction. *1, p=.021; *2, p=.018. Panel (E) shows the results of Western blot analyses of
Smad2, phospho-Smad2, IKKf, kB, Bcl-2, BelxL, clAP-2, p21, Bax, Cdk4, Rb, and phospho-Rb. Lanes 1-5 correspond to 0-24 hours,
and the left and right panels correspond to the control and MSC-24 hour groups, respectively. The data are representative of three inde-

pendent experiments. Abbreviations: DAPI, 4,6-diamidino-2-phenylindole; MSC, mesenchymal stem cell.

degradation of IxBo and allowing NF-xB signal activation. p21
Wafl/Cipl are members of the Cip/Kip family of cyclin-
dependent kinase (Cdk) inhibitors, which form heterotrimeric
complexes with cyclins and Cdks, inhibiting kinase activity and
blocking progression through G1/S-phase. Expression of Bax, a
proapoptotic protein belonging to the Bcl-2 family, was slightly
reduced in the treated group. Cyclins induced by mitogenic
stimuli form a complex with Cdks. Cyclin dependent kinase 4
(Cdk4) complexes, which sequentially phosphorylate the reti-
noblastoma protein (Rb), facilitate G1-S transition. Cdk4 and
phospho-retinoblastoma protein (Rb) appeared to be downre-
gulated in the treated group. Taken together, MSCs might
induce G1 arrest in colon epithelia, even after the AARGC, par-
tially through the canonical TGF-f-Smad signaling pathway.

MSCs Induce G1 Arrest and/or Apoptosis in 1EC-6 Cells
Mediated by TGF-f In Vitro

Intriguingly, MSC suppressed ACF tumorigenesis even in the
post-initiation phase (Fig. 3). Furthermore, in the model
assessed on the AARGC, MSCs inhibited the cell-cycle machinery
of cells evading the AARGC (Fig. 5). These observations strongly
suggest that there are additional chemopreventive mechanisms
of MSC other than a reduction of mutation load with 0°*MeG.
To investigation further, we conducted the following coculture
experiments under AOM exposure. 0%-benzylguanine (0O°BG)
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irreversibly inhibits Mgmt that demethylates 0°MeG caused by
MAM. Thus, before AOM treatment, we confirmed that Cyp2el
was expressed in IEC-6 cells (data not shown) as previously
reported {38]. AOM exposure maintained proliferation and sup-
pressed apoptosis of IEC-6 cells without coculture (the first blue
bar in Fig. 6A, 6B, 6F [red line]). In contrast, IEC-6 cells cocul-
tured with MSCs always showed inhibition of cell proliferation
and acceleration of apoptosis depending on the received muta-
tion load. The mutation load corresponded to the level of
0°MeG adduct depending on both the concentration and expo-
sure time of the active metabolite, MAM (Fig. 6A, 6B). AOM
treatment represented a minimal mutation load, whereas MAM
plus O°BG treatment represented the maximal mutation load in
this setting. IEC-6 cells cocultured with MSCs under AOM expo-
sure for 72 hours exhibited a significant reduction of prolifera-
tive activity (the first blue and second red bar in Fig. 6A, 6C,
6D). Cell-cycle analysis by flow cytometry revealed that IEC-6
cells cocultured under AOM exposure developed G1 arrest after
72 hours (Fig. 6E). To obtain a mechanistic insight into these
phenomena, MTT assays under AOM exposure were performed
using IEC-6 cells, 1EC-6 cells treated with MSC-CM, 1EC-6 cells
directly or indirectly cocultured with MSCs, and IEC-6 cells
directly cocultured with MSCs under anti-TGF-f§ antibody expo-
sure (Fig. 6F). Because the cells in both direct and indirect
coculture were able to retain antiproliferative properties, the
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Figure 6. Mechanistic insight into suppression of azoxymethane (AOM)-induced tumor initiation in vitro. The Ki-67 labeling index was
calculated in triplicate and bar charts were constructed for the following conditions: IEC-6 cells treated with AOM cocultured with or
without mesenchymal stem cells (MSCs), tEC-6 cells treated with methylazoxymethanol (MAM) cocultured with or without MSCs, 1EC-6
cells treated with AOM and O°BG cocultured with or without MSCs, and IEC-6 cells treated with MAM and O°BG cocultured with or
without MSC (A). *1, p = 4.0E-4; *2, p =4.0E-4; *3, p=4.0E-4; *4, p=4.0E-4; *5, p=4.0E-4; *6, p=4.0E-4; *7, p=4.0E-4; *8,
p = 4.0E-4; *9, p=4.0E-4; *10, p = 4.0E-4; *11, and p = 4.0E-4. The apoptotic index of IEC-6 cells was calculated based on dUTP nick-
end labeling staining in triplicate and bar charts were constructed for the conditions described above (B). Representative Ki-67 immuno-
fluorescence of IEC-6 cells {C) and IEC-6 cell cocultures in which cells emitting green fluorescence are green fluorescent protein-labeled
MSCs (D). Cell culture images were taken at a magnifying power of 630. The cell cycle of cocultured IEC-6 cells was analyzed by flow
cytometry at 24 hours (left), 48 hours (middle), and 72 hours (right) in triplicate (E). IEC-6 proliferation was assayed by MTT for the fol-
lowing groups in triplicate: without AOM, cocultured with MSCs (direct), cocultured with MSCs (indirect), treated with conditioned
medium from rat MSCs, and cocultured directly with MSCs and treated with anti-transforming growth factor-f neutralizing antibodies
(F). Abbreviations: AOM, azoxymethane; CM, conditioned medium; IEC-6, the intestinal epithelioid cells, cell line No. 6; TGF-f, trans-
forming growth factor-f3; MAM, methylazoxymethanol.

humoral factors present under a direct heterotypic cell-cell AC per focus, was most frequently observed in our analysis,
interaction appeared to be important. This property of MSCs it was significantly decreased by MSC treatment independent
was completely abrogated by absorption of TGF-f§ by neutraliz- of the timing of AOM administration (Fig. 3). This finding
ing antibodies. strongly suggests that MSCs do not reduce dysplastic ACF,
but rather block ACF formation itself. This result motivated
us to analyze the chemopreventive mechanisms exerted by
MSCs as early as the AARGC in AOM-induced tumorigenesis.

MSCs Exhibit Chemopreventive Properties by Primarily

Canceling AOM-Induced Tumor Initiation The AARGC Is Apparently Suppressed by MSC

MSC administration led to a dramatic decrease of tumor Administration

incidence by up to half of the expected level without affect- Because evasion of apoptosis is one of the hallmarks of can-
ing the tumor size in the AOM/DSS colitis-associated carci- cer {16], induction of apoptosis during carcinogenesis is a crit-
noma model (Fig. 1B). Consequently, our findings strongly ical step in chemoprevention. it is an accepted notion that

suggest that MSCs exhibit chemopreventive properties by the AARGC might regulate the mutational load in the colon or
canceling AOM/DSS-induced tumor initiation. ACF, which are eliminate DNA-damaged cells that might otherwise progress
putative precursor lesions of colon tumors, represent alter- to malignancy [43]. Therefore, most chemopreventive agents
native early end-points in AOM-induced colon carcinogenesis enhance the AARGC. Counterintuitively, in this study, the
[34, 41, 42]. Although the early form of ACF, namely a single AARGC was seemingly suppressed by up to one third
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Figure 7. The tandem mechanisms of mesenchymal stem cell (MSC) chemoprevention involved in azoxymethane (AOM)-induced tumor
initiation. The first mechanism of chemoprevention is an indirect measure exerted by MSCs: MSCs activate Mgmt in an unknown man-
ner, resulting in suppression of the acute apoptotic response of a genotoxic carcinogen (AARGC) because of a reduction of initiating cells
harboring 0°MeG adducts. The second mechanism is a direct measure: MSCs induce G1 arrest in early matlated cells evading the
AARGC. Abbreviations: AOM, azoxymethane; MAM, methylazoxymethanol; MSC, mesenchymal stem cell; 0°MeG, 0O6-methylguanine;

TGF-f3, transforming growth factor-f.

following MSC treatment in the in vivo model compared with
that in the MSC-untreated control (Fig. 4C). In contrast to our
in vivo observations, in vitro experiments revealed that MSCs
not only inhibited the proliferation of IEC-6 cells in coculture,
but also accelerated apoptosis depending on the mutation
load of the 0°MeG adduct level (Fig. 6). This discrepancy
between in vitro and in vivo observations concerning apopto-
sis arises from investigations of the different phases of tumor-
igenesis between the two observations. MSCs can apparently
prevent the AARGC in vivo because of pruning the DNA
insults of 0°MeG adducts in the initiating cells, likely through
Mgmt activation [44] or because of reducing production of
the DNA adduct through Cyp2el inhibition [45]. These
assumptions are directly supported by the immunofluores-
cence analysis showing that 0°MeG adducts were significantly
decreased by MSC treatment. However, because MSCs upreg-
ulated Mgmt expression in the colonic mucosa of the AARGC
model (Fig. 5D), the former pruning mechanism is more likely.
In contrast to in vivo observations, increasing the mutation
load of 0°MeG adducts using a combination of AOM or MAM
with 0°BG linearly induced an increase of IEC-6 cell apoptosis
in vitro (Fig. 6B). Cocultured MSCs directly augmented apo-
ptosis caused by the mutation load of 0°MeG adducts in
vitro, causing a discrepancy in the results regarding apoptosis
between in vitro and in vivo observations. Our in vitro experi-
ments examined the effects of MSCs on the survival of initi-
ated cells beyond the AARGC, which corresponds more to the
later phase of tumorigenesis than that in in vivo experiments.
The detailed underlying mechanisms warrant further analyses.

MSCs Induce 0°MeG-Triggered G1 Arrest and/or
Apoptosis in the Initiated Cells Evading the AARGC

We determined whether cells that escape from the AARGC
subsequently undergo G1 arrest or apoptosis in vivo. A reduc-
tion of ACF formation was observed by post-AOM treatment
of MSCs representing initiated cells entering the postinitiation
stage and pre-AOM treatment of MSCs representing cells that

©AlphaMed Press 2013

remained at the preinitiation stage (Fig. 3A, 3B). Therefore,
additional chemopreventive mechanisms appear to be exerted
by MSCs other than a reduction of DNA insults. MSC-IEC-6
coculture experiments revealed that MSCs induced not only
G1 arrest in IEC-6 cells, but also enhanced apoptosis depend-
ing on the mutational load received by AOM (Fig. 6A, 6B).
These antineoplastic and proapoptotic properties of MSCs
observed in vitro required TGF-f§ signaling because they were
completely abrogated by absorption of TGF-f in cocultures
(Fig. 6F). However, in contrast to the in vitro study, MSC treat-
ment broadly affected the cell-cycle machinery to facilitate G1
arrest in colon epithelial cells in vivo (Fig. 5E). Moreover, it is
unlikely that massive apoptosis occurs beyond the AARGC
because the apoptotic index was distributed unimodally by
steadily increasing and reaching a peak at the AARGC and
then steadily decreasing for up to 48-72 hours (Fig. 4C). Apo-
ptosis is caused by a series of complex responses involved in
mismatch repair machineries and DNA double-strand breaks
in subsequent consecutive and replicative cell cycles [46].
Consequently, a longer and closer observation is required to
fully determine whether MSCs can induce O°MeG-triggered
apoptosis after evasion of the AARGC in vivo. In summary,
MSCs reduce the number of initiating cells by pruning 0°MeG
and/or inducing G1 arrest through TGF-f signaling in early ini-
tiated cells (Fig. 7).

Future Challenges for Better Understanding
Chemopreventive Property of MSC

The mechanism of the first chemopreventive property of MSC,
which was attributed to activation of Mgmt expression levels by
MSCs, remains to be elucidated. MGMT expression is lost by epi-
genetic silencing in a variety of human cancers including nearly
half of sporadic colorectal cancers [44]. On the other hands, simi-
lar to human colorectal cancer, AOM-induced tumors display
global DNA hypomethylation. In addition, Mgmt is methylated in
both AOM tumors and normal colon mucosa [47]. Collectively,
these data suggest that epigenetic silencing of Mgmt by AOM
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treatment can be abrogated by MSCs via unknown mechanisms.
Thus far, at least three different layers have been elucidated for
epigenetic regulation influencing the expression of MGMT: pro-
moter methylation, histone modifications [48], and alternative
polyadenylation with consecutive miRNA targeting [49]. Further
studies are needed to confirm how MSCs cancel epigenetic
silencing of Mgmt and which of the above regulatory mecha-
nisms contribute to this process.

The level of cytosolic f-catenin is controiled by the so-
called “f-catenin destruction complex” that facilitates casein
kinase one alpha (CKlz)- and GSK3 (glycogen synthase kinase)-
mediated serial phosphorylation and subsequent polyubiquiti-
nation/degradation of f-catenin. However, missense fS-catenin
mutations at phosphorylation sites are known to prevent f-
catenin degradation. In our study, we showed that MSCs facili-
tated p-catenin phosphorylation in the established tumors of
the AOM/DSS model because MSCs induced a unique mutation
spectrum of the f-catenin gene during the tumor initiation
phase (Fig. 1C; Supporting information Table S3). Degradation
of phospho f3-catenin is more likely to occur, which can lead to
a reduction of Wnt signal activity. In support of this notion, the
expression of most WNT signaling pathway molecules appeared
to be suppressed in the tumors from MSC Day0 groups as
shown by the WNT PCR array analysis (Fig. 1D). However, it
largely remains to be clarified how alteration of the mutational
spectra leads to a distinct sequela of tumor promotion and
progression. The best-defined location of TGF-S/Wnt cross-talk
is in the nucleus, where the Smad/f--catenin/lymphoid
enhancer-bind {Lef} protein complex regulates numerous
shared target genes, often in a synergistic manner. The implica-
tion of cooperative TGF-f and Wnt signaling in tumor progres-
sion has recently been examined by Labbé et al. [50]. We
demonstrated activation of both canonical pathways of TGF-f
and Wnt, whereas both pathways were suppressed by MSCs
even in established tumors in which we could not detect any
engrafted MSCs. Collectively, these findings suggest that MSCs
appear to exert broader and more long-lasting so-called third
mechanisms of chemoprevention, which extend beyond the
tumor initiation phase in the AOM-induced tumorigenesis via
regulation of the cross-talk between canonical Tgf-f and Wnt
signaling pathways than discussed heretofore.

Loss of canonical TGF-$-SMAD signaling is considered an
essential step in carcinogenesis [51]. In fact, the activity of
the Tgf-f pathway is decreased by AOM treatment [52-54].
Tgf-f expression has been found to be reduced in ACF [55,
56] but enhanced in colonic adenomas [55] and adenocarci-
nomas [57]. These observations suggest dual roles of Tgf-f8
as an initial tumor suppressor and later as a tumor pro-
moter in AOM-induced carcinogenesis as reported previ-
ously [58, 59]. Therefore, MSC activation of canonical Tgf-f3-
Smad signaling as a tumor suppressor only in the early initi-
ated cells of the post-AOM MSC treatment group on day 8
in the ACF model (MSC Day8; Fig. 3F) suggests “the second”

chemopreventive mechanism of MSCs as discussed in detail
earlier. Although canonical Tgf-f-Smad signaling was found
to be activated in the established AOM/DSS tumors, Tgf-f
signal as a tumor promoter was inhibited in the tumor tis-
sues from the MSC Day0 group (Fig. 2). This alteration of
the signal probably reflects the whole integrated signals of
a wide array of mutational events and likely does not reflect
the effects of MSCs injected in the prior 20 weeks. How-
ever, it should be clarified whether this alteration of the
Tgf-f signal is related to the above “third” mechanisms of
chemoprevention via the cross-talk between the canonical
Tgf-f and Wnt signaling pathway.

 Conciusion

Exogenous MSCs possess intrinsic antineoplastic properties
against AOM-induced carcinogenesis. Although a complete
mechanistic insight into the properties of MSCs has yet to be
achieved, MSCs act as early as tumor initiation events either
to reduce the number of initiating cells and/or to induce G1
arrest in early initiated cells (Fig. 7). Obtaining this information
is essential before commencing the broader clinical application
of promising MSC-based therapies for cancer patients, particu-
larly cancer-prone patients with inflammatory bowel disease.
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