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While a large and growing body of research has demonstrated that mesenchymal stem/stromal cells (MSCs) play a
dual role in tumor growth and inhibition, studies exploring the capability of MSCs to contribute to tumorigenesis
are rare. MSCs are key players during tumorigenesis and cancer development, evident in their faculty to increase
cancer stem cells (CSCs) population, to generate the precursors of certain forms of cancer (e.g. sarcoma), and to
induce epithelial-mesenchymal transition to create the CSC-like state. Indeed, the origin and localization of the
native MSCs in their original tissues are not known. MSCs are identified in the primary tumor sites and the fetal
and extraembryonic tissues. Acknowledging the developmental origin of MSCs and tissue-resident native MSCs
is essential for better understanding of MSC contributions to the cellular origin of cancer. This review stresses
that the plasticity of MSCs can therefore instigate further risk in select therapeutic strategies for some patients
with certain forms of cancer. Towards this end, to explore the safe and effective MSC-based anti-cancer therapies
requires a strong understanding of the cellular and molecular mechanisms of MSC action, ultimately guiding new
strategies for delivering treatment. While clinical trial efforts using MSC products are currently underway, this
review also provides new insights on the underlying mechanisms of MSCs to tumorigenesis and focuses on the

approaches to develop MSC-based anti-cancer therapeutic applications.

Introduction

Human mesenchymal stem/stromal cells (MSCs) have drawn atten-
tion as a means to cellular therapy in regenerative medicine due to their
properties of immunomodulation, self-renewal and tissue regeneration.
MSCs can be harvested from multiple sources, including adult bone
marrow, adipose tissue, peripheral blood and various neonatal birth-
associated tissues and they can also be induced in vitro to differenti-
ate into osteoblasts, chondrocytes, adipocytes, and other cell types [1].
There is extensive and active clinical activity in the interaction of MSCs
with cancer. To date, clinical investigations utilizing MSCs as delivery
vehicles for tumor-targeted gene therapy are being explored due to their
unique therapeutic properties for genetic modification in vitro.

Human MSCs are isolated at a very low frequency from bone marrow
at approximately 0.001% of the total nucleated cell population [2]. Ex
vivo expansion of human MSCs is therefore necessitated to obtain suffi-
cient numbers prior to regenerative medical applications. Different lab-
oratories employ disparate methodologies to isolate and expand MSCs,
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thus eliciting numerous inconsistencies in their cellular characteriza-
tion. To address this issue, the International Society for Cellular Ther-
apy (ISCT) proposes minimal criteria defining in vitro-expanded MSCs,
including adherence to plastic, specific surface antigen expression and
multi-differentiation potential [3]. MSCs derived from different tissues
exhibit varied phenotypic and functional behavior and should not be
given the same name. There is considerable controversy surrounding
the term “stem cells” in MSC nomenclature. The ISCT’s MSC commit-
tee recommends the functional definition of mesenchymal stem versus
stromal cells to further clarify the nomenclature of mesenchymal stro-
mal cells (MSCs) [4]. The MSC committee continues to support the use
of the acronym “MSCs”, but recommends this be: (i) supplemented by
tissue-source origin of the cells; (ii) intended as MSCs unless rigorous
evidence for stemness exists that can be supported by both in vitro and
in vivo data; and (iii) associated with robust matrix of functional assays
to demonstrate MSC properties [4].

The contributory role of MSCs in tumor progression and metastasis
is a subject of active debate. MSCs possess the properties of both tumor
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suppression and promotion through a variety of mechanisms [5,6]. For
example, MSCs can play a dual role of inhibiting tumor angiogenesis
[7] or promoting tumor vascularization [8]. To date, studies performed
on the capability of MSC contributions to tumorigenesis are scarce. In
this review, we distill our discussion on how MSCs contribute to the cel-
lular origin of cancer, emphasizing a few important aspects of the field:
the developmental origin of MSCs and the localization of MSCs in fetal
and extraembryonic tissues; the most likely progenitors of tumorigenic
cells in sarcoma; and maintaining cancer stemness by MSCs. In closing
arguments, we discuss the combinational strategies to stress therapeu-
tic safety and efficiency for exploring MSC-based anti-cancer therapies.
While the specific role of MSCs in tumorigenesis is far from being com-
pletely clarified, it is critical to appreciate the mechanisms of action to
guide the development of MSC-based cancer therapeutics.

MSCs in primary tumor sites and their developmental origin

Given the diversity in tissue-specific properties of MSCs, the tissue
of origin of MSCs should necessarily be provided, such as bone marrow-
derived MSCs (BM-MSCs). The present review’s focus on MSC contribu-
tions to the cellular origin of cancer should not detract from acknowl-
edging the developmental origin of MSCs and the localization of MSCs
in fetal and extraembryonic tissues.

Primary tumor-resident MSCs

Interestingly, previous works revealed that MSCs are invariably
present in primary tumors and in the primary sarcoma. We have re-
viewed up-to-date knowledge available on resident MSCs/mesenchymal
progenitor cells in the established tumors in situ that are also found in
different primary tumor types, including human breast cancer [9], hep-
atocellular carcinoma [10] and osteosarcoma [11]. We sought to de-
termine whether these MSCs at sites of primary cancer in situ are from
endogenous local sources during fetal development or from an influx
of distant MSCs reservoirs, but the lack of a well-accepted standard for
the identification of endogenous MSCs maintains uncertainty regarding
their source. MSCs act as a precursor of the certain tumorigenic cells and
this concept has initially emerged from MSC development studies. Our
primary interest is targeted to the developmental origin and localization
of MSCs in fetal and extraembryonic tissues.

Origin of MSCs during early embryonic development

Human MSCs are identified and characterized in fetal liver as early as
7 weeks’ gestation [12]. MSCs are also detected in human first-trimester
fetal blood at the 7th week and bone marrow from the 10th week [13].
Going further back, MSCs are detected in aorta-gonad-mesonephros,
yolk sac, and urogenital sinus (developed into the prostate) as early as
the day 25 of developing human embryos [14], prior to their emergence
in fetal blood, liver and bone marrow.

The development of MSCs is poorly understood. The mammal (prin-
cipally the mouse) embryonic stem cells (ESCs), the most pluripotent
stem cells (PSCs), are derived from the inner cell mass of a cyst [15,16],
an early-stage preimplantation embryo. At the blastocyst stage, ESCs can
proliferate and differentiate into the primitive ectoderm (a pluripotent
population of cells) which then goes on to form the epiblast. Epiblast
cells in the specific spatiotemporal stage in the ectoderm undergo the
epithelial-mesenchymal transition (EMT) programs to generate MSCs
and primordial germ cell progeny with activated cancer/testis (CT) anti-
gens that later become inactivated as the result of cell differentiation
[15,16]. These biological events that occur during in vivo embryonic de-
velopment, including MSC proliferation, differentiation, migration, tis-
sue localization and transition, need to be further emphasized. There is
additional evidence that MSCs originate from perivascular cells, prin-
cipally pericytes that are vascular mural cells, within multiple human
organs including skeletal muscle, pancreas, adipose tissue and placenta
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[17], and emigrate into capillary walls in surrounding fibrous tissues
during times of development [4]. The discovery that the human blood
vessel walls harbor native MSCs may be one key to a better understand-
ing of the developmental origin of MSCs.

CT antigens, potential biomarkers and immunotherapeutic targets
for cancer, are frequently expressed in malignant tumors with limited
expression in germ cells of the testis, fetal ovary, and placenta [18].
Importantly, multiple CT antigens have been confirmed to have unique
expression profile in human cancer stem cells (CSCs), including lung
CSC-like cells [19], multiple myeloma CSC-like cells [20], and acute
myeloid leukemia CSCs [21]. Interestingly, several CT antigens such as
MAGE-A, NY-ESO, and SSX are also expressed in human fetal and adult
MSCs [12,22,23]. CT antigen expression might influence the cellular
behavior of MSCs. The underlying mechanisms about how the activated
and inactivated CT antigens are involved in MSCs development remain
to be fully investigated.

Formation of MSC-like cells through EMT induction

EMT or the reverse process (MET) is a developmental cellular pro-
cess and represents one important source of epithelial and mesenchymal
cells. For example, EMT contributes to the genesis of epithelial stem-like
cells from the large population of differentiated normal mammary ep-
ithelial cells [24]. Most interestingly, one previous report indicated that
the kidney MSC-like cells are derived from the mature collecting duct ep-
ithelium that undergoes an EMT [25], albeit the underlying mechanism
is poorly understood. These kidney MSC-like cells express the typical
MSC immunophenotype and retain mesodermal differentiation poten-
tial [25]. Another previous report showed that EMT-derived cells from
human breast epithelial cells exhibit functional and phenotypical simi-
larity of MSCs [26]. These EMT-driven cells behaved similarly to MSCs
to migrate toward MDA-MB-231 breast cancer cells.

Origin of MSCs through the endothelial-to-mesenchymal transition

There are other molecular approaches to identifying the multiple de-
velopmental origins of MSCs. MSCs have a distinct in vivo entity of the
mesenchyme and the mesoderm is a major source of the mesenchymal
precursors. Mesenchymoangioblast (MB) is identified as a mesoderm-
derived precursor for mesenchymal and endothelial cells [27,28]. MB-
derived primitive mesenchymal cells have the potential to differentiate
into MSCs pericytes and smooth muscle cells. It is well known that the
plasticity of epithelial and endothelial cells is critical for embryonic de-
velopment. One study by Medici et al. shows that vascular endothelial
cells can transform into mesenchymal stem-like cells that have the dif-
ferentiation potential into multiple cell lineages through the endothelial-
to-mesenchymal transition (EndMT) [29]. Expression of constitutively
active activin-like kinase-2 (ALK2) in endothelial cells results in the tran-
sition of endothelium into mesenchyme. Similar results are obtained
by ligand-specific induction of EndMT in an ALK2-dependent manner
that examines ALK2 receptor phosphorylation through treatment with
either transforming growth factor-#2 (TGF-$2) or bone morphogenetic
protein-4 (BMP4) in endothelial cells. Takashima et al. have reported
that MSCs arise from the neuroepithelium but not from the mesoderm
in ESCs culture [30]. Using Cre-recombinase mediated lineage tracing,
they carry out a persistent labeling experiment of Sox1* neuroepithe-
lium as precursors of MSCs of neural crest origin.

As mentioned previously, native MSCs are known to reside in multi-
ple fetal tissues. The identification of the developmental origin of MSCs
and tissue-resident native MSCs is critical in understanding the cellular
and molecular mechanisms that MSCs invariably present in the primary
tumors in their native tissues. The current scope of available data has
been condensed into a schematic diagram demonstrating the develop-
mental origin and fetal tissue localization of MSCs in Fig. 1.
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MSCs: contributions to the cellular origin of cancer

While the numerous studies have demonstrated that MSCs may
promote or suppress tumor progression through a number of well-
documented mechanisms [5-8], cellular origins of a developing cancer
associated with MSCs is poorly understood. MSCs are the most likely
progenitors of certain tumorigenic cells or tumor-initiating cells (TICs)
under certain circumstances, albeit the cell-of-origin of most cancers
remains unknown. For example, bone marrow-derived cells (BM-MSCs)
are frequently recruited to the sites of tissue injury in response to chronic
Helicobacter infection and repopulate in mouse gastric mucosa, eventu-
ally resulting in metaplasia, dysplasia and cancer [31]. Evidence in hu-
man and animal studies suggests that neural stem cells act as the possible
cell-of-origin for the central nervous system tumors [32,33]. It begs the
question whether MSCs are also an alternate cellular origin of cancer.

Induction of emt by MSCs to generate CSCs

CSCs coexist as minority populations in a variety of solid tumors,
but the origin of CSCs remains under debate. Under pathophysiological
condition, EMT can also play a critical role in tumorigenesis and
metastasis by inducing the conversion of non-CSC tumor cells into the
CSC-like state [24,34,35]. For example, transcription factor Slug and
Sox9 act cooperatively to induce breast cancer cells into the TIC state
[34]. CSCs can also originate from normal tissue stem cells by EMT
induction [34,36,37]. Morel et al. show that CD44*CD24~/1°% cells
possessing stem-like properties can be generated from CD441°VCD24+
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Fig. 1. The developmental origin and fetal tissue localization of
the naive MSCs. During early mammal development, all cells are
identical and undifferentiated before the formation of the blastula.
The cells of the inner cell mass (ICM) begin to differentiate and di-
vide rapidly during blastocyst stage. The ICM proliferates and dif-
ferentiates to generate the epiblast and eventually to form the all
three primary germ layers [15,16]. Meanwhile, the epiblast cells in
ectoderm undergo the epithelial-mesenchymal transition (EMT) to
generate MSCs [15,16]. Mesodermal cell-derived mesenchymoan-
gioblast (MB) can differentiate into endothelial and mesenchy-
mal cells and MB-derived endothelial cells can transform into
mesenchymal stem-like cells through endothelial-to-mesenchymal
transition (EndMT) [27-29]. MB-derived mesenchymal cells have
potential to differentiate into MSCs.

Early
Embryonic
Stage

non-tumorigenic mammary epithelial cells following their transforma-
tion through an EMT process [36].

Importantly, some studies highlight the EMT induction of cancer
cells by MSCs to increase the CSC populations [38-40]. For example, one
previous study by Li et al. indicated that cancer-stimulated MSCs create
a CSC niche via the release of cytokines and prostaglandin E2 [40]. In
this study, Li et al. showed that MSCs can directly induce EMT in the
cancer cells resulting in a concomitant entrance into the CSC-like state
in response to MSC-derived heterotypic signals [40]. Another previous
work by Martin et al. demonstrated significant up-regulation in specific
EMT markers in breast cancer cell lines co-cultured with MSCs, when
compared to co-culture with fibroblasts [41]. Additionally, mounting
evidence indicates that CT antigens can also induce EMT programs and
increase cancer stem-like cells [42,43]. Shang et al. have found that the
CT45A1, one representative CT45 family member, promotes EMT and
increases stemness in breast cancer MCF-7 cells, resulting in tumorige-
nesis and metastasis [43]. However, it is unclear whether CT antigen-
expressing MSCs accelerate EMT induction to generate CSCs.

Mechanistically, the initiation and progression of EMT involve esca-
lating rise in signaling molecule mediated complex cell-cell communi-
cation and the convergence of signaling pathways. Among these, TGF-$
signaling has a predominant role in inducing EMT [35,44,45]. As an
example, Mele and colleagues’ studies in co-culturing of MSCs with hu-
man colorectal cancer cells found that MSCs strongly induce an EMT in
human colorectal cancer cells through TGF-p signaling [44]. Silencing
TGF-p expression in MSCs can revert the EMT-promoting effect, subse-
quently accompanied by the anti-proliferative and pro-apoptotic effect
of MSCs on A549 lung cancer cells [45]. The EMT progression is regu-
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lated through crosstalk of complex signaling pathways and the detailed
molecular mechanisms of MSCs inducing EMT need to be further under-
stood.

Maintenance of cancer stemness by MSCs

Tumor cells coordinate with various non-cancerous types of cell pop-
ulations that reside in or are recruited into the tumor-associated stroma
to create a complex tumor microenvironment (TME). MSCs are an inte-
gral cellular component of the TME and are now recognized as key play-
ers to tumor progression and metastasis. Tumors behave as unhealed
wounds in the body [46]. The tumor process is highly related to inflam-
mation and tumors themselves share many important properties with
healing wounds [2,46]. The inflammatory mediators in the TME include
cytokines, growth factors, chemokines and chemokine receptors. Those
inflammatory signaling molecules can be generated by tumor cells them-
selves or by other cells (e.g MSCs), which attract MSCs to homing into
tumor sites and contribute to maintenance of the dynamic TME [47,48].
Several in vitro and in vivo studies have reported that MSCs can increase
CSCs population and enhance CSCs tumorigenicity in many tumor types,
including human ovarian tumors [49], breast cancer [9], prostate can-
cer [50], glioma [51], and colorectal tumors [52]. The molecular and
cellular mechanisms of MSC-CSC communication are being investigated
but still remain to be fully demystified.

MSCs are able to migrate into tumor’s niches in response to multiple
signals. Once MSCs are recruited into tumor sites, they may be “edu-
cated” by the TME to change their naive gene signature and acquire pro-
metastatic function to evolve into tumor-associated MSCs (TA-MSCs)
[2]. TME/TA-MSCs can potentially “educate” newly arrived MSCs to ex-
pand their numbers and to promote tumor growth. TA-MSCs may also be
differentiated directly from cancer cells or CSCs within certain contexts.
For example, glioma-associated-human MSCs (GA-hMSCs), one type of
TA-MSCs, in most cases, are genetically distinct from the glioma stem
cells (GSCs) by the analysis of whole-genome sequencing and, on rare
occasion, rarely 10%, the GA-hMSCs may differentiate directly from the
GSCs [51]. TA-MSCs with MSC-like properties have become apparent as
contributory stromal cells in tumor initiation, progression and metas-
tasis. TA-MSCs have the ability to promote CSC proliferation and to
maintain tumor “stemness” in ovarian cancer [49,53], glioma [51], and
gastric cancer [54]. Taken together, these data provide evidence that
both MSCs and TA-MSCs play a more potent pro-tumorigenic role in
maintaining cancer stemness through increasing CSCs population.

MSCs: possible cell-of-origin of sarcoma

There is mounting evidence that suggests a possible relationship be-
tween the transformed MSCs and undifferentiated sarcoma. Kaposi’s
sarcoma-associated herpesvirus infection reprograms human oral MSCs
with altered gene expression profile and transforms MSCs to Kaposi’s
sarcoma-like cells through mesenchymal-to-endothelial transition [55].
The SSX genes belong to a family of human CT antigens and the SYT-
SSX2 fusion gene is the synovial sarcoma-associated oncogene [56]. Re-
programming of MSCs by the SYT-SSX2 leads to the aberrant differenti-
ation of MSCs, as the first step toward transformation [56]. Importantly,
TICs or CSCs have been identified in several types of sarcoma such as
osteosarcoma [57], synovial sarcoma [58], and Ewing’s sarcoma [59],
contributing to drug-resistant properties. Notably, CSCs identified and
characterized in the primary sarcoma express the three canonical sur-
face markers (CD105/CD90/CD73) and retain MSC differentiation po-
tential into osteocytes, chondrocytes, and adipocytes in vitro [57,59].
Although there is uncertainty regarding the cell-of-origin for sarcoma,
increasing evidence suggests MSCs as the origin of sarcomas including in
liposarcoma [60], osteosarcoma [61], and clear cell sarcoma [62]. A va-
riety of mechanisms of MSC transformation are summarized in Fig. 2. To
date, there are still disagreements regarding the susceptibility of MSCs
to spontaneous transformation when serving as the origin of sarcomas.
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Fig. 2. Factors implicated in MSC transformation. There are different ap-
proaches to induce the transformation of MSCs, including over-expression of
certain oncogenes (e.g. Fos, RAS and hTERT), loss of tumor suppressor genes
(e.g. P21 and TP53), expression of fusion genes (e.g. FWS-FLI1, FUS-CHOP, SYT-
S$SX), drug or chemical treatment, virus infection, inflammatory or tumor mi-
croenvironment (TME), spontaneous transformation and others. Combination
approaches have been frequently applied to transform MSCs in vitro and in vivo
studies.

Collectively, the different contributions of MSCs to tumorigenesis ex-
ist: (i) induction of EMT to generate CSC-like state in cancer cells; (ii)
maintenance of cancer stemness; and (iii) potential to undergo malig-
nant transformation and likely progenitors of certain tumorigenic cells
(e.g. sarcoma). These prominent models of MSC-associated tumorigene-
sis proposed from current knowledge are summarized in Fig. 3.

Exploring MSC-based cancer therapeutics

The nature and relation of MSCs and CSCs are fundamental for tu-
morigenesis and cancer stemness. Given that MSCs can play a dual role
in tumor growth and inhibition, MSC therapy in tumor is actively contro-
versial. Safety issues regarding cancer recurrence caused by MSCs have
also received the most attention in MSC-based anti-cancer therapy. Pre-
vious reports have suggested that MSCs might promote potential cancer
recurrence [63,64], assuming that CSCs drive the tumor growth. There-
fore, an in-depth understanding of the fairly unique properties of MSCs
is important in enacting safe and effective therapies.

MSC-mediated tumor drug resistance

Cancers acquire a variety of damaging functional capabilities to at-
tack on the affected individual and cancer cells develop resistance strate-
gies under attack [65]. Cancers are comprised of a very heterogeneous
population of cells and cancer cells can acquire resistance to the anti-
cancer drugs. In this regard, targeted therapies are generally not very
curative. Drug resistance can arise within cancer cells due to genetic
changes (intrinsic resistance) or from the TME protecting cancer cells
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Fig. 3. Models of MSC-associated tumorigenesis. (A)
Primary tumor is composed of various tumor cell
subpopulations and tumor-associated stroma, includ-
ing cancer stem cells (CSCs), mesenchymal stem cells
(MSCs), tumor-associated MSCs (TA-MSCs), and other
stromal cells. MSCs are “educated” by tumor microen-
vironment (TME) to reprogram into TA-MSCs [2]. Anti-
cancer therapy may not eradicate all cancer cells due to
MSCs/CSCs-mediated compound resistance. MSCs/TA-
MSCs increase CSCs population and maintain cancer
stemness. Thus, CSCs and MSCs sustain cancer cell
growth and drive cancer relapse once and again. (B)
- MSCs-derived extracellular vesicle (e.g. exosome), car-
rying a variety of substance (e.g. TGF-p), can directly
induce the epithelial-mesenchymal transition (EMT)
in the cancer cells to generate the new CSCs. (C)
MSCs have limited proliferative capacity and multi-
differentiation potential. MSCs might be transformed
due to abnormal genetic events. Transformed MSCs
probably develop into cancer progenitor cells and in-
crease CSCs populations.
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against treatment (extrinsic resistance) [66]. Emerging evidence indi-
cates that MSCs also have an important role in drug resistance [53,671,
being likely responsible for persistent tumor recurrence. MSC-mediated
resistance to chemotherapy in tumors could affect clinical response [68].
MSCs that are recruited into the tumor-associated stroma reside in close
proximity to TICs in response to chemotherapy to cause drug resistance
[48]. Multiple signaling pathways work together to promote resistance
to anti-cancer drugs through MSC-TIC crosstalk [47]. CSCs have been
identified for years in a variety of solid tumors, contributing to tumorige-
nesis, cancer development and chemoresistance [69,70]. Human MSCs
have drawn increasing attention for exploring as new clinical therapeu-
tic agents that are able to evade tumor drug resistance.

Optimum strategies for MSC therapy approaches

To date, there are a small number of registered clinical trials for
exploring the capability of MSC-based anti-cancer therapies. A phase I
clinical therapeutic trial has been conducted with allogeneic BM-MSCs
to assess the safety and cancer-homing ability of MSCs into the foci of
primary prostate cancer tissue [71]. This clinical study conducted by
Schweizer et al. indicates that MSCs do not home to tumor sites in suf-
ficient levels to guide further development as a therapeutic MSC-based

C

. Cancer progenitor for sarcoma
(e.g. transformed MSC)

Limited renewal capacity/
~ differentiation potentials

delivery strategy, albeit systemically infused allogeneic MSCs are safe in
patients with prostate cancer. Too little is currently known about MSC
homing to specific sites in vivo.

Natural MSCs have intrinsic inhibitory effects on tumor growth, but
harnessing this capacity remains under debate. Suppression of tumor
growth by MSCs has received much attention in several cancer types,
such as melanoma [72], pancreatic cancer [73] and breast cancer [74].
Although MSCs have the innate tumoritropic properties, the disadvan-
tages of using MSCs for anti-cancer therapies involve the lacking of the
selectivity and uncertainty in the aftermath, which often results in low
efficiency and presents potential side effects. Genetically modified MSCs
can effectively inhibit the growth of tumor cells. For example, the in-
traperitoneal injection of both MSCs and MSCs with interferon (IFN)-4
exhibits the suppressive effects on pancreatic carcinoma xenografts in
an orthotopic tumor model [73]. Importantly, this preclinical study also
exhibits that MSCs-IFN-$ treatment is more effective than innate MSCs
treatment option.

Utilizing MSCs as potential carriers for a single agent against cancer
may also have limitations, such as compound resistance and insufficient
efficacy. For example, the engineered MSCs with tumor necrosis factor
(TNF)-related apoptosis-inducing ligand (TRAIL) have shown the par-
ticular anti-cancer potential under preclinical settings. Cancer cells and
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CSCs have resistance to TRAIL-induced apoptosis that frequently leads
to the low therapeutic efficiency. Recombinant TRAIL (rTRAIL) formu-
lations have been developed in order to increase the stability of TRAIL.
One preclinical study has described that the rTRAIL secreted from hu-
man MSCs in combination with lipoxygenase inhibitor MK886 (MSCs-
rTRAIL-MK886) results in significantly enhanced apoptosis of glioma
cells compared to each agent alone [75]. These synergetic therapies with
TRAIL-modified MSCs can overcome TRAIL-resistance in anti-cancer
therapies. Another preclinical study reveals a combinatory approach be-
tween MSC-delivered sTRAIL (a secretable variant of TRAIL) and Pacli-
taxel (PTX) (MSCs-sTRAIL-PTX) as an efficient therapeutic tool for pan-
creatic adenocarcinoma [76]. As aforementioned, application of MSC-
based synergistic combination approaches can enhance MSC-mediated
anti-cancer efficacy and specificity.

MSC-based combination approaches for cancer therapy

Currently, MSCs have been genetically modified for the targeted de-
livery of various anti-cancer biological agents/compounds such as cy-
totoxic agents (e.g. TRAIL) and suicide gene therapeutic products. On-
colytic virus thymidine kinase (TK), cytosine deaminase (CD) and Car-
boxylesterase 2 (CE2) are been exploring for MSC-mediated suicide gene
therapies, which opens new ways of MSC-based anti-cancer approaches.

There are different strategies for MSC-based anti-cancer synergistic
combination approaches. One specific strategy is to create engineered
MSCs with the oncolytic virus that simultaneously secrete different ther-
apeutic agents, such as herpes simplex virus TK (HSK-TK) that converts
a prodrug into a cytotoxin, selectively targeting tumor stroma microen-
vironment. For example, the application of MSCs transfected with the
HSV-TK gene and the C-C chemokine ligand (CCL5) promoter (MSCs-
CCL5-HSV-TK) combined with Ganciclovir (GCV) can significantly sup-
press pancreatic cancer growth [77]. The similar strategy is used by
combining HSV-TK therapy with GCV (MSCs-HSV-TK-GCV) in rat lep-
tomeningeal glioma model [78] and anti-PD-L1 (MSCs-HSV-TK-anti-PD-
L1) in mouse melanoma brain metastasis model [79]. Tie2, an angiopoi-
etin receptor, plays a critical role in the angiogenic process [80]. Such
engineered MSCs with Tie2/HSV TK in combination with GCV serve as
a Trojan horse targeting tumor stroma microenvironment under the se-
lective control of the Tie2 promoter [81,82].

As noted above, another efficient MSC-based therapeutic strategy is
to explore the optimized variants of TRAIL or TRAIL receptor agonists in
combination of other different agents/drugs to overcome the resistance
of cancer cells to TRAIL-based pro-apoptotic therapies. For example, the
application of MSCs-dTRAIL-TK approach followed by GCV administra-
tions often results in the inhibition of tumor growth and the prolonged
survival of treated animals [83,84]. The application of MSC-based on-
colytic virotherapy approach with TRAIL increases antitumor efficacy in
brain tumor therapy [85]. More recently, a novel suicide gene, namely,
iCasp9, has been proposed and MSCs co-expressing iCasp9 and TRAIL
successfully target an aggressive sarcoma type [86]. Additionally, to en-
hance the homing capacity to treat glioblastoma, human MSCs with
TGF-p pre-treatment and expression of a SMAD4-controlled promoter
(MSCs-SBE4-TRAIL+TGF-p) exhibit high tumoritropism capacities and
great curative efficacy [87]. Given the tumor-specific single-chain Fv
antibody fragment (scFv), MSCs engineered as vehicles of scFvCD20-
sTRAIL selectively migrate to the site of non-Hodgkin’s lymphoma in a
xenograft model and cause a significant increase of cellular apoptosis
through both extrinsic and intrinsic apoptosis pathways [88].

Finally, bioengineered MSCs for targeted enzyme-prodrug therapy
against cancer pave a new way to translational medicine. Engineered
MSCs can express a suicide gene encoding an enzyme such as CD that
converts 5-fluorocytosine (5-FC) to the toxic 5-fluorouracil [89]. Using
CD-5-FC system in modified MSCs is therefore another promising spe-
cific strategy that can concurrently inhibit tumor growth. For instance,
genetically modified MSCs to stably express yeast CD (CDy) in combi-
nation with daily administration of 5-FC (MSCs-CDy::UPRT+5-FC) in-
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crease therapeutic efficacy in killing mouse xenograft tumors without
causing harm to normal tissues [90].

MSC-based treatment for targeting CSCs

Due to CSC-mediated resistance to chemotherapy and likely recur-
rence of malignant tumors, exploring MSCs delivery capability for tar-
geting CSCs is an important therapeutic goal. To date, limited studies are
focused on MSCs’ ability to migrate toward CSCs. One preclinical study
is conducted with targeting TICs using the nano-ghosts derived from
MSC membranes and a C-X-C receptor 3 (CXCR3) antagonist in combi-
nation with Gemcitabine, resulting in effectively eliminating TICs and
overcoming compound resistance [48]. TGF-g-mediated homing of BM-
MSCs carrying the oncolytic adenovirus, Delta-24-RGD, to GSCs shows
the effective treatment for glioblastoma by targeting GSCs [91]. In an in-
tracranial xenograft model of TRAIL resistant primary GSCs, engineered
MSCs to express sSTRAIL in combination with low dose Cisplatin are more
effective in the inhibition of tumor growth and prolonged mouse sur-
vival [92]. Additionally, MSCs infected with the engineered oncolytic
adenoviruses, wherein the EIB19K gene is deleted to increase viral re-
lease or a TRAIL transgene is inserted, demonstrate an effective deliv-
ery in tumorigenic cells with CSC characteristics in xenotransplanta-
tion studies [93]. Importantly, the virus capsid protein that reflects the
amount and location of viruses can be detected in tumor xenografts, but
not in normal tissue [93].

CE2 converts a prodrug irinotecan into its cytotoxic form (SN-38),
the potent topoisomerase inhibitor [89]. Human MSCs are genetically
engineered to express recombinant secretory human CE2 (shCE2) and
nanoluciferase genes for the targeted enzyme-prodrug therapy of ovar-
ian cancer intraperitoneal metastasis [94]. Through a metabolomics ap-
proach, the new therapy delivers the drugs to both tumor supporting
cells in tumor stroma and cancer stem-like cells in necrotic/hypoxic re-
gions [94]. BMP4, a part of the TGF-g superfamily, has been shown to in-
hibit tumor-initiating capacity [95]. One preclinical study has reported
that non-virally engineered human MSCs with biodegradable polymeric
nanoparticles (NPs) to deliver BMP4 (MSCs-PBAEs NPs-BMP4) have a
novel therapeutic effect of specifically targeting human brain TICs [96].
Importantly, this approach overcomes the blood-brain barrier after both
intranasal and systemic intravenous administration and the homing ef-
ficiency is raised in the brain xenografts [96].

While clinical studies exploring MSC therapy have been conducted
for decades with an increasing number of trials, the therapeutic benefit
of MSCs has fallen short of expectations in most clinical trials. The key
challenges of MSC-based therapeutic products are to achieve their safety
and effectiveness in preclinical observations and in clinical trials. Safety
and efficacy data collected from preclinical and clinical studies support-
ing MSC-based anti-cancer therapies and combination approaches using
MSCs therapeutic products are exemplified in Table 1.

Clinical challenges and opportunities

Currently, the MSC-based anti-cancer approaches have not yet been
widely adopted into clinical practice, due to uncertainty of clinical re-
sponse rates and anti-tumor activity. For example, one clinical study has
reported that twelve children with neuroblastoma were treated with a
high dose of MSCs with oncolytic adenovirus, and of those, less than
50% had a positive clinical response to treatment [97]. Exploring MSC-
based anti-cancer therapeutics is currently ongoing based on the innate
ability of MSCs to home into TME. MSCs can be considered as the poten-
tial carriers for delivery of therapeutic agents directly to tumor sites. The
MSC-based delivery system proposes to target TICs and overcome com-
pound resistance. However, the precise mechanisms of action of MSCs
are unclear and a series of potential challenges have to be addressed for
more safe and effective MSC-based therapies.

Firstly, one key issue towards clinical translation is the fate of MSCs
after systemic infusion. Little is currently known about long-term fate
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Table 1

A summary of MSC-based anti-cancer combinatory approaches.
Source Combination Tumor/CSCs type Effect Reference
MSC-based combination therapies
BM-mMSCs MSCs-CCL5-HSV-TK+GCV Pancreatic cancer Suppression [77]
BM-rMSCs MSCs-HSV-TK+GCV Glioma Suppression [78]
hMSCs MSCs-HSV-TK+anti-PD-L1 BMM Suppression [79]
BM-mMSCs ~ MSCs-Tie2-HSV-TK+GCV Pancreatic cancer Suppression [81]
BM-mMSCs MSCs-Tie2-CCL5-HSV-TK+GCV Hepatocellular carcinoma Suppression [82]
BM-rMSCs MSCs-dTRAIL-TK+GCV Renal Cell Carcinoma Suppression [83]
BM-hMSCs MSCs-sTRAIL-HSV-TK+GCV Glioblastoma multiforme Suppression [84]
BM-hMSCs MSCs-HSV-TRAIL Glioblastoma multiforme Suppression [85]
AD-hMSCs MSCs-TRAIL-iCasp9 Ewing Sarcoma cells Suppression [86]
AD-hMSCs MSCs-SBE4-TRAIL+TGF-p Glioblastoma multiforme Suppression [87]
UC-hMSCs MSCs-scFvCD20-sTRAIL B-cell lymphoma Suppression [88]
BM-hMSCs MSCs-CDy::UPRT+5-FC Xenograft ovarian tumor Suppression [90]

MSCs targeting CSCs applications

BM-hMSCs MSCs-NG-AMG487+GEM TICs in Pancreatic cancer Apoptosis of TICs [48]
BM-hMSCs MSCs-ADV+ TGF-p GSCs Suppression [91]
AD-MSCs MSC-sTRAIL+cisplatin GSCs Apoptosis of GSCs  [92]
BM-hMSCs MSC-ADV5/3-TRAIL CSCs in PDA Suppression [93]
AD-MSCs MSC-shCE2+Irinotecan CSCs in ovarian cancer Targeting CSCs [94]
AD-hMSCs MSC-PBAEs NP-BMP4 BTICs Suppression [96]

AD-hMSCs: human adipose-derived MSCs; ADV: adenovirus; AMG487: CXCR3 antagonist; BM-hMSCs: human
BM-MSCs; BM-mMSCs: mouse BM-MSCs; BM-rMSCs: rat BM-MSCs; BMM: brain metastatic melanomas; BMP4:
bone morphogenetic protein 4; BTICs: brain tumor initiating cells; CCL: C-C chemokine ligand; CDy::UPRT: cy-
tosine deaminase::uracil phosphoribosyltransferase; CE2: carboxylesterase-2; CSCs: cancer stem cells; dTRAIL:
dodecameric TRAIL; Fu: 5-fluorouracil; GCV: ganciclovir; GEM: Gemcitabine; GSCs: glioma stem cells; HSV:
herpes simplex virus; iCasp9: a novel suicide gene; NG: Nano-ghost; NP: nanoparticle; PBAEs: poly(beta-amino
ester)s; PDA: pancreatic ductual adenocarcinoma; SBE4: SMAD4-controlled minimal promoter; scFv: single-
chain antibody; shCE2: recombinant secretory human CE2; s-TRAIL: secretable variant of TRAIL; TGF-f: trans-
forming growth factor-g; Tie2: an angiopoietin receptor; TICs: tumor-initiating cells; TK: thymidine kinase

gene; UC-hMSCs: human umbilical cord-derived MSCs.

of MSCs. One previous study following MSCs therapy in human using
clinical autopsy tissue samples indicated that detection of MSC donor
DNA was negatively correlated with time from infusion to sample col-
lection, suggesting that MSCs appear to exert their function via the “hit
and run” mechanism [98]. This raises the possibility that most of circu-
lating MSCs may be cleared from the body by the immune system after
systemic infusion and very limited number of remnant MSCs migrates
to other tissues in the body. In one previous pre-clinical study, Shi et al.
traced the mobilization and localization of intravenously transplanted
human umbilical cord mesenchymal stem cells (UC-MSCs) for treatment
of rat diabetic foot ulcer, one of the most common diabetic complica-
tions [99]. This study by Shi et al. showed that the distribution of UC-
MSCs were detected in the wound tissues, but not very large, creating
a biological microenvironment to accelerate healing through paracrine
mechanism, angiogenesis and transdifferentiation. Therefore, new pre-
clinical studies should be focused on the molecular mechanisms of sig-
naling pathways in response to the fate of MSCs after administration.

Secondly, another key issue in terms of safety is the malignant trans-
formation of transplanted MSCs. MSCs culture expansion in vitro is of-
ten required for clinical or experimental studies. Critical factors that
can profoundly influence the behavior of MSCs include donor age, iso-
lation method, culture conditions and repeated passaging. In addition,
neoplastic transformation risk should be determined in the genetically
engineered MSCs during the conduction of therapeutic approaches. To
date, there are no preclinical studies reports describing any significant
adverse events of the modified MSCs under different experimental set-
tings. However, it is important to be aware whether gene-modified MSCs
may be detrimental to MSC-based therapies.

Thirdly, it still maintains unclear whether MSCs have the sufficient
capability of homing and engraftment for tissue targeting in vivo. Novel
methods to modify MSCs for enhanced targeting are more likely re-
quired. Applications of engineered MSCs with overexpression of the
key molecules such as chemokines/chemokine receptors and adhesion
molecules can promote the tumor tropism. However, in vitro experi-

ments on homing capability of MSC are inconclusive because they may
not completely reflect the “real milieu” of MSC homing in vivo. In our
recent Commentary to the Drug Design, Development and Therapy, we
critically analyzed and addressed the variability of MSC properties that
may influence MSC homing capability, such as the high culture conflu-
ence, loss of expression of some surface receptors, and cellular stress
conditions [100].

Fourthly, the inherent MSC properties may be critical for success-
ful clinical translation, such as MSC tissue source, donor age, isolation,
propagation, cryopreservation and thawing. For example, MSC isolation
is universally achieved either by enzymatic digestion or by the explants
(mechanical dissociation) culture method. Enzymatic digestion, typi-
cally using collagenases and hyaluronidases, is frequently applied to iso-
late MSCs from various tissues. While the lack of standardized methods
employed for MSC isolation, experimental protocols for isolation of MSC
from different tissue sources are different regarding yield, efficiency
and cell quality, such as enzyme or enzyme cocktail, enzyme concen-
tration, digestion time and buffers, centrifugation speed and mesh filter
size [101]. Additionally, other multiple parameters, including medium
composition, serum supplementation, O, and CO, concentration, pH
and temperature, can vary the exact properties of MSCs during MSC
expansion and preparation [101,102].

Fifthly, the heterogeneity in the TME can actively influence ther-
apeutic response. The interactions between MSCs and various immune
cell types in the context of cancer, including T cells, B cells, natural killer
(NK) cells, macrophages and dendritic cells, can both inhibit and favor
tumor growth through cell-cell contact and/or a paracrine mechanism
[103]. While MSCs have been extensively reported their immunosup-
pressive functions (e.g., immunosuppressive effects on NK cells), their
diverse immunomodulatory properties are been exploiting. For exam-
ple, the differential immunomodulatory effects of MSCs on NK cell lines,
KHYG-1 and NK-92, in one previous study by Hu et al. indicated that,
unlike KHYG-1, the killing activity of NK-92 cells against K562 targets
was not affected by MSCs when NK lines were co-cultured with MSCs
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[104]. The crosstalk between MSCs and immune cells may guide an anti-
tumor strategy for the applications of the combined cell therapeutic ap-
proaches. In a follow-up study, Moreno et al. showed that the combina-
tion of OAdv (an oncolytic adenovirus)-loaded menstrual blood derived
MSCs and allogeneic peripheral blood mononuclear cells enhanced an-
titumor efficacy both in vitro and in vivo [105]. The combined cell ther-
apy may improve antitumor treatment outcome, which holds promising
therapeutic potential.

Finally, there are still important issues to address for optimizing
MSCs therapeutic regimens that need to be determined in clinical tri-
als, including the appropriate dose of MSCs, dosing strategy of MSCs,
the route of infusion, and the timing of MSC administration.

Conclusions and perspectives

Given the bi-directional effects on tumor growth and inhibition,
MSCs may also potentiate tumorigenesis, tumor growth and metastasis
after systemic infusion. Therefore, MSC products should be used with
great caution for these patients suffering from certain forms of cancer.
This review addresses that the risk factors for long-term adverse events
should be carefully analyzed in clinical trials. There would be consid-
erable skepticism regarding many claims made for MSC therapies. The
bottom line, however, is that administered MSCs appear to be safe.

Due to cancer resistance to therapeutic agents, compared to anti-
cancer monotherapy, using the synergistic combination therapies that
address diverse aspects of cancer pathology can enhance MSC-mediated
anti-cancer efficiency and specificity with improved safety profiles. Cur-
rently, phase I and II clinical trials using MSC-based anti-cancer treat-
ment are already underway. For example, in one phase I/1I clinical trial,
TREAT-ME-1, genetically modified autologous MSCs (HSV-TK), in com-
bination with GCV was confirmed safe and tolerable in patients with the
advanced gastrointestinal cancer [106,107]. Another phase I/1I clinical
trial that is registered with ClinicalTrials.gov (NCT03298763) is under-
way to assess the safety and synergistic anti-tumor efficacy of TRAIL-
expressing MSCs combined with prodrugs Cisplatin and Pemetrexed in
lung cancer patients.

To develop new MSC-based anti-cancer therapy, much more needs
to understand the underlying cellular and molecular mechanisms of ac-
tion of MSCs. Prospective research should further deliberate how well
the therapeutic delivery can be paired to the tumor properties, such
as tumor type, tumor location, tumor stage, compound resistance, tu-
mor growth and metastasis, for more effective and safe MSC-based anti-
cancer therapies.

Declaration of Competing Interest

The authors declare no competing interests for this work.

Acknowledgments

The authors are thankful to Dr. Jing Chen and Dr. A.H. Rezwanuddin
Ahmed (City University of New York, USA) for their assistance in draft-
ing, discussing and editing the manuscript. This work was supported
by Henan Provincial Engineering Research Center for Immune Cell and
Stem Cell Treatment, China and Henan Key Laboratory of Stem Cell Dif-
ferentiation and Modification, China. This research did not receive any
specific grant from funding agencies in the public, commercial, or not-
for-profit sectors.

Author contributions

All authors contributed to data analysis, drafting or revising the ar-
ticle, have agreed on the journal to which the article will be submitted,
gave final approval of the version to be published, and agree to be ac-
countable for all aspects of the work.

Translational Oncology 14 (2021) 100948

References

[1] E.R. Molina, B.T. Smith, S.R. Shah, H. Shin, A.G. Mikos, Immunomodulatory prop-
erties of stem cells and bioactive molecules for tissue engineering, J. Control. Re-
lease 219 (2015) 107-118.

[2] S. Zhao, S. Wang, R.C. Zhao, The roles of mesenchymal stem cells in tumor inflam-
matory microenvironment, J. Hematol. Onco 17 (2014) 14.

[3] M. Dominici, K. Le Blanc, I. Mueller, L. Slaper-Cortenbach, F.C. Marini, D.S. Krause,

et al., Minimal criteria for defining multipotent mesenchymal stromal cells: the

International Society for Cellular Therapy position statement, Cytotherapy 8 (2006)

315-317.

S. Viswanathan, Y. Shi, J. Galipeau, M. Krampera, K. Leblanc, I. Martin, et al., Mes-

enchymal stem versus stromal cells: international Society for Cell & Gene Therapy

(ISCT) Mesenchymal Stromal Cell committee position statement on nomenclature,

Cytotherapy 21 (2019) 1019-1024.

[5] S.M.Ridge, F.J. Sullivan, S.A. Glynn, Mesenchymal stem cells: key players in cancer
progression, Mol. Cancer 16 (2017) 31.

[6] M. Timaner, K.K. Tsai, Y. Shaked, The multifaceted role of mesenchymal stem cells
in cancer, Semin. Cancer Biol. 60 (2020) 225-237.

[7] L. Rosenberger, M. Ezquer, F. Lillo-Vera, P.L. Pedraza, M.I. Orttzar, P.L. Gonzélez,
et al., Stem cell exosomes inhibit angiogenesis and tumor growth of oral squamous
cell carcinoma, Sci. Rep. 9 (2019) 663.

[8] W.H.Huang, M.C. Chang, K.S. Tsai, M.C. Hung, H.L. Chen, S.C. Hung, Mesenchymal

stem cells promote growth and angiogenesis of tumors in mice, Oncogene 32 (2013)

4343-4354.

S. Liu, C. Ginestier, S.J. Ou, S.G. Clouthier, S.H. Patel, F. Monville, et al., Breast can-

cer stem cells are regulated by mesenchymal stem cells through cytokine networks,

Cancer Res. 71 (2011) 614-624.

[10] P.Y. Hernanda, A. Pedroza-Gonzalez, L.J.W. van der Laan, M.E.E. Broker,
M.J. Hoogduijn, J.N.M. Ijzermans, et al., Tumor promotion through the mesenchy-
mal stem cell compartment in human hepatocellular carcinoma, Carcinogenesis 34
(2013) 2330-2334.

[11] J.C. Brune, A. Tormin, M.C. Johansson, P. Rissler, O. Brosjo, R. Lofvenberg, et al.,
Mesenchymal stromal cells from primary osteosarcoma are non-malignant and
strikingly similar to their bone marrow counterparts, Int. J. Cancer 129 (2011)
319-330.

[12] G. Cronwright, K. Le Blanc, C. Gotherstrom, P. Darcy, M. Ehnman, Cancer/Testis
antigen expression in human mesenchymal stem cells: down-regulation of SSX im-
pairs cell migration and matrix metalloproteinase 2 expression, Cancer Res. 65
(2005) 2207-2215.

[13] H. Abdulrazzak, D. Moschidou, G. Jones, P.V. Guillot, Biological characteristics of
stem cells from foetal cord blood and extraembryonic tissues, J. R. Soc. Interface 7
(2010) S689-S706.

[14] X.Y. Wang, Y. Lan, W.Y. He, L. Zhang, H.Y. Yao, C.M. Hou, et al., Identification
of mesenchymal stem cells in aorta-gonad-mesonephros and yolk sac of human
embryos, Blood 111 (2008) 2436-2443.

[15] S. Nowotschin, A.K. Hadjantonakis, Cellular dynamics in the early mouse embryo:
from axis formation to gastrulation, Curr. Opin. Genet. Dev. 20 (2010) 420-427.

[16] E.F. Costa, K. Le Blanc, B. Brodin, Concise review: cancer/testis antigens, stem cells
and Cancer, Stem Cells 25 (2007) 707-711.

[17] M. Crisan, S. Yap, L. Casteilla, C.W. Chen, M. Corselli, T.S. Park, et al., A perivas-
cular origin for mesenchymal stem cells in multiple human organs, Cell Stem Cell
3(2008) 301-313.

[18] C. Wang, Y. Gu, K. Zhang, K. Xie, M. Zhu, N. Dai, et al., Systematic identification
of genes with a cancer-testis expression pattern in 19 cancer types, Nat. Commun.
7 (2016) 10499.

[19] R. Horibe, Y. Hirohashi, T. Asano, T. Mariya, T. Suzuki, A. Takaya, et al., Brother
of the regulator of the imprinted site (BORIS) variant subfamily 6 is a novel target
of lung cancer stem-like cell immunotherapy, PLoS ONE 12 (2017) e0171460.

[20] J. Wen, H. Li, W. Tao, B. Savoldo, J.A. Foglesong, L.C. King, et al., High throughput
quantitative reverse transcription PCR assays revealing over-expression of cancer
testis antigen genes in multiple myeloma stem cell-like side population cells, Br. J.
Haematol. 166 (2014) 711-719.

[21] S. Ochsenreither, R. Majeti, T. Schmitt, D. Stirewalt, U. Keilholz, K.R. Loeb, et al.,
Cyclin-Al represents a new immunogenic targetable antigen expressed in acute
myeloid leukemia stem cells with characteristics of a cancer-testis antigen, Blood
119 (2012) 5492-5501.

[22] M. Gjerstorff, J.S. Burns, O. Nielsen, M. Kassem, H. Ditzel, Epigenetic modulation
of cancer-germline antigen gene expression in tumorigenic human mesenchymal
stem cells, Am. J. Pathol. 175 (2009) 314-323.

[23] N.A. Twine, L. Harkness, J. Adjaye, A. Aldahmash, M.R. Wilkins, Molecular phe-
notyping of telomerized human bone marrow skeletal stem cells reveals a genetic
program of enhanced proliferation and maintenance of differentiation responses,
JBMR Plus 2 (2018) 257-267.

[24] S.A. Mani, W. Guo, M.J. Liao, E.N. Eaton, A. Ayyanan, A.Y. Zhou, et al., The Ep-
ithelial-mesenchymal transition generates cells with properties of stem cells, Cell
133 (2008) 704-715.

[25] J. Li, U. Ariunbold, N. Suhaimi, N. Sunn, J. Guo, J.A. McMahon, et al., Collecting
duct-derived cells display mesenchymal stem cell properties and retain selective in
vitro and in vivo epithelial capacity, J. Am. Soc. Nephrol. 26 (2015) 81-94.

[26] V.L. Battula, K.W. Evans, B.G. Hollier, Y. Shi, F.C. Marini, A. Ayyanan, et al., Ep-
ithelial-mesenchymal transition-derived cells exhibit multilineage differentiation
potential similar to mesenchymal stem cells, Stem Cells 28 (2010) 1435-1445.

[27] A. Kumar, S.S. D’Souza, O.V. Moskvin, H. Toh, B. Wang, J. Zhang, et al., Specifica-
tion and diversification of pericytes and smooth muscle cells from mesenchymoan-
gioblasts, Cell Rep. 19 (2017) 1902-1916.

[4

=

[9

[}


http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0001
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0001
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0001
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0001
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0001
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0001
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0002
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0002
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0002
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0002
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0003
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0003
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0003
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0003
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0003
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0003
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0003
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0003
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0004
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0004
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0004
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0004
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0004
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0004
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0004
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0004
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0005
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0005
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0005
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0005
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0006
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0006
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0006
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0006
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0007
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0007
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0007
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0007
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0007
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0007
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0007
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0007
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0008
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0008
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0008
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0008
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0008
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0008
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0008
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0009
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0009
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0009
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0009
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0009
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0009
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0009
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0009
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0010
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0010
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0010
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0010
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0010
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0010
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0010
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0010
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0011
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0011
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0011
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0011
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0011
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0011
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0011
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0011
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0012
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0012
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0012
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0012
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0012
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0012
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0013
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0013
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0013
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0013
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0013
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0014
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0014
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0014
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0014
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0014
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0014
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0014
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0014
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0015
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0015
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0015
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0016
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0016
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0016
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0016
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0017
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0017
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0017
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0017
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0017
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0017
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0017
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0017
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0018
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0018
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0018
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0018
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0018
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0018
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0018
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0018
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0019
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0019
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0019
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0019
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0019
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0019
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0019
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0019
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0020
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0020
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0020
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0020
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0020
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0020
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0020
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0020
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0021
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0021
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0021
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0021
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0021
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0021
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0021
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0021
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0022
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0022
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0022
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0022
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0022
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0022
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0023
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0023
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0023
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0023
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0023
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0023
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0024
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0024
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0024
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0024
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0024
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0024
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0024
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0024
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0025
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0025
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0025
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0025
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0025
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0025
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0025
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0025
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0026
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0026
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0026
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0026
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0026
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0026
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0026
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0026
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0027
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0027
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0027
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0027
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0027
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0027
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0027
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0027

C. Li, H. Zhao and B. Wang

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

LI Slukvin, A. Kumar, The mesenchymoangioblast mesodermal precursor for mes-
enchymal and endothelial cells, Cell. Mol. Life Sci. 75 (2018) 3507-3520.

D. Medici, E.M. Shore, V.Y. Lounev, F.S. Kaplan, R. Kalluri, B.R. Olsen, Conversion
of vascular endothelial cells into multipotent stem-like cells, Nat. Med. 16 (2010)
1400-1406.

Y. Takashima, T. Era, K. Nakao, S. Kondo, M. Kasuga, A.G. Smith, et al., Neuroep-
ithelial cells supply an initial transient wave of MSC differentiation, Cell 129 (2007)
1377-1388.

J. Houghton, C. Stoicov, S. Nomura, A.B. Rogers, J. Carlson, H. Li, et al., Gastric can-
cer originating from bone marrow-derived cells, Science 306 (2004) 1568-1571.
D. Friedmann-Morvinski, E.A. Bushong, E. Ke, Y. Soda, T. Marumoto, O. Singer,
et al., Dedifferentiation of neurons and astrocytes by oncogenes can induce gliomas
in mice, Science 338 (2012) 1080-1084.

A.E. Hakes, A.H. Brand, Neural stem cell dynamics: the development of brain tu-
mors, Curr. Opin. Cell Biol. 60 (2019) 131-138.

W. Guo, Z. Keckesova, J.L. Donaher, T. Shibue, V. Tischler, F. Reinhardt, et al., Slug
and Sox9 cooperatively determine the mammary stem cell state, Cell 148 (2012)
1015-1028.

V. Plaks, N. Kong, Z. Werb, The cancer stem cell niche: how essential is the niche
in regulating stemness of tumor cells, Cell Stem Cell 16 (2015) 225-238.

A.P. Morel, M. Liévre, C. Thomas, G. Hinkal, S. Ansieau, A. Puisieux, Generation
of breast cancer stem cells through epithelial-mesenchymal transition, PLoS ONE
3 (2008) e2888.

X. Ye, W.L. Tam, T. Shibue, Y. Kaygusuz, F. Reinhardt, E.N. Eaton, et al., Distinct
EMT programs control normal mammary stem cells and tumour-initiating cells,
Nature (2015) 256-260.

C.P. El-Haibi, G.W. Bell, J. Zhang, A.Y. Collmann, D. Wood, C.M. Scherber, et al.,
Critical role for lysyl oxidase in mesenchymal stem cell-driven breast cancer ma-
lignancy, Proc. Natl Acad. Sci. USA 109 (2012) 17460-17465.

C. Jiang, Q. Zhang, R.M. Shanti, S. Shi, T.H. Chang, L. Carrasco, et al., Mesenchymal
stromal cell-derived interleukin-6 promotes epithelial-mesenchymal transition and
acquisition of epithelial stem-like cell properties in ameloblastoma epithelial cells,
Stem Cells 35 (2017) 2083-2894.

H.J. Li, F. Reinhardt, H.R. Herschman, R.A. Weinberg, Cancer-stimulated mes-
enchymal stem cells create a carcinoma stem-cell niche via Prostaglandin E2 sig-
naling, Cancer Discov. 2 (2012) 840-855.

J. Chen, T. Ji, D. Wu, S. Jiang, J. Zhao, X. Cai, et al., Human mesenchymal stem
cells promote tumor growth via MAPK pathway and metastasis by epithelial mes-
enchymal transition and integrin «5 in hepatocellular carcinoma, Cell Death. Dis.
10 (2019) 425.

0. Gordeeva, Cancer-testis antigens: unique cancer stem cell biomarkers and targets
for cancer therapy, Semin. Cancer Biol. 53 (2018) 75-89.

B. Shang, A. Gao, Y. Pan, G. Zhang, J. Tu, Y. Zhou, et al., CT45A1 acts as a new
proto-oncogene to trigger tumorigenesis and cancer metastasis, Cell Death. Dis. 5
(2014) e1285.

V. Mele, M.G. Muraro, D. Calabrese, D. Pfaff, N. Amatruda, F. Amicarella, et al.,
Mesenchymal stromal cells induce epithelial-to-mesenchymal transition in human
colorectal cancer cells through the expression of surface-bound TGF-4, Int. J. Can-
cer 134 (2014) 2583-2594.

X. Zhao, X. Wu, M. Qian, Y. Song, D. Wu, W. Zhang, Knockdown of TGF-$1 expres-
sion in human umbilical cord mesenchymal stem cells reverts their exosome-medi-
ated EMT promoting effect on lung cancer cells, Cancer Lett. 428 (2018) 34-44.
H.F. Dvorak, Tumors: wounds that do not heal-Redux, Cancer Immunol. Res. 3
(2015) 1-11.

J. Plava, M. Cihova, M. Burikova, M. Matuskova, L. Kucerova, S. Miklikova, Re-
cent advances in understanding tumor stroma-mediated chemoresistance in breast
cancer, Mol. Cancer 18 (2019) 67.

M. Timaner, N. Letko-Khait, R. Kotsofruk, M. Benguigui, O. Beyar-Katz, C. Rach-
man-Tzemabh, et al., Therapy-educated mesenchymal stem cells enrich for tumor
initiating cells, Cancer Res. 78 (2018) 1253-1265.

K. McLean, Y. Gong, Y. Choi, N. Deng, K. Yang, S. Bai, et al., Human ovarian car-
cinoma-associated mesenchymal stem cells regulate cancer stem cells and tumori-
genesis via altered BMP production, J. Clin. Invest. 121 (2011) 3206-3219.

L. Luo, S.O. Lee, L. Liang, C.K. Huang, L. Li, S. Wen, et al., Infiltrating bone mar-
row mesenchymal stem cells increase prostate cancer stem cell population and
metastatic ability via secreting cytokines to suppress androgen receptor signaling,
Oncogene 33 (2013) 2768-2778.

A. Hossain, J. Gumin, F. Gao, J. Figueroa, N. Shinojima, T. Takezaki, et al., Mes-
enchymal stem cells isolated from human gliomas increase proliferation and main-
tain stemness of glioma stem cells through the IL-6/gp130/STAT3 pathway, Stem
Cells 33 (2015) 2400-2415.

K.S. Tsai, S.H. Yang, Y.P. Lei, C.C. Tsai, H.W. Chen, C.Y. Hsu, et al., Mesenchymal
stem cells promote formation of colorectal tumors in mice, Gastroenterology 141
(2011) 1046-1056.

L.G. Coffman, Y.J. Choi, K. McLean, B.L. Allen, M.P. di Magliano, R.J. Buckanovich,
Human carcinoma-associated mesenchymal stem cells promote ovarian cancer
chemotherapy resistance via a BMP4/HH signaling loop, Ontotarget 7 (2016)
6916-6932.

Y. Shamai, D.C. Alperovich, Z. Yakhini, K. Skorecki, M. Tzukerman, Reciprocal
reprogramming of cancer cells and associated mesenchymal stem cells in gastric
cancer, Stem Cells 37 (2019) 176-189.

Y. Li, C. Zhong, D. Liu, W. Yu, W. Chen, Y. Wang, et al., Evidence for Kaposi’s sar-
coma originating from mesenchymal stem cell through KSHV-induced mesenchy-
mal-to-endothelial transition, Cancer Res. 78 (2018) 230-245.

[56]

[571

[58]
[59]

[60]

[61]

[62]

[63]

[64]

[65]
[66]

[671

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[771

[78]

[79]

[80]

[81]

[82]

[83]

Translational Oncology 14 (2021) 100948

C.B. Garcia, C.M. Shaffer, M.P. Alfaro, A.L. Smith1, J. Sun, Z. Zhao, et al., Repro-
gramming of mesenchymal stem cells by the synovial sarcoma-associated oncogene
SYT-SSX2, Oncogene 31 (2012) 2323-2334.

A.S. Adhikari, N. Agarwal, B.M. Wood, C. Porretta, B. Ruiz, R.R. Pochampally,
et al., CD117 and Stro-1 identify osteosarcoma tumor-initiating cells associated
with metastasis and drug resistance, Cancer Res. 70 (2010) 4602-4612.

N. Naka, S. Takenaka, N. Araki, T. Miwa, N. Hashimoto, K. Yoshioka, et al., Synovial
sarcoma is a stem cell malignancy, Stem Cells 28 (2010) 1119-1131.

M.L. Suva, N. Riggi, J.C. Stehle, K. Baumer, S. Tercier, J.M. Joseph, et al., Identifi-
cation of cancer stem cells in Ewing’s sarcoma, Cancer Res. 69 (2009) 1776-1781.
R. Rodriguez, J. Tornin, C. Suarez, A. Astudillo, R. Rubio, C. Yauk, et al., Expression
of FUS-CHOP fusion protein in immortalized/transformed human mesenchymal
stem cells drives mixoid liposarcoma formation, Stem Cells 31 (2013) 2061-2072.
R. Rubio, I. Gutierrez-Aranda, A.1. Sdez-Castillo, A. Labarga, M. Rosu-Myles, S. Gon-
zalez-Garcia, et al., The differentiation stage of p53-Rb-deficient bone marrow mes-
enchymal stem cells imposes the phenotype of in vivo sarcoma development, Onco-
gene 32 (2013) 4970-4980.

K.M. Straessler, K.B. Jones, H. Hu, H. Jin, M. van de Rijn, M.R. Capecchi, Modeling
clear cell sarcomagenesis in the mouse: cell of origin differentiation state impacts
tumor characteristics, Cancer Cell 23 (2013) 215-227.

B. Chaput, L. Foucras, S. Le Guellec, J.L. Grolleau, I. Garrido, Recurrence of an
invasive ductal breast carcinoma 4 months after autologous fat grafting, Plast. Re-
constr. Surg. 131 (2013) 123e-124e.

P. Perrot, J. Rousseau, A.L. Bouffaut, F. Rédini, E. Cassagnau, F. Deschaseaux, et al.,
Safety concern between autologous fat graft mesenchymal stem cell and osteosar-
coma recurrence, PLoS ONE 5 (2010) e10999.

D. Hanahan, Rethinking the war on cancer, Lancet 383 (2014) 558-563.

J.M. Houthuijzen, L.G.M. Daenen, J.M.L. Roodhart, E.E. Voest, The role of mes-
enchymal stem cells in anti-cancer drug resistance and tumour progression, Br. J.
Cancer 106 (2012) 1901-1906.

A. Daverey, A.P. Drain, S. Kidambi, Physical intimacy of breast cancer cells with
mesenchymal stem cells elicits Trastuzumab resistance through Src activation, Sci.
Rep. 5 (2015) 13744.

J.M.L. Roodhart, L.G.M. Daenen, E.C.A. Stigter, H.J. Prins, J. Gerrits, J.M. Houthui-
jzen, et al., Mesenchymal stem cells induce resistance to chemotherapy through the
release of platinum-induced fatty acids, Cancer Cell 20 (2011) 370-383.

G. Driessens, B. Beck, A. Caauwe, B.D. Simons, C. Blanpain, Defining the mode of
tumour growth by clonal analysis, Nature 488 (2012) 527-530.

T. Oskarsson, E. Batlle, J. Massagué, Metastatic stem cells: sources niches and vital
pathways, Cell Stem Cell 14 (2014) 306-321.

M.T. Schweizer, H. Wang, T.J. Bivalacqua, A.W. Partin, S.J. Lim, C. Chapman, et al.,
A phase I study to assess the safety and cancer-homing ability of allogeneic bone
marrow-derived mesenchymal stem cells in men with localized prostate cancer,
Stem Cells Transl. Med. 8 (2019) 441-449.

K. Otsu, S. Das, S.D. Houser, S.K. Quadri, S. Bhattacharya, J. Bhattacharya, Con-
centration-dependent inhibition of angiogenesis by mesenchymal stem cells, Blood
113 (2009) 4197-4205.

S. Kidd, L. Caldwell, M. Dietrich, I. Samudio, E.L. Spaeth, K. Watson, et al., Mes-
enchymal stromal cells alone or expressing interferon-f suppress pancreatic tumors
in vivo an effect countered by anti-inflammatory treatment, Cytotherapy 12 (2010)
615-625.

B. Sun, K.H. Roh, J.R. Park, S.R. Lee, S.B. Park, J.W. Jung, et al., Therapeutic
potential of mesenchymal stromal cells in a mouse breast cancer metastasis model,
Cytotherapy 11 (2009) 289-298.

S.M. Kim, J.S. Woo, C.H. Jeong, C.H. Ryu, J.Y. Lim, S.S. Jeun, Effective combination
therapy for malignant glioma with TRAIL-secreting mesenchymal stem cells and
lipoxygenase inhibitor MK886, Cancer Res. 72 (2012) 4807-4817.

F. Rossignoli, C. Spano, G. Grisendi, E.M. Foppiani, G. Golinelli, I. Mastrolia,
Bestagno, et al., MSC-delivered soluble TRAIL and paclitaxel as novel combinatory
treatment for pancreatic adenocarcinoma, Theranostics 9 (2019) 436-448.

C. Zischek, H. Niess, I. Ischenko, C. Conrad, R. Huss, K.W. Jauch, et al., Target-
ing tumor stroma using engineered mesenchymal stem cells reduces the growth of
pancreatic carcinoma, Ann. Surg. 250 (2009) 747-753.

C. Gu, S. Li, T. Tokuyama, N. Yokota, H. Namba, Therapeutic effect of genetically
engineered mesenchymal stem cells in rat experimental leptomeningeal glioma
model, Cancer Lett. 291 (2010) 256-262.

W. Du, 1. Seah, O. Bougazzoul, G. Choi, K. Meeth, M.W. Bosenberg, et al., Stem
cell-released oncolytic herpes simplex virus has therapeutic efficacy in brain
metastatic melanomas, Proc. Natl Acad. Sci. USA 114 (2017) E6157-E6165.

M. De Palma, M.A. Venneri, R. Galli, L.S. Sergi, L.S. Politi, M. Sampaolesi, et al.,
Tie2 identifies a hematopoietic lineage of proangiogenic monocytes required for
tumor vessel formation and a mesenchymal population of pericyte progenitors,
Cancer Cell 8 (2005) 211-226.

C. Conrad, Y. Hiisemann, H. Niess, I. von Luettichau, R. Huss, C. Bauer, et al.,
Linking transgene expression of engineered mesenchymal stem cells and angiopoi-
etin-1-induced differentiation to target cancer angiogenesis, Ann. Surg. 253 (2011)
566-571.

H. Niess, Q. Bao, C. Conrad, C. Zischek, M. Notohamiprodjo, F. Schwab, et al., Se-
lective targeting of genetically engineered mesenchymal stem cells to tumor stroma
microenvironments using tissue-specific suicide gene expression suppresses growth
of hepatocellular carcinoma, Ann. Surg. 254 (2011) 767-775.

S.W. Kim, S.J. Kim, S.H. Park, H.G. Yang, M.C. Kang, Y.W. Choi, et al., Complete
regression of metastatic renal cell carcinoma by multiple injections of engineered
mesenchymal stem cells expressing dodecameric TRAIL and HSV-TK, Clin. Cancer
Res. 19 (2012) 415-427.


http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0028
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0028
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0028
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0029
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0029
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0029
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0029
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0029
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0029
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0029
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0030
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0030
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0030
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0030
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0030
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0030
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0030
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0030
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0031
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0031
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0031
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0031
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0031
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0031
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0031
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0031
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0032
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0032
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0032
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0032
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0032
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0032
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0032
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0032
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0033
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0033
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0033
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0034
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0034
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0034
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0034
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0034
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0034
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0034
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0034
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0035
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0035
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0035
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0035
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0036
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0036
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0036
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0036
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0036
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0036
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0036
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0037
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0037
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0037
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0037
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0037
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0037
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0037
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0037
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0038
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0038
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0038
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0038
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0038
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0038
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0038
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0038
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0039
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0039
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0039
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0039
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0039
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0039
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0039
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0039
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0040
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0040
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0040
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0040
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0040
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0041
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0041
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0041
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0041
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0041
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0041
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0041
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0041
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0042
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0042
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0043
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0043
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0043
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0043
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0043
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0043
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0043
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0043
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0044
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0044
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0044
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0044
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0044
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0044
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0044
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0044
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0045
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0045
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0045
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0045
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0045
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0045
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0045
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0046
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0046
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0047
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0047
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0047
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0047
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0047
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0047
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0047
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0048
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0048
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0048
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0048
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0048
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0048
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0048
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0048
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0049
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0049
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0049
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0049
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0049
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0049
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0049
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0049
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0050
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0050
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0050
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0050
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0050
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0050
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0050
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0050
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0051
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0051
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0051
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0051
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0051
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0051
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0051
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0051
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0052
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0052
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0052
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0052
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0052
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0052
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0052
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0052
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0053
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0053
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0053
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0053
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0053
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0053
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0053
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0054
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0054
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0054
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0054
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0054
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0054
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0055
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0055
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0055
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0055
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0055
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0055
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0055
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0055
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0056
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0056
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0056
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0056
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0056
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0056
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0056
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0056
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0057
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0057
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0057
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0057
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0057
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0057
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0057
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0057
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0058
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0058
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0058
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0058
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0058
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0058
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0058
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0058
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0059
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0059
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0059
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0059
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0059
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0059
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0059
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0059
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0060
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0060
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0060
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0060
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0060
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0060
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0060
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0060
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0061
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0061
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0061
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0061
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0061
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0061
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0061
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0061
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0062
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0062
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0062
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0062
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0062
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0062
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0062
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0063
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0063
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0063
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0063
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0063
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0063
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0064
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0064
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0064
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0064
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0064
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0064
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0064
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0064
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0065
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0065
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0066
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0066
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0066
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0066
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0066
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0067
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0067
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0067
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0067
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0068
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0068
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0068
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0068
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0068
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0068
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0068
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0068
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0069
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0069
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0069
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0069
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0069
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0069
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0070
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0070
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0070
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0070
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0071
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0071
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0071
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0071
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0071
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0071
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0071
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0071
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0072
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0072
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0072
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0072
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0072
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0072
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0072
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0073
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0073
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0073
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0073
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0073
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0073
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0073
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0073
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0074
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0074
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0074
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0074
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0074
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0074
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0074
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0074
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0075
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0075
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0075
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0075
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0075
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0075
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0075
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0076
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0076
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0076
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0076
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0076
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0076
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0076
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0076
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0076
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0077
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0077
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0077
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0077
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0077
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0077
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0077
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0077
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0078
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0078
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0078
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0078
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0078
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0078
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0079
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0079
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0079
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0079
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0079
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0079
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0079
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0079
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0080
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0080
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0080
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0080
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0080
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0080
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0080
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0080
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0081
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0081
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0081
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0081
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0081
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0081
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0081
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0081
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0082
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0082
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0082
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0082
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0082
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0082
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0082
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0082
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0083
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0083
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0083
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0083
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0083
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0083
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0083
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0083

C. Li, H. Zhao and B. Wang

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

J. Martinez-Quintanilla, D. Bhere, P. Heidari, D. He, U. Mahmood, K. Shah, Thera-
peutic efficacy and fate of bimodal engineered stem cells in malignant brain tumors,
Stem Cells 31 (2013) 1706-1714.

M. Duebgen, J. Martinez-Quintanilla, K. Tamura, S. Hingtgen, N. Redjal, H. Waki-
moto, et al., Stem cells loaded with multimechanistic oncolytic herpes simplex virus
variants for brain tumor therapy, J. Natl. Cancer Inst. 106 (2014) dju090.

F. Rossignoli, G. Grisendi, C. Spano, G. Golinelli, A. Recchia, G. Rovesti, et al., In-
ducible Caspase9-mediated suicide gene for MSC-based cancer gene therapy, Can-
cer Gene Ther. 26 (2019) 11-16.

M. Li, S. Sun, S. Dangelmajer, Q. Zhang, J. Wang, F. Hu, et al., Exploiting tumor-in-
trinsic signals to induce mesenchymal stem cell-mediated suicide gene therapy to
fight malignant glioma, Stem Cell Res. Ther. 10 (2019) 88.

C. Yan, S. Li, Z. Li, H. Peng, X. Yuan, L. Jiang, et al., Human umbilical cord mes-
enchymal stem cells as vehicles of CD20-specific TRAIL fusion protein delivery: a
double-target therapy against Non-Hodgkin’s lymphoma, Mol. Pharm. 10 (2013)
142-151.

D.W. Stuckey, K. Shah, Stem cell-based therapies for cancer treatment: separating
hope from hype, Nat. Rev. Cancer 14 (2014) 683-691.

F.S. Nouri, X. Wang, A. Hatefi, Genetically engineered theranostic mesenchymal
stem cells for the evaluation of the anti-cancer efficacy of enzyme/prodrug systems,
J. Control. Release 200 (2015) 179-187.

N. Shinojima, A. Hossain, T. Takezaki, J. Fueyo, J. Gumin, F. Gao, et al., TGF-§ me-
diates homing of bone marrow-derived human mesenchymal stem cells to glioma
stem cells, Cancer Res. 73 (2013) 2333-2344.

N. Redjal, Y. Zhu, K. Shah, Combination of systemic chemotherapy with local stem
cell delivered S-TRAIL in resected brain tumors, Stem Cells 33 (2015) 101-110.
A. Kaczorowski, K. Hammer, L. Liu, S. Villhauer, C. Nwaeburu, P. Fan, et al., De-
livery of improved oncolytic adenoviruses by mesenchymal stromal cells for elim-
ination of tumorigenic pancreatic cancer cells, Oncotarget (2016) 9046-9059.
O.M. Malekshah, S. Sarkar, A. Nomani, N. Patel, P. Javidian, M. Goedken, et al.,
Bioengineered adipose-derived stem cells for targeted enzyme-prodrug therapy
of ovarian cancer intraperitoneal metastasis, J. Control. Release 311-312 (2019)
273-287.

J.H. Hughes, J.M. Ewy, J. Chen, S.Y. Wong, K.M. Tharp, A. Stahl, et al., Transcrip-
tomic analysis reveals that BMP4 sensitizes glioblastoma tumor-initiating cells to
mechanical cues, Matrix Biol. 85-86 (2020) 112-127.

A. Mangraviti, S.Y. Tzeng, D. Gullotti, K.L. Kozielski, J.E. Kim, M. Seng, et al.,
Non-virally engineered human adipose mesenchymal stem cells produce BMP4 tar-
get brain tumors and extend survival, Biomaterials 100 (2016) 53-66.

[971

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

Translational Oncology 14 (2021) 100948

G.J. Melen, L. Franco, D. Ruano, A. Gonzalez-Murillo, A. Alfranca, F. Casco, et al.,
Influence of carrier cells on the clinical outcome of children with neuroblastoma
treated with high dose of oncolytic adenovirus delivered in mesenchymal stem
cells, Cancer Lett. 371 (2016) 161-170.

L. von Bahr, 1. Batsis, G. Moll, M. Higg, A. Szakos, B. Sundberg, et al., Analysis
of tissues following mesenchymal stromal cell therapy in humans indicates lim-
ited long-term engraftment and no ectopic tissue formation, Stem Cells 30 (2012)
1575-1578.

R. Shi, W. Lian, Y. Jin, C. Cao, S. Han, X. Yang, et al., Role and effect of vein-trans-
planted human umbilical cord mesenchymal stem cells in the repair of diabetic foot
ulcers in rats, Acta Biochim. Biophys. Sin. 52 (2020) 620-630.

C. Li, H. Zhao, B. Wang, Challenges for mesenchymal stem cell-based therapy for
COVID-19, Drug Des Devel Ther 14 (2020) 3995-4001.

D. Mushahary, A. Spittler, C. Kasper, V. Weber, V. Charwat, Isolation, cultivation,
and characterization of human mesenchymal stem cells, Cytometry A 93 (2018)
19-31.

M.C. . Corotchi, M.A. Popa, A. Remes, L.E. Sima, I. Gussi, M. Lupu Plesu, Isolation
method and xeno-free culture conditions influence multipotent differentiation ca-
pacity of human Wharton’s jelly-derived mesenchymal stem cells, Stem Cell Res.
Ther. 4 (2013) 81.

A. . Papait, F.R. Stefani, A. Cargnoni, M. Magatti, O. Parolini, A.R. Silini, The mul-
tifaceted roles of MSCs in the tumor microenvironment: interactions with immune
cells and exploitation for therapy, Front. Cell Dev. Biol. 8 (2020) 447.

C.D..Hu, Y. Kosaka, P. Marcus, I. Rashedi, A. Keating, Differential immunomodula-
tory effects of human bone marrow-derived mesenchymal stromal cells on natural
killer cells, Stem Cells Dev. 28 (2019) 933-943.

R. Moreno, C.A. Fajardo, M. Farrera-Sal, A.J. Perisé-Barrios, A. Morales-Molina,
A.A. Al-Zaher, et al., Enhanced antitumor efficacy of oncolytic adenovirus-loaded
menstrual blood-derived mesenchymal stem cells in combination with peripheral
blood mononuclear cells, Mol. Cancer Ther. 18 (2019) 127-138.

H. Niess, J.C. von Einem, M.N. Thomas, M. Michl, M.K. Angele, R. Huss, et al.,
Treatment of advanced gastrointestinal tumors with genetically modified autolo-
gous mesenchymal stromal cells (TREAT-ME1): study protocol of a phase 1/1I clin-
ical trial, BMC Cancer 15 (2015) 237.

J.C. von Einem, C. Guenther, H.D. Volk, G. Griitz, D. Hirsch, C. Salat, et al., Treat-
ment of advanced gastrointestinal cancer with genetically modified autologous
mesenchymal stem cells: results from the phase 1/2 TREAT-ME-1 trial, Int. J. Can-
cer 145 (2019) 1538-1546.


http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0084
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0084
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0084
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0084
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0084
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0084
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0084
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0085
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0085
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0085
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0085
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0085
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0085
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0085
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0085
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0086
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0086
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0086
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0086
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0086
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0086
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0086
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0086
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0087
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0087
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0087
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0087
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0087
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0087
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0087
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0087
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0088
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0088
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0088
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0088
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0088
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0088
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0088
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0088
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0089
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0089
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0089
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0090
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0090
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0090
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0090
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0091
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0091
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0091
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0091
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0091
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0091
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0091
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0091
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0092
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0092
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0092
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0092
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0093
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0093
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0093
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0093
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0093
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0093
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0093
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0093
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0094
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0094
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0094
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0094
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0094
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0094
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0094
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0094
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0095
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0095
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0095
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0095
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0095
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0095
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0095
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0095
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0096
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0096
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0096
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0096
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0096
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0096
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0096
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0096
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0097
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0097
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0097
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0097
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0097
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0097
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0097
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0097
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0098
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0098
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0098
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0098
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0098
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0098
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0098
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0098
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0099
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0099
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0099
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0099
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0099
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0099
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0099
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0099
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0100
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0100
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0100
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0100
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0101
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0101
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0101
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0101
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0101
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0101
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0102
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0102
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0102
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0102
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0102
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0102
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0102
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0103
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0103
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0103
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0103
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0103
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0103
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0103
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0104
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0104
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0104
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0104
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0104
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0104
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0105
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0105
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0105
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0105
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0105
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0105
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0105
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0105
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0106
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0106
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0106
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0106
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0106
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0106
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0106
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0106
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0107
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0107
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0107
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0107
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0107
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0107
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0107
http://refhub.elsevier.com/S1936-5233(20)30440-X/sbref0107

	Mesenchymal stem/stromal cells: Developmental origin, tumorigenesis and translational cancer therapeutics
	Introduction
	MSCs in primary tumor sites and their developmental origin
	Primary tumor-resident MSCs
	Origin of MSCs during early embryonic development
	Formation of MSC-like cells through EMT induction
	Origin of MSCs through the endothelial-to-mesenchymal transition

	MSCs: contributions to the cellular origin of cancer
	Induction of emt by MSCs to generate CSCs
	Maintenance of cancer stemness by MSCs
	MSCs: possible cell-of-origin of sarcoma

	Exploring MSC-based cancer therapeutics
	MSC-mediated tumor drug resistance
	Optimum strategies for MSC therapy approaches
	MSC-based combination approaches for cancer therapy
	MSC-based treatment for targeting CSCs
	Clinical challenges and opportunities

	Conclusions and perspectives
	Declaration of Competing Interest
	Acknowledgments
	Author contributions
	References


