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Colon cancer is still one of the most common causes of cancer in human and is characterized by lymphocyte infiltrates and originates
from the epithelial cells found in the lining of colon or rectum of the gastrointestinal tract. Mesenchymal stem cells (MSCs) are
composed of the multipotent stem cell group of stroma and can be differentiated as various cell lineages, such as fibroblasts,
osteoblasts, and adipocytes. MSCs provide mechanical and structural support and have potential functions during tumor growth
and metastasis. The efficacy of MSC-based therapies is partly dependent on the migration and homing of MSCs to tumors and
metastatic sites. However, their migratory and engraftment potential is poorly understood. In this review, the characteristics and
mechanisms of MSC’s dynamic interaction with colon cancer were summarized, particularly the potential functions of MSCs on
colon cancer, including its role in improving tumor growth and as a potential candidate for tumor therapy. Understanding MSC
homing provides new insights into the manipulation of MSC and the improvement of their efficacy for colon cancer therapy.

1. Introduction

Colorectal cancer (CRC) is one of the most common cancers
diagnosed in humans and is a cause of mortality in worldwide
[1]. CRC is a complex disease that begins with adenoma,
which occurs through complicated process and reasons. It
was reported that accumulation of mutations in epithelial and
preneoplastic cells are probably major reasons [2]. The causes
of CRC are thought to be linked to a combination of life habits
and genetic factors, such as smoking, aging, diet, and obesity
[3]. In many cases, colon cancer is characterized by lympho-
cyte infiltrates, and the majority of deaths due to CRC are
caused by therapy refractory metastasis [4]. Transformation
of tumor cells and tumor formation are promoted by factors,
including cellular and noncellular components known as the
tumor stroma and tumor environment [5]. The “seed and
soil” theory proposed in 1889 by Stephen Paget explained that
a cancer cell (seed) would only proliferate when the envi-
ronment (soil) is suitable [6]. Thus, the microenvironment is
essential for tumor growth.

The unique microenvironment of colon cancer is com-
posed of many types of cells, such as fibroblasts, immune
cells, and vascular cells [7]. All these cells contribute to

the survival and growth of the tumor. Fibroblasts in the
stroma of various human carcinomas are the important type
of cell resource considered to contribute cancer metastasis
and growth, which can also suppress the anti-tumor immune
response [8-10]. The tumor microenvironment on the colon
cancer cell invasion, metastasis, and resistance against drugs
involves the communication of fibroblasts with cancer cells
directly or indirectly [11, 12]. Especially in colorectal cancer,
direct contact between cancer cells and MSC is rather than
indirect contact [13]. Therefore, these cells appear to decrease
the survival prospects of patients. Mesenchymal stem cells
(MSCs) are one of major cellular constituents in intestinal
tumor, which contribute to carcinogenesis via interaction
with other cell types in the tumor environment [14]. As
described by studies, the activities of MSCs during colon
cancer help increase the understanding of their functions
[15, 16]. Mounting evidence shows the suppression function
of microenvironment in tumor growth in vitro, such as
Hela cells (human cervical cancer line), HT29 cells (human
intestinal epithelial cell line), SW480 (human colorectal
adenocarcinoma cell line), Lovo cells (human colorectal ade-
nocarcinoma cell line), and HCT-116 cells (human colorectal
carcinoma cell line) [17-22]. Both the proportion and the
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localization of stromal cells in microenvironments indicate
that the function of these cells is critical to tumor growth and
metastasis [23, 24].

To further explore the role of MSCs in colon cancer devel-
opment, in this study, the characteristics and mechanisms of
MSC interaction with colon cancer were reviewed, with focus
on the impact of MSCs on colon cancer and how MSCs act as
vehicle for tumor treatment.

2. Characteristics of MSCs

MSCs are nonhematopoietic precursor stem cells with
multiple abilities to differentiate into several types, such
as adipocytes, fibroblasts, osteocytes, and neurocytes [25].
MSCs are originally derived from mesodermal progenitors
and are present in bone marrow, adipose tissue, umbilical
cord, and muscles [26, 27]. The hallmark of human MSCs is its
common phenotype expresses CD44, CD73, CD90, CD105,
stromal cell antigen-1, and leukocyte function-associated
antigen-3 and has the following receptors on its surface:
interleukin (II) receptor, y-interferon receptor, and tumor
necrosis factor 3 (TNFf) receptor, but not FasL, MHC-II
[27, 28]. MSCs can be isolated from different tissues, such as
bone-marrow (BM), adipose tissue (AD), amniotic fluid, and
umbilical cord blood (UCB) [29].

Currently, BM-MSCs, AD-MSCs, and UCB-MSCs are
mainly applied for cancer therapy. Bone-marrow-derived
MSCs are the most commonly used and also the earliest
described MSCs [30]. However, application of BM-MSCs
is limited by their low migration compared with other
MSCs and complex extraction methods [19]. AD-MSCs are
extracted from fat tissues, which are easily obtained, and once
isolated have a similar biological morphology and function
that make them appealing candidates for stem cell transplant
and cancer therapy [31, 32]. USB-MSCs are a group of cells
isolated from the umbilical cord blood of the newborn,
which have a much stronger capacity of proliferation and
continuous culture for more than 80 population doubling
[33, 34]. The utilities of MSCs posed a promising way in
disease therapies due to their properties. They are widely
different from many adult tissues and are easy to apply. They
have a homing ability and they avoid immune rejection.
One of their key properties is target migration. Accompanied
by tissue damage, such as inflammation, injury, or tumor,
MSCs migrate to inflammation sites in vivo. The process of
passing vascular endothelial and basilemma are dominated
by the release of specific endocrinal signals from the tissues
[35, 36]. The tumor tropism capacity of MSCs could be
utilized to deliver antitumor biological agents effectively
and avoid the toxic activity caused by the increase in high
blood concentration [37]. Another feature of MSCs is their
low immunogenicity because of the lack and low levels
of expression of costimulatory molecules proteins, such as
major histocompatibility complex class I (MHC class I)
protein, MHC class II proteins, CD80, and CD86 [38, 39].

3. Homing of MSCs

Homing refers to the phenomenon wherein cells migrate
to the organs through blood circulation or even after long
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migration. Studies have reported that MSCs preferentially
migrate to tumor sites [40-42]. The efficacy of MSCs mainly
depends on their ability to produce cytokines, and the hom-
ing of MSCs to tissue requires the secretion of these factors
[43, 44]. A portion of MSC-derived fibroblast premixed with
A375SM melanomas cells was observed to migrate to the
tumor architecture and differentiate into fibrous capsules
[40]. The homing of MSCs is regulated by various factors,
such as age, dosage, and passage of MSCs. The efficiency
of MSCs is attenuated by higher passages and the freshly
isolated MSCs had a better homing capacity [45]. In addition,
the efficiency of MSCs was decreased undergoing a long
culture time, which demonstrated that the decreased potency
of stem cells is due to ageing. MSCs could be derived from
different tissues with differences in the multiple type of
cells isolated [46]. These differences are in part due to the
microenvironment from where they were isolated [47]. Aside
from the source of MSCs, the culture conditions influence
their characteristics. Matrix metalloproteases (MMPs), which
are known to be crucial to the migration of cells, have
been shown to have an important role in migration. Also,
inflammatory cytokines TNF-a« and TGF-f1 can enhance
migration of MSCs via mediation of MMPs [48, 49].

The homing mechanism of MSCs still keeps elusive.
However, various studies have shown the potential important
role of receptors and adhesion molecules in homing and
migration of MSCs [50-52]. Homing is partly dependent on
the chemokine receptors in tumors while it acts as ligands
for receptors expressed by MSCs and CXCR4 and its partner
was featured in human stem cell homing [53, 54]. Apart from
CXCR4, isolated MSCs also expressed CCR1, CCR4, CCR?7,
CCR10, CXCR5, and CXCR6 [55]. Expression of CXCLI2
and CXCI2 was increased when rat MSCs were exposed to
a C85 human colorectal cancer cell conditioned medium
[56]. These suggest that chemokines expressed by MSCs
might contribute to the tumor-homing process. Cytokines
secreted by inflammatory as well as tumor, including vascular
endothelial growth factor (VEGF), transforming growth
factor (TGF), neurotrophic factor (NTF), FGFs, CCL2, and
CXCL8 might play a role in the homing of MSCs [55, 57].

Migration and homing of MSCs require cells to attach
to the endothelial cells (ECs) and enter the tumor tissue. A
number of adhesion molecules, such as integrins, involved in
the process of MSCs, interact with ECs [58], while blocking
or knocking out integrins could help in understanding the
role of adhesion molecules in homing of MSCs. Researchers
found that VLA-4/VCAM-1 is needed for the adhesion of
MSCs on ECs, while the binding of MSCs can be suppressed
during VLA-4/VCAM-1 preincubation with antibodies [15].

4. Effect of MSCs on Colon Cancers

4.1. MSCs Enhance Growth and Metastasis of Colon Cancer.
The tumor microenvironment is important for the promotion
of tumor development. It is reflected by the interaction
of tumor cells and stroma cells adjoining, and is mainly
composed by inflammatory cells and fibroblasts [59, 60].
Studies show that MSCs may be the direct cellular tar-
get of the alterations, which leads to tumor formation,
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which is an important part of the maintenance of tumor
microenvironment [61, 62]. After migration to the tumor
microenvironment, MSCs differentiate into tumor-associated
fibroblast (TAF)-like cells, which are a predominate tumor-
promoting stromal cells that affect the survival and growth
of colon cancer [63]. These cells exhibit functional properties
and promote tumor cell growth in vitro or in vivo, as
well as the expression of myofibroblast markers («-smooth
muscle actin and fibroblast surface protein) [64-66]. MSCs
have been reported to exhibit the characteristics of TAFs
reduced by colon cancer cells, and accompanied by high
expression of «-smooth muscle actin is the transformation of
MSCs to TAFs mediated by Notch signaling through TGF-
B/Smad signaling pathway [20]. In addition, research has
shown that incorporation of KM12SM colon cancer cell and
MSCs with existing carcinoma-associated fibroblast (CAF)
phenotype, such as platelet-derived growth factor receptor-
B expression, caused enhanced colon cancer cell growth
and metastasis [67]. Collectively, one of the mechanisms
of MSCs that promotes colon cancer cell proliferation is
associated with transforming into myofibroblast in tumor
microenvironment.

Apart from their effect on tumor microenvironment,
MSCs have also been shown to modulate colon cancer cell
growth via other mechanisms. MSCs in colon cancer have
been shown to promote three prospects of tumor, including
angiogenesis or vascular cell formation, tissue invasion and
metastasis, and suppression of apoptosis [18, 22, 67-70]. BM-
MSCs pretreated with inflammatory cytokines IFN-o and
TNEF-a can induce VEGF expression secreted by colon cancer
cells, and result in the promotion of angiogenesis in vitro
[68]. The transplantation of MSCs and KM12SM caused a
significantly increased number of tumors and decreased the
survival rate of nude mice by enhancing migration and inva-
sion [67]. Hogan et al. [70] found that a higher presence of
MSC-secreted PAI-1 level significantly increased the migra-
tion of HT-29 colon cancer cells. SW480 colon cancer cells
mixed with MSCs transplanted showed elevated capability of
proliferation, rich angiogenesis, and highly metastatic ability
in tumor tissues in vivo [71]. AM-MSC-produced FGFI10,
VEGEFC, and matrix metalloproteinases (MMPs) increased
the capacity of invasion and formation of colon cancer cells
in vitro through the activation of Wnt signaling pathway and
subsequently increased the tumorigenicity of cancer cells in
murine model in vivo [68]. These demonstrate that MSCs
could enhance growth and metastasis of colon cancer via
various mechanisms.

Accumulating studies have shown results that MSCs
promote colon cancer development. While this may the case,
the effect of MSCs on tumors is still controversial. As noted
in the review of Hogan et al. [70], HT-29 colon cancer cells
were observed to have increased proliferation, while the cell
line HCT-116 showed decreased growth. The result suggests
the dual role of MSCs in colonic tumor. The majority of
tumor models used in the previous studies are performed
by coadministering in an immune-deficient mouse. While
such models have advantages, the defection of autologous
nature and aspects of chronic inflammation induced tumor
is absent.

In the correlation between inflammation and colon can-
cer pathogenesis, it was noted that chronic inflammation
is considered to play a crucial role in colorectal cancer
progression [72]. A clinical study indicated that colon cancer
also tends to develop in patients with inflammatory bowel
disease [73]. Interestingly, the tumor microenvironment is
mainly composed of inflammatory cells and is a necessary
participant in the tumor progression [74]. In contrast with
the promotion of MSCs on colon cancer, studies have
reported the inhibition of MSCs in inflammation [75-78].
IL-1p3-primed MSCs can improve inflammatory disorders on
dextran sulfate sodium induced colitis [75]. He et al. (2012)
also proved that allogenic BM-MSCs exert therapeutic effect
on dextran sulfate sodium induced colitis in experimental
mouse model [77].

4.2. MSC as Vehicles for Colon Cancer Therapy. In view of
the tumor migration properties of MSCs, they are modified
to deliver specific anticancer agents to tumor sites [79-81].
Modified MSCs are attracted to tumor stroma and, thus, they
can be used to target deliver anti-cancer agents to multiple
sites. Decreased MSC homing to tumor might suppress their
effect on tumor growth. In vivo studies have repeatedly
shown that MSCs are trapped after intravenous injection
[82, 83]. Many existing methods are used to modify MSCs
and the most commonly used are genetically modified MSCs
[84, 85]. The cells can transport the agents into the tumor
microenvironment and greatly reduce the immune reaction
in vivo through high concentration anticancer agents target
tumor site. Using MSCs as delivery vehicle, many researchers
are looking into using their tumor tropic properties to inhibit
tumor development [86-92]. Transfected cytosine deaminase
into AT-MSCs in combination with 5-fluorocytosine can
significantly enhance cytotoxicity on target CT-29 tumor cells
in vitro. In vivo, CD-AT-MSCs administered in mice treated
with 5-fluorocytosine caused inhibition of tumor growth and,
thus, CD-AT-MSCs have the ability to deliver the CD genes
to the tumor site and exert anti-tumor effect [92]. In colon
cancer cell lines HCT-15 and DLD-1, it was found that TNE-
related apoptosis inducing ligand (TRAIL) transgenic human
MSC suppressed colon cancer growth by apoptosis induction
[86]. Although TRAIL-resistant tumor cells exist, Mueller
et al., 2011 [87], proved that, in selected colon cancer cells,
TRAIL-MSC can overcome resistance via direct intercellular
interaction, thereby inhibiting the growth of HCT-8 and
HT29 cells. Moreover, the mechanisms of engineered MSCs
on tumor inhibition could be partly due to the downreg-
ulated expression of VEGF [88]. Transfected MSCs with
sodium iodide symporter and CCL5/RANTES treated mice
showed a significant delay in tumor growth after intrasplenic
injection of the colon cancer cell line LS174t [90]. Different
approaches have been applied for tumor treatment, and with
the depth of our understanding of MSCs, more kinds of
MSC vehicles would be used for colon cancer therapy. Suicide
gene transduced MSCs successfully decreased Rluc activity
in CT26/Rluc cells after prodrug ganciclovir treatment [91].
Different tissue-derived MSCs may have various roles on the
development of colon cancer and may be also influenced by
experimental conditions in vivo or in vitro.



Recently, studies concerning MSC-derived extracellular
vesicles in the treatment of tumor growth have attracted
a lot of attentions. A large portion effect of MSCs is con-
tributed to their secretion products, such as exosomes [93].
After stimulation, exosomes act in microenvironment and
cellular communication, which is closely related to tumor
formation. In breast cancer cells, exosomes could suppress
angiogensis via downregulation of VEGF expression [94].
Meanwhile, miRNAs transferred by exosomal may promote
the dormancy of the metastatic in breast cancer cells [95, 96].
In addition, TRAIL-expression MSC induced apoptosis in 11
cancer cell lines and had no cytotoxicity in human bronchial
epithelial cells [97]. Collectively, the anticancer activity of
MSC-derived extracellular vesicles might be potential used
in tumor therapy. However, limited studies have been inves-
tigated in colon cancer cells, and more work still needs to be
done for tumor therapy.

The biological effect of MSC on colon cancer is the result
of multiple factors. The source of MSCs is one of important
factor. BM-MSCs and AD-MSCs could enhance colon cancer
growth and metastatic capacity, while UCB-MSCs are less
reported. Another element is the cell type used in vitro. The
effect of MSC secreted PAI-1 on colon cancer cell growth
was cell-line dependent [70]. In addition, the process of
colon carcinogenesis also affects the activity of MSCs. The
anti-inflammatory properties of MSCs make them a tool for
treating colitis-associated colorectal cancer.

MSC could promote colon cancer growth or inhibit
colitis-associated colorectal cancer, and be taken as vehicle
for antitumor agent delivery. One should be careful when
using MSC for drug delivery to patients with malignancies,
as some instances of MSC migration to tumor are not very
efficient because the MSC cannot reach its target site [98].
However, this problem can be addressed by replacing the
paracrine signaling from MSC that affects the tumor [99].
Instead of reducing tumor growth, engineered MSC also can
cause undesired effects; IL-6 secreted by MSCs was shown to
promote breast cancer cell proliferation and migration [100].
Finally, in vitro and in vivo work also have difference [101].
Further research is still needed to reveal the role of MSC and
apply MSC therapy to patients in the clinical setting.

5. Perspectives

Controversies exist in the use of MSCs in colon cancer
treatment. Research on MSC homing and migration could
benefit the MSC-based tumor therapy. What appears to be
an aspect of the target to tumor might have a significant
impact on the efficacy of anti-tumor agents. MSCs engineered
for tumor therapy is advanced, especially in colon cancer
(102, 103]. Many problems on artificial vehicles can be
addressed, such as immune rejection, drug accumulation in
non-target tissues, and poor permeability [104, 105]. MSCs
not only provide a non-immunogenicity delivery system, but
also form a platform for anti-tumor drug delivery [106].
Therefore, targeting treatment with MSCs as a cell carrier
is an excellent approach for colon cancer treatment. Even
the biological characteristics of MSCs are not be influenced
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after transfection with adenovirus, retrovirus, and lentivirus
[107, 108]. Gene therapy targeting the tumor based on MSCs
can have an improved therapeutic effect due to the migration
of MSC target to the primary and metastatic tumor sites,
and activation as a mini pump, which continuously pumps
various anti-tumor agents.

Colon cancer is a complex tumor and a significant
advancement in MSC therapy is still limited to the metastatic
disease. At present, engineered MSCs have been applied for
colon cancer treatment [109]. However, the effects of this
treatment have not been validated in vivo in humans. Before
they can be used in the clinic, the manufacturing process with
the most promising evidence should be validated. Moreover,
MSCs are widely studied and applied in many clinical trials in
various clinical fields, but the exact mechanism underlying
the interaction of MSCs and tumor is little known. Further
works would be helpful for a better understanding of MSC
biology. With the development of cytology, gene therapy, and
stem cell engineering, a simple and easy-work process should
be developed, which might lead to widespread use of MSCs
in efficacious tumor treatment.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Shan Wang and Zhiguo Miao contributed equally to this
work.

Acknowledgments

This study was support by grants from the Henan Joint
Funds of National Natural Science Foundation of China
(U1604102).

References

[1] J. Ferlay, I. Soerjomataram, R. Dikshit et al., “Cancer incidence
and mortality worldwide: sources, methods and major patterns
in GLOBOCAN 2012, International Journal of Cancer, 2014.

[2] E. R. Fearon and B. Vogelstein, “A genetic model for colorectal
tumorigenesis,” Cell, vol. 61, no. 5, pp. 759-767, 1989.

[3] M. Arnold, M. S. Sierra, M. Laversanne, I. Soerjomataram, A.
Jemal, and E Bray, “Global patterns and trends in colorectal
cancer incidence and mortality;” Gut, 2016.

[4] V. Deschoolmeester, M. Baay, F. Lardon, P. Pauwel, and M.
Peeters, “Immune cells in colorectal cancer: Prognostic rele-
vance and role of MSI,” Cancer Microenvironment, vol. 4, no.
3, pp. 377-392, 2011.

[5] S. Gout and J. Huot, “Role of cancer microenvironment in
metastasis: Focus on colon cancer;,” Cancer Microenvironment,
vol. 1, no. 1, pp. 69-83, 2008.

[6] S.Paget, “The distribution of secondary growths in cancer of the
breast,” The Lancet, vol. 133, no. 3421, pp. 571-573, 1889.

[7] V. G. Peddareddigari, D. Wang, and R. N. Dubois, “The
tumor microenvironment in colorectal carcinogenesis,’ > Cancer
Microenvironment, vol. 3, no. 1, pp. 149-166, 2010.



Canadian Journal of Gastroenterology and Hepatology

(8]

(10]

(12]

(13]

(14]

(15]

(16]

(171

(19

[20]

[21

[22]

(23]

A. Orimo, P. B. Gupta, D. C. Sgroi et al., “Stromal fibroblasts
present in invasive human breast carcinomas promote tumor
growth and angiogenesis through elevated SDF-1/CXCLI2
secretion,” Cell, vol. 121, no. 3, pp. 335-348, 2005.

C. Buhrmann, P. Kraehe, C. Lueders, P. Shayan, A. Goel,
and M. Shakibaei, “Curcumin suppresses crosstalk between
colon cancer stem cells and stromal fibroblasts in the tumor
microenvironment: Potential role of EMT, PLoS ONE, vol. 9,
no. 9, 2014.

T. Alkasalias, L. Moyano-Galceran, M. Arsenian-Henriksson,
and K. Lehti, “Fibroblasts in the Tumor Microenvironment:
Shield or Spear?” International Journal of Molecular Sciences,
vol. 19, no. 5, p. 1532, 2018.

S. Semba, Y. Kodama, K. Ohnuma et al., “Direct cancer-stromal
interaction increases fibroblast proliferation and enhances inva-
sive properties of scirrhous-type gastric carcinoma cells,” British
Journal of Cancer, vol. 101, no. 8, pp. 1365-1373, 2009.

P. J. Mishra, P. J. Mishra, R. Humeniuk et al., “Carcinoma-
associated fibroblast-like differentiation of human mesenchy-
mal stem cells,” Cancer Research, vol. 68, no. 11, pp. 4331-4339,
2008.

H. Takigawa, Y. Kitadai, K. Shinagawa et al., “Mesenchymal
Stem Cells Induce Epithelial to Mesenchymal Transition in
Colon Cancer Cells through Direct Cell-to-Cell Contact,” Neo-
plasia (United States), vol. 19, no. 5, pp. 429-438, 2017.

B. M. Owens, “Inflammation, Innate Immunity, and the Intesti-
nal Stromal Cell Niche: Opportunities and Challenges,” Fron-
tiers in Immunology, vol. 6, 2015.

B. Riister, S. Gottig, R. J. Ludwig et al., “Mesenchymal stem
cells display coordinated rolling and adhesion behavior on
endothelial cells,” Blood, vol. 108, no. 12, pp. 3938-3944, 2006.
G. O’'Malley, M. Heijltjes, A. M. Houston et al., “Mesenchymal
stromal cells (MSCs) and colorectal cancer - A troublesome
twosome for the anti-tumour immune response?” Oncotarget
, vol. 7, no. 37, pp. 60752-60774, 2016.

J. B. McCarthy, D. El-Ashry, and E. A. Turley, “Hyaluronan,
Cancer-Associated Fibroblasts and the Tumor Microenviron-
ment in Malignant Progression,” Frontiers in Cell and Develop-
mental Biology, vol. 6, 2018.

W.-H. Huang, M.-C. Chang, K.-S. Tsai, M.-C. Hung, H.-L.
Chen, and S.-C. Hung, “Mesenchymal stem cells promote
growth and angiogenesis of tumors in mice,” Oncogene, vol. 32,
no. 37, pp. 4343-4354, 2013.

C. Belmar-Lopez, G. Mendoza, D. Oberg et al., “Tissue-derived
mesenchymal stromal cells used as vehicles for anti-tumor
therapy exert different in vivo effects on migration capacity and
tumor growth,” BMC Medicine, vol. 11, no. 1, 2013.

Y. Peng, Z. Lei, P. Yang et al., “Direct contacts with colon cancer
cells regulate the differentiation of bone marrow mesenchymal
stem cells into tumor associated fibroblasts,” Biochemical and
Biophysical Research Communications, vol. 451, no. 1, pp. 68-73,
2014.

D. Chen, S. Liu, H. Ma et al., “Paracrine factors from adipose-
mesenchymal stem cells enhance metastatic capacity through
Wnt signaling pathway in a colon cancer cell co-culture model,”
Cancer Cell International, vol. 15, no. 1, 2015.

Y. Li, X. Xu, L. Wang et al., “Senescent mesenchymal stem
cells promote colorectal cancer cells growth via galectin-3
expression,” Cell ¢ Bioscience, vol. 5, no. 1, 2015.

S. J. Turley, V. Cremasco, and J. L. Astarita, “Immunological
hallmarks of stromal cells in the tumour microenvironment,”
Nature Reviews Immunology, vol. 15, no. 11, pp. 669-682, 2015.

[24]

[25]

[26]

(27]

(28]

[29

(30]

(31]

(32]

(33

(34]

(35]

(36]

(37]

(38]

(39]

[40]

(41]

H. Rezaeeyan, R. Shirzad, T. D. McKee, and N. Saki, “Role
of chemokines in metastatic niche: new insights along with a
diagnostic and prognostic approach,” APMIS-Acta Pathologica,
Microbiologica et Immunologica Scandinavica, vol. 126, no. 5, pp.
359-370, 2018.

J. Yuehua, N. Balkrishna, R. Lee Reinhardt et al. et al., “Pluripo-
tency of Mesenchymal Stem Cells Derived from Adult Marrow;”
Nature, vol. 418, no. 6893, pp. 41-49, 2002.

S. Xu, K. De Veirman, A. De Becker, K. Vanderkerken, and
I. Van Riet, “Mesenchymal stem cells in multiple myeloma: a
therapeutical tool or target?” Leukemia, vol. 32, no. 7, pp. 1500-
1514, 2018.

E Marofi, G. Vahedi, A. Biglari, A. Esmaeilzadeh, and S. S.
Athari, “Mesenchymal stromal/stem cells: A new era in the cell-
based targeted gene therapy of cancer,” Frontiers in Immunology,
vol. 8, 2017,

D. J. Prockop, “Marrow stromal cells as stem cells for non-
hematopoietic tissues,” Science, vol. 276, no. 5309, pp. 71-74,
1997.

M. E. Pittenger, A. M. Mackay, S. C. Beck et al., “Multilineage
potential of adult human mesenchymal stem cells,” Science, vol.
284, no. 5411, pp. 143-147, 1999.

A.]. Friedenstein, J. Gorskaja, and N. N. Kulagina, “Fibroblast
precursors in normal and irradiated mouse hematopoietic
organs,” Experimental Hematology, vol. 4, no. 5, pp. 267-274,
1976.

R. H. Lee, B. Kim, I. Choi et al., “Characterization and
expression analysis of mesenchymal stem cells from human
bone marrow and adipose tissue,” Cellular Physiology and
Bz’ochemistry, vol. 14, no. 4-6, pp. 311-324, 2004.

P. A. Zuk, M. Zhu, H. Mizuno et al., “Multilineage cells from
human adipose tissue: implications for cell-based therapies,”
Tissue Engineering Part A, vol. 7, no. 2, pp. 211-228, 2001.

K. E. Mitchell, M. L. Weiss, B. M. Mitchell et al., “Matrix cells
from Wharton’s jelly form neurons and glia,” Stem Cells, vol. 21,
no. 1, pp. 50-60, 2003.

H. J. Jin, Y. K. Bae, M. Kim et al., “Comparative analysis of
human mesenchymal stem cells from bone marrow, adipose
tissue, and umbilical cord blood as sources of cell therapy,
International Journal of Molecular Sciences, vol. 14, no. 9, pp.
17986-18001, 2013.

Z. Sun, S. Wang, and R. C. Zhao, “The roles of mesenchymal
stem cells in tumor inflammatory microenvironment,” Journal
of Hematology & Oncology, vol. 7, article 14, 2014.

V. Sordi, “Mesenchymal Stem Cell Homing Capacity; Trans-
plantation, vol. 87, no. Supplement, pp. S42-545, 2009.

K. Shah, “Mesenchymal stem cells engineered for cancer ther-
apy;, Advanced Drug Delivery Reviews, vol. 64, no. 8, pp. 739-
748, 2012.

S. Schu, M. Nosov, L. O’Flynn et al, “Immunogenicity of
allogeneic mesenchymal stem cells,” Journal of Cellular and
Molecular Medicine, vol. 16, no. 9, pp. 2094-2103, 2012.

A.J. Nautaand W. E. Fibbe, “Immunomodulatory properties of
mesenchymal stromal cells,” Blood, vol. 110, no. 10, pp. 3499-
3506, 2007.

M. Studeny, F. C. Marini, R. E. Champlin, C. Zompetta, I. J.
Fidler, and M. Andreeft, “Bone marrow-derived mesenchymal
stem cells as vehicles for interferon-f delivery into tumors,”
Cancer Research, vol. 62, no. 13, pp. 3603-3608, 2002.

A. Sohni and C. M. Verfaillie, “Mesenchymal stem cells migra-
tion homing and tracking,” Stem Cells International, vol. 2013,
Article ID 130763, 8 pages, 2013.



[42] C. Melzer, J. von der Ohe, and R. Hass, “Concise Review:
Crosstalk of Mesenchymal Stroma/Stem-Like Cells with Cancer
Cells Provides Therapeutic Potential,” Stem Cells, vol. 36, no. 7,
pp- 951-968, 2018.

[43] A. S. Cornelissen, M. W. Maijenburg, M. A. Nolte, and C.
Voermans, “Organ-specific migration of mesenchymal stromal
cells: Who, when, where and why?” Immunology Letters, vol.
168, no. 2, pp. 159-169, 2015.

[44] K. Kallmeyer and M. S. Pepper, “Homing properties of mes-
enchymal stromal cells;” Expert Opinion on Biological Therapy,
vol. 15, no. 4, pp. 477-479, 2015.

[45] W. J. C. Rombouts and R. E. Ploemacher, “Primary murine

MSC show highly efficient homing to the bone marrow but lose

homing ability following culture,” Leukemia, vol. 17, no. 1, pp.

160-170, 2003.

P. Bianco, P. G. Robey, and P. J. Simmons, “Mesenchymal stem

cells: revisiting history, concepts, and assays,” Cell Stem Cell, vol.

2, no. 4, pp. 313-319, 2008.

[47] L. da Silva Meirelles, P. C. Chagastelles, and N. B. Nardi,
“Mesenchymal stem cells reside in virtually all post-natal organs
and tissues,” Journal of Cell Science, vol. 119, no. 11, pp. 2204-
2213, 2006.

[48] C. Ries, V. Egea, M. Karow, H. Kolb, M. Jochum, and P.
Neth, “MMP-2, MT1-MMP, and TIMP-2 are essential for the
invasive capacity of human mesenchymal stem cells: differential
regulation by inflammatory cytokines,” Blood, vol. 109, no. 9, pp.
4055-4063, 2007.

[49] A. De Becker, P. Van Hummelen, M. Bakkus et al., “Migra-
tion of culture-expanded human mesenchymal stem cells
through bone marrow endothelium is regulated by matrix
metalloproteinase-2 and tissue inhibitor of metalloproteinase-
3 Haematologica, vol. 92, no. 4, pp. 440-449, 2007.

[50] 1. A. W. Ho, K. Y. W. Chan, W.-H. Ng et al., “Matrix metallopro-
teinase 1is necessary for the migration of human bone marrow-
derived mesenchymal stem cells toward human glioma,” Stem
Cells, vol. 27, no. 6, pp. 1366-1375, 2009.

[51] E. N. Momin, G. Vela, H. A. Zaidi, and A. Quinones-Hinojosa,
“The Oncogenic Potential of Mesenchymal Stem Cells in the
Treatment of Cancer: Directions for Future Research,” NIH
Public Access, vol. 6, no. 2, pp. 137-48, 2010.

[52] D. Pei,]. Xu, Q. Zhuang, H.-F. Tse, and M. A. Esteban, “Induced
pluripotent stem cell technology in regenerative medicine and
biology,” Advances in Biochemical Engineering/Biotechnology,
vol. 123, pp. 127-141, 2010.

[53] M. Al-Toub, R. Vishnubalaji, R. Hamam, M. Kassem, A. Aldah-
mash, and N. M. Alajez, “CDHI1 and ILI-beta expression dictates
FAK and MAPKK-dependent cross-talk between cancer cells
and human mesenchymal stem cells,” Stem Cell Research &
Therapy, vol. 6, no. 1, article no. 123, 2015.

[54] S. C. Picinich, J. W. Glod, and D. Banerjee, “Protein kinase C
zeta regulates interleukin-8-mediated stromal-derived factor-
1 expression and migration of human mesenchymal stromal
cells,” Experimental Cell Research, vol. 316, no. 4, pp. 593-602,
2010.

[55] M. Honczarenko, Y. Le, M. Swierkowski, I. Ghiran, A. M.
Glodek, and L. E. Silberstein, “Human bone marrow stromal
cells express a distinct set of biologically functional chemokine
receptors,” Stem Cells, vol. 24, no. 4, pp. 1030-1041, 2006.

[56] L. G. Menon, S. Picinich, R. Koneru et al., “Differential gene
expression associated with migration of mesenchymal stem
cells to conditioned medium from tumor cells or bone marrow
cells,” Stem Cells, vol. 25, no. 2, pp. 520-528, 2007.

-
Ao

Canadian Journal of Gastroenterology and Hepatology

[57] J. Capdevila, A. Carrato, J. Tabernero, and E. Grande, “What
could Nintedanib (BIBF 1120), a triple inhibitor of VEGFR,
PDGFR, and FGFR, add to the current treatment options for
patients with metastatic colorectal cancer?” Critical Review in
Oncology/Hematology, vol. 92, no. 2, pp. 83-106, 2014.

[58] V. Fritz and C. Jorgensen, “Mesenchymal Stem Cells: An
Emerging Tool for Cancer Targeting and Therapy,” Current Stem
Cell Research & Therapy, vol. 3, no. 1, pp. 32-42, 2008.

[59] K. Nishimura, S. Semba, K. Aoyagi, H. Sasaki, and H. Yokozaki,
“Mesenchymal stem cells provide an advantageous tumor
microenvironment for the restoration of cancer stem cells;”
Pathobiology, vol. 79, no. 6, pp. 290-306, 2012.

[60] S. Kidd, E. Spaeth, K. Watson et al., “Origins of the tumor
microenvironment: quantitative assessment of adipose-derived
and bone marrow-derived stroma,” PLoS ONE, vol. 7, no. 2,
Article ID 30563, 2012.

[61] T.Reya, S. J. Morrison, M. E. Clarke, and I. L. Weissman, “Stem
cells, cancer, and cancer stem cells,” Nature, vol. 414, no. 6859,
pp. 105-111, 2001.

[62] S. Sell, “Stem cell origin of cancer and differentiation therapy;’
Critical Review in Oncology/Hematology, vol. 51, no. 1, pp. 1-28,
2004.

[63] S. Kidd, E. Spaeth, J. L. Dembinski et al., “Direct evidence
of mesenchymal stem cell tropism for tumor and wounding
microenvironments using in vivo bioluminescent imaging,
Stem Cells, vol. 27, no. 10, pp. 2614-2623, 2009.

[64] M. Emura, A. Ochiai, M. Horino, W. Arndt, K. Kamino, and
S. Hirohashi, “Development of myofibroblasts from human
bone marrow mesenchymal stem cells cocultured with human
colon carcinoma cells and TGF beta 1 [3],” In Vitro Cellular &
Developmental Biology - Animal, vol. 36, no. 2, pp. 77-80, 2000.

[65] M. Quante, S. P. Tu, H. Tomita et al., “Bone marrow-derived
myofibroblasts contribute to the mesenchymal stem cell niche
and promote tumor growth,” Cancer Cell, vol. 19, no. 2, pp. 257-
272, 2011.

[66] A. De Becker and I. V. Riet, “Homing and migration of
mesenchymal stromal cells: how to improve the efficacy of cell
therapy?” World Journal of Stem Cells, vol. 8, no. 3, pp. 73-87,
2016.

[67] K. Shinagawa, Y. Kitadai, M. Tanaka et al., “Mesenchymal
stem cells enhance growth and metastasis of colon cancer;’
International Journal of Cancer, vol. 127, no. 10, pp. 2323-2333,
2010.

[68] Y. Liu, Z.-P. Han, S.-S. Zhang et al., “Effects of inflammatory
factors on mesenchymal stem cells and their role in the
promotion of tumor angiogenesis in colon cancer,” The Journal
of Biological Chemistry, vol. 286, no. 28, pp. 25007-25015, 2011.

[69] K. Chen, Q. Liu, L. L. Tsang et al, “Human MSCs pro-
motes colorectal cancer epithelial-mesenchymal transition and
progression via CCL5/f-catenin/Slug pathway,” Cell death ¢
disease, vol. 8, no. 5, p. €2819, 2017.

[70] N. M. Hogan, M. R. Joyce, J. M. Murphy et al, “Impact
of Mesenchymal Stem Cell secreted PAI-1 on colon cancer
cell migration and proliferation,” Biochemical and Biophysical
Research Communications, vol. 435, no. 4, pp. 574-579, 2013.

[71] W. Zhu, W. Xu, R. Jiang et al., “Mesenchymal stem cells
derived from bone marrow favor tumor cell growth in vivo,”
Experimental and Molecular Pathology, vol. 80, no. 3, pp. 267-
274, 2006.

[72] S. 1. Grivennikov, E R. Greten, and M. Karin, “Immunity,
Inflammation, and Cancer,” Cell, vol. 140, no. 6, pp. 883-899,
2011.



Canadian Journal of Gastroenterology and Hepatology

(73]

(74]

(75]

(76]

[77]

(78]

[79]

(82]

[84]

(85]

(87]

S. H. Itzkowitz and X. Yio, “Inflammation and cancer, IV.
Colorectal cancer in inflammatory bowel disease: the role of
inflammation,” American Journal of Physiology-Gastrointestinal
and Liver Physiology, vol. 287, no. 1, pp. G7-G17, 2004.

M. W. M. D. Lutgens, E P. Vleggaar, M. E. I. Schipper et al,,
“High frequency of early colorectal cancer in inflammatory
bowel disease,” Gut, vol. 57, no. 9, pp. 1246-1251, 2008.

H. Fan, G. Zhao, L. Liu et al, “Pre-treatment with IL-18
enhances the efficacy of MSC transplantation in DSS-induced
colitis,” Cellular & Molecular Immunology, vol. 9, no. 6, pp. 473-
481, 2012.

Z. Chen, X. He, X. He et al., “Bone marrow mesenchymal
stem cells ameliorate colitis-Associated tumorigenesis in mice,”
Biochemical and Biophysical Research Communications, vol. 450,
no. 4, pp. 1402-1408, 2014.

R.-J. Tang, S.-N. Shen, X.-Y. Zhao et al., “Mesenchymal stem
cells-regulated Treg cells suppress colitis-associated colorectal
cancer; Stem Cell Research & Therapy, vol. 6, article 71, 2015.

E. Mao, J. Kang, X. Cai et al., “Crosstalk between mesenchymal
stem cells and macrophages in inflammatory bowel disease and
associated colorectal cancer,” Wspolczesna Onkologia, vol. 2, pp.
91-97, 2017.

M. Ullah, Y. Kuroda, T. J. Bartosh et al., “iPS-derived MSCs from
an expandable bank to deliver a prodrug-converting enzyme
that limits growth and metastases of human breast cancers,” Cell
Death Discovery, vol. 3, p. 16064, 2017.

C. H. Ryu, S.-H. Park, S. A. Park et al, “Gene therapy
of intracranial glioma using interleukin 12-secreting human
umbilical cord blood-derived mesenchymal stem cells,” Human
Gene Therapy, vol. 22, no. 6, pp. 733-743, 2011.

S. H. Seo, K. S. Kim, S. H. Park et al., “The effects of mesenchy-
mal stem cells injected via different routes on modified IL-12-
mediated antitumor activity, Gene Therapy, vol. 18, no. 5, pp.
488-495, 2011.

J. Gao, J. E. Dennis, R. E Muzic, M. Lundberg, and A. I. Caplan,
“The dynamic in vivo distribution of bone marrow-derived
mesenchymal stem cells after infusion,” Cells Tissues Organs,
vol. 169, no. 1, pp. 12-20, 2001.

H. Yukawa, M. Watanabe, N. Kaji et al., “Monitoring trans-
planted adipose tissue-derived stem cells combined with hep-
arin in the liver by fluorescence imaging using quantum dots,”
Biomaterials, vol. 33, no. 7, pp. 2177-2186, 2012.

I. Amara, W. Touati, P. Beaune, and I. De Waziers, “Mesenchy-
mal stem cells as cellular vehicles for prodrug gene therapy
against tumors,” Biochimie, vol. 105, pp. 4-11, 2014.

R. Moradian Tehrani, J. Verdi, M. Noureddini et al., “Mesenchy-
mal stem cells: A new platform for targeting suicide genes in
cancer, Journal of Cellular Physiology, vol. 233, no. 5, pp. 3831-
3845, 2018.

J. Luetzkendorf, L. P. Mueller, T. Mueller, H. Caysa, K. Nerger,
and H.-J. Schmoll, “Growth inhibition of colorectal carcinoma
by lentiviral TRAIL-transgenic human mesenchymal stem cells
requires their substantial intratumoral presence,” Journal of
Cellular and Molecular Medicine, vol. 14, no. 9, pp. 2292-2304,
2010.

L. P. Mueller, J. Luetzkendorf, M. Widder, K. Nerger, H. Caysa,
and T. Mueller, “TRAIL-transduced multipotent mesenchymal
stromal cells (TRAIL-MSC) overcome TRAIL resistance in
selected CRC cell lines in vitro and in vivo,” Cancer Gene
Therapy, vol. 18, no. 4, pp. 229-239, 2011.

M. D. Harati, E Amiri, F. Jaleh et al., “Targeting delivery of
lipocalin 2-engineered mesenchymal stem cells to colon cancer

[90]

[91]

[92]

(93]

(94]

[95]

[96]

(97]

(98]

[99]

(100]

[101]

[102]

(103]

in order to inhibit liver metastasis in nude mice,” Tumor Biology,
vol. 36, no. 8, pp. 6011-6018, 2015.

H. Kikuchi, H. Yagi, H. Hasegawa et al., “Therapeutic potential
of transgenic mesenchymal stem cells engineered to mediate
anti-high mobility group box 1 activity: Targeting of colon
cancer;” Journal of Surgical Research, vol. 190, no. 1, pp. 134-143,
2014.

K. Knoop, N. Schwenk, K. Schmohl et al., “Mesenchymal stem
cell-mediated, tumor stroma - Targeted radioiodine therapy of
metastatic colon cancer using the sodium iodide symporter as
theranostic gene,” Journal of Nuclear Medicine, vol. 56, no. 4, pp.
600-606, 2015.

S.Kalimuthu, L. Zhu, J. Oh et al., “Regulated Mesenchymal Stem
Cells Mediated Colon Cancer Therapy Assessed by Reporter
Gene Based Optical Imaging,” International Journal of Molec-
ular Sciences, vol. 19, no. 4, p. 1002, 2018.

L. Kucerova, V. Altanerova, M. Matuskova, S. Tyciakova, and
C. Altaner, “Adipose tissue-derived human mesenchymal stem
cells mediated prodrug cancer gene therapy,” Cancer Research,
vol. 67, no. 13, pp. 6304-6313, 2007.

G. Dostert, B. Mesure, P. Menu, and E. Velot, “How Do Mes-
enchymal Stem Cells Influence or Are Influenced by Microen-
vironment through Extracellular Vesicles Communication?”
Frontiers in Cell and Developmental Biology, vol. 5, 2017.

J-K. Lee, S.-R. Park, B.-K. Jung et al., “Exosomes derived
from mesenchymal stem cells suppress angiogenesis by down-
regulating VEGF expression in breast cancer cells,” PLoS ONE,
vol. 8, no. 12, Article ID 84256, 2013.

K. Pakravan, S. Babashah, M. Sadeghizadeh et al., “MicroRNA-
100 shuttled by mesenchymal stem cell-derived exosomes
suppresses in vitro angiogenesis through modulating the
mTOR/HIF-1a/ VEGF signaling axis in breast cancer cells,
Cellular Oncology, vol. 40, no. 5, pp. 457-470, 2017.

M. Ono, N. Kosaka, N. Tominaga et al., “Exosomes from bone
marrow mesenchymal stem cells contain a microRNA that
promotes dormancy in metastatic breast cancer cells,” Science
Signaling, vol. 7, no. 332, 2014.

Y. Zheng Qiang, K. Krishna, H. C. Kate, and M. Sam, “TRAIL
Delivery by MSC-Derived Extracellular Vesicles Is an Effective
Anticancer Therapy, Journal of Extracellular Vesicles, vol. 6, no.
1,2017.

J. M. Karp and G. S. Leng Teo, “Mesenchymal stem cell homing:
the devil is in the details,” Cell Stem Cell, vol. 4, no. 3, pp. 206—
216, 2009.

F. Djouad, P. Plence, C. Bony et al., “Immunosuppressive effect
of mesenchymal stem cells favors tumor growth in allogeneic
animals,” Blood, vol. 102, no. 10, pp. 3837-3844, 2003.

G.-H. Di, Y. Liu, Y. Lu, J. Liu, C. Wu, and H.-F. Duan, “IL-
6 secreted from senescent mesenchymal stem cells promotes
proliferation and migration of breast cancer cells,” PLoS ONE,
vol. 9, no. 11, Article ID el13572, 2014.

L. Li, H. Tian, W. Yue, F. Zhu, S. Li, and W. Li, “Human
mesenchymal stem cells play a dual role on tumor cell growth
in vitro and in vivo,” Journal of Cellular Physiology, vol. 226, no.
7, pp- 1860-1867, 2011.

M. Studeny, E C. Marini, J. L. Dembinski et al., “Mesenchymal
stem cells: potential precursors for tumor stroma and targeted-
delivery vehicles for anticancer agents,” Journal of the National
Cancer Institute, vol. 96, no. 21, pp. 1593-1603, 2004.

G. S. Oggu, S. Sasikumar, N. Reddy, K. K. R. Ella, C. M. Rao,
and K. K. Bokara, “Gene Delivery Approaches for Mesenchymal



[104]

[105]

(106]

(107]

[108]

(109]

Stem Cell Therapy: Strategies to Increase Efficiency and Speci-
ficity,” Stem Cell Reviews and Reports, vol. 13, no. 6, pp. 725-740,
2017.

Z. Gao, L. Zhang, J. Hu, and Y. Sun, “Mesenchymal stem
cells: a potential targeted-delivery vehicle for anti-cancer drug,
loaded nanoparticles,” Nanomedicine: Nanotechnology, Biology
and Medicine, vol. 9, no. 2, pp. 174-184, 2013.

U. Galderisi, A. Giordano, and M. Paggi, “The bad and the good
of mesenchymal stem cells in cancer: Boosters of tumor growth
and vehicles for targeted delivery of anticancer agents,” World
Journal of Stem Cells, vol. 2, no. 1, p. 5, 2010.

B. Hall, J. Dembinski, A. K. Sasser, M. Studeny, M. Andreeff, and
F. Marini, “Mesenchymal stem cells in cancer: tumor-associated
fibroblasts and cell-based delivery vehicles,” International Jour-
nal of Hematology, vol. 86, no. 1, pp. 8-16, 2007.

M. Kanehira, H. Xin, K. Hoshino et al., “Targeted delivery
of NK4 to multiple lung tumors by bone marrow-derived
mesenchymal stem cells,” Cancer Gene Therapy, vol. 14, no. 11,
pp. 894-903, 2007,

J. M. Mcmahon, S. Conroy, M. Lyons et al., “Gene transfer into
rat mesenchymal stem cells: a comparative study of viral and
nonviral vectors,” Stem Cells and Development, vol. 15, no. 1, pp.
87-96, 2006.

E.K. Sage, R. M. Thakrar, and S. M. Janes, “Genetically modified
mesenchymal stromal cells in cancer therapy;” Cytotherapy, vol.
18, no. 11, pp. 1435-1445, 2016.

Canadian Journal of Gastroenterology and Hepatology



