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The hierarchical organization and heterogeneity that are
present within malignancies have been recently attributed
to stem cell-like subset of tumor cells. Cancer Stem Cells
(CSCs) have gained an exclusive interest as they are identiﬁed
to push tumor growth and seed metastasis and are responsible for therapy failure and tumor resistance [1].
The molecular mechanism that drives the CSC population has started to emerge, and the identiﬁcation and origin
of factors that maintain or even induce a CSC phenotype
remain an intense area of research. This special issue contains seven articles, four reviews, and three original studies,
highlighting the recent advances in CSC-activated pathways,
with particular emphasis on the cross-talk between the CSC
and the tumor microenvironment (TME). The studies presented here also highlighted compounds (e.g., epi-drugs)
that are described to modulate CSCs and TME-activated
pathways and thus can be subsequently exploited for
therapeutic use.
P. Gener et al., in a review article, discussed the overlapping phenotype between CSC and mesenchymal cancer cells,
in terms of origin, activated pathways, and the implication
for cancer treatment. Indeed, similarly to CSC, a link between
epithelial to mesenchymal transition of cancer cells and
metastasis as well as resistance to anticancer agents has been
proposed [2]. Although other reports suggested that EMT is
not necessary for metastasis, but rather it is the tumor microenvironment that regulate epithelial or mesenchymal state,
still agent able to target common pathways regulating both
CSC and EMT (e.g., TGF-β and NF-κβ signaling) showed

antimetastatic potential and improved anticancer treatments.
However, the authors also suggested that the strategies to
prevent tumor remission by targeting the highlighted pathways should include integrated combining approach that
take in account the intrinsic dynamism characterizing,
within the tumor, the interconversion capacity of non-CSCs
to new CSCs and mesenchymal cells, via EMT activation.
As suggested above, several evidences demonstrated a
critical role of the microenvironment in regulating CSC and
their involvement in tumor progression. In this regard C.
Ciardiello et al. reviewed the bidirectional communication
mechanisms between the CSC and the microenvironment,
mediated by extracellular vesicles (EVs). EVs are considered
as one of the most eﬀective vehicles of information among
cells, and recent ﬁndings demonstrated that they play an
important role in cancer development and progression, by
transferring information between cancer cells as well as
between cancer cells and tumor microenvironment, at both
paracrine and systemic level [3]. EVs are highly heterogeneous; however, they can be classiﬁed in two major classes:
the shed microvesicles, formed through the direct budding
of the plasma membrane, and the exosomes, small size
vesicles (30-150 nm) generated through the classical
endosome-multivesicular body pathway [3].
The speciﬁc role of this latter class of vesicles was
reviewed by J. Xu et al. They speculate that exosomes play a
role in maintaining homeostasis between non-CSCs and
CSCs within the tumor. The authors described how exosomes can regulate both EMT and CSC phenotype activating
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stem-related signaling pathways (e.g., Wnt, Notch, or Hedgehog pathways) by docking on cancer cell receptors and/or
transferring their cargo inside the cells.
Epigenetic alterations play an important role in the initiation and progression of several cancers. Moreover, since epigenetic alterations are dynamic and generally reversible,
epigenetic manipulation has emerged as an attractive novel
anticancer treatment.
Increasing evidences support the signiﬁcance of epigenetic regulation in CSC features [4]. DNA methylation and
histone acetylation are two epigenetic modiﬁcations that
participate in the modulation of many gene expressions,
which regulate important cellular activity such as proliferation, diﬀerentiation, and migration [5]. While the role of
DNA methylation in CSCs is relatively well established, the
role of histone and nonhistone protein acetylation is still
not completely clear [4]. In this context, diﬀerent hematological and solid tumors are characterized by deregulation of the
protein acetylation pattern as a result of genetic or epigenetic
changes [6]. Protein acetylation is catalyzed by acetyltransferases and deacetylases, through the addition and removal
of acetyl groups to lysine residues, respectively [5]. Small
molecule inhibitors of both acetyltransferases and deacetylases are in clinical trials, and four deacetylase inhibitors have
been approved by FDA for the treatment of hematological
malignancies [6].
In this issue, D. Trisciuoglio et al. reviewed the physiological and pathological roles of acetyltransferase enzymes as
well as their involvement in the regulation of stem cell
renewal and diﬀerentiation in both normal and cancer cell
population. The authors also discussed the potential of
acetyltransferase inhibitors as novel anticancer drugs.
Two additional epi-drugs, 5-azacytidine (AZA) and 5-aza2 ′ -deoxycytidine (DAC), have been also approved by FDA in
hematological tumors, and several studies have shown their
therapeutic potential also in solid tumors [5].
Here, K. Agrawal et al. demonstrated for the ﬁrst time the
inﬂuence of stromal cells and of their secretome on cancer cell
response to AZA and DAC. In details, considering that in metastatic setting the interactions between colorectal cancer cells
(CRCs) and stroma at the distant metastatic sites are important, the authors investigated the eﬀects of colonunassociated normal human foreskin and lung ﬁbroblasts, of
their radiation-induced senescent counterparts and of their
conditioned medium, on CRC cell response to AZA and
DAC. Interestingly, although opposite eﬀects of ﬁbroblasts
and of their conditioning medium on AZA and DAC antitumor eﬀects were reported and discussed, the authors suggested
the potential of the tumor-stroma ratio in predicting the outcome of DNA-demethylating epigenetic cancer therapy.
Finally, this special issue contains two additional original
studies on two interesting topics. The ﬁrst study by Q.-Y. Liu
et al. deals with the potential of human normal mesenchymal
stem cells (MSCs). MSCs can be isolated from multiple
sources including bone marrow, fat, umbilical cord, and
menstrual blood and hold a great potential in regenerative
medicine and in cell-based therapies in diﬀerent clinical
applications [7]. Interestingly, the authors presented several
evidences, both in vitro and in vivo xenograft model, demon-
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strating that human menstrual blood-derived stem cells can
inhibit cervical cancer cell growth and thus suggesting an
original novel cell-therapy anticancer approach.
The second study by F. Basit et al. evaluated the expression of the Myc oncogenes and Mxd antagonists in hematopoietic stem cell and myeloid progenitor populations in the
Flt3-ITD-knockin myeloproliferative mouse model. Indeed,
mutations in the FLT3 gene have been reported in acute myeloid leukemia (AML) and were associated with poor prognosis, while Myc dysregulation has been reported in
hematological malignancies. The authors, by highlighting a
cross-talk between the FLT3 receptor and Myc, suggested
the potential of combination therapies with tyrosine kinase
inhibitors and Myc antagonists in treating AML.
Alfredo Budillon
Steven Curley
Roberta Fusco
Rita Mancini

Conflicts of Interest
Each Guest Editor declares no conﬂict of interest.

References
[1] J. P. Medema, “Cancer stem cells: the challenges ahead,” Nature
Cell Biology, vol. 15, no. 4, pp. 338–344, 2013.
[2] T. Shibue and R. A. Weinberg, “EMT, CSCs, and drug resistance: the mechanistic link and clinical implications,” Nature
Reviews Clinical Oncology, vol. 14, no. 10, pp. 611–629, 2017.
[3] R. Xu, A. Rai, M. Chen, W. Suwakulsiri, D. W. Greening, and
R. J. Simpson, “Extracellular vesicles in cancer - implications
for future improvements in cancer care,” Nature Reviews Clinical Oncology, vol. 15, no. 10, pp. 617–638, 2018.
[4] E. N. Wainwright and P. Scaﬃdi, “Epigenetics and cancer stem
cells: unleashing, hijacking, and restricting cellular plasticity,”
Trends in Cancer, vol. 3, no. 5, pp. 372–386, 2017.
[5] P. A. Jones, J.-P. J. Issa, and S. Baylin, “Targeting the cancer epigenome for therapy,” Nature Reviews Genetics, vol. 17, no. 10,
pp. 630–641, 2016.
[6] M. Terranova-Barberio, B. Pecori, M. S. Roca et al., “Synergistic
antitumor interaction between valproic acid, capecitabine and
radiotherapy in colorectal cancer: critical role of p53,” Journal
of Experimental & Clinical Cancer Research, vol. 36, no. 1,
p. 177, 2017.
[7] P. Bianco, X. Cao, P. S. Frenette et al., “The meaning, the sense
and the signiﬁcance: translating the science of mesenchymal
stem cells into medicine,” Nature Medicine, vol. 19, no. 1,
pp. 35–42, 2013.

Hindawi
Stem Cells International
Volume 2019, Article ID 9280298, 18 pages
https://doi.org/10.1155/2019/9280298

Research Article
Human Menstrual Blood-Derived Stem Cells Inhibit the
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Human menstrual blood-derived stem cells (hMBSCs) are a novel type of mesenchymal stem cells (MSCs) that have a high
proliferative rate, multilineage diﬀerentiation potential, low immunogenicity, and low oncogenicity, making them suitable
candidates for regenerative medicine. The therapeutic eﬃcacy of hMBSCs has been demonstrated in some diseases; however,
their eﬀects on cervical cancer remain unclear. In the present study, we investigated whether hMBSCs have anticancer
properties on cervical cancer cells in vivo and in vitro, which has not yet been reported. In vitro, transwell coculturing
experiments revealed that hMBSCs suppress the proliferation and invasion of HeLa cervical cancer cells by inducing G0/G1 cell
cycle arrest. In vivo, we established a xenografted BALB/c nude mouse model by subcutaneously coinjecting HeLa cells with
hMBSCs for 21 days. We found that hMBSCs signiﬁcantly decrease the average volume and average weight of xenografted
tumors. ELISA, TGF-β1 antibody, and recombinant human TGF-β1 (rhTGF-β1) were used to analyze whether TGF-β1
contributed to cell cycle arrest. We found that hMBSC-secreted TGF-β1 and rhTGF-β1 induced cell cycle arrest and increased
the expression of phospho-JNK and phospho-P21 in HeLa cells, which was mostly reversed by TGF-β1 antibody. These results
indicate that hMBSCs have antitumor properties on cervical cancer in vitro and in vivo, mediated by the TGF-β1/JNK/p21
signaling pathway. In conclusion, this study suggests that hMBSC-based therapy is promising for the treatment of cervical cancer.

1. Introduction
Cervical cancer is a common malignancy and has been
ranked as the second leading cause of cancer-related
deaths in women [1], with about 52,900 new cases and
275,000 deaths every year [2, 3]. Despite the improvement
in preventative, diagnostic, and therapeutic strategies, the
ﬁve-year survival rate for patients with advanced stages
remains as low as 40%, resulting in a large number of
cancer-related deaths [4, 5]. Thus, novel strategies for the
treatment of cervical cancer are greatly needed. Currently,

stem cells are being explored as a promising candidate for
cancer therapy.
Human mesenchymal stem cells (MSCs), a cell population with low immunogenicity and low oncogenicity [6],
are multipotent cells with the ability to self-renew and
diﬀerentiate into adipocyte, osteoblast, and chondrocyte
lineages [7–9]. A series of studies have shown that MSCs play
a critical role in regulating tumor initiation and progression
by aﬀecting the invasion, migration, or apoptosis resistance
of tumor cells; however, the eﬀects remain controversial.
Tang et al. demonstrated that MSCs enhanced the growth
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of hepatocellular carcinoma [10]. Ding et al. found that ovarian mesenchymal stem cells promote proliferation, sphere
and colony formation, and tumorigenesis of ovarian cancer
cells [11]. Several other studies have shown that MSCs have
tumorigenic eﬀects in a variety of cancer cells in vitro and
are recruited to tumor sites and contribute to tumor growth
and progression in vivo, such as in breast cancer [12, 13],
prostate cancer [14], hepatocellular carcinoma [15, 16], head
and neck cancer [17], and gastric cancer [18]. In contrast,
several reports have indicated that hMSCs inhibit tumor
growth and can be used for eﬀective cytotherapy in diverse
tumor models [19, 20]. For instance, Ho et al. demonstrated
that bone marrow-derived MSCs can be speciﬁcally recruited
to tumor sites and reduce the tumor volume of glioma [21].
Yulyana et al. showed that in a model of liver cancer, condition media derived from human fetal MSCs can inhibit
hepatoma carcinoma cell proliferation and reduce tumor
burden [22, 23]. Ma et al. found that human umbilical cord
mesenchymal stem cells signiﬁcantly inhibited the growth
of breast cancer cells in vitro and in vivo, likely in a cell cycle
arrest-related manner [24]. Additionally, amniotic ﬂuid and
amniotic membrane-derived MSCs can induce cell cycle
arrest in the G0/G1 phase and signiﬁcantly reduce the
proliferation of diverse cancer cell lines, including HeLa cells
(human cervical epithelioid carcinoma cell line), Saos cells
(human osteosarcoma cell line) [25, 26], Skov-3 (human epithelial ovarian cancer cell line) [27], KG1 cells (human acute
myelogenous leukemia cell line), Jurkat cells (human T-cell
leukemia cell line), and U937 cells (human monocytic cell
line obtained from histiocytic lymphoma). Although studies
on the anticancer eﬀects of MSCs from diﬀerent sources have
been widely reported, few have focused on human menstrual
blood-derived stem cells (hMBSCs). hMBSCs have phenotypes and properties similar to bone marrow (BM) MSCs,
including high proliferative capabilities, multilineage diﬀerentiation potential, and surface marker expression [28, 29].
hMBSCs possess low immunogenicity, low oncogenicity,
and remarkable regenerative capacity [30, 31]. Furthermore,
the isolation procedure of hMBSCs is safe, simple, and
without ethical issues [32]. A large number of reports have
demonstrated the therapeutic potential of hMBSCs in diﬀerent diseases, such as Alzheimer’s disease [29], acute lung
injury [33], cardiac ﬁbrosis [28, 34], fulminant hepatic failure
[35], and diabetes [36]. However, the therapeutic potential of
hMBSCs in cancer treatment, including cervical cancer, has
not yet been reported.
Our group recently isolated hMBSCs from women’s
menstrual blood and characterized their morphology,
phenotypic proﬁles, pluripotency, and growth potency. To
determine whether hMBSCs have antitumor eﬀects on HeLa
cells in vitro, hMBSC-conditioned medium (CM) and a
transwell coculture system were used to detect the inﬂuences
of hMBSC-secreted factors on the proliferation, invasion,
and cell cycle progression of HeLa cells. In vivo, we
established HeLa/NIH 3T3- and HeLa/hMBSC-coinjected
xenografted BALB/c nude mouse models. We found that
hMBSCs had anticancer eﬀects when cocultured or coinjected with HeLa cells by inducing cell cycle arrest.
ELISA, TGF-β1 antibody, and recombinant human TGF-
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β1 (rhTGF-β1) were used to conﬁrm that TGF-β1 was the
cell cycle regulatory cytokine secreted from hMBSCs to
exert an inhibitory eﬀect on HeLa cells. We also found that
TGF-β1 can upregulate the expression of phospho-JNK and
phospho-P21 in HeLa cells. Taken together, the results
demonstrate that TGF-β1 released by hMBSCs inhibit cervical cancer growth in vivo and in vitro by activating
JNK/P21 signaling.

2. Materials and Methods
2.1. Isolation of hMBSCs and Production of CM. The hMBSCs
were isolated from female donors as previously described
[28, 36] with slight modiﬁcations. The isolation procedure
and informed consent form signed by volunteer donors were
both approved by the Ethics Committee of Nanchang
University. Menstrual blood samples were collected with a
DivaCup (Kitchener, ON, Canada) from healthy menstruating women. Mononuclear cells were separated by density
gradient centrifugation with Ficoll-Paque (Thermo Fisher
Scientiﬁc Life Sciences, Oakwood Village, OH). Brieﬂy, 8 ml
menstrual blood was slowly layered on top of 4 ml FicollPaque premium solution in a 15 ml polypropylene centrifuge
tube. The tube was put into a swinging bucket centrifuge at
1800 rpm for 20 min, dividing the sample into three layers:
the upper layer contained plasma, the mononuclear cells
were undisturbed in the interlayer, and the bottom layer
mostly contained erythrocytes. We then carefully removed
the upper layer. The interlayer cells were then collected and
washed with PBS three times. The puriﬁed mononuclear cells
were cultured in α-MEM medium (Thermo Fisher) containing 10% FBS, 1% glutamine, and 1% penicillin/streptomycin
(Thermo Fisher), supplemented with 18% Chang B and 2%
Chang C (Irvine Scientiﬁc) at 37°C in a 5% CO2 humidiﬁed
atmosphere. The media were changed every 2-3 days
until adherent cells grew to 80%–90% conﬂuency, and
then the cells were subcultured using 0.25% trypsin
(Thermo Fisher). The cells during passages 2 to 5 were
used for subsequent experiments.
hMBSC-CM was prepared as follows: 5 × 105 hMBSCs
were placed in a 10 cm dish (Corning, NY, USA) and
cultured in a normal medium. Once the cells reached
80% conﬂuency, the medium was changed to H-DMEM
(Thermo Fisher) containing 100 U/ml penicillin/streptomycin.
hMBSC-CM was collected 48 h later and centrifuged at
1000 rpm at room temperature for 5 min, the supernatant
was collected and concentrated tenfold (10X) using an
Amicon® Ultra 3K device (MilliporeSigma, USA).
2.2. Identiﬁcation of hMBSCs by Flow Cytometry. Phenotypic
analyses of cultured hMBSCs were performed using standard
ﬂow cytometry methods. Passage 3 hMBSCs were collected
in ﬂuorescence-activated cell sorting (FACS) tubes (BD
Biosciences, Franklin Lakes, NJ) at a concentration of
1 × 106 cells/ml in stain FACS buﬀer (PBS containing 2%
FBS), and then stained with FITC-conjugated antibodies
against human CD29, CD90, CD45, HLA-DR, CD80, and
CD40, phycoerythrin- (PE-) conjugated antibodies against
human CD73, CD105, CD34, HLA-ABC, and CD86, and
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their isotype controls (all from BD Biosciences) at 4°C for
30 min in the dark. After washing twice, the cells were resuspended in 200 μl of PBS and acquired by a FACSCalibur
instrument (BD Biosciences). Dates were analyzed using the
FLOWJO™ software (TreeStar, Inc., Ashland, OR, USA).

concentration of 1 5 × 105 cells/well in 2.0 ml of H-DMEM
with 10% FBS, and 1 5 × 105 hMBSCs were seeded in
the upper compartment in 1.0 ml of the same medium
(Figure 1(a)). Samples were collected after culturing for
24, 48, and 72 h.

2.3. Immunoﬂuorescence. Immunoﬂuorescence experiments
were carried out following our previously reported protocols
[37]. Brieﬂy, cells growing on the glass slide were ﬁxed with
4% paraformaldehyde for 15 min and permeabilized using
0.25% Triton X-100 diluted in PBS for 10 min at room
temperature. To block unspeciﬁc epitopes, cells were incubated with PBS containing 1% BSA and 0.1% Tween-20 for
1 h. To evaluated the pluripotency of hMBSCs, we used the
following antibodies: rabbit anti-OCT4 (5 μg/ml, Abcam,
Nanchang, China), mouse anti-SSEA-4 (15 μg/ml, Abcam),
and rabbit anti-Nanog (1 : 200, Abcam). The ﬁxed cells were
incubated overnight at 4°C with primary antibodies followed
by incubation with secondary donkey anti-mouse or antirabbit antibodies conjugated to either Alexa Fluor 488 or
Alexa Fluor 568 (Jackson, Nanchang, China). Nuclei were
counterstained with DAPI (Thermo Fisher).

2.6. Tumor Cell Proliferation, Apoptosis, and Cell Cycle
Analysis. Cell proliferation was determined at indicated
time points using the CCK-8 kit (Dojindo Laboratories,
Kumamoto, Japan), following the manufacturer’s protocol.
We added 10% of CCK-8 solution to each well for 3 h
before measuring the absorbance at 450 nm using a microplate spectrophotometer (Bio-Rad).
For the apoptosis assays, 1 0 × 105 cells were collected
from each sample and resuspended in 100 μl Annexin V
binding solution containing 5 μl Annexin V-FITC and 5 μl
propidium iodide (PI) solution (Dojindo). After incubation
for 15 min at room temperature, cells were washed in PBS,
centrifuged at 100 rpm for 5 min, and resuspended in 400 μl
Annexin V Binding Buﬀer. For cell cycle assays, cells were
ﬁxed in 70% precooled ethanol on ice for 2 h, centrifuged at
100 rpm for 5 min, and resuspended with 400 μl PI and
100 μl RNaseA (Dojindo). After a 30 min incubation at 4°C,
cells were washed and resuspended with PBS. Both the
apoptosis assays and cell cycle assays were run and analyzed
with BD Jazz.

2.4. Adipogenic and Osteogenic Diﬀerentiation. Passage 3
hMBSCs were seeded at a density of 1 5 × 105 cells/well in a
six-well plate. When the cells reached 100% conﬂuence, the
OriCell™ human mesenchymal stem cell adipogenic diﬀerentiation medium (Cyagen Biosciences, Shanghai, China) was
added to wells according to the manufacturer’s instruction.
After 28 days of induction, Oil red O (Cyagen Biosciences)
staining was performed to assess the diﬀerentiation potential
of adipogenesis formation of intracellular lipid droplets.
For osteogenic diﬀerentiation, hMBSCs were cultured
with OriCell™ human mesenchymal stem cell osteogenic
diﬀerentiation medium (Cyagen Biosciences) for 10 days
and 21 days to analyze the middle and late stages of
osteogenic diﬀerentiation. The diﬀerentiation potential for
osteogenesis was assessed through alkaline phosphatase
(ALP) (Cyagen Biosciences) staining at the middle stage
and Alizarin Red (pH 4.2, 40 mM) (Cyagen Biosciences)
staining at the late stage.
2.5. In Vitro Coculture Experiment. The human cervical
cancer cell line HeLa and ﬁbroblast cell line NIH 3T3 were
obtained from the American Type Culture Collection
(ATCC, Manassas, VA) and cultured in high-glucose DMEM
(Thermo Fisher) containing 10% FBS, 100 U/ml penicillin,
and 100 μg/ml streptomycin at 37°C in a humidiﬁed
atmosphere with 5% CO2.
HeLa cells were trypsinized and seeded in a 6-well dish at
1 5 × 105 cells/well. For the PBS-treated control group, cells
were incubated with 3 ml H-DMEM containing 10% FBS
and 1% penicillin/streptomycin. For the hMBSC-CM group,
HeLa cells were cultured with 3 ml H-DMEM supplemented
with 10% hMBSC-CM (10X), 10% FBS, and 1% penicillin/
streptomycin. For the coculture group, a coculture transwell
chamber (2.4 cm diameter, 0.4 μm pore size; Corning) was
used to assess the eﬀects of hMBSCs on HeLa cells in vitro.
HeLa cells were seeded into the lower chamber at a

2.7. Wound-Healing Assay. HeLa cells were seeded in a 6-well
plate at a concentration of 1 5 × 105 cells/well. When the cells
reached 100% conﬂuency, a sterile 200 μl pipette tip was used
to create a scratch wound on the cell monolayer. The cell
debris was washed gently with PBS, and the cells were treated
with PBS, hMBSC-CM, or hMBSCs. The dishes were incubated at 37°C in a 5% CO2 air atmosphere for 24 h and
48 h. Images were acquired at 24 h and 48 h time points and
measured using the Image-Pro Plus 6.0 software.
2.8. Invasion Assays. BD Matrigel™ invasion chambers (8 μm
pore size, MA, USA) were used to investigate the eﬀect of
hMBSC-CM and hMBSCs on HeLa cell invasion. HeLa cells
(1 × 105 ) were added to the upper chamber, and hMBSCs or
conditioned media derived from hMBSCs were added to
the bottom well. Controls contained only DMEM with
10% FBS in the bottom well. After incubation for 48 h at
37°C, the chambers were ﬁxed. Noninvaded cells were
scraped oﬀ the upper side of the chamber, and the insert
was stained with crystal violet. Images were taken using
a phase-contrast microscope.
2.9. Western Blot Analysis. Protein extracts were prepared
from HeLa cells with lysis buﬀer containing 25 mM Hepes
(pH 7.4), 1% NP40, 137 mM NaCl, 10% glycerol, 50 mM
NaF, and complete protease inhibitor cocktail (Roche,
Mannheim, Germany). Cell extracts were centrifuged at
13,000 rpm at 4°C for 10 min to remove insoluble debris
and chromosomal DNA. In total, 60 μg of total cell protein
was run on 10% denaturing SDS-PAGE gels, then transferred to nitrocellulose membranes (Bio-Rad), which were
incubated with primary antibodies anti-GAPDH (1 : 1000,
rabbit monoclonal, Santa Cruz), anti-Bax (1 : 1000, rabbit
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Figure 1: hMBSCs and hMBSC-CM inhibit the proliferation of HeLa cells in vitro in a paracrine manner. (a) Schematic diagram of the PBS
control group, hMBSC-CM group, and hMBSC coculture group. (b) Representative images of the cell proliferation assay treated with PBS,
hMBSC-CM (10%), and hMBSCs (1 : 1) at diﬀerent time points. (c) The eﬀects of PBS, hMBSC-CM, and hMBSC coculture on HeLa cell
proliferation were tested by cell counting assay (n = 3). (d) Cell viability was measured 24 h, 48 h, and 72 h after treatment with PBS,
hMBSC-CM, and hMBSC coculture using a CCK-8 assay. The results show that hMBSC-CM and hMBSC coculture enhances the
inhibition of HeLa cell proliferation. (e) The number of HeLa cells was measured 48 h after treatment with diﬀerent concentrations (2.5%,
5%, 10%, or 20%) of hMBSC-CM (10X). (f) Cell viability was measured 48 h after coculturing in the presence of diﬀerent concentrations
of hMBSCs (at a ratio of HeLa cells : hMBSCs of 4 : 1, 2 : 1, 1 : 1, or 1 : 2) (n = 3; ∗ compared with the hMBSC-CM group; #compared with
the hMBSC coculture group).

polyclonal, Cell Signaling Technology), anticaspase 3
(1 : 1000, rabbit polyclonal, Abcam), anti-PCNA (1 : 1000,
mouse monoclonal, Abcam), and anti-BCL2 (1 : 1000, rabbit monoclonal, Abcam) at 4°C overnight. Blots were
detected with horseradish peroxidase- (HRP-) conjugated
goat anti-rabbit or rabbit anti-mouse secondary antibody
(Invitrogen) for 1 h at room temperature. Images were
quantiﬁed using the SuperSignal West Pico or Femto
chemiluminescent detection system (Pierce).
2.10. HeLa Cell Xenograft Model and Whole-Body Fluorescent
Imaging. Male BALB/c nude mice (8 weeks old) were
purchased from Changsha SLAC Laboratory Animal Company (Changsha, China, http://www.hnsja.com/) and were
maintained on 12 h light/dark cycles with food and water
available ad libitum at the Laboratory Animal Center of
Nanchang University. All animal procedures described here
were reviewed and approved by the Animal Care and Use
Committee of Nanchang University.
For the purpose of cell tracking, hMBSCs and NIH
3T3 cells were labeled with PKH26 red ﬂuorescent dye
(Sigma, Aldrich) before coinjection with HeLa cells. The
HeLa cells were then mixed with NIH 3T3 cells (control
group) or hMBSCs (experimental group) at a 1 : 1 ratio
(5 × 106 : 5 × 106 cells; n = 4) and injected subcutaneously
into the dorsal region of BALB/c nude mice. Mice were
anesthetized after 7 days, 14 days, and 21 days of cell
injection and visualized with the whole-body ﬂuorescent
imaging system (LB983; Berthold, Germany). Mice were
euthanized after 21 days of cell injection, and tumors were
harvested and measured with a vernier caliper (Mitutoyo Co.,
Tokyo, Japan). The tumor volume was calculated using
the following formula: 1/2 ab2 (a: longest size of tumor,
b: shortest size of tumor).

2.11. Histopathology and TUNEL Assay. After 21 days of
HeLa/NIH 3T3 or HeLa/hMBSC coinjection, mice were
euthanized with pentobarbital, and tumor tissues were
isolated and ﬁxed in 4% paraformaldehyde, embedded in
paraﬃn. Tissue was cut into 5 μm-thick sections. After
deparaﬃnization and rehydration, the sections were rinsed
in PBS and then incubated in a 3% H2O2 solution to block
the endogenous peroxidase. After incubation with 5% BSA
for 30 min to block nonspeciﬁc antibody-binding sites,
the samples were stained with PCNA primary antibody
(1 : 1000, mouse monoclonal, Abcam) at 4°C overnight.
The samples were rinsed with PBS twice and incubated
with a HRP-conjugated goat anti-mouse secondary antibody
(MaiXin biotechnologies, China) followed by visualization
with 3,3-diaminobenzidine tetrahydrochloride (MaiXin biotechnologies). Finally, the sections were stained with hematoxylin and examined under a light microscope.
Apoptosis was analyzed on paraﬃnic tumor tissue
sections of HeLa/NIH 3T3- and HeLa/hMBSC-coinjected
groups by TUNEL assay kit (Millipore, USA). Three sections
were selected for each mouse and stained using the TUNEL
assay kit following the manufacturer’s protocol. Under the
microscope, cells with dark-brown nuclei were marked as
positive and counted in 10 randomly selected ﬁelds per nude
mouse with a total of 4 nude mice in each group.
2.12. Enzyme-Linked Immunosorbent Assay (ELISA). The
TGF-β1 expression in hMBSC-CM was performed using
quantitative human ELISA kit (R&D Systems) following the
manufacturer’s protocol.
2.13. In Vitro Treatment with TGF-β1 Antibody and
rhTGF-β1. TGF-β1 antibody and rhTGF-β1 were used to
treat HeLa cells and to assess whether TGF-β1 contributed
to cell cycle arrest. To neutralize TGF-β1, a TGF-β1-speciﬁc
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antibody was added into the transwell system at a ﬁnal
concentration of 10 ng/ml for 48 h. Nonspeciﬁc rabbit IgG
was used as a negative control. rhTGF-β1 was used to treat
HeLa cells for 48 h, and then cellular viability and cell cycle
were analyzed.
2.14. Statistical Analysis. The results are presented as average
value ± standard deviation (SD). Student’s t-test was used for
analysis between two groups. One-way analysis of variance
(ANOVA) was used to compare data among three or more
groups. Diﬀerences with a P value of < 0.05 were considered
statistically signiﬁcant.

3. Results
3.1. Morphology and Immunophenotyping of hMBSCs.
Cultured primary and passaged hMBSCs had a spindleshaped, ﬁbroblast-like morphology, and homogenous growth
in monolayers. In the presence of bFGF (10 ng/ml), the
hMBSCs proliferate robustly and the average doubling time
was 2 days (Figure 2(a)). hMBSCs were positive for mesenchymal stem cell markers CD29, CD73, CD105, and CD90
and negative for hematopoietic stem cell markers CD34
and CD45 as determined by ﬂow cytometry (Figure 2(b)).
hMBSCs also expressed the major histocompatibility protein
HLA-ABC but none of its costimulatory molecules CD80,
CD86, and CD40 nor major histocompatibility protein
HLA-DR (Figures 2(b) and 2(c)), indicating that these cells
possess low immunogenicity. The expression of embryonic
stem cell surface markers Nanog, Oct4, and SSEA-4 was
also analyzed by immunoﬂuorescence. Our results showed
that hMBSCs express all of these pluripotent markers
(Figure 2(d)), indicating hMBSCs have the capacity to selfrenew as well as multilineage diﬀerentiation potentials.
Under adipogenic and osteogenic diﬀerentiation conditions,
hMBSCs were able to diﬀerentiate into adipocytes and osteocytes, respectively (Figure 2(e)).
3.2. hMBSCs Inhibit Proliferation, Migration, and Invasion of
HeLa Cells In Vitro in a Paracrine Manner. In order to
investigate the eﬀect of hMBSCs and hMBSC-CM on the
proliferation and invasion of HeLa cells in vitro, we compared the PBS control group, hMBSC-CM group, and
hMBSC coculture group (Figure 1(a)). A cell count assay
showed that hMBSC-CM (10%) and hMBSC coculture (at a
ratio of HeLa cells : hMBSCs of 1 : 1) signiﬁcantly decreased
the cell number of HeLa cells at 48 h and 72 h (Figures 1(b)
and 1(c)), indicating that hMBSC-secreted factors inﬂuenced
the proliferation of HeLa cells. A CCK-8 assay further conﬁrmed that a signiﬁcant vitality inhibition in HeLa cells was
induced by hMBSC-CM and hMBSC coculture compared
to control at 48 h and 72 h (Figure 1(d)). To determine
whether the eﬀect of hMBSC-CM on the proliferation of
HeLa cells was dose-dependent, HeLa cells were cultured
with 3 ml H-DMEM complete medium supplemented with
increasing amounts (2.5%, 5%, 10%, or 20%) of hMBSCCM (10X) for 48 h. We found that HeLa cells exhibited a
signiﬁcant decrease in proliferation with 5%, 10%, and 20%
hMBSC-CM (10X) (P < 0 05). In contrast, 2.5% hMBSC-
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CM (10X) did not signiﬁcantly inhibit the growth of HeLa
cells. When compared with the 10% hMBSC-CM treatment
group, a slight but nonsigniﬁcant decrease in proliferation
of HeLa cells was also observed in the 20% hMBSC-CM treatment group (Figure 1(e)). For the in vitro transwell coculturing experiments, HeLa cells were cultured in the presence of
diﬀerent concentrations of hMBSCs (at a ratio of HeLa
cells : hMBSCs of 4 : 1, 2 : 1, 1 : 1, or 1 : 2). Proliferation was
signiﬁcantly reduced when the ratio of HeLa cells : hMBSCs
was 1 : 1 and 1 : 2. However, no signiﬁcant diﬀerence between
the 1 : 1 group and the 1 : 2 group was found (Figure 1(f)).
Thus, in subsequent experiments, we cultured HeLa cells in
10% CM, and in the transwell setting, HeLa cells were
cultured at a 1 : 1 ratio with hMBSCs.
A scratch wound assay was used to determine the eﬀect of
hMBSC-CM and hMBSC coculture on the migration of HeLa
cells. Compared to the PBS group, hMBSC-CM and hMBSC
cocultures remarkably inhibited the migration of HeLa cells
into the wound after 24 h and 48 h. However, no signiﬁcant
diﬀerence between the hMBSC-CM group and the hMBSC
coculture group was observed (Figure 3(a)). At 24 h, the percent of wound closure was 10 5 ± 1 86% in the hMBSC-CM
group and 8 1 ± 1 63% in the hMBSC coculture group,
whereas in the PBS control group, it was 25 0 ± 2 14%. At
48 h, the percentages were 55 ± 4 08%, 58 ± 4 90%, and
90 ± 2 54%, respectively (Figure 3(b)). BD Matrigel™
invasion chambers were used for the invasion assay. The
invasion of HeLa cells was signiﬁcantly reduced in the
2-day coculture of hMBSC-CM and hMBSCs to 45 ± 6 3%
and 50 ± 5 8% of control, respectively (Figures 3(c) and
3(d)). Collectively, these results demonstrate that hMBSCs
can inhibit the proliferation, migration, and invasion of HeLa
cells in vitro, in a paracrine manner.
3.3. hMBSCs Induced G0/G1 Cell Cycle Arrest in HeLa Cells
In Vitro. To better understand the mechanisms involved in
the antiproliferative activity of hMBSC-CM and hMBSC
coculture, we performed apoptosis and cell cycle analyses.
As shown in Figure 4(a), striking diﬀerences in cell cycle were
observed, whereas most of the hMBSC-CM-treated and
hMBSC cocultured HeLa cells had a signiﬁcantly (P < 0 01)
greater percentage of cells arrested in the G0/G1 phase
(66 ± 4% and 68 ± 5%, respectively) compared to cells
incubated with normal medium (43 ± 5%). Consistent with
this, FACS analysis also revealed a lower proportion of HeLa
cells in the S phase of the cell cycle in hMBSC-CM and
hMBSC coculture groups (19 ± 2% and 17 ± 2%, respectively) compared to the PBS control group (37 ± 3%)
(Figure 4(b)). In contrast, when compared with the PBS
group, the rate of apoptotic cells was not signiﬁcantly diﬀerent in HeLa cells in response to hMBSC-CM treatment and
hMBSC coculture (Figures 4(c) and 4(d)).
To conﬁrm that hMBSC-secreted factors can induce cell
cycle arrest in HeLa cells, we detected the expression of
PCNA and KI67 (two proliferation-related proteins) by
western blot analysis. The results show that the protein levels
of PCNA and KI67 in HeLa cells were markedly decreased by
hMBSC-CM and hMBSC coculture treatment, compared
with that of the PBS-treated cells. The expression of two
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Figure 2: Characterization of cell morphology and markers of hMBSCs. (a) Phase-contrast microscopic images of cultured hMBSCs.
(b) Detection of surface markers in hMBSCs (red) and in isotype controls (black) by ﬂow cytometry. hMBSCs were positive for CD29, CD73,
CD105, CD90, and HLA-ABC but negative for CD34, CD45, and HLA-DR. (c) The hMBSCs were negative for HLA-ABC costimulatory
molecules CD80, CD86, and CD40. (d) Immunoﬂuorescence staining showed almost all hMBSCs expressed the embryonic stem cell
surface markers Oct4, SSEA-4, and Nanog. (e) Adipogenic diﬀerentiation of hMBSCs was demonstrated by staining with oil red O, and
osteogenic diﬀerentiation was demonstrated by ALP staining at the middle stage and Alizarin Red staining at the late stage.

apoptosis-related proteins, caspase-3 and Bax, was not
signiﬁcantly diﬀerent in hMBSC-CM and hMBSC coculture
treatment HeLa cells (Figures 4(e) and 4(f)). These results
indicate that the hMBSC-CM and hMBSC coculture can
inhibit the proliferation of HeLa cells by inducing cell cycle
arrest at the G0/G1 phase.
3.4. hMBSCs Inhibit Growth of HeLa Cells In Vivo. The eﬀects
of hMBSCs and NIH 3T3 cells on HeLa cells in vivo were
tested by subcutaneously coinjecting them with HeLa cells
at a 1 : 1 ratio (5 × 106 : 5 × 106 cells; n = 5) into one side of
the scapular region of a BALB/c nude mouse. HeLa cells
alone were used as the control group. For cell tracking purposes, hMBSCs and NIH 3T3 cells were labeled with
PKH26. To verify whether hMBSCs and NIH 3T3 cells were
present in the tumor, mice were anesthetized after 7 days,
14 days, and 21 days of cell injection and visualized with a
whole-body ﬂuorescent imaging system. As shown in
Figure 5(a), hMBSCs were clearly observed in the tumor
tissue but were gradually reduced at 7, 14, and 21 days after
injection. NIH 3T3 cells were also observed in the tumor at
day 7 and day 14, but no NIH 3T3 cells were detected at
day 21. Thus, at the time of sacriﬁce (day 21 after injection),
there remained a few hMBSCs but no NIH 3T3 cells in the
tumor. Mice were euthanized after 21 days of cell injection,
and the tumor tissue was harvested. The immunostaining
analysis showed that the PKH26-positive cells also expressed

DAPI, suggesting that the hMBSCs present in the tumor were
still alive (Figure 5(b)). We observed that hMBSCs signiﬁcantly decreased the average volume and average weight of
xenografted tumors compared with the HeLa cells alone
group and the HeLa/NIH 3T3-coinjected group. In contrast,
no signiﬁcant diﬀerence between the HeLa cells alone group
and the HeLa/NIH 3T3 group was observed (Figures 5(c)–
5(e)). Results from an immunohistochemistry assay showed
that hMBSCs signiﬁcantly decreased the positive rates of
PCNA in the HeLa/hMBSC-coinjected tumor tissues
compared with those in the HeLa cells alone tissues and
HeLa/NIH 3T3-coinjected tumor tissues (Figures 5(f) and
5(g)), which was consistent with the in vitro results. In order
to test the treatment eﬀect of hMBSCs on apoptosis in the
tumor tissue, sections from the HeLa cells alone, HeLa/NIH
3T3-coinjected, and HeLa/hMBSC-coinjected groups were
subjected to TUNEL staining. No signiﬁcant reduction in cell
apoptosis was observed in the HeLa/hMBSC group compared to the HeLa cells alone group and the HeLa/NIH 3T3
group, suggesting that hMBSCs do not accelerate the apoptosis of HeLa cells in vivo (Figures 5(h) and 5(i)). No signiﬁcant
diﬀerence in cell proliferation and apoptosis was observed in
the HeLa/NIH 3T3 group compared to the Hela cells alone
group (Figures 5(f)–5(i)).
3.5. The Suppressive Eﬀect of hMBSCs on HeLa Cells Is
Mediated through TGF-β1. Interleukin-6 (IL-6) [38], α/β
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Figure 3: hMBSCs and hMBSC-CM inhibit the migration and invasion of HeLa cells in vitro in a paracrine manner. (a) Wound-healing assay
for migration of HeLa cells in the PBS, hMBSC-CM, and hMBSC coculture groups. The red line indicates the initiatory areas without
migrating cells. (b) Quantitative analysis of the migration area as shown in (a). (c) Matrigel invasion assay for invasion of HeLa cells in
the control, hMBSC-CM, and hMBSC treatment group. The invaded HeLa cells were stained with crystal violet. (d) Quantitative analysis
of the invaded cells as shown in (c). Signiﬁcance was measured using a two-way ANOVA. ∗ P < 0 05, ∗ P < 0 01, ∗∗∗ P < 0 001.

interferons (INFα/β) [39], granulocyte-macrophage colonystimulating factor (GM-CSF) [40], dickkopf-1(DKK-1)
[41], and TGF-β1 [25, 27, 42] are reported to be continuously
secreted by MSCs and to participate in the mechanisms
involved in the control of cell proliferation. To determine
which hMBSC-derived factor contribute to the cell cycle
arrest of HeLa cells, we added IL-6, INFα/β, GM-CSF,
DKK-1, and TGF-β1 antibody into the transwell system.
We found that the inhibitory eﬀect of hMBSC coculture
could only be suppressed by TGF-β1 antibody, indicating
that hMBSC-secreted TGF-β1 plays an important role in
the induction of cell cycle arrest in HeLa cells (Figure 6(a)).
To conﬁrm whether the cell cycle arrest of HeLa cells
induced by hMBSCs was mediated by TGF-β1, we ﬁrst
detected the TGF-β1 concentration in hMBSC-CM by
ELISA. Our results showed that a substantial amount of
TGF-β1 (1057 pg/105 cells, 5.29 ng/ml) was secreted into
the culture medium by hMBSCs within 48 h. The medium
without FBS was set as a negative control. Furthermore,
we added TGF-β1 antibody (10 ng/ml) into the transwell
system and evaluated the cell cycle progression of HeLa
cells at 48 h. Our results showed that TGF-β1 antibody signiﬁcantly decreased the proportion of HeLa cells in the
G0/G1 phase from 63 ± 4% (coculture group) to 44 ± 4%
(coculture+TGF-β1 group) (P < 0 01). A signiﬁcant increase
(P < 0 01) from 21 ± 3% to 36 ± 3% of the S phase cells was
also observed when TGF-β1 antibody was added into the
transwell system. These results indicate that TGF-β1 antibody reversed hMBSC-induced cell cycle arrest. To further
conﬁrm the eﬀects of TGF-β1 on cell cycle progression in
HeLa cells, rhTGF-β1 was added to treat HeLa cells and cell
cycle was evaluated by ﬂow cytometry. When compared with
the PBS group, rhTGF-β1 induced a signiﬁcant decrease in
the S phase and a signiﬁcant increase in the G0/G1 phase in
HeLa cells (Figures 6(b) and 6(c)). To conﬁrm that TGF-β1
in the coculture system was secreted by hMBSCs and not
HeLa cells, western blot analysis was used to detect the
expression of TGF-β1 in hMBSCs, HeLa cells, and HeLa cells
cocultured with hMBSCs. We found that hMBSCs had high
expression of TGF-β1. In contrast, both conditions of HeLa
cells were negative for TGF-β1 (Figure 6(d)).

Phosphorylation of JNKs is associated with protein
stabilization of P21 [43], which is a negative regulator of
the cell cycle and might be associated with TGF-β1-induced
growth inhibition [44]. Western blot analysis showed
that hMBSCs signiﬁcantly decreased the expression of PCNA
and increased the expression of phospho-JNK and phosphoP21 in cocultured HeLa cells compared with the PBS control
group. In HeLa cells treated with hMBSCs+TGF-β1 antibody, a reduced level of phospho-JNK and phospho-P21
was observed compared to HeLa cells only treated with
hMBSCs. The expression level of phospho-JNK and
phospho-P21 was also upregulated in the rhTGF-β1-treated
cells (Figure 6(e)). These results indicate that the cervical
carcinoma suppressive eﬀect derived from hMBSCs is
mediated by TGF-β1 and subsequent upregulation of
phospho-JNK and phospho-P21 signaling cascades.

4. Discussion
hMBSCs are a newly identiﬁed type of MSCs and have many
important advantages such as a noninvasive isolation
procedure, low immunogenicity, no oncogenicity, high proliferative potential, and no ethical conﬂicts. In this study,
we found that hMBSCs expressed high levels of three core
pluripotency proteins (OCT4, SSEA-4, and Nanog) and the
MSC markers CD29, CD73, CD105, and CD29. However,
hMBSCs do not express the hematopoiesis-speciﬁc markers
CD34 and CD45 (Figure 2(b)). Under adipogenic and
osteogenic diﬀerentiation conditions, the hMBSCs had the
potential to diﬀerentiate into adipocytes and osteocytes,
respectively (Figure 2(e)). These observations indicate that
hMBSCs have similar characteristics to BM-MSCs and have
multilineage diﬀerentiation potential. The human leukocyte
antigen (HLA) system represents the loci of genes that play
a crucial role in determining donor-recipient immune
compatibility in organ transplantation [45]. Very low levels
of HLA class I (HLA-A/B/C) and II (HLA-DR and DQ)
molecules have been reported in hMBSCs [28]. Our results
have also shown that the hMBSCs were negative for HLADR, CD80, CD86, and CD40 and have low expression
of HLA-ABC (Figures 2(b) and 2(e)), suggesting weak
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Figure 4: hMBSCs and hMBSC-CM induce cell cycle arrest of HeLa cells in vitro. (a) Cell cycle analysis through ﬂow cytometry showed that
hMBSC-CM and hMBSC coculture induces G0/G1 cell cycle arrest in HeLa cells. (b) Quantitative analysis of the percentage of cells in the
G0/G1 and S phase of cell cycle as shown in (a) (n = 3). (c) HeLa cells were cultured under treatment of PBS, hMBSC-CM, and hMBSC
coculture for 48 h and subjected to ﬂow cytometry analysis for apoptotic cells (n = 3). (d) Quantitative analysis of the percentage of
apoptotic cells and living cells as shown in (c) (n = 3). (e) Western blot for the KI67, PCNA, caspase-3, and Bax expression in HeLa cells
after treatment with PBS, hMBSC-CM, and hMBSC coculture for 48 h. (f) Quantitative analyses for relative protein level of HeLa cells as
shown in (e). Signiﬁcance was measured using the two-way ANOVA. ∗ P < 0 05, ∗ P < 0 01, ∗∗∗ P < 0 001.

immunogenicity and potential immune tolerance after transplantation of hMBSCs. These characteristics make hMBSCs
ideal candidates for cancer therapy.
There have been reports showing that human endometrial mesenchymal stem cells derived from menstrual blood
attenuate epithelial ovarian cancer (EOC) growth by inducing cell cycle arrest and promoting apoptosis in EOC cells
in vitro and in vivo [46]. Whether hMBSCs provide antitumor properties to other cancer cells, especially cervical
cancer, has never been reported. In this paper, we test the
antitumor properties of hMBSCs on cervical cancer cells
in vitro and in vivo. In recent reports, CM derived from adipose MSCs [47] and human ESCs [48] was found to inhibit
proliferation but not cell death in hepatocellular carcinoma
(HCC), ovarian cancer, and prostate cancer. To elucidate
whether hMBSCs inhibit tumor proliferation through paracrine signaling, hMBSC was used in a transwell coculture
system to detect the eﬀect of hMBSC-secreted factors on
the proliferation of HeLa cells. First, cells were either treated
with PBS or cocultured with NIH 3T3. When compared with
the PBS group, we found that the NIH 3T3 coculture did not
aﬀect the proliferation, migration, and invasion of HeLa cells.
Therefore, in order to reduce the number of experimental
groups, we only used the PBS group as the negative control
for in vitro experiments. In agreement with previous reports,
we found that both hMBSC-CM and hMBSC coculture could
inhibit the proliferation, migration, and invasion of HeLa
cells in vitro (Figures 1 and 3). However, we did not observe
a signiﬁcant level of cell death mediated by hMBSCs
(Figures 4(c)–4(f)). We also found that hMBSCs decreased
the expression of PCNA and KI67 in HeLa cells treated with
hMBSC-CM or cocultured with hMBSCs. Furthermore, ﬂow

cytometric analysis showed that hMBSC-CM and hMBSC
coculture signiﬁcantly induced G0/G1 cell cycle arrest in
HeLa cells with a signiﬁcant decrease in cells in the S phase.
There was no signiﬁcant diﬀerence observed in HeLa cells
treated with hMBSC-CM or cocultured with hMBSC. We
also demonstrated the ability of hMBSCs to inhibit HeLa cell
proliferation in vivo.
We coinjected HeLa cells with NIH 3T3 cells or hMBSCs
into BALB/c nude at a 1 : 1 ratio, and HeLa cells alone were
used as control. Whole-body ﬂuorescent imaging analysis
showed that hMBSCs were present in the tumor tissue and
were gradually reduced at 7, 14, and 21 days after injection.
NIH 3T3 cells were also observed in the tumor at day 7 and
day 14, but no NIH 3T3 cells were detected at day 21
(Figure 5(a)). The average volume and average weight of
tumors decreased in the HeLa/hMBSC group compared to
the HeLa cells alone group and the HeLa/NIH 3T3 group
(Figures 5(c)–5(e)). These data suggest that the inhibitory
factors secreted from hMBSCs play an important role in the
growth inhibition of HeLa cells [27].
The speciﬁc soluble antiproliferative factors secreted by
MSCs remain unknown. TGF-β1 is well recognized as a
potent inhibitor of cell proliferation of endothelial, epithelial,
and cancer cells [49]. Chen et al. found that TGF-β1 inhibited cell growth and DNA synthesis and induced G0/G1 cell
cycle arrest [50]. Bu et al. found that human amniotic epithelial cells secreted abundant TGF-β1, decreased the proliferation of epithelial ovarian cancer cells, and induced G0/G1 cell
cycle arrest in cancer cells in vivo and in vitro [27]. IL-6 [38],
INFα/β [39], GM-CSF [40], and DKK-1 [41] are reported to
be continuously secreted by MSCs and to participate in the
mechanisms involved in the control of cell proliferation. To

Stem Cells International

13
Day 14

Day 21

Day 21 tumor

Hela/NIH3T3 co-injection

Day 7

Hela/hMBSCs co-injection

Hela/hMBSCs
co‑injection

Hela/NIH3T3
co‑injection

Hela/NIH3T3
co‑injection

Hela/hMBSCs
co‑injection
(a)

Hela/hMBSCs

Hela/hMBSCs Hela/NIH3T3
co-injection
co-injection

Hela cells
alone

Hela/NIH3T3

(b)

(c)

⁎⁎⁎

⁎⁎⁎

500

500

⁎⁎⁎

⁎⁎⁎
400
Weight (mg)

Volume (mm3)

400
300
200

300
200
100

100

0

0
Hela alone

Hela/NIH3T3 Hela/hMBSCs
(d)

Hela alone

Hela/NIH3T3 Hela/hMBSCs
(e)

Figure 5: Continued.

14

Stem Cells International
PCNA
Hela/NIH3T3 co-injection

Hela cells alone

Hela/hMBSCs co-injection

(f)

PCNA (+) cells ratio (%)

100

⁎⁎⁎
⁎⁎⁎

80
60
40
20
0
Hela alone

Hela/NIH3T3 Hela/hMBSCs
(g)

TUNEL
Hela/NIH3T3 co-injected

Hela cells alone

Hela/hMBSCs co-injected

TUNEL positive cells ratio (%)

(h)

15

10

5

0
Hela alone

Hela/NIH3T3 Hela/hMBSCs
(i)

Figure 5: hMBSCs inhibit the growth of HeLa cells in vivo. (a) Whole-body ﬂuorescent imaging analysis of PKH26 labeling in hMBSCs and
NIH 3T3 cells in vivo. (b) The tumor tissues of the HeLa/NIH 3T3 and HeLa/hMBSC group were stained with DAPI and imaged by confocal
microscopy. (c) Gross observation of subcutaneous xenografts of Hela cells alone, HeLa/NIH 3T3-coinjected, and HeLa/hMBSC-coinjected
nude mice (n = 4). (d) The average volume of the HeLa/hMBSC-coinjected group was signiﬁcantly smaller than that of the HeLa cells alone
group and the HeLa/NIH 3T3-coinjected group at day 21 (n = 4). (e) The average weight of the HeLa/hMBSC-coinjected group was
signiﬁcantly lower than that of the HeLa cells alone group and the HeLa/NIH 3T3-coinjected group at day 21 (n = 4). (f) Proliferation of
HeLa cells was tested by immunohistochemistry using antibodies against PCNA in HeLa cells alone, HeLa/NIH 3T3, and HeLa/hMBSC
tumor tissues. (g) Quantiﬁcation of PCNA-positive HeLa cells in (f). (h) Estimation of apoptosis in tumor tissues of the HeLa cells alone,
HeLa/NIH 3T3-, and HeLa/hMBSC-coinjected groups using the TUNEL assay. (i) Quantiﬁcation of TUNEL-positive HeLa cells in
(h).∗ P < 0 05, ∗ P < 0 01, ∗∗∗ P < 0 001.

Stem Cells International

15

300
250
200
150
100
50
0
0

Count

DKK-1

GM-CSF

INF훼/훽

IL-6

TGF-훽1

Co-culture

Co-culture

PBS

PBS
G0/G1:41±3%
S:38±2%
G0/G1
G2/M:21±1%
P3 P4 P5
G2/M
S

PCNA

×1000

S

G2/M

0 10 20 30 40 50 ×1000
rhTGF-훽1

Co-culture+TGF-훽1
G0/G1:44±4%
G0/G1
S:36±3%
G2/M20±2%
P3 P4P5

300
250
200
150
100
50
0

GAPDH

10 20 30 40 50

300
250
200
150
100
50
0

Co-culture
G0/G1:63±4%
S:21±3%
G0/G1
G2/M:16±2%
P3P4P5

250

G0/G1

200
P3P4P5

150

S G2/M

100

S

G0/G1:59±2%
S:23±3%
G2/M:18±2%
G2/M

50
0

10 20 30 40 50

×1000

0

0 10 20 30 40 50 ×1000

PI
(a)

(b)

⁎⁎

80
60

⁎⁎ ⁎⁎

⁎⁎

⁎⁎
⁎⁎ ⁎⁎

40

⁎⁎

20
0
S
PBS
Co-culture

G0/G1
Co-culture+TGF-훽1
rhTGF-훽1

P-JNK

P-P21

JNK

P21

TGF-훽1

PCNA

GAPDH

GAPDH

GAPDH
(d)

rhTGF−훽

Co-culture
+TGF−훽1

Co-culture

PBS

rhTGF−훽

Co-culture
+TGF−훽1

Co-culture

PBS

Coculture
Hela cells

hMBSCs

Hela cells

(c)

(e)

Figure 6: hMBSCs inhibit the growth of HeLa cells via TGF-β1-mediated signaling. (a) IL-6, INFα/β, GM-CSF, DKK-1, and TGF-β1
antibodies were added into the transwell system, and western blot was used to detect the expression of PCNA in HeLa cells for each
treatment group. (b) Cell cycle analysis tested by ﬂow cytometry showed that TGF-β1 antibody reversed hMBSC-induced cell cycle
arrest in HeLa cells. (c) Quantitative analysis of the percentage of cells in the G0/G1 and S phase of cell cycle as shown in (b) (n = 3).
(d) Western blot analysis of TGF-β1 protein levels in hMBSCs, HeLa cells, and HeLa cells cocultured with hMBSCs. (e) Western
blot analysis of protein levels of PCNA, JNK, phospho-JNK, P21, and phospho-P21 in HeLa cells of each treatment group. ∗ P < 0 05,
∗
P < 0 01, ∗∗∗ P < 0 001.

determine which hMBSC-derived factors contribute to the
cell cycle arrest of HeLa cells, we added TGF-β1, IL-6,
INFα/β, GM-CSF, and DKK-1 antibodies into the transwell

system. We found that the inhibitory eﬀect of the hMBSC
coculture could only be suppressed by the TGF-β1 antibody
(Figure 6(a)), indicating that hMBSC-secreted TGF-β1 plays
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an important role in the induction of cell cycle arrest in
HeLa cells. Next, we assessed the changes in proliferation
in response to treatment of HeLa cells with rhTGF-β1.
Results showed that rhTGF-β1 induced a signiﬁcant
decrease in the S phase and a signiﬁcant increase in the
G0/G1 phase of HeLa cells (Figures 6(b) and 6(c)). The
results conﬁrmed our hypothesis that TGF-β1 secreted
by hMBSCs was responsible for the inhibition of HeLa cell
proliferation potential.
In some instances, TGF-β1 has been reported to regulate
phosphorylation of JNKs, which coordinate cell responses to
stress and inﬂuence regulation of cell growth and transformation [27]. Umbilical cord tissue-derived MSCs induce
apoptosis in PC-3 prostate cancer cells through activation
of JNK and downregulation of PI3K/AKT signaling [51].
Although we found that the suppressive eﬀect of hMBSCCM and hMBSC coculture in HeLa cells is exerted through
an inhibition on cell proliferation and not by regulating apoptosis, the expression level of phospho-JNK in the hMBSCCM and hMBSC coculture group was signiﬁcantly increased
compared to control. Nevertheless, ﬁndings from our study
have shown that the expression levels of PI3K and AKT were
not signiﬁcantly diﬀerent between these three groups. P21,
stabilized by JNK [52], is a critical regulator of tumorigenesis
and suppresses tumors by regulating cell cycle arrest and/or
apoptosis [53]. Magatti et al. found that the expression of
P21 can be upregulated by MSCs and subsequent inhibition
of cyclins and cyclin-dependent kinases (CDKs), leading
to cell cycle arrest [25]. Our data demonstrated that the
activation of phospho-JNK upregulated the expression of
phospho-P21 in hMBSC-CM and rhTGF-β1-treated HeLa
cells (Figure 6(e)). These results indicate that hMBSCs
inhibit the proliferation of HeLa cells via TGF-β1-mediated JNK/P21 signaling.

5. Conclusion
We have found novel intrinsic anticervical cancer properties
of hMBSCs in vivo and in vitro. Furthermore, we showed that
hMBSCs secrete high levels of TGF-β1, which sequester and
inhibit HeLa cell proliferation by inducing cell cycle arrest.
The inhibitory eﬀect of TGF-β1 is evident from the increased
level of phospho-JNK and phospho-P21 and from reduced
HeLa cell proliferation. This study supports the use of
hMBSC-based antitumor therapy against cervical cancer.
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Protein acetylation is one of the most important posttranslational modiﬁcations catalyzed by acetyltransferases and deacetylases,
through the addition and removal of acetyl groups to lysine residues. Lysine acetylation can aﬀect protein-nucleic acid or
protein-protein interactions and protein localization, transport, stability, and activity. It regulates the function of a large variety
of proteins, including histones, oncoproteins, tumor suppressors, and transcription factors, thus representing a crucial regulator
of several biological processes with particular prominent roles in transcription and metabolism. Thus, it is unsurprising that
alteration of protein acetylation is involved in human disease, including metabolic disorders and cancers. In this context,
diﬀerent hematological and solid tumors are characterized by deregulation of the protein acetylation pattern as a result of
genetic or epigenetic changes. The imbalance between acetylation and deacetylation of histone or nonhistone proteins is also
involved in the modulation of the self-renewal and diﬀerentiation ability of stem cells, including cancer stem cells. Here, we
summarize a combination of in vitro and in vivo studies, undertaken on a set of acetyltransferases, and discuss the physiological
and pathological roles of this class of enzymes. We also review the available data on the involvement of acetyltransferases in the
regulation of stem cell renewal and diﬀerentiation in both normal and cancer cell population.

1. Introduction
Epigenetic changes do not involve changes in the DNA
sequence but alter the physical structure of DNA. To date,
the most commonly epigenetic changes include DNA methylation and histone modiﬁcations, such as methylation and
acetylation at lysine residues. Lysine acetylation is catalyzed
by lysine acetyltransferase, formerly called histone acetyltransferase (HAT), which transfers the acetyl group of
acetyl-CoA to the epsilon-amino group of an internal lysine
residue located near the amino termini of core histone
proteins [1]. The reverse reaction is accomplished by deacetylases (HDAC). More recently, other posttranslational modiﬁcations of histones have been described such as neddylation,
sumoylation, glycosylation, phosphorylation, poly-ADP ribosylation, and ubiquitination [2]. All these posttranslational

modiﬁcations of histones, as well as nonhistone proteins,
regulate gene expression proﬁles through their eﬀect on
chromatin structure/remodelling. Histone acetylation is
associated with an open and active chromatin conformation
(i.e., euchromatin), while histone deacetylation is generally
associated with a condensed and inactive form of chromatin
(i.e., heterochromatin). On the other hand, histone methylation might be a marker for both active chromatin and
inactive chromatin.
For deﬁnition, it is not possible to pass down epigenetic
changes to future generations; nevertheless, it is now accepted
that epigenetic modiﬁcations can cross the border of generations and can be inherited from parent to oﬀspring. In line
with the relevance of epigenetic changes in normal development, the ﬁrst stage of development is evidenced by erasure
of epigenetic information compatible for development. This
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epigenetic phenomenon, named epigenetic reprogramming,
is likely required for resetting the epigenome of the early
embryo, so that it can form every kind of cell type in the
organism. To pass to the next generation, epigenetic information must avoid being erased during reprogramming.
Indeed, it is now well accepted that there are rare regulatory
elements that evade, for instance, DNA demethylation
during embryogenesis, thus suggesting that change in the
epigenome can be inherited also transgenerationally [3–5].
In line with this evidence, two recent studies evidence that
also maternal inheritance of histone marks trimethylated
lysine 27 of histone 3, a repressing mark of gene expression,
may represent a conserved mechanism able to regulate gene
expression during early development [6, 7]. Overall, these
studies recognize the importance of epigenetic programming
in determining cell identity during the reprogramming
process, indicating that epigenetic information might play
a critical role in the restoration of totipotency in the embryo
or in stem cells.
An aberrant epigenetic signature can be responsible
for some disease states causing abnormal activation or
silencing of genes playing a role in diﬀerent pathologies,
such as syndromes involving chromosomal instabilities
or mental retardation [8, 9]. Epigenetic alterations can
also be responsible for the promotion or inhibition of a
malignant phenotype at various stages of the disease: in
transformed cells, epigenetic changes occur in key oncogenes
or tumor suppressor genes leading to cancer initiation or
progression [10, 11].
The aim of this review is to discuss the role of protein
acetylation leading to cancer initiation and progression, and
their role in the maintenance of stem cell progenies and
how deregulation of HAT in this subpopulation sustains
tumor development.

2. HAT: Classification and Functions
Histone acetylation is preferentially carried out on speciﬁc
lysine: for instance, histone H3 is mainly acetylated in positions 9, 14, 18, and 23, while the lysine of histone H4 that
are preferentially acetylated are in positions 5, 8, 12, and 16.
The addition of the acetyl group neutralizes the positive
charge of lysine weakening the electrostatic interaction
between the histones and DNA, relaxing the chromatin
structure and recruiting chromatin remodelling protein complexes (e.g., transcription factors and chromatin modiﬁers),
and ﬁnally leading to gene activation. Recent analysis of
lysine acetylation through mass spectrometry has increased
our understanding on this posttranslational modiﬁcation
[12] and demonstrated the involvement of HAT enzymes
in many biological processes beyond gene transcription,
through the regulation of protein interaction, activity and
cellular localization. Thus, the human HAT have been
recently renamed as lysine acetyltransferases (KAT), for their
ability to acetylate diﬀerent proteins beyond histones.
The main function shared by all HAT members is the
activation of transcription. They are classiﬁed into type A
and type B on the basis of their localization inside the cell
(Table 1). Type A shows mainly nuclear localization, likely
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catalyzes the processes related to transcription, and is
grouped into ﬁve main families:
(1) p300/CBP
(2) GCN5-related N-acetyltransferase (GNAT)
(3) Moz, Ybf2/Sas3, Sas2, Tip60 (MYST)
(4) Nuclear receptor coactivator- (NCOA-) related HAT
(5) Transcription factor-related HAT
In the past years, the Camello family has also been
included in this classiﬁcation. The novel Camello HAT
family has been identiﬁed in zebraﬁsh and includes functional HAT showing speciﬁcity towards histone H4 and
perinuclear localization [13]. Type B consists of HAT1,
HAT2, HatB3.1, Rtt109, and HAT4 and it is localized in
the cytoplasm.
The p300/CBP family consists of two members with similar structure and functions: CBP (CREB-binding protein)
and its paralog p300. Both CBP and p300 contain an HAT
domain of about 500 residues, in which they share 86%
sequence identity, a bromodomain, and three cysteinehistidine-rich domains (TAZ, PHD, and ZZ) serving for
the protein-protein interaction. CBP/p300 act as coactivators of hundreds of diﬀerent transcription factors, and it
is now well clear that they are key regulators in the assembly and mobilization of the basal transcription machinery
[14]. In this context, it has been suggested that p300/CBP
binding to transcription factor activation domains positions
HAT near speciﬁc nucleosomes in target gene promoter
regions thus facilitating the transcriptional activation [15].
It has also been reported that both p300 and CBP modulate
the activity and cellular localization of diﬀerent factors producing multiple downstream eﬀects in the cells [16–18].
The GNAT family consists of at least 12 enzymes with
diﬀerent cellular functions that acetylate both histone and
nonhistone proteins. They contain an HAT domain of around
160 residues and a conserved BRD at the carbossi-terminus,
which recognizes and binds to acetyl-lysine residues [19].
The two main members, GCN5 (general control nonderepressible 5, KAT2A) and pCAF (p300/CBP-associated
factor, KAT2B), are closely related proteins playing an
important role in gene transcription. Beyond their genespeciﬁc HAT activities, the GCN5 and pCAF enzymes have
been shown to acetylate numerous transcription factors,
thus regulating their functions [20]. Despite a cytosolic
localization, α-tubulin acetyltransferase 1 (ATAT1), mainly
responsible for α-tubulin acetylation at lysine 40 in higher
organisms, has been included in the GNAT superfamily
[21–24]. Acetylation of histone and nonhistone proteins by
GNAT controls gene transcription, DNA replication, DNA
repair, cell cycle progression, cell signalling pathways, and
metabolism. GNAT enzymes are known to play a role in a
wide range of human diseases including cancer, obesity,
diabetes, and metabolic disease [25–27]. The MYST family
comprises ﬁve enzymes: MOZ, Tip60, MOF, MORF, and
HBO1. This family is characterized by the presence of a highly
conserved 370-residue MYST domain and other domains
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Table 1: HAT classiﬁcation.

Nomenclature

Cellular localization

Histone and nonhistone

Type A HAT
p300/CBP family
CBP (KAT3A)

Nucleus

p300 (KAT3B)

Nucleus

GNAT family
KAT2

NF-kappaB, c-myb, Foxo1, NCOA3, PCNA, KLF1, transcription
factor MafG, IRF-2
H2A, H2B, H3, NF-kappaB, c-myc, p53, STAT3, β-catenin,
Foxo1, AR, ALX1, SIRT2, HDAC1, BCL6, MTA1, XBP1
isoform 2, PCNA, MEF2D, ZBTB7B

Cytosol

H3, H2B
H3, H4, H2A, CDC6, CDK9,cyclin D1, cyclin E1 and E2F1,
HDM2, PTEN, c-myc, TBX5, PLK4, CEBPB
H3, H4, p53, CDK9, c-myc, Foxo1, AR, TBX5, PLK4, ACLY
H4, H2A, H3
α-Tubulin, cortactin

Nucleus

H4, H2A, ATM, TRRAP, E2F1, c-myc, NR1D2, FOXP3, RAN

Nucleus
Nucleus
Nucleus
Nucleus

H3, p53
H3, H4
H4, p53

Nucleus
Nucleus

H3 H4
H3

Nucleus

H3 H4

Perinucleus

H4

Nucleus/cytosol
Cytosol

H3, H4, H2A
H4 H2A

GCN5 (KAT2A)

Nucleus

pCAF (KAT2B)
ELP3 (KAT9)
ATAT-1 (MEC-17)
MYST family
Tip60 (KAT5)
KAT6
MOZ (KAT6A)
MORF (KAT6B)
HBO1 (KAT7)
MOF (KAT8)
Transcription factor complexes
TAF1/TBP (KAT4)
TFIIIC90 (KAT12)
Nuclear receptor coactivators
SCR1 (KAT13)
Camello family
Camello
Type B HAT
HAT1 (KAT1)
HAT4 (KAT4)

Nucleus

relevant for the recognition of other proteins [28, 29]. Members of this family play a critical role in a wide range of cellular
processes including regulation of transcription, cell growth,
and cell cycle [28].
The nuclear receptor coactivators family includes steroid
receptor coactivators (SCR1, SCR2, and SCR3). SCRs are
coactivators that are required for transcriptional activity of
the steroid receptor superfamily. SRC1 has an HAT domain
at its carbossi-terminal region and is primarily speciﬁc for
histones H3 and H4 [30], thus being involved in both chromatin remodelling and the process of recruitment/stabilization of general transcription factors [26]. The transcription
factor-related HAT family includes TATA box-binding protein- (TBP-) associated factors TAFII250 and TFIIIC [31].
The most studied members of HAT of type B are HAT1
and HAT4 [32, 33]. In humans, both HAT promote the acetylation of cytosolic histone H4 favouring the nucleosome
assembly, whereas HAT1 also acetylates histone H2A on
lysine 5 [32–34].

3. Role of HAT in Development and Cancer
It is well clear that for their eﬀect on gene transcription or on
nonhistone proteins, HAT enzymes and consequently protein acetylation are implicated in development and physiology and in the genesis of several diseases. Thus, it is
unsurprising that HAT are also involved in the regulation
of stemness properties of normal and cancer cells.
3.1. Roles of HAT in Development and Physiology. Recent studies on HAT-null and heterozygous mice have revealed highly
speciﬁc functions of individual enzyme in development,
physiology, and disease (Table 2). Indeed, this is possible
not only for the canonical function of HAT on gene transcription but also for their structural role as a scaﬀold protein.
The role of CBP/p300 in neural development has been
described in several studies by using mutant mice for these
HAT. Loss of both p300 and CBP results in early embryonic
lethality. Moreover, the mutant embryos display several
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Table 2: Involvement of HAT in normal development.

HAT

Organism

Impact on development

Ref

CBP

Null mice

Neural tube closure and embryonic vascular and cardiac defects

[35]

CBP

Mice harbouring point mutation or deletion
of the HAT domain

Several defects in memory and synaptic plasticity

[37,
38]

CBP

Null mice

Rubinstein-Taybi syndrome (RTS) multilineage

[8]

p300

Heterozygous mice

Embryonic lethality

[35]

p300

Mice harbouring point mutation

Defects in the hematopoiesis (B-cell deﬁciency, megakaryocytosis,
and thrombocytosis)

[39]

GCN5

Mice harbouring a point mutations abrogating
GN5 HAT activity

Cranial neural tube closure defects and exencephaly

[41]

GCN5

Null mice
Knockdown zebraﬁsh

Early embryonic lethality
Cardiac, ﬁn, and limb defects

[40]
[45]

Normal phenotype in the embryo

[42,
44]

pCAF

Null mice
Knockdown zebraﬁsh

ATAT-1

Null mice

neural tube closure and embryonic vascular and cardiac
defects. Notably, also heterozygous mice for p300 manifest
considerable embryonic lethality. More recent studies using
p300/CBP conditional knockouts reveal a distinct role for
p300 and CBP in deﬁned cell lineages, although both genes
are essential for cell proliferation [35, 36]. Mice genetically
deleted for CBP represent also a good model to study
Rubinstein-Taybi syndrome (RTS), a cognitive disorder
prominently linked to the deﬁciency in CBP activity [8]. Of
note, mice with a mutant form of CBP, lacking its HAT
domain (CBPΔ mice) or with point mutations in the domain
mediating the CREB interaction (CBPKIX/KIX mice), showed
some defects in memory and synaptic plasticity [37, 38].
Mice homozygous for mutation in the KIX domain of
p300 showed multilineage defects during the hematopoiesis,
such as B-cell deﬁciency, megakaryocytosis, and thrombocytosis, thus indicating that binding of p300 to c-Myb and
CREB is required for hematopoiesis [39].
The early embryonic lethality was also observed in
GCN5-null mice [40]: contrary to GCN5-null embryos,
GCN5hat/hat embryos, with point mutations that abrogate
GCN5 HAT activity, are viable but show cranial neural tube
closure defects and exencephaly [41]. Of note, the defects of
GCN5-null mice are due not only to the eﬀect of GCN5 on
histone acetylation but also to the eﬀect on other GCN5 target proteins. In line with this evidence, deletion of p53, a
well-known GCN5 nonhistone target, partially rescued the
defect of GCN5-null embryos [41].
On the contrary, loss of pCAF did not determine obvious
abnormal phenotypes in mice [42, 43]. Despite this evidence,
defects in learning abilities and both short-term memory and
contextual long-term memory have been observed in adult
pCAF-null mice [44]. A more recent paper described the
defect associated with pCAF and GCN5 loss in zebraﬁsh
development. Indeed, morpholino-mediated knockdown of

Defects in learning abilities and short-term and long-term
memory in adult
Cardiac, ﬁn, and limb defects
Viable, without morphological defects; loss of α-tubulin
acetylation in sperm ﬂagella; dentate gyrus distortion

[44]
[45]
[46]

pCAF and GCN5 transcripts severely perturbs heart and
limb development, and pharmacological inhibition of HAT
also produces cardiac and ﬁn defects during zebraﬁsh development [45]. The α-tubulin acetyltransferase ATAT1 is
expressed in both mouse embryos and tissues. ATAT1-null
animals were viable, and no morphological defects were
found, despite the fact that this acetylation of α-tubulin is
lost in sperm ﬂagella and the dentate gyrus is slightly
deformed [46].
Homozygous mutations of the main MYST members
also result in early embryonic lethality; in contrast, heterozygous mutations exhibit no relevant phenotypes.
3.2. Roles of HAT in Stem Cell Maintenance. Stem cells are
deﬁned as a class of undiﬀerentiated cells that for deﬁnition
(i) replicate indeﬁnitely maintaining an undiﬀerentiated state
(or self-renewal capacity) and (ii) diﬀerentiate into specialized cell types (or cell potency). Commonly, stem cells are
derived from two main sources: (i) embryos formed during
the blastocyst phase of embryological development (embryonic stem cells (ESCs)) and (ii) adult tissues (somatic or adult
stem cells). Both types are generally characterized by their
potency to diﬀerentiate into diﬀerent cell types [47]. ESCs
exhibit the ability to avoid replicative senescence maintaining
their undiﬀerentiated state and to diﬀerentiate into any different specialized cells derived from the three germ layers
(ectoderm, endoderm, and mesoderm). The main diﬀerence
between embryonic and adult stem cells is the pluripotency,
as adult stem cells are considered multipotent, namely, stem
cells that are able to diﬀerentiate in a lineage-restricted manner. Adult stem cells are named on the basis of their tissue of
origin (e.g., mesenchymal stem cell, endothelial stem cell, and
dental pulp stem cell), and they act mainly as a repair system
for the renewal of adult tissues. Using a genetic reprogramming, it is possible to obtain a type of pluripotent stem cell
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Table 3: Involvement of HAT in stem cells.

HAT

Target

Eﬀect in normal stem cells

Ref

Maintenance of self-renewal hematopoietic stem cells

[61]

OCT4, SOX2, KLF4

Stem cell reprogramming
Proliferation and odontogenic diﬀerentiation of human dental pulp cells
Self-renewal and pluripotency maintenance in ESCs
Proper hematopoietic diﬀerentiation

[54]
[56]
[57]
[61]

Myc
NF-κB
DKK1

Early reprogramming initiation in mouse PSC
Osteogenic commitment of mesenchymal stem cells
Osteogenic diﬀerentiation of periodontal ligament stem cells

[62]
[64]
[65]

BMPs

Osteogenic diﬀerentiation of mesenchymal stem cells

[66]

NANOG, OCT4, SOX2

Maintenance of ESC self-renewal and pluripotency
Stem cell reprogramming

[68]
[69]

ESC diﬀerentiation into mesoderm and endoderm lineages

[71]

Maintenance of proliferation in hematopoietic and neural stem cells

[72]

CBP

p300

GCN5
pCAF
MOF
Tip60
MOZ

p16(INK4a)

directly from adult cells [47]: these cells are named induced
pluripotent stem cells (also known as iPS cells or iPSCs).
They are very similar to ESCs and may represent an attractive
approach for regenerative medicine.
The maintenance of stem cell properties requires the
activation of a series of transcription factors, among them
NANOG, OCT4, SOX2, KLF4, and c-Myc, while several
signalling pathways, including LIF/STAT3, BMP, PI3K,
FGF2, Wnt, TGFβ, and MAPK pathways, and epigenetic
factors, including HAT, HDAC, and DNA methyltransferases, play an important role in stem cell pluripotency
reprogramming [48, 49].
Diﬀerent evidences showed a regulatory mechanism
indicating an acetylation-related eﬀect on stemness, and several studies identiﬁed the speciﬁc HAT involved in the regulation of stemness property of normal stem cells (Table 3). In
this context, a misregulation of HAT may lead to an altered
potential of self-renewal and expansion of epigenetically
modiﬁed stem cell pools [50].
Genome-wide and mass spectrometry experiments have
demonstrated the lysine 56 acetylation (K56Ac) in histone
H3 also in mammal cells. Notably, high levels of K56Ac mark
the pluripotency transcriptional network in human ESCs and
correlate positively with binding along promoters of OCT4,
NANOG, and SOX2 [51]. Interestingly, in mouse ESCs,
OCT4 interacts with H3 K56Ac. This interaction is likely
direct and promotes the pluripotency of ESCs [52]. In
another independent study, aimed at evaluating the levels
of histone posttranslational modiﬁcations during the diﬀerentiation of ESCs, a global decrease in multiply acetylated
histone H4 peptides was found [53], suggesting the relevance
of this modiﬁcation in the maintenance of stemness. Acetylation of histone H3K9, an epigenetic mark associated
with open chromatin structures, is involved in the neural
commitment from ESCs, and p300 has been identiﬁed as
the enzyme involved in both ESC pluripotency and neural
diﬀerentiation [49].
In an experimental model of iPS cells, p300 promotes
acetylation of OCT4, SOX2, and KLF4 at multiple sites to

change their transcription activity, thus regulating stem cell
reprogramming [54]. In line with this evidence, p300 has
been reported to regulate the expression of NANOG and
SOX2 and the proliferation and odontogenic diﬀerentiation
of human dental pulp cells, regulating the expression of key
pluripotency genes [55, 56]. p300 and CBP also play redundant roles in maintaining the undiﬀerentiated state of ESCs.
Indeed, both are recruited by NANOG through the physical
interaction to NANOG-binding loci, mediating the formation of p300/CBP-binding loop fragments containing
enhancer activities, suggesting that the formation of these
higher-order chromosome structures is important in maintaining self-renewal and pluripotency of ESCs [57].
Histone and nonhistone protein acetylation regulates
also normal hematopoiesis [58, 59], being a network of epigenetic regulators, including NuA4/p300/CBP/HBO1, needed
for normal and hematopoietic development [60]. p300 and
CBP play essential but distinct roles in maintaining hematopoietic stem cell (HSC) self-renewal and regulating
diﬀerentiation into committed hematopoietic progenitors.
In particular, while CBP is relevant for HSC self-renewal,
p300 is essential for hematopoietic diﬀerentiation [61].
GCN5 is essential for embryonic survival in mice [42, 43]
and is highly expressed in mouse ESCs compared with diﬀerentiating cells [62]. Recently, GCN5 has been identiﬁed as a
critical regulator of early reprogramming initiation in mouse
PSC. Indeed, upon initiation of somatic reprogramming,
GCN5 coactivates Myc networks in PSC and coregulates
a group of RNA splicing and RNA processing genes that
are needed for somatic cell reprogramming [62]. In line
with this evidence, GCN5 is required for the maintenance
of histone acetylation in neural stem cells and cooperates
with N-Myc to regulate overlapping transcriptional programs [63]. GCN5 also plays a key role in osteogenic commitment of mesenchymal stem cells (MSC) by inhibiting a
nuclear factor kappa B-dependent transcription signalling
pathway [64]. In osteogenic diﬀerentiation of periodontal ligament stem cells, GCN5 modulates DKK1, a central regulator of osteoblast activity. Mechanistically, GCN5 regulates
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p300
MOZ
MOF
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GCN5
pCAF
Tip60
p300
CBP
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ATAT1

Differentiated cancer cell

Figure 1: Schematic overview of HAT involved in cancer. HAT display critical roles in promoting diﬀerent steps in cancer, starting from
initiation and growth to dissemination towards target organs. CSCs play a key role in all these phases.

DKK1 expression and promotes osteogenic diﬀerentiation
by direct acetylation of lysine 9 and lysine 14 of H3 at
the DKK1 promoter region [65]. Also, another member of
the GNAT family, pCAF, plays a critical role in osteogenic
diﬀerentiation of MSC, controlling bone morphogenetic
protein gene expression by increasing H3K9Ac to their
promoters [66].
The MYST family plays a crucial role in stem cells and
development [67]. By using genome-wide chromatin immunoprecipitation sequencing and integrated transcriptome
analyses, a recent study showed that the speciﬁc H4K16 acetyltransferase MOF is an integral component of the ESC core
transcriptional network that plays an essential role in the
maintenance of ESC self-renewal and pluripotency [68]. Further studies revealed that MOF is a crucial factor for eﬃcient
reprogramming of stem cells. Indeed, iPSCs express high
levels of MOF, and this expression is dramatically upregulated following reprogramming. In addition, MOF depletion
reduces H4K16Ac and H3K4me3 histone marks at the OCT4
promoter [69]. In ESCs, deletion of MOF determines an
aberrant expression of NANOG, OCT4, and SOX2 [68]. A
more recent study revealed a functional link among histone
variants H3.3, MOF, and GLI1, which regulate neuronal SC
proliferation and diﬀerentiation [70]. Tip60-deﬁcient ESCs
exhibited impaired diﬀerentiation into mesoderm and endoderm lineages, demonstrating a Tip60-dependent function in
diﬀerentiation [71].
Several studies have also established the critical function
of MOZ, in hematopoiesis [72, 73]. Notably, mice carrying
mutation into the MOZ gene exhibit a defect to develop
HSC during embryogenesis [74]. In both hematopoietic
and neural stem cells, MOZ controls cell proliferation by
repressing the transcriptional activity of p16(INK4a). Loss
of MOZ determines the upregulation of p16(INK4a) in progenitor and stem cells and induces cell senescence, and
depletion of p16(INK4a) reverts both the eﬀects [75].
Intriguingly, despite the fact that MOF HAT activity is
critical for hematopoietic cell maintenance, MOF is
required for adult but not for early fetal hematopoiesis in
mice [76].

3.3. Roles of HAT in Cancers. Genetic alterations and functional dysregulation of HAT are also strongly related to cancer [1]. In this context, it is well clear that HAT can have a
dual function in carcinogenesis, acting as oncogenes or
tumor suppressors. Diﬀerent HAT members are reported to
be mutated in tumors [27, 29, 77–79] and to be involved in
diﬀerent steps of tumor progression, starting from initiation
and tumor growth to dissemination towards target organs
(Figure 1).
Mutations of p300/CBP genes are associated with the
development of diﬀerent forms of leukemia and with B-cell
non-Hodgkin’s lymphoma [25, 79]. Mutations, which result
in the truncation of the proteins, or deletion of p300/CBP
genes have been also reported in diﬀerent solid cancers,
including lung, colon, breast, nasopharyngeal, ovarian, and
cutaneous squamous cell carcinomas [78, 80–84].
Also, GNAT family members, for their cellular functions,
have been implicated in diﬀerent kinds of cancer. GCN5 is
found to be upregulated in human glioma, colon, and lung
cancer [85]. Conversely, the pCAF gene is frequently deleted
in solid tumors such as ovarian, gastric, and esophageal carcinomas [86]. Recent reports suggest that also ATAT1 plays
a key role in many cellular processes related to cancer dissemination, including cell adhesion, migration, and invasion
[24, 87, 88]. Notably, ATAT1 is also associated with breast
cancer progression [89].
Also, MYST family members have been often found
mutated in cancer, and chromosomal aberrations involving
diﬀerent MYST genes and coding for hybrid proteins have
been reported to drive leukemogenesis [90, 91]. HAT activity
of MOF sustains a subtype of leukemia characterized by
oncogenic rearrangements of the mixed-lineage leukemia
(MLL) gene. Indeed, conditional deletion of MOF in a mouse
model of MLL-AF9-driven leukemogenesis, and accordingly
the treatment with small molecules targeting MYST members, reduces acute myeloid leukemia (AML) cell proliferation [76]. The expression of MOF has been often found
altered also in solid cancers, such as breast, ovarian, renal,
gastric, and colorectal carcinomas, as well as non-small-cell
lung cancer and medulloblastoma [29]. The human Tip60
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Figure 2: HAT regulate cancer stem cells through diﬀerent mechanisms. HAT promote a cancer stem cell phenotype by inducing chromatin
modiﬁcations (a), acting as a transcriptional coactivator (b) or acetylating cancer stem cell transcription factors (c). HAT can also constitute
chimeric proteins as a result of chromosome translocation (d), which possess aberrant HAT activities.

locus is frequently mutated or lost in a variety of tumors
including breast and prostate carcinomas [92]. In the latter,
prostate cancer Tip60 is upregulated and its expression correlates with disease progression [92]. Tip60 is also markedly
increased in malignant mesothelioma compared to benign
pleura, being overexpressed in both the sarcomatoid and
biphasic subtypes [93].
3.4. Role of HAT in Cancer Stem Cells. For a long time,
genetic alterations have been involved in cancer initiation
and progression, but only in the past years, the role that chromatin modiﬁcations and epigenetic changes play in these
processes emerges. It is possible that epigenetic changes in
normal stem cells represent an early event of neoplastic
transformation. On the other hand, also epigenetic alterations, and consequently the aberrant expression of a set of
genes in more diﬀerentiated cells, may play a role in reprogramming into a pluripotent state and into an undiﬀerentiated state. Indeed, the epigenetic changes in stem cells
make these precursors susceptible to acquisition of mutations
and give rise to tumor-initiating cells, also known as cancer
stem cells (CSCs) [94]. CSCs for deﬁnition are a type of cancer cells that possess self-renewal capacity and the ability to
diﬀerentiate into multiple cell types and are responsible for
tumor initiation, recurrence, and drug resistance [95]. Developing functional assays identiﬁed CSCs as a cancer subpopulation with an in vitro self-renewal ability and an in vivo
tumor-initiating and tumor-propagating ability.
The ﬁrst experimental evidence for CSCs existence came
from hematological malignancies, and then CSCs have been
also identiﬁed in diﬀerent solid tumors such as breast, lung,
colon, and prostate carcinomas.

The analysis of the epigenetic factors implicated in the
regulation of CSCs self-renewal has been hampered by experimental and technical challenges, strictly related to the diﬃculty of in vitro isolation and expansion of CSCs from solid
tumors. This is probably the reason why the ﬁrst evidence
of a link between CSCs and HAT has been obtained in hematological tumors [96, 97]. Indeed, HAT aﬀect CSCs properties (1) by inducing chromatin modiﬁcations, (2) by acting
as transcriptional coactivators, or (3) by acetylating CSCs
transcription factors (Figure 2).
Several studies revealed that p300 is a coactivator of Myb,
a transcription factor essential for the proliferation of hematopoietic cells, and that targeting this interaction may have
therapeutic potential for the AML treatment [98]. Accordingly, the role for CBP and p300 in the induction and maintenance of AML has been described [99, 100], and targeting
CBP/p300 HAT activity by small molecules shows preclinical
eﬃcacy in diﬀerent AML subtypes [101].
It is not surprising that the signalling pathways playing
an important role in stemness and diﬀerentiation program
of ESCs (i.e., Wnt/β-catenin, Notch, Hedgehog, TGFβ/BMP,
JAK/Stat, and Hippo) may also contribute to CSCs maintenance and that HAT or protein acetylation may be a critical
regulator of these pathways. In this scenario, p300 and CBP
act as important coactivators of the Wnt/β-catenin pathway
also in CSCs [102]. For instance, in uterine sarcomas, the
β-catenin/p300 signal pathway cooperates with SOX genes
to promote Slug expression during divergent sarcomatous
diﬀerentiation in uterine carcinosarcoma [103]. In nasopharyngeal carcinoma cells, the targeting of the interaction of
CBP/β-catenin impairs the cancer stem-like population
reducing the expression of CSCs-associated markers [104].
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Notably, also ATAT1 is associated with pancreatic cancerinitiating cells [89].
The role of pCAF in the control of Hedgehog signalling, a
master regulator of tissue development, stemness, and
tumorigenesis, has been also described. pCAF forms a complex with GLI1 on target promoters, thus enhancing transcription by promoting H3K9Ac at Hedgehog/GLI1 target
gene promoters [105]. According to these papers highlighting the role of this family in CSCs, the inhibition of
GNAT members by the small molecule named CPTH6
[106, 107] induces apoptosis in lung CSCs derived from lung
cancer patients and its growth inhibitory eﬀect is correlated
with the baseline level of K40-acetylated α-tubulin [108].
As mentioned above, chromosome translocations of
MYST members lead to the generation of chimeric proteins,
such as MOZ-CBP, MOZ-p300, MORF-CBP, and MOZTIF2, which possess aberrant HAT activity [29]. Among
these hybrid proteins, MOZ-TIF2 has been shown to promote self-renewal of leukemic stem cells. Mechanistically,
the interaction between MOZ-TIF2 and the transcription
factor PU.1 stimulates the expression of the macrophage
colony-stimulating factor receptor [97], a factor required
for self-renewal of leukemic stem cells.

4. Conclusion
The dynamic changes of acetylation in histone and nonhistone proteins could aﬀect their functions in several biological
processes and further lead to diﬀerent kinds of diseases.
Recent advances have demonstrated that protein acetylation
plays important roles in the proliferation and diﬀerentiation
of both normal and cancer cells but the regulatory pathways
involved in the acetylation state of malignant cells are still not
completely elucidated. Considering the critical role of CSCs
in the pathogenesis of cancer, targeting acetylation could represent a promising strategy for the treatment of diﬀerent
malignancies. In this context, the relevance of HAT inhibitors for cancer therapy is worthy of study and needs more
investigations in the future. Ultimately, deeper investigation
of the histone acetylation pattern in diﬀerent cancer histotypes and its regulation are needed to better appreciate the
link of acetylation deregulation and cancer, and to develop
more eﬃcient anticancer approaches.
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Several evidences nowadays demonstrated the critical role of the microenvironment in regulating cancer stem cells and their
involvement in tumor progression. Extracellular vesicles (EVs) are considered as one of the most eﬀective vehicles of
information among cells. Accordingly, a number of studies led to the recognition of stem cell-associated EVs as new complexes
able to contribute to cell fate determination of either normal or tumor cells. In this review, we aim to highlight an existing
bidirectional role of EV-mediated communication—from cancer stem cells to microenvironment and also from
microenvironment to cancer stem cells—in the most widespread solid cancers as prostate, breast, lung, and colon tumors.

1. Stemness: An Overview on Its Relevance in
Cancer Development
Cancer stem cells (CSCs) represent a critical subset of the
tumor population, which has been identiﬁed more than 10
years ago, able to promote cancer initiation and progression,
contributing to therapy resistance, recurrence, and metastasis [1]. CSC theory of cancer progression described them as a
speciﬁc compartment of tumor cells that, similar to normal
stem cells, can induce hierarchical diﬀerentiation. CSCs
showed ability to self-renewal, as well as invasive capability
and metastatic proﬁciency, so favoring tumor aggressiveness
[2, 3]. However, conﬂictive results have been obtained about
either CSC origin or mechanisms by which CSCs serve as a
critical tumor “tool” for resistance to anticancer therapy.
Both an intrinsic therapy insensitivity belonging to nondividing CSC quiescent cells and resistance mechanisms
activated by proliferative CSCs are hypotheses under debate.
A key concept which unfolds cancer stem cell origin and
dynamics in diﬀerent malignancies is the “tumor plasticity,”
providing the idea of dynamic changes aﬀecting cancer cells,
which explain both reversible mesenchymal transitions and
acquisition of stemness traits, underlying the lethal biology

of metastatic dissemination and development of resistance
to treatments [2–5]. Hence, CSCs themselves do not exist
as a static population, and the interconversion between CSCs
and non-CSCs through self-diﬀerentiation and dediﬀerentiation has been proposed [6]. To date, the overexpression of
few stemness-related transcriptional factors has been
reported as able to transform non-CSCs into CSCs in both
glioblastoma [7] and colon cancer [8] models. However, in
the context of cancer, dynamic changes triggering tumor
plasticity are (i) the conditions the tumor is usually exposed
to (i.e., hypoxia) [9, 10]; (ii) the contribution of cell-to-cell
communication exerted by EVs [11]; (iii) the tumor microenvironment (TME), composed of diverse cell types, such
as mesenchymal stem cells, endothelial cells, ﬁbroblasts, or
immune cells [3, 12]. In this regard, Quante et al.
demonstrated that bone-derived myoﬁbroblasts favored the
formation of a mesenchymal stem cell niche by a diﬀerential
regulation of cytokines and secretory molecules such as IL6,
Wnt5α, and BMP4, which ultimately leads to tumor
progression and recurrence [13]. Concordantly, several studies demonstrated that cancer-associated ﬁbroblasts (CAF),
resident cells commonly present in the stroma, support the
stemness of CSC cells by a paracrine mechanism. Indeed, it
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has been demonstrated that by the release of cancer cellderived secretory molecules, CAFs could activate signaling
functionally involved in the maintenance of stemness, as
Wnt/β-catenin and Notch pathways [3, 14–17]. In return,
as a feedback model, CSC inﬂuences CAF activity via
activation of pathways functionally involved in cancer
progression, such as Hedgehog signaling [18].
Beyond the cellular component, TME shows a noncellular
component, deﬁned as an extracellular matrix (ECM), which
is composed of macromolecules such as collagens, glycoproteins, and proteoglycans as well as integrins [19, 20]. ECM,
by both structure remodeling and a continuous crosstalk
between tumor cells and the TME, regulates extracellular cues
from the microenvironment in order to maintain CSC stemness or to promote diﬀerentiation into heterogeneous tumor
phenotypes. Speciﬁcally, ECM molecules regulate CSC
behaviors by modulating both cell-cell signaling and immune
surveillance. For instance, tenascin-C, a protein of ECM
involved in angiogenesis, invasion, and metastasis, has been
recently identiﬁed as involved in the formation of the stem
niche, relevant to favor lung colonization of breast cancer
cells. Notably, this phenomenon seems to be dependent on
the ability of tenascin-C to support the metastatic initiation
of breast cancer cells through enhancing self-renewal
pathways by increasing the expression of the regulator of
stem cell signaling leucine-rich repeat containing G proteincoupled receptor 5 (LGR5) [3]. On the other hand,
tenascin-C itself has been shown to induce immune escape
of prostate stem-like cells, by disrupting T-cell activation
[21]. Finally, tenascin-C seems to be correlated with poor
prognosis in glioma patients, thus being also considered as
putative CSC biomarkers for those patients [22, 23]. Both
the survival of cancer cells and the formation of metastatic
lesions have been recognized as deeply dependent on host
microenvironment and speciﬁc organ structures, able to
inﬂuence metastatic niche formation and interactions
between cancer cells and local resident cells [24]. In this
review, we aim to highlight an existing bidirectional role of
EV-mediated communication—from cancer stem cells to
microenvironment and also from microenvironment to
cancer stem cells—in diﬀerent solid tumors. In this context,
we will describe how the CSC hypothesis provides an
attractive cellular mechanism to account for the therapeutic
refractoriness and dormant behavior exhibited by many
solid tumors [25].

exosomes (30–100 nm), which originate from the late
endosomal traﬃcking machinery, gathered intracellularly
into multivesicular bodies (MVBs) and shed upon MVB
fusion with the plasma membrane [31]. In addition,
ectosomes, apoptotic bodies (ABs), and large oncosomes
(LO) represent additional subpopulations of EVs, which
shared the feature to be secreted by budding from the cell
plasma membrane (PM) and may express quantitatively and/
or qualitatively diﬀerent types of molecular components [32–
35]. Actually, the ectosome category may be considered as
inclusive of both ABs and possibly LO, which derive from
apoptotic and nonapoptotic membrane blebbing processes,
respectively. These two categories are both larger than 1 μm,
and LO may even reach 10 μm, being also the unique
population to be exclusively shed by cancer cells [36].
Microvesicles (MV) are small cell particles of heterogeneous
size (100–1000 nm) and also PM-derived, which are
extensively studied when derived from platelets and
endothelial cells in relation to thrombotic disorders and
diseases other than cancer [37].
One of the pioneering studies on EVs and cancer stemness
was the one by Ratajczak and colleagues showing vesiclemediated horizontal transfer of mRNA and protein from
embryonic stem cells as critical for the maintenance of hematopoietic stem/progenitor cell stemness and pluripotency
[38]. Several years later, Stik and colleagues published in
2017 a study on mesenchymal stromal cells releasing EVs able
to modulate hematopoietic stem and progenitor cell gene
expressions, maintaining their survival and clonogenic
potential, presumably by preventing apoptosis [39].
Thus, it is not surprising to observe that in the last 10
years, a signiﬁcant amount of studies have been focused on
the correlation between EVs, cancer, and stemness, as
highlighted by PubMed publications (Figure 1). However,
an eﬀort by researchers to uniform the nomenclature will
help advances in the ﬁeld enormously. As highlighted in
Figure 1, diﬀerent key words (EVs vs. exosomes, …)
produced totally diﬀerent outcomes despite the fact that each
investigation aims to study the same topic.

2. Extracellular Vesicles: Different Mediators
Serving Cancer Development

The critical role of CSC in inﬂuencing TME has been
highlighted and reviewed elsewhere [40]. The identiﬁcation
of new evolving communication factors in stem cell biology
leads to the recognition of stem cell-associated EVs as new
complexes able to contribute to cell fate determination of
either normal or tumor cells. On one hand, SC-EVs could
contribute to physiological activation of repair mechanisms
after injury, by maintaining some key stemness features,
such as self-renewal, diﬀerentiation, and maturation of
damaged tissues [41]. In this regard, Tomasoni and colleagues unveiled how exosomes derived from bone marrow
mesenchymal stem cells induced a horizontal transfer of
insulin-like growth factor-1 mRNA, which ultimately

Extracellular vesicles (EVs) are nowadays recognized as
powerful mediators of intercellular communication in both
physiological and pathological conditions. Their role in
cancer development and progression has gained increasing
attentions, in either hematologic or solid tumors, as
broadly recapitulated in numerous reviews over the last
years [26–30]. Tumor cells shed a heterogeneous set of
EVs, and these spherical lipid bilayer vesicle populations
diﬀer in size, biogenesis, and molecular composition.
Among the subtypes of EVs, the most studied are the

3. Extracellular Vesicles from Cancer Stem Cells
(CSCs) Influence Resident Tumor Cells and
Tumor Microenvironment (TME) Carrying
Different Molecules
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Figure 1: The graph shows the number of publication recorded in
PubMed in the last 10 years (up to June 2018), by typing the
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exosomes “and” cancer “and” stemness NOT extracellular vesicles;
3rd bar: microvesicles “and” cancer (prostate, breast, lung, and
colon) NOT extracellular vesicles as well as microvesicles “and”
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support the repair of renal tubule after injury [42]. On the
other hand, SC-EVs could inﬂuence tumor cell fate, by
genetic reprogramming of resident cells and modiﬁcation
on TME as well as immunomodulation, which in turn could
inﬂuence the tumorigenesis process [41]. Several studies
have identiﬁed a number of miRNAs, such as miR-148a,
miR-532-5p, miR-378, and let-7f, which, by regulating
diﬀerent genes involved in several multiorgan processes,
could inﬂuence survival, diﬀerentiation, and immunomodulation of resident cells, including tumor cells [43–47]. In this
regard, EVs derived from bone marrow mesenchymal stem
cells delivered to tumor cells diﬀerent miRNAs such as
miR-23b and miR-21 and were able to sustain renal cell
carcinoma and breast carcinoma proliferations, revealing a
protumorigenic characteristic of MSC-EVs [46, 47]. Furthermore, EVs contain a large amount of proteins that could
modulate several signaling pathways on resident cells. On
instance, it has been demonstrated that EVs derived from
mast cells acted as a shuttle for KIT proteins, which by
activating its downstream pathway, leads to lung adenocarcinoma proliferation [41, 48]. Similarly, Roccaro and
colleagues demonstrated that EVs from bone marrow mesenchymal stem cells transfer several cytokines, such as IL6,
CCL2 (also known as MCP1), and junction plakoglobin
(also known as γ-catenin), on melanoma cells, promoting
tumor growth both on in vitro and in vivo models [49].
Finally, EVs carried also lipids, as diacylglycerol (DAG),
sphingomyelin (SM), and ceramides, which are involved in
the regulation of cell energy homeostasis as well as in crucial

key pathways of tumorigenesis, such as proliferation,
apoptosis, and migration [47, 50].
Some evidences lead to speculate that EVs, not only from
stem cells but also from microenvironment, could promote,
at least in part, the construction of premetastatic niches, by
modulating the diﬀerentiation of the cellular component of
TME [41, 51]. In this regard, it has been reported that gastric
cancer exosomes induced diﬀerentiation of mesenchymal
stem cells in CAFs, by transferring activation of molecules
that ultimately modulate the TGF-β/Smad pathway [52]. In
parallel, several evidences reported also a communication
from cells of microenvironment on tumor cells by EV
releasing, as recently reported by Shimoda et al. These
authors showed that secretion of metalloproteinase-rich
EVs from CAFs activates RhoA and Notch signalings,
promoting cancer cell motility [53].

4. Extracellular Vesicles: Back and Forth
Messages to Build a Network among the CSC
Component and TME Cells, in Different
Solid Tumors
4.1. Prostate Cancer. In the scenario of prostate cancer
(PCa), studies available on CSCs (putative markers, localization within the organ, and functional studies) are still
controversial, even if there are numerous evidences supporting the hierarchical model, in which a subpopulation of cells
possesses the ability to initiate tumor growth and survival
[54–56]. Recent studies on genetically engineered mouse
models support the existence of cancer stem cells at diverse
stages of tumor progression: from prostatic intraepithelial
neoplasia to advanced metastatic and castration-resistant
disease [57]. Maintaining CSCs in their undiﬀerentiated
stem cell state, which allows self-renewal and uninterrupted
accumulation of genetic and epigenetic changes, is a condition triggered by several factors: one of the most studied in
PCa is hypoxia [58]. From one hand, hypoxia has been identiﬁed as a promoting factor of metabolic changes, oncogene activation, and epithelial mesenchymal transition,
resistant to chemo- and radiotherapy [59]; from the other
hand, it has been also shown as able to aﬀect EV-mediated
communication [60]. Exosomes secreted by hypoxic cells
were enriched in both HSP90 and HSP70 and expressed
higher levels of annexin II compared to exosomes secreted
by cells in normoxic conditions [61]. HSP90 has been
described as abundantly secreted by organoids with cancer
stem cell-like properties [62]; annexin II is also implicated
in the metastatic process [63], and its expression in
numerous cancers correlates with resistance to treatment,
binding to the bone marrow, histological grade and type,
TNM stage, and shortened overall survival, as discussed
in a recent review [64]. Exosomes secreted by hypoxic
condition-exposed PCa cell lines were able to either
enhance the ability of naïve PCa cells to form prostasphere
or promote the cancer-associated phenotype in prostateassociated CAF [61]. Indeed, exosomes have been shown
to contain signaling molecules as TGF-β2, TNF1α, IL6,
Akt, ILK1, and β-catenin primarily associated with the
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Figure 2: Speciﬁc interaction between microenvironment/metastatic niche components (i.e., ﬁbroblasts, adipocytes, and macrophages) and
organ-speciﬁc tumor cells through EVs, described in detail in the text. Tumor spheres are representative of a CSC-enriched tumor
compartment, while tumor cells indicated a diﬀerentiated compartment. Green arrows indicated EV-mediated signals from
microenvironment to tumor, blue arrows indicated EV-mediated signals from tumor to microenvironment, and light pink arrows
indicated autocrine signaling mediated by EVs from tumor cells to the tumor sphere and vice versa.

remodeling of the epithelial adherens junction pathway
and stemness feature development [61].
The back and forth communication between PCa and
TME to support stemness-related pathways is mostly studied
referring to CAF, the key recipient of messages carried by
EVs from PCa cell [65] macrophages and bone component
(Figure 2). In detail, it has been recently shown that LO shed
by PCa cell line LnCapMyrAKT1, harboring AKT1 kinase

activity, were internalized by human normal prostate ﬁbroblasts, inducing their reprogramming through the activation
of stromal Myc [66], a proto-oncogene implicated in cancer
initiation, maintenance, and stemness in diﬀerent models
[67, 68]. However, also miRNAs, carried by PCa CSCderived EVs, have been shown to target ﬁbroblast, aﬀecting
their proliferation, diﬀerentiation, and migration. Sánchez
and colleagues compared exosomal miRNA shed from the
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“bulk component” versus CSC-enriched prostatosphere, both
obtained from patient-derived primary cell cultures. They
found hsa-miR-100-5p as the higher expressed in exosomes
from both origin, compared to the other miRNAs [69].
miR-122 and let7b were both diﬀerentially expressed in
CSC exosomes compared to bulk-derived exosomes [69],
although their implications as stemness promoters are
actually controversial [70, 71]. Some of the miRNAs coming
out from that study are able to aﬀect ﬁbroblast properties as
migration [69]. Conversely, it has been also reported that
stromal ﬁbroblast-derived miR-409 exported by EVs was able
to induce activation of oncogenic, proliferative, EMT, and
stemness programs of adjacent tumor epithelia in vivo;
speciﬁcally, SOX2 and Nanog were both elevated in miR409-expressing ﬁbroblast [72]. An interesting study by
Huang and colleagues unveiled the reciprocal network
between CSC and macrophages, another major component
of TME. In detail, the authors observed that the autophagyrelated gene 7 (ATG7) facilitated the transcription of Oct4
via β-catenin, promoting CSC characteristics in prostate
cancer, including self-renewal, tumor initiation, and drug
resistance. In addition, also CSCs remodeled their speciﬁc
niche by educating monocytes/macrophages towards
tumor-associated macrophages (TAMs), and the CSCeducated TAMs reciprocally promoted the stem-like
properties of CSCs as well as progression and ADT
resistance of prostate cancer via interleukin 6 (IL6)/STAT3
[73]. Although in the latter study EVs were not mentioned
at all, ILs exporting through EVs have been described [74].
Despite the fact that the bone is the preferential site of
metastasis for breast and prostate tumors [75], only few
studies explored the intercellular communication between
PCa and both osteoblast and osteoclast. In detail, Karlsson
and colleagues showed that exosomes isolated from the
murine PCa cell line TRAMP-C1 dramatically decreased
the fusion and diﬀerentiation of osteoclast precursors to
mature multinucleated osteoclasts [76]. A clear decrease
in the expression of established markers for osteoclast
fusion and diﬀerentiation, including DC-STAMP, TRAP,
cathepsin K, and MMP-9 was observed upon exposure to
PCa-derived exosomes [76]. Inder and colleagues worked
on EVs derived from the PC3 PCa cell line demonstrating
that PC3-derived EVs were internalized by both osteoclast
precursors and primary human osteoblast, inducing,
respectively, osteoclastogenesis and proliferation [77].
4.2. Breast Cancer. Tumor initiation, therapeutic resistance,
relapse, and metastasis have been associated to the concept
of stemness and plasticity also in breast cancer [78]. It has
been observed that in vitro models of breast cancer cells
enriched in stemness features and grown as mammosphere
showed a high expression of Rab27A (a member of RAS
oncogene family), able to increase the exocytosis of EVs,
compared to adherent breast cancer cell models [79]. Several
studies focused on the eﬀort to identify molecular cargos in
EVs derived from breast cancer stem cells. miR-155 has been
identiﬁed as enriched in exosomes isolated from breast
CSCs, leading to EMT-associated chemoresistance [80].
miR-140, miR-29a, and miR-21 have been found to be

5
enriched in exosomes derived from basal-like ductal carcinoma in situ (DCIS) stem-like cells. miR-9, upregulated in
various breast cancer cell lines and identiﬁed as prometastatic miRNA, is delivered by exosomes and is able to aﬀect
the properties of human breast ﬁbroblasts, enhancing the
switch to CAF phenotype [81]. More recently, not only
miR-9 but also miR-221 have been both shown to enable
breast cancer cells to generate spheroids with stem cell-like
characteristics [82]. A growing body of evidences reported
EVs released from diverse cells belonging to the TME and
targeting breast cancer stem cells. Among the variegated
set of stromal cell types, numerous investigators have
focused their work on bone marrow-derived cells, endothelial cells, ﬁbroblasts, mesenchymal stem cell ability to inﬂuence tumor growth, and progression (Figure 2). In
particular, on one hand, the ability of transformed ﬁbroblasts to induce stemness markers in cancer cells (c-Myc/
miR-34a circuitry deregulation, SOX2 upregulation, …)
has been recently pointed out by Bono and colleagues [83].
In depth, miRNAs are often carried by exosomes as it has
been nicely reviewed elsewhere [84]. Exosomes released by
CAF have been shown to shuttle miR-21, -378e, and -143
and make breast cancer cell lines more eﬃcient to form
mammospheres, upregulating stemness-related transcriptional factors such as Oct3–4, Nanog, and SOX2 and
promoting EMT via ZEB1 induction [85]. Already in 2003,
other cell types belonging to TME gained attention as promoters of cancer aggressive features: adipocytes and adipose
tissue-derived mesenchymal stem cells might contribute to a
stem cell-like phenotype in breast cancer [86]. Despite the
fact that this latest study by Iyengar and colleagues did not
mention EVs, it suggested that “adipokines” were able to
induce the expression of prooncogenic factors such as
beta-catenin and CDK6 as a result of a reduction in the gene
expression of their inhibitors in breast cancer recipient cells
[86]. More recently, Baglio and colleagues set up a protocol
for isolating exosomes released by both early passage adipose
stem cell (ASC) and bone marrow MSCs (BMSC) and
observed a selective export of miRNA in exosomes, not
always reﬂecting the whole miRNA set of the cell of origin,
thus suggesting a selective packaging process through EVs.
miR-486-5p, miR-10a-5p, miR-10b-5p, miR-191-5p, and
miR-222-3p were found to be the most abundant miRNAs
in ASC exosomes, while miR-143-3p, miR-10b-5p, miR486-5p, miR-22-3p, and miR-21-5p in BMSC exosomes
[87]. Intriguingly, another study in 2015 showed that
exosomes secreted from preadipocytes have been identiﬁed
as important components of the cancer stem cell niche, signiﬁcantly contributing, upon internalization by early-stage
breast cancer cells, to mammosphere formation and growth
[88]. On the opposite side, miR-503-3p, isolated from
human adipose stem cell- (ASC-) derived exosomes, suppressed initiation and progression of CSCs, suppressing
tumor sphere formation and decreasing the expression
of pluripotency genes [89]. However, in order to highlight the reciprocity between breast cancer cells and adipocytes in communication through EVs, it is worth to
mention that EVs shed by MDA MB-231 human breast
cancer cells promote hallmark features of myoﬁbroblastic
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diﬀerentiation and proangiogenic behavior in adiposederived stem cells (ASCs) [90].
4.3. Lung Cancer. Lung cancer is one of the most common
types of cancer, representing the leading cause of cancerrelated deaths worldwide [91]. New lung cancer diagnoses
increased 14%, and mortality related to lung cancer
accounted for approximately 1 of every 4 cancer deaths in
2016 [91]. Two main histological subtypes of lung cancer
have been described: small cell (SCLC) and NSCLC, the
latter being the most frequent (close to 80–85% of all lung
cancers) and aggressive (>5-year survival rate of 10%) [92].
Compared to other types of cancers, lung CSC markers have
been poorly deﬁned and explored since lung cancer is considered one of the most genotypic and histologically complex tumors [93]. Singh and colleagues showed that the
signaling axis EGFR/Src/Akt is able to positively modulate
SOX2 expression and self-renewal of stem-like side population cells in NSCLC [94]. More recently, NF-κB inhibition
has been shown to be suﬃcient to prevent the EMT and to
induce apoptosis in lung CSCs, deﬁned as CD166+CD44+,
CD166+EpCAM+ cells [95]. Leprieur and colleagues
described a Sonic Hedgehog (SH) membrane-bound fulllength form, characterizing the CSCs compartment in
human NSCLC, which has been observed to be secreted by
CSCs, in vitro [96]. In vivo, analyzing 48 fresh human surgical samples, compared to healthy controls, the authors
conﬁrmed the in vitro observations suggesting paracrine
and autocrine functions for SH protein, being responsible
for CSC maintenance, tumor proliferation, and resistance
to chemotherapy [96]. The CSC population in NSCLC has
been recently deﬁned also by the overexpression of the long
noncoding DGCR5, which is able to regulate the expression
of CD44 by modulating miR-330-5p [97]. The interplay and
crosstalk between CSCs and TME, particularly CAF, have
been shown to be relevant for lung cancer progression
(Figure 2). Recently, Plou and colleagues demonstrated that
modulation of collagen concentration and the amount of
TGF-β in the microenvironment can regulate the plasticity
of lung cancer cells, supporting the formation of tumor
clusters, commonly considered enriched of putative tumorinitiating cells [98]. Furthermore, several studies demonstrated that CAFs promote lung tumorigenesis by activating
a paracrine crosstalk with cancer cells and more importantly,
with lung CSCs [99]. Indeed, Chen and colleagues identiﬁed
the paracrine network by which the primary component of
the NSCLC microenvironment, CAFs, enriches CSCs
through dediﬀerentiation and reacquisition of stem cell-like
properties. Speciﬁcally, they found that IGF1R signaling
activation in cancer cells in the presence of CAFs expressing
IGF-II can induce Nanog expression and promote stemness.
Interestingly, the authors pointed out that this paracrine signaling predicts overall and relapse-free survival in stage I
NSCLC patients [100].
Recently, several studies have highlighted the role of
EVs containing CSC-priming factors as main agents to
promote TME/CSC communication. To date, the literature
available on EVs and lung cancer is mainly focused on the
exosome population: a signiﬁcant eﬀort has been
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employed to deﬁne the exosomal miRNA content as diagnostic biomarkers for liquid biopsy, and, in parallel, EVcontaining miRNAs have been demonstrated to play pleiotropic functions in regulating tumor malignancy [101]. A
list of the main candidates has been published in a recent
review [102]. However, what is immediately noticeable
among these studies is either the variability in the sources
of exosomes employed (mainly plasma and also sera or
pleural eﬀusions) or the higher variability in the methods
to collect exosomes, thus aﬀecting the reproducibility of
these data sets.
A recent study by Hsu and colleagues observed that
EVs shed by the human lung cancer cell line CL1-5
exposed to hypoxic conditions were enriched in miR103a compared to EVs collected from the same cell line
exposed to normoxic conditions [103]. They also showed
that this EV-carried miR-103a was able to aﬀect macrophage phenotype, inducing a tumor-promoting behavior
via PTEN modulation [103]. Similarly, it has been
reported that EVs such as exosomes secreted by H460
and A549 lung cancer cells modulate the tumor microenvironment, by inﬂuencing tumor cell migration. Mechanistically, the authors unveiled that restoration of LKB1, by
targeting multiple critical signaling pathways, including
AMPK/mTOR, p53, and PTEN/AKT, is able to inhibit
exosomal secretion of migration-suppressing microRNAs
(miRNAs), such as miR-125a, miR-126, and let7b [104].
4.4. Colon Cancer. Colorectal cancer (CRC) is nowadays
considered as cause of approximately 10% of cancerrelated mortality in western countries. As Kuipers and
colleagues highlighted in 2015, diverse factors determined
the rise in CRC incidence over the past 60 years, such as
increasing ageing population, unfavorable modern dietary
habits, and an increase in risk factors, such as smoking,
low physical exercise, and obesity [105]. Feng and colleagues
showed that, similar to other cancers and as mentioned
above, Rab27A overexpression is correlated to increased
sphere formation eﬃciency (SFE) and elevated secretion of
VEGF and TGF-β from HT29 CRC cells [106]. They also
found a correlation between a higher p65 level and Rab27A
in the colon cancer sphere, demonstrating that NF-κB signaling promotes various colon cancer stem cell properties
via an ampliﬁed paracrine mechanism regulated by the
higher Rab27A level [106]. To date, exosomes from CRC
cells may export molecules in a selective manner, as mentioned above for other models: in detail, Cha and colleagues
showed that the KRAS status of CRC cells can aﬀect the type
of miRNAs enriched in exosomes [107]. Considering the
biological context in which CRC develops, it is worth to
mention that there is a well-established link between CRC
and chronic inﬂammation, which has been recently revised
[108]. In detail, among the immune system cells, recent
studies provide strong evidences that TAMs might facilitate
CRC growth [109, 110]. Speciﬁcally, it has been shown that
TAMs can stimulate CRC growth by altering extracellular
matrix remodeling, tumor metabolism, angiogenesis, and
the TME [110]. However, there are no studies focusing on
the crosstalk between TAM and CRC; only a recent report
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Table 1: Overview of biological interactions between tumor microenvironment and extracellular vesicles in solid cancer tumors.
Model

TME components

EV type

Cargo

Molecular targets

Ref.

Macrophages

LO
Exosomes
n.d.

AKT
miR-409
ATG7 or IL6/STAT3

[66]
[72]
[73]

Osteoclasts

Exosomes

n.d.

Myc activation
SOX and Nanog activation
β-Catenin and Oct4 activation
DC-STAMP, TRAP, cathepsin K, and
MMP9 inhibition

NAF/CAF

Exosomes

Preadipocytes
Lung cancer

Macrophages
n.d.

Colorectal cancer

Mesenchymal
stromal cells
Macrophages
n.d.

NAF/CAF
Prostate cancer

Breast cancer

[76]

Exosomes

miR-9
miR-21, -378e, and -143
miR-149

EFEMP1, COL1A1, and MMP1
Oct3/4, SOX2, and Nanog activation
SOX signaling

[81]
[85]
[88]

Exosomes
n.d.

miR-103a
miR-125a, miR-126, and let7b

PTEN modulation
LKB1, AMPK/mTOR, p53, and PTEN/AKT

[103]
[104]

Exosomes

n.d.

Vacuolar H+-ATPase protein

[112]

n.d.
Exosomes

n.d.
miR-196b-5p

IL33/prostaglandin E2 signaling
STAT3 signaling

[113]
[114]

unveiled that tumor-derived exosomes induce PD1+ macrophage population in human gastric cancer, promoting disease progression [111]. Exosomes from CRC have been
indeed shown to directly induce the activation of mesenchymal stromal cells (MSC), isolated from colonic mucosa
[112]. In detail, Lugini and colleagues showed that CRC exosomes are able to induce changes in the morphology of MSC
accompanied by higher proliferation, migration, and invasion, formation of large 3D spheroids. In addition, they
observed that colon cancer-derived MSCs, isolated from
colon adenocarcinoma cell masses, fully recapitulate the
changes observed in normal colonic MSCs exposed to CRC
exosomes [112]. To support the TME in colon cancer,
IL33, expressed by both cancer cells and endothelial cells,
has been recently shown to stimulate CRC sphere formation
and prevent chemotherapy-induced tumor apoptosis [113].
In detail, IL33 recruited macrophages into the cancer microenvironment and stimulated them to produce prostaglandin
E2, which supported CRC stemness and tumor growth. In a
recent study by Ren and colleagues, miR-196b-5p has been
shown to promote either stemness or chemoresistance of
CRC cells to 5-ﬂuorouracil via targeting negative regulators
of the STAT3 signaling pathway. Authors also found miR196b-5p highly enriched in the serum exosomes of patients
with CRC, compared to the healthy control subjects [114].

EV shedding in a diverse type of solid tumors (Figure 2
and Table 1). The characterization of the exact role of
these diﬀerent EVs and of their mRNA, miRNA, DNA,
and/or protein cargos could help in the deﬁnition of novel
tumor biomarkers as well as therapeutic targets.

5. Conclusions
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Acute myeloid leukemia (AML) has poor prognosis due to various mutations, e.g., in the FLT3 gene. Therefore, it is important to
identify pathways regulated by the activated Flt3 receptor for the discovery of new therapeutic targets. The Myc network of
oncogenes and tumor suppressor genes is involved in mechanisms regulating proliferation and survival of cells, including that of
the hematopoietic system. In this study, we evaluated the expression of the Myc oncogenes and Mxd antagonists in
hematopoietic stem cell and myeloid progenitor populations in the Flt3-ITD-knockin myeloproliferative mouse model. Our data
shows that the expression of Myc network genes is changed in Flt3-ITD mice compared with the wild type. Mycn is increased in
multipotent progenitors and in the pre-GM compartment of myeloid progenitors in the ITD mice while the expression of
several genes in the tumor suppressor Mxd family, including Mxd1, Mxd2, and Mxd4, is concomitantly downregulated, as well
as the expression of the Mxd-related gene Mnt and the transcriptional activator Miz-1. LSKCD150+CD48− hematopoietic longterm stem cells are decreased in the Flt3-ITD cells while multipotent progenitors are increased. Of note, PKC412-mediated
inhibition of Flt3-ITD signaling results in downregulation of cMyc and upregulation of the Myc antagonists Mxd1, Mxd2, and
Mxd4. Our data provides new mechanistic insights into downstream alterations upon aberrant Flt3 signaling and rationale for
combination therapies for tyrosine kinase inhibitors with Myc antagonists in treating AML.

1. Introduction
Acute myeloid leukemia (AML), despite aggressive treatment
regimes, has a poor prognosis, and cure is diﬃcult to attain.
Mutations in the tyrosine kinase receptor Flt3, including
internal tandem duplication (ITD) mutations and tyrosine
kinase domain (TKD) mutations, are the most common
changes in AML, which constitutively activate the Flt3 receptor [1]. Flt3 regulates growth and survival of myeloid progenitor cells; therefore, mutations in FLT3 eﬀectively abrogate
growth-regulating controls [2]. Interestingly, mutations in
FLT3 are correlated with shorter progression-free survival
and overall survival [3, 4].
Treatment strategies aimed at inhibiting the activated
Flt3-ITD receptor have been evaluated in clinical trials;

however, the use of Flt3-ITD inhibitors as single agents
resulted in poor clinical outcome due to emergence of
drug-resistant cells [5]. This underscores the need to develop
combination treatment strategies [6]. Therefore, it is important to identify pathways regulated by the activated Flt3
receptor for the development of new treatment targets. Several pathways have been implicated downstream of the
mutated Flt3 receptor in leukemias, including the Wnt pathway and the JAK/STAT pathway [7, 8].
Interestingly, the MYC oncogenes have been implicated
downstream of Flt3-ITD signaling [9]. The MYC family
genes, including MYC, MYCN, and MYCL1, are protooncogenes and known to be overexpressed or mutated in a
plethora of diﬀerent tumors, including that of the hematopoietic system [10, 11]. The MYC proteins function as
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transcription factors and bind to speciﬁc E-box DNA
sequences, in promoters of target genes by heterodimerizing
with their partner MAX [12]. However, Myc also regulates
genes independent of DNA binding via Miz-1 protein [13].
Intriguingly, bone marrow-speciﬁc overexpression of Mycn
results in rapid development of acute myeloid leukemia
[14]. Furthermore, Myc has also been shown to induce myeloid myeloproliferative disease, even though mutations in
myeloid neoplasias are not common [15]. The Mxd family
of proteins also heterodimerizes with Max and binds to the
common E-box sequences and generally works in an antagonistic way towards Myc [12].
Importantly, several reports have implicated Myc as a
downstream target of Flt3-ITD signaling. To this end, it
was shown that Flt3-ITD regulates cMyc via Wnt signaling
[8]. Additionally, Flt3-ITD inhibits Foxo3a [16], which in
turn suppresses the Myc antagonist Mxi-1 (Mxd2) to
increase Myc activity [17]. Interestingly, studies of Myc
function in hematopoietic stem cells have implicated Myc
in pushing the HSCs out of the niche and into a proliferative progenitor state [18]. Given that both Flt3 and Myc
regulate HSCs’ self-renewal and diﬀerentiation, evaluating
the interplay between Flt3-ITD signaling and Myc molecules may represent therapeutic targets for AML therapy.
In this study, we investigated the Myc network genes in
diﬀerent subpopulations in the bone marrow, including myeloid progenitors and stem cell populations, in the Flt3-ITD
myeloproliferative mouse model [19]. Here, we report that
the expression of the Myc network genes is changed in the
Flt3-ITD mouse model, mainly with upregulation of the
Myc genes and concomitant downregulation of the Myc
antagonists, the Mxd genes, in diﬀerent hematopoietic stem
and progenitor cell subpopulations, as well as downregulation of the Mxd-related gene Mnt and the transcriptional
activator Miz-1. Moreover, PKC412-mediated inhibition of
Flt3-ITD signaling results in downregulation of c-Myc and
upregulation of the Myc antagonists Mxd1, Mxd2/Mxi1,
and Mxd4.

2. Materials and Methods
2.1. Cell Culture and PKC412 Inhibitor. MV4-11 cells were
cultured in IMDM medium (Sigma-Aldrich) supplemented
with 20% FCS, 1% L-glutamine, and 1% penicillin/streptomycin. Cells were constantly maintained at 37°C in 5%
CO2. The Flt3-ITD phosphokinase inhibitor was added to
cell cultures of MV4-11 cells in 2 diﬀerent concentrations
for 15 minutes before the cells were harvested for mRNA
extraction (0.1 mM and 1 mM) (LC Laboratories, Woburn,
MA, USA).
2.2. Mice. Flt3-ITD-knockin mice on C57BL/6 background
were previously described [19]. WT (Flt3+/+) C57BL/6 littermate mice were used as WT controls. All experiments were
approved by the Ethical Committee at Lund University.
2.3. Fluorescent Antibodies and Immunomagnetic Beads Used
for FACS Analysis and Sorting. Antibodies used for cell surface staining were as follows: CD11b/Mac1 (M1/70), CD4
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(H129.19), CD8a (53–6.7), B220/CD45 (RA3–6B2), CD5
(Ly1), Ter119 (Ter-1119), Gr1/Ly6G and Ly6C (RB6–8C5),
CD19 (ID3), CD41/Itga2b (MWReg30), and CD135/Flt3
(A2F10.1) (104) (BD Biosciences Pharmingen) and NK1.1
(PK136), Sca1 (D7), CD117/c-Kit (2B8), CD16/32 (93), and
CD105/Eng (MJ7/18) (eBioscience). Biotinylated antibodies
were visualized with streptavidin-QD655 (Invitrogen) or
streptavidin-tricolor (Invitrogen), and puriﬁed lineage antibodies were visualized with polyclonal goat anti-rat tricolor
(Invitrogen) or polyclonal goat anti-rat-QD605 (Invitrogen).
MACS column enrichment of c-Kit+ cells was done using
anti-CD117 immunomagnetic beads (Miltenyi Biotec) as
previously described [20].
2.4. Flow Cytometric Analysis. Hematopoietic stem and
progenitor cells were analyzed as previously described.
[21–23]. Brieﬂy, bone marrow (BM) cells were stained
with a cocktail of puriﬁed rat antibodies against lineage
markers B220, CD4, CD5, CD8α, CD11b, Gr1, and Ter119.
Lineage+ cells were visualized with a goat anti-rat-QD605
staining, followed by c-Kit enrichment for sorting analyses.
Thereafter, hematopoietic stem/progenitor cells were
deﬁned as Lin−Sca1+c-Kit+ (LSK) cells, pre-granulocytemonocyte progenitors (pre-GMPs: Lin−c−Kit+Sca1− [LSK−]
CD41−CD16/32low/−CD150−CD105low/−), granulocyte-monocyte
progenitors (GMPs: LKS−CD16/32hiCD150−), and multipotent
progenitors (MPPs: Lin−Sca1+ c-Kit+CD150−CD105low/−).
Propidium iodide (Invitrogen) was used to exclude dead
cells. Cell acquisition and analysis were performed on a
4-laser LSRII (BD Biosciences) using FlowJo version 8.8
software (TreeStar). Cell sorting was done on a FACSAria
(BD Biosciences).
2.5. Quantitative Real-Time PCR. For analyzing gene expression in myeloid progenitors (pre-GM, GMPs) as well as in
hematopoietic stem cells and multipotent progenitors
(MPPs), cells from these populations were FACSAria-sorted
directly into 75 μl of buﬀer RLT and frozen at −80°C. Total
RNA extraction and DNase treatment were performed with
the RNeasy Micro kit (Qiagen Inc., California) according to
the manufacturer’s instructions for samples containing ≤105
cells. Eluted RNA samples were reverse-transcribed using
the SuperScript II Reverse Transcriptase Kit including
random hexamers (Invitrogen) according to the protocol
supplied by the manufacturer. For gene expression in LTHSCs as well as in MPPs using the Slam marker staining
(including CD150 and CD48), the CelluLyser™ protocol
(TaTaa, Gothenburg, Sweden) was used according to the
manufacturer’s protocol. Shortly, cells were FACSAriasorted into 5 5 ∝ l lysis buﬀer where RNA was directly
reverse-transcribed using the Transcriptor First-Strand
cDNA synthesis kit (Roche). Q-PCR reactions with the
diluted cDNA samples were analyzed with TaqMan gene
expression assays (ABI, USA) according to the manufacturer’s protocol. TaqMan Assays-on-Demand probes used
are described in the Supplemental Experimental Procedures. All experiments were performed in triplicate and
from at least two diﬀerent sorts, and diﬀerences in cDNA
input were compensated by normalizing against β-actin or
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Figure 1: Myeloid progenitor and hematopoietic stem cell populations are changed in Flt3-ITD mice. Analysis of hematopoietic stem cell
(HSC) and multipotent progenitor (MPP) subpopulations within the Lin−Sca-1+Kit+ (LSK) population, as well as myeloid progenitors
including pre-GM and granulocytic myeloid progenitors (GMPs), in the bone marrow of Flt3-ITD and wild-type (WT) mice, was
performed using a staining procedure including endoglin and the SLAM receptor CD150.

HPRT expression levels. The fold induction ratio was calculated by the Pfaﬄ equation:
ratio =

Etarget ΔCt target control − sample
Eref ΔCt ref control − sample

1

Statistical analysis was performed with two-tailed unpaired
Student’s t-test on log-converted values (∗ p < 0 05, ∗∗ p < 0 01).

3. Results
3.1. Myeloid Progenitor and Hematopoietic Stem Cell Populations
Are Changed in Flt3-ITD Mice. To evaluate the gene expression
of the MYC network genes in the bone marrow of Flt3-ITD mice

compared with wild-type (WT) mice, hematopoietic stem cell
and myeloid progenitor (MPP) subpopulations were identiﬁed
by staining for surface markers, analyzed by ﬂuorescenceactivated cell sorting (FACS), and subsequently sorted. Initially,
myeloid progenitors including pre-GM and granulocytic
myeloid progenitors (GMPs), as well as Lin−Sca-1+Kit+
(LSK) cells, within which hematopoietic stem cells reside,
were sorted using a staining procedure including endoglin
and the SLAM receptor CD150, as described previously [23].
The Flt3-ITD mouse has a myeloproliferative disease
with expanded myeloid populations [19]. Consistently, we
observed that myeloid progenitors (MPs/LK; Lin−Sca-1−Kit+
cells) in Flt3-ITD mice are increased to 69.5% in comparison
with 54.9% MPs in WT mice (Figure 1(a)). Moreover, we
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Figure 2: Myeloid and multipotent progenitors have altered Myc network genes in Flt3-ITD mice. The expression of Myc network genes was
carried out with reverse transcription quantitative PCR (RT-Q-PCR) in sorted subpopulations of murine hematopoietic stem and progenitor
cells. Fold induction was calculated as a ratio of Flt3-ITD : WT samples. Statistical analysis was performed with Student’s t-test on logconverted values (∗ p < 0 05). Signiﬁcance was shown in many of the described altered expression levels; however, some changes showed
low p values but did not quite reach statistically signiﬁcance due to variances in the expression levels.

observed that the relative distribution of subpopulations
within the MP compartment was altered as well. Importantly,
progenitors of the granulocytic/monocytic pathway (pre-GM
and GMPs) were increased in Flt3-ITD mice in comparison
to WT mice, as we observed that pre-GMs were increased from
39% in WT to 65% in Flt3-ITD mice and GMPs were increased
from 41% in WT to 86% in ITD mice (Figure 1(a)). Consistent
with our previous data [24], the progenitors of the megakaryocytic and erythroid pathway were diminished (Figure 1(a)).
The expression of Flt3 is altered or diminished due to the
ITD mutation; therefore, staining to identify HSC subpopulations by utilizing the expression of the Flt3 receptor is
not feasible. Here, we identiﬁed long-term (LT-) HSCs as
CD150+CD105+ utilizing CD150 and endoglin (CD105),
while MPPs were identiﬁed as CD150−/CD105+. Intriguingly, we observed a decrease in LT-HSCs in favor of MPPs
in the ITD mice (Figure 1(b)). Collectively, the above data
set indicates that ITD mutation in Flt3 results in the expansion of the pre-GM, GMP, and MPP compartments.
3.2. Myeloid and Multipotent Progenitors Have Altered Myc
Network Genes in Flt3-ITD Mice. Next, we evaluated the
expression of the Myc network genes including cMyc and

Mycn, as well as the Mxd family of Myc antagonists (Mxd1,
Mxd2/Mxi1, Mxd3, and Mxd4), in stem and progenitor
subpopulations in mice with the Flt3-ITD mutation and littermate WT controls by quantitative real-time PCR (Q-RTPCR) (Figure 2). The mRNA of the cMyc gene was increased
in Flt3-ITD MPPs (1.9-fold induction), as well as in Flt3-ITD
GMPs (2.83-fold induction). Of note, the Mycn expression
was increased in all the populations investigated in Flt3ITD mice, except for GMPs where the expression of Mycn
was turned oﬀ. Mycn was most prominently upregulated in
MPPs and pre-GM cells (4.04- and 10.96-fold induction,
respectively). Furthermore, analysis of the expression of the
Myc antagonists, the Mad family genes, showed downregulation of Mxd1 in LSK cells (0.62-fold reduction), MPPs (0.69fold reduction), and MPs (0.52-fold reduction). Mxd2/Mxi1
was downregulated in LSK (0.77-fold reduction) and MP
(0.41-fold reduction) cells and Mxd4 in MPs (0.68-fold
reduction). Additionally, Mxd2/Mxi1 and Mxd3 were upregulated in MPPs. The MNT gene, an MXD family-related
gene, which is coexpressed with Myc in proliferating cells
and functions as a repressor of Myc target genes [25] was
downregulated (0.36-fold reduction) in myeloid progenitors
(MPs) in Flt3-ITD mice. Similarly, the MIZ-1 gene, a
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Figure 3: Flt3-ITD mice have altered frequencies of hematopoietic stem and progenitor cells. Next, we subdivided the hematopoietic stem cell
compartment into long-term HSCs (LT-HSCs) and MPPs, utilizing the SLAM receptor staining with CD150 and CD48, and cells were sorted
by ﬂow cytometry for subsequent gene expression analysis.

transcriptional activator which is involved in upregulating
growth-repressing genes such as p21, was downregulated
in LSK cells (0.58-fold reduction) and MPs (0.51-fold
reduction). Max, the Myc- and Mxd-interacting partner,
was signiﬁcantly increased in MPPs (1.75-fold induction)
and signiﬁcantly decreased in MPs (0.48-fold reduction)
(data not shown). Collectively, these data indicate that
the ITD mutation in Flt3 results in the alteration of Myc
network genes.
3.3. Hematopoietic Stem Cells in Flt3-ITD Mice Have Altered
Myc Network Expression. Next, we subdivided the hematopoietic stem cell compartment into long-term HSCs
(LT-HSCs) and MPPs, utilizing the SLAM receptor staining with CD150 and CD48 [22], and cells were sorted by
ﬂow cytometry for subsequent gene expression analysis. Of
note, the LT-HSCs (LSKCD150+CD48−) were decreased in
the Flt3-ITD cells, as described previously [26], and the
MPPs were increased. Intriguingly, MPPs expressed higher
levels of CD48 (Figure 3).
Expression of the Myc network genes was evaluated in
LSK, LT-HSC (CD150+CD48−), MPP (CD150−CD48+), and
MP cells. Intriguingly, the expression of the cMyc gene did
not change in LSK, LT-HSC, MPP, and MP cells as identiﬁed
in the SLAM receptor-based staining in contrast to the
staining including the endoglin marker (Figures 4 and 1).
Conversely, the Mycn mRNA was increased in MPP cells
(2.98-fold induction) (Figure 4), comparative with the
results from the analysis in the endoglin/CD150 staining

protocol (Figure 2). However, the results in this staining
did not quite reach signiﬁcant values due to variations.
Importantly, Mxd1 showed a signiﬁcant decrease in
expression in LT-HSCs (0.63-fold reduction), as well as
in MPPs (0.62-fold reduction) and the LSK compartment
(0.64-fold reduction), which, however, did not reach signiﬁcant levels (Figure 4). Of note, Mxd2/Mxi1 and Mxd4
were signiﬁcantly decreased in the LSK compartment;
however, their expression did not change in LT-HSCs,
MPPs, and MPs. Conversely, Mxd3 did not change significantly in any of the subpopulations (Figure 4).
3.4. Small Molecule Inhibitor, PKC412, Modulates the
Expression of Myc Network Genes in Human MV4-11 Cells.
PKC412 is an inhibitor of FLT3 autophosphorylation,
thereby inhibiting downstream signaling [27]. It has shown
to inhibit growth of primary Flt3-ITD mutant blasts [28].
To investigate whether Flt3-ITD inhibition exerts antileukemic activity via modulation of the Myc network, we
treated the human Flt3-ITD mutated leukemia cell line,
MV4-11, with PKC412 at two diﬀerent concentrations
(0.1 mM and 1 mM) and analyzed the expression of Myc
network genes. Of note, PKC412 reduced cMyc expression
to the same extent at both concentrations. Conversely, the
expression of the Myc antagonists Mxd1 and Mxd2 was
increased in a dose-dependent manner in MV4-11 cells
treated with PKC412 (Figure 5), as well as the expression
of Mxd4, but to a lesser extent. Intriguingly, MV4-11 cells
do not express Mycn (Figure 5).
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Figure 4: Hematopoietic stem cells in Flt3-ITD mice have altered Myc network expression. The expression of Myc network genes was carried
out with reverse transcription quantitative PCR (RT-Q-PCR) in hematopoietic stem cells. Fold induction was calculated as a ratio of
Flt3-ITD : WT samples. Statistical analysis was performed with Student’s t-test on log-converted values (∗ p < 0 05, ∗∗ p < 0 01).
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Figure 5: Small molecule inhibitor, PKC412, modulates the
expression of Myc network genes in human MV4-11 cells. The
human Flt3-ITD mutated leukemia cell line, MV4-11, was treated
with the Flt3-inhibitor PKC412 at two diﬀerent concentrations
(0.1 mM and 1 mM) for 15 minutes. Expression analysis of the Myc
network genes was carried out with RT-Q-PCR. ND: not detected.

4. Discussion
Currently, a rapid development of targeted therapies against
speciﬁcally overexpressed or mutated molecules in AML is
ongoing. Clinical trials against mutated molecules found in
AML, e.g., IDH1 and IDH2, have recently been initiated
[29]. Considering the risk of relapse with the current treatment, it is important to identify pathways regulated by the
activated Flt3 receptor for the identiﬁcation of new treatment

targets. The Myc network of oncogenes and tumor suppressors is often changed in a plethora of tumors. The overexpression of the MYC and MYCN oncogenes is mostly not
due to actual mutations in the genes, but their expression is
deregulated due to upstream activated pathways and molecules [30]. However, there are exceptions to the rule, as
MYCN is ampliﬁed in neuroblastomas [31]. Myc and Mycn
overexpression has been shown to initiate myeloid and lymphoid neoplasms and could therefore be possible targets for
inhibiting leukemic cell proliferation and viability. The Mxd
network of tumor suppressors has been shown to be downregulated or deleted in diﬀerent tumor types including prostate adenocarcinoma [32]. In this study, we have analyzed the
possible role of the Myc network in Flt3-ITD-induced myeloproliferative disease. Flt3-ITD is one of the most common
mutations in AML and is correlated with poor prognosis.
Strategies of inhibiting the overactivated Flt3-ITD tyrosine
kinase or pathways downstream of this receptor would therefore be of interest in treating AML patients with this mutation. Eﬀorts with Flt3-ITD inhibitors to treat AML are
ongoing. However, results have shown that the Flt3-ITD
inhibitor should be used in combination with other treatments to avoid the development of drug resistance.
Herein, we report that myeloid progenitors (MPs) are
increased in adult Flt-3ITD mice, which is consistent with
other reports. Intriguingly, fetal Flt3-ITD mice have a normal
MP compartment and are protected from leukemic transformation [33]. Similarly, LT-HSCs (LSKCD150+48−) were
reported to be present in normal numbers in Flt3-ITD
fetal livers before the onset of myeloproliferative disease.
However, we here show that LT-HSCs decrease in favor
of MPPs in Flt3-ITD mice which has developed a myeloproliferative disease, which has also been shown in other
reports ([34, 35, 26]). Evidence has shown that the eﬀect
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of Flt3-ITD on LT-HSC homeostasis is cell autonomous
[26]. Changes in the expression of the Myc network genes
downstream of Flt3-ITD could therefore be responsible for
an expansion of leukemic multipotent progenitors. Of
note, STAT3 is upregulated in Flt3-ITD MPPs [34]. Moreover, in adult progenitors, Flt3-ITD induces self-renewal in
a STAT5-dependent manner [36]. Interestingly, lineagespeciﬁc STAT5 activation in hematopoietic progenitor cells
predicts the FLT3+-mediated leukemic phenotype in mice
[37], and the STAT signaling pathway has been reported
to increase Myc activity. These data highlight the involvement of STAT signaling in connection with the Myc network in aberrant hematopoietic stem and progenitor cell
populations in Flt3-ITD, which is thus also a potential
therapeutic target in Flt3-ITD leukemia.
We found that the Myc network of oncogenes and tumor
suppressors is changed in Flt3-ITD myeloproliferative mice
compared with wild-type mice. Generally, the Myc gene
expression was increased, and the expression of the Myc
antagonists, mainly Mxd1, Mxd2/Mxi1, Mxd4, Mnt, and
Miz-1, was decreased. Myc has been shown to be involved
in displacing quiescent hematopoietic stem cells from their
niche to more proliferative progenitor cells [38]. This can
be correlated with our results showing the change in hematopoietic stem and progenitor cell subpopulation distribution,
where the long-term hematopoietic stem cells are decreased
in Flt3-ITD mice and the multipotent progenitors increased.
Our data shows that cMyc was increased in Flt3-ITD multipotent progenitors (MPPs) as was Mycn in LSK, MPP, and
pre-GM cells. Importantly, c-MYC has been reported to
induce the expression of the deubiquitinase USP22, which
in turn reduced ubiquitination and enhanced the stability
of SIRT1 in CD34+ Flt3-ITD cells. Of note, inhibition of
SIRT1 expression or activity reduced the growth of Flt3ITD AML [39]. Additionally, c-MYC generates repair errors
by regulating transcriptional activation and expression of the
alternative nonhomologous end-joining pathway resulting in
aberrant DNA repair in Flt3-ITD leukemia [40]. Further,
N-Myc overexpression mechanistically results in the hyperproliferation of myeloid cells by decreasing transforming
growth factor β signaling and increasing c-Jun-NH2-kinase
signaling to cause AML [14]. Collectively, these data
underscore the importance of inhibition of the Myc molecules in treating Flt3-ITD mutated AML. Furthermore, we
observed the downregulation of Mxd family genes, i.e.,
Mxd1, Mxd2/Mxi1, and Mxd4. Interestingly, Krüppel-like
factor 4 (KLF4) has been identiﬁed as an upstream transcriptional regulator of Mxd1 and Myc in myeloid leukemias
[41]. Intriguingly, while SIRT1 was shown to regulate c-MYC
in Flt3-ITD mutated leukemia [39], it has been demonstrated
to regulate Mxd1 in malignant melanoma [42]. Similarly,
we found that Mnt and Miz-1 were also downregulated
in Flt3-ITD MPs. Of note, Miz-1 serves as a platform to
inhibit the expression of cell cycle regulators ([43, 44]).
Flt3-ITD mutated leukemic cells have enhanced activity
of Cdc25, which overrides the replication checkpoint leading to arrest in the S phase [45]. These ﬁndings could
point to the possibility that reduced levels of Miz-1 result
in enhanced activity of Cdc25 thereby deregulating the cell
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cycle in Flt3-ITD leukemia. Given that compromised DNA
damage response and weakened cell cycle checkpoint promote the progression of AML, our data points to the
potential role of Myc and Miz-1 in regulating these pathways in Flt3-ITD leukemia.
As the phosphorylation status of FLT3 is associated
with its functional activity [46], the inhibition of FLT3
phosphorylation will aﬀect FLT3-dependent pathways such
as RAS/MAPK, JAK/STAT, and Wnt pathways [9]. Given
that Myc oncogenes are downstream eﬀectors of these
pathways and based on our results that Myc oncogenes
are altered upon ITD mutation in FLT3, we hypothesized
that modulation of FLT3 phosphorylation will result in
transcriptional reprogramming of the Myc network. Our
data showed that PKC412-mediated inhibition of FLT3
signaling increased Mxd1 and Mxd2 expression, as well
as the expression of Mxd4 and Mnt to a lesser degree,
while it reduced cMyc expression in Flt3-ITD AML cells.
During the course of preparation of this manuscript,
Zhang et al. reported that PKC412-induced Myc downregulation results in decreased telomerase reverse transcriptase (hTERT) activity [47]. Additionally, inhibition of
cMyc has several therapeutic implications in solid tumors
and hematological malignancies. It has been reported that
cMyc inhibition overcomes radio- and chemotherapy resistance in pediatric medulloblastoma [48]. Similarly, cMyc
inhibition has been shown to negatively impact lymphoma
growth [49] and overcome drug-resistant AML [33]. Furthermore, cMyc inhibition prevents leukemia initiation in
mice and impairs the growth of relapsed and induction
failure pediatric T-ALL cells [50]. Our data showed that
selective inhibition of Flt3-ITD downstream signaling
induced c-Myc inhibition, which is consistent with a
recent report [47]. Furthermore, our data also shows that
Mnt and Miz-1 of the Mxd family are targets of Flt3ITD signaling pointing to the Myc network as a whole
being a target of activated Flt3-ITD. Additionally, our data
showed that nMyc expression is increased in LSK, MPP,
and pre-GM cells from Flt3-ITD mice. Reports supporting
the important role of the inhibition of the Mxd family of
tumor suppressors include studies showing that Mxd1
promotes cell cycle arrest and diﬀerentiation [30]; also,
several studies showed deletion of the 10q24-q25 chromosome, where the MXD2 gene is located in solid tumors
[51]. Furthermore, MXD2 is mutated in hematological
malignancies [52], as well as in solid tumors. Interestingly,
reintroduction of Mxd2 in glioblastoma cells deﬁcient in
Mxd2 results in reduced glioblastoma cell growth and clonogenicity [53]. Our study points to the fact that alterations in the Myc network by Flt3-ITD signaling are
involved in myeloid leukemogenesis and that PKC412mediated Flt3-ITD inhibition partly exerts its antileukemic
activity by aﬀecting the Myc/Max/Mxd network.
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There are remarkable similarities in the description of cancer stem cells (CSCs) and cancer cells with mesenchymal phenotype. Both
cell types are highly tumorigenic, resistant against common anticancer treatment, and thought to cause metastatic growth.
Moreover, cancer cells are able to switch between CSC and non-CSC phenotypes and vice versa, to ensure the necessary balance
within the tumor. Likewise, cancer cells can switch between epithelial and mesenchymal phenotypes via well-described
transition (EMT/MET) that is thought to be crucial for tumor propagation. In this review, we discuss whether, and to which
extend, the CSCs and mesenchymal cancer cells are overlapping phenomena in terms of mechanisms, origin, and implication
for cancer treatment. As well, we describe the dynamism of both phenotypes and involvement of the tumor microenvironment
in CSC reversion and in EMT.

1. Differences and Similarities of Mesenchymal
and Stem-Like Phenotypes of Cancer Cells
Our understanding of cancer biology and genetics has changed sustainably over the past 10 years. We consider tumor
to be a highly complex heterogenic dynamic entity that
evolves in time, always trying to adapt and survive to
adverse conditions. For example, in order to survive to multimodal therapy, which includes resection, chemotherapy,

and radiation, tumor cells undergo dynamic clonal evolution. As a result, tumors become a mass of highly heterogeneous cell populations undergoing constant dynamic
phenotypic changes [1]. In addition, somatic mutations
and phenotypic variations might generate cancer cell clones
that develop resistance to treatment and remain progressing
while current treatment eliminates only sensitive clones. In
fact, a tumor may initially shrink after multimodal treatment, while remaining resistant clones which will survive
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Figure 1: Cancer stem cells versus mesenchymal cancer cells. There are remarkable similarities in the properties of CSCs and cancer cells with
mesenchymal phenotype, which oppose from characteristics of non-CSCs and epithelial cancer cells, respectively. Both are highly invasive,
tumorigenic, resistant against common anticancer treatment, and thought to cause metastatic growth. Both cell types share several cell
markers. Besides, both phenotypes are reversible and can be interchanged via EMT or CSC phenotype interconversion.

and eventually cause tumor regrowth and relapse, often
rising very aggressive tumor types with unfortunately very
limited treatment alternatives [2, 3].
Notably, tumors from patients with recurrent resistant
tumors show higher numbers of CSCs and cells with
epithelial-mesenchymal transition (EMT) phenotype.
Indeed, poor survival has been associated with the presence
of both cell types in various clinical trials [4].
CSCs represent a fraction of undiﬀerentiated cancer cells
that exhibit stem cell-like features. They have the ability to
diﬀerentiate and to self-renew. Owing to the phenotypic
diﬀerences with the rest of tumoral cells, CSCs account for
therapy resistance and represent the cellular reserve responsible for tumor regrowth and metastatic spread [5]. CSCs
overexpress ATP-dependent drug eﬄux transporters like Pglycoprotein (P-gp), the multidrug resistance-associated proteins (MRP), and ATP-binding cassette (ABC) transporters
at the cell surface, which decrease intracellular drug accumulation. Besides, detoxifying enzymes like aldehyde dehydrogenase 1 (ALDH1A1) and bleomycin hydrolase (BLMH)
provide CSCs with further protection against chemotherapy.
CSCs are able to enter to a stable quiescence state in hypoxic
conditions, overpass the stress condition, and proliferate
afterwards [5]. In the last years, many research groups
employed big eﬀorts in order to identify biomarkers which
could speciﬁcally characterize the diﬀerent subpopulations
of CSCs within a tumor [6]. Interestingly, most of the identiﬁed CSC markers can be also found in cells with mesenchymal phenotype (CD44+/CD24−, SPARK, WNT, NOTCH,
ABCG, mRNA-34a, etc.). Moreover, the characterization of
cancer cells, which have acquired mesenchymal features by
EMT, is quite similar to the description of CSCs (Figure 1).
EMT cells are essential for tumor progression, including
tumor metastasis, therapy resistance, and disease recurrence.
A majority of tumors (90%) are epithelial in nature (carcinomas); therefore, the activation of an EMT program, which
originally plays a crucial role in organogenesis during

embryonic development as well as wound healing and tissue
regeneration, can transform epithelial cancer cells into a
more aggressive mesenchymal phenotype, promoting local
invasion and dissemination at distant organs [7].
During EMT, epithelial cells lose their cell-cell adhesion
and apical-basal polarity, gaining the ability to individually
migrate and invade basement membrane and blood vessels
[7]. This conversion correlates with a decrease in epithelial
markers (E-cadherin, cytokeratin, integrin α6β4, laminins,
collagen type IV, ZD-1, etc.) and an increase in mesenchymal
markers (N-cadherin, vimentin, ﬁbronectin, cadherin-11,
integrin α5β1, collagen types I and III, etc.) [8–11]. Interestingly, several recent studies pointed out an increase in CSC
signature during EMT processes in many carcinomas such
as pancreatic, hepatocellular, and colorectal as well as in
human mammary epithelial cells [12–15] (Figure 2).
Even though in the past CSCs and EMT were studied
independently, accumulating evidence suggests strong parallelisms between EMT activation and CSC formation. EMT is
relevant to the acquisition and maintenance of stem cell-like
characteristics and is suﬃcient to endow diﬀerentiated
normal and cancer cells with stem cell properties. Recently,
proteasome activator subunit 3 (PSME3) has been shown to
induce epithelial-mesenchymal transition of breast cancer
cells together with induction of CSC marker expression and
further to inﬂuence the tumor immune microenvironment
[16]. Moreover, CSCs often exhibit mesenchymal properties
within epithelial tumor cells [6, 7, 15, 17–20]. Most likely,
heterogeneous cancer cell subpopulations, including CSCs
and cells with activated EMT signaling, function in a complementary manner at the collective level to achieve therapeutic
resistance and ensure disease progression. The idea of tumors
as a highly dynamic heterogeneous mass of cells with an
unstable and reversible hierarchy, which seems to be inﬂuenced by the origin and biological context of each tumor, is
gaining acceptance. According to this scenario, a new concept of tumor plasticity, an “EMT score,” has been proposed
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Figure 2: E/M hybrid phenotype. E/M hybrid phenotype of tumor cells represents an ideal window for stemness reversion. In this state, cancer
cells coexpress epithelial and mesenchymal genes and promote expression of stemness genes. This results in formation of a tumor sphere
in vitro and metastatic spread in vivo. Also, a majority of circulating cancer cell (CTC) clusters coexpress epithelial and mesenchymal
markers together with stem cell markers. An inhibition of EMT and/or stemness phenotype should lead to hindrance of advanced cancer.

to represent the EMT-grade characteristic of each cell line
and primary tumor [14, 21]. Tan and colleagues established
a universal and quantitative EMT scoring to deﬁne an EMT
spectrum across various cancers (ovarian, breast, bladder,
lung, colorectal, and gastric cancers) [14, 21]. Tumorspeciﬁc gene expression was used to establish an EMT
scoring method and quantitatively estimated the degree of
EMT (−1.0 to +1.0) in a large collection of cell lines and
tumors, reﬂecting epithelial and mesenchymal states as well
as the intermediate states that occur during transition. Good
correlation between EMT and poorer disease-free survival
was observed in ovarian and colorectal cancers, but not in
breast cancer or carcinomas. Importantly, a distinct response
between epithelial and mesenchymal-like ovarian cancers to
therapeutic regimes administered with or without paclitaxel
in vivo was also observed [14, 21].
Of note, the observed intermediate, mixed epithelial
and mesenchymal phenotype (E/M hybrid phenotype), is
thought to represent the ideal window for stemness
reversion [18, 22, 23] (Figure 2). This theory is supported
by the fact that repression of EMT is required for eﬀective
tumor initiation [24–27] and that CSC reprogramming
often involves mesenchymal to epithelial transition
(MET) [28, 29].

Further, coexpression of epithelial and mesenchymal
genes promotes mammosphere formation and expression
of stemness genes [22] and drives tumor growth in vivo
[18, 23]. Besides, according to mathematical models of
stemness-decision circuits, it has been suggested that a
hybrid E/M state is more likely to gain stemness than complete EMT is [14, 30]. These observations are consistent
with experiments showing that a majority of circulating
cancer cells (CTCs) coexpress epithelial and mesenchymal
markers together with stem cell markers [31]. CTCs in a
semimesenchymal phenotype have higher proliferative
and invasive abilities than cells with complete EMT phenotype and are able to originate distant metastasis [32, 33]
(Figure 2). The association of a hybrid E/M phenotype with
stemness is not speciﬁc to tumor progression but has been
also reported in physiological conditions in adult hepatic
stem/progenitor cells (HSCs) and adult renal progenitors
upon tissue injury and show to mediate tissue repair and
regeneration [34–36].

2. Dynamic Cancer Cell Phenotype
There is increasing evidence showing that some cell subpopulations are subjected to a dynamic phenotype within a
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Figure 3: Tumor microenvironment and cancer cell phenotype. Schematic representation of TME inﬂuence on stemness and mesenchymal
properties of cancer cells. The dynamic phenotype of cancer cells (stemness, EMT) is regulated by several signaling pathways. TGF-β and NFκB signaling pathways are activated by diﬀerent microenvironmental factors like MSCs, CAFs, TAMs, MDSCs, or hypoxia. Exosomes derived
from respective cell types play an important role in intercellular paracrine communication.

tumor. Although the importance of the diﬀerentiation state
of tumor cells on their malignant capacity has been reported
since the 80s, the study of the underlying mechanism controlling these cellular states has been neglected until recently
[37]. Currently, the most studied phenomenon of cellular
diﬀerentiation/dediﬀerentiation processes undergone by
tumor cells with inﬂuence in cancer progression is transition from epithelial to mesenchymal phenotype and their
counter pathway mesenchymal to epithelial transition.
Both phenomena have been reported in several cancer
types including colorectal cancer, breast cancer, prostate
cancer, pancreatic cancer, bladder cancer, and lung cancer,
among others. EMT cellular conversion has been extensively
studied during the last decade. In this regard, three main
molecular pathways leading and regulating this process have
been proposed: (a) SMAD/TGF-β pathway, (b) WNT/βcatenin signaling, and (c) ECM integrin signaling cascade.
In any case, these diverse EMT routes render upregulation
of speciﬁc sets of transcription factors, including SNAIL,
SLUG, ZEB, and TWIST, that would further control the
cellular conversion process [20, 38, 39].
CSCs and non-CSC populations have also been proved
able to interconvert each other depending on external stimuli, namely, factors coming from the microenvironment or
in response to treatment. Some examples of diﬀerentiated
cells undergoing this reversion process to become CSCs, or
cells in an intermediate state showing stem-like properties,
have been reported for colorectal cancer, breast cancer, and
melanoma, among others [17, 40–42]. Interestingly, two of
the EMT pathways (SMAD/TGF-β and WNT/β-CATENIN)
have been associated also with the acquisition of stem-like
properties [13].

Moreover, another important common activator of CSC
reversion and EMT is hypoxia (Figure 3). Hypoxia induces
the overexpression of OCT4 that in turns triggers a molecular
cascade leading to enrichment of cells with CSC-like phenotype in melanoma [43]. Hypoxic condition also induces the
overexpression of hypoxia-inducible factors (HIFs), which
can directly induce EMT in various cancer models, mostly
conducted by the HIF-1α factor (Figure 3) [44, 45]. Importantly, HIF-1α can directly increase NOTCH signaling,
enhancing stemness [46]. Hypoxia also promotes CSC
survival and EMT through reactive oxygen species- (ROS-)
activated stress response pathways and through ROSinduced TGF-β and TNF-α signaling pathways, in breast
cancer (Figure 3) [47]. In glioma cells, the activation of
TGF-β as well as WNT signaling pathways by hypoxia
induces stemness by promoting an undiﬀerentiated cellular
state [48]. Furthermore, hypoxia seems suﬃcient to promote
CSC phenotype and invasion and accelerate metastatic
outgrowth in liver tumor cells after surgery. In addition, transcription factors recognized as pluripotency markers in
embryonic stem cells such as NANOG, SOX2, and c-MYC
have been reported to be upregulated in the acquirement of
the CSC proﬁle [49].
Despite some scraps of evidence from distinct tumor
types showing the acquirement of stemness properties by differentiated cells in speciﬁc conditions, the general process by
which diﬀerentiated tumor cells undergo a dediﬀerentiation
process is still far from being completely elucidated. However, what seems clear is that the dynamism described for
CSCs is analogous to the dynamism observed for EMT
processes. Despite that signals and subsequent pathways
triggering both processes are not necessarily shared, the
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acquisition of CSC phenotype and EMT partially overlaps,
which goes in line with partial EMT phenotype and the
CSC window theory discussed before (Figure 2). Nonetheless, the fact that signaling cascades for both processes diﬀer
by enhancing the expression of distinct subsets of transcription factors is remarkable. Therefore, although in some cases
EMT and non-CSC to CSC reversion produce similar
responses related with an increased malignancy of the
disease, they should be considered distinct processes, both
highly dependent on the cancer type.

3. Tumor Microenvironment and Cancer
Cell Phenotype
Another important modulator of the phenotypic plasticity of
cancer cells may come from the tumor microenvironment
(TME), also called tumor niche (Figure 3). TME is composed
of a complex network of stromal, immune, and inﬂammatory
cells; soluble factors; signaling molecules; and the extracellular matrix [50]. Both cellular and noncellular components of
the tumor niche contribute to maintaining the stemness of
tumor cells and regulating EMT/MET and CSC plasticity
[45, 51, 52].
The most abundant cell population within TME are
ﬁbroblasts [53]. Solid evidences show that cancer cells are
capable of producing factors, like TGF-β, that once secreted
to the TME can transform normal ﬁbroblasts into cancerassociated ﬁbroblasts (CAFs) [54]. CAFs have a battery of
unique features when compared with normal ﬁbroblasts that
promote cancer progression [55]. It has been demonstrated
that TGF-β is carried to the tumor stroma by cancer cells,
enhancing CAF phenotype. Once activated, CAFs promote
tumor cell progression by multiple mechanisms, in a bidirectional crosstalk between CAFs and tumor cells [56]. One of
the most important players in cell-to-cell communication in
the TME are exosomes [57]. Exosomes are specialized
membranous nanosized vesicles (30–150 nm) derived from
endocytic compartments that are released by many cell types.
They contain sophisticated RNA and protein cargos from the
cell of origin, enabling intercellular communication [58].
Exosomes released by activated CAFs have been associated
with the promotion of EMT, stemness, and angiogenesis in
prostate tumors [59–61]. Special relevance has been attributed to the WNT pathway, a crucial signaling cascade for
these processes. The upregulation of WNT10b in CAF
exosomes induces EMT of breast cancer cells [62]. A study
with endometrial cancer cells has also demonstrated that
upregulation of WNT10b in CAFs results in increased migration and aggressiveness of tumor cells [63]. Besides, in lung
cancer models, CAFs obtained from lung cancer tissue
produce hepatocyte growth factor (HGF), thereby activating
the EMT-related c-Met pathway (Figure 3) [64].
Moreover, TME also contains mesenchymal stem cells
(MSCs) that are considered key regulators of tumoral physiology through multiple mechanisms [65–67]. These multipotent stromal cells are implicated in the restoration of CSCs in
the TME. Similar to CAFs, MSCs can promote cancer stemness and EMT phenotype also through TGF-β [68] Moreover, MSCs can stimulate tumor progression by producing
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Gremlin 1 to promote the undiﬀerentiated state of cancer
cells [69]. Furthermore, MSCs can provide tumor cells with
CSCs properties by suppressing FOXP2 expression [70].
Exosomes released by MSC cells are important for communication of MSCs with TME, although further studies are
needed to better elucidate completely their role (Figure 3).
Another area of great interest is the inﬂuence of the TME
in modulating tumoral immunity [68]. Accumulating data
is pointing out that tumor-polarized immune cells resident
in the TME enhance EMT phenotype and ultimately
promote migration and invasion of CSCs [71].
The TME is characterized by chronic inﬂammation
which leads to a phenomenon called immunosuppression
in the tumor niche that stimulates tumor cell proliferation
and metastasis. Tumor-associated macrophages (TAMs)
and myeloid-derived suppressor cells (MDSCs) are an example of immunosuppressive cell types recruited by chemokines
and cytokines that are secreted by cancer cells. TAMs are
derived from polarized macrophages that acquire protumor
phenotypes that enhance tumor growth and metastasis
[72]. Similarly to previous examples, tumor-derived exosomes have been shown to play a key role in macrophage
polarization. Within inﬂammatory TME, TAMs and CD4+
T cells secrete TNF-α which upregulates NF-κB signaling,
induce EMT, and increase the crosstalk with the TGF-β signaling pathway, stimulating stemness [71]. In agreement to
this, gastric cancer-derived exosomes have been shown to
induce NF-κB activation in macrophages promoting the proliferation of gastric cancer cells. Similar results show that
breast cancer-derived exosomes also stimulate the NF-κB
pathway in macrophages [73]. On the other hand, MDSCs
are a heterogeneous population of cells from monocytic
and granulocytic origins, which are also involved in promoting EMT and in CSC maintenance [74]. Indeed, in a spontaneous murine model of melanoma, MDSCs induce EMT
via TGF-β, EGF, and HGF signaling [75]. Similarly,
platelet-derived TGF-β secreted by MDSCs activates TGFβ/Smad and NF-κB pathways in lung cancer cells, resulting
in EMT and enhanced metastasis in vivo, in lung cancer
models [76, 77].

4. Implication of Cancer Cell Phenotypes in
Anti-Tumoral Treatment Strategies
Understanding the tight relationship among CSCs, EMT,
and the tumoral microenvironment opens the door to new
strategies for developing more eﬀective anticancer
treatments.
Because many CSC-related pathways are involved also in
EMT, new treatments should eliminate CSCs while reverting
the EMT phenotype and vice versa. For example, in order to
target EMT, diﬀerent strategies have been reported, usually
targeting (i) adhesion-related proteins (e.g., E-cadherin), (ii)
microenvironment factors (e.g., SPARC), (iii) cell membrane
molecules (e.g., integrins, TGF-β), (iv) intracellular
transcription factors (e.g., ZEB, SNAIL, SLUG, TWIST, and
E47), (v) microRNAs (e.g., miRNA200, miRNA29), and a
wide range of other possibilities [78]. On the other hand,
the elimination of CSCs is pursued through diﬀerent

EGR-1
Hedgehog signaling
HMGA2
IAP family

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
NADH dehydrogenase
Nestin

x

x
x

x

x

n.d.

x

x
x
x
x

n.d.

x

Krüppel-like factor 5
Lysine-speciﬁc demethylase 1
mTOR

n.d.

x

x

x

JAK 1/2

EGR-1

x

x

x

EGR-1
EGR-1

x
x

x

x

x

x

x

x

EGR-1

x

Bmi-1
Bmi-1

x
x

AKT/mTOR signaling pathway
AKT2

x
x

ALOX5

Therapeutic target

EMT

x

x

CSC

EpCAM/CD3 antibody
Anti-CD33 antibody
Quercetin
All-trans retinoic acid
Mithramycin
Drug combination
Epirubicin + cisplatin + capecitabine
DECA-14
shRNA

Salinomycin analogs

Salinomycin

Metformin

Metformin
Pargyline
Rapamycin

Ruxolitinib

2′-Benzoyloxycinnamaldehyde
siRNA
Cyclopamine
LBH589
AT-406, SM-164, and TRAIL

Oxytocin
Syntactic catalytic DNA

shRNA against EGR-1

Nigericin
shRNA

Zileuton

Tunicamycin
siRNA

Therapeutic approach

Colon cancer
Glioblastoma
Prostate cancer
Nasopharyngeal carcinoma
Pancreatic cancer
Ovarian cancer
TNBC
Prostate cancer
Neuroblastoma
Gastric cancer
Breast cancer
Ovarian cancer
HNSCC
Breast cancer
Colon cancer
Pancreatic cancer
Glioblastoma
Pancreatic cancer
Gastric cancer
Various neoplasms
Glioblastoma
Gastric cancer
Neuroblastoma

Colon cancer

Nasopharyngeal carcinoma
Nasopharyngeal carcinoma
Breast cancer
Lung cancer
Liver cancer
HNSCC
Breast cancer

Leukemia

Colon cancer
Breast cancer

Cancer type

Table 1: Diﬀerent cancer therapeutic approaches based on CSCs and/or EMT.

Preclinical (in vivo)
Preclinical (in vivo)
Preclinical (in vivo)
Preclinical (in vivo)
Clinical (phase 2)
Clinical (phase 1)
Clinical (phase 3)
Preclinical (in vivo)
Preclinical (in vivo)

Preclinical (in vitro)

Preclinical (in vitro)

Preclinical (in vivo)

Preclinical (in vivo)
Preclinical (in vivo)
Preclinical (in vivo)

Preclinical (in vivo)

Preclinical (in vivo)
Preclinical (in vivo)
Preclinical (in vivo)
Preclinical (in vivo)

Preclinical (in vivo)

Preclinical (in vitro)
Preclinical (in vivo)

Preclinical (in vitro)

Preclinical (in vivo)
Preclinical (in vivo)

Clinical (phase 1)

Preclinical (in vivo)
Preclinical (in vivo)

Development stage

[105]
[106]
[107]
[108]
∗
NCT02859415
∗
NCT02654964
∗
NCT01697072
[100]
[80–82, 109]

[104]

[86]

[101–103]

[98]
[99]
[100]

[19, 97]

[93]
[94]
[95]
[96]

[93]

[91]
[92]

[90]

[87]
[79]
∗
NCT02047149
∗
NCT01130688
[88]
[89]

References

6
Stem Cells International

STAT3
STAT3
STAT3
STAT3 pathway
WNT pathway
ZEB1

LLL12; shRNA
BBI608
Salinomycin
Oncostatin M
Nigericin
shRNA

GN-25; GN-29

LY294002; U0126
Trichostatin A

Metformin

siRNA

Therapeutic approach

Cancer type
Glioblastoma
Lung carcinoma
Pancreatic cancer
Pancreatic cancer
Ovarian cancer FTPPC,
pancreatic cancer
Breast cancer
Lung cancer
Pancreatic cancer
Lung cancer
Breast cancer
Various cancers
Breast cancer
Hepatocellular carcinoma
Lung cancer
Pancreatic cancer

Preclinical (in vivo)
Preclinical (in vivo)
Preclinical (in vitro)
Preclinical (in vivo)
Preclinical (in vitro)
Preclinical (in vivo)

Preclinical (in vivo)

Preclinical (in vitro)
Preclinical (in vitro)

Clinical (phase 2)

Preclinical (in vivo)

Development stage

n.d.: not described. ∗ ClinicalTrials.gov identiﬁer. Abbreviations: HNSCC: head and neck squamous cell carcinoma; FTPPC: fallopian tube, primary peritoneal cancer.

x

x
x

Snail-p53 interaction

x

x
x
x
x
x
x

PI3K-AKT; ERK1/2 pathways
SNAIL

x
x

x

p53 mutant cells

x

x

Nestin

Therapeutic target

x

EMT

x

CSC

Table 1: Continued.

[115]
[116]
[85]
[117]
[118]
[19]

[114]

[84, 110]
NCT01579812
∗
NCT02978547
[111]
[112, 113]
∗

References

Stem Cells International
7

8
therapeutic strategies involving signaling pathways related
with (i) CSC survival and proliferation pathways (e.g.,
PI3K-AKT, JAK/STAT, and NF-κB) and (ii) signals linked
to the stemness properties of CSCs, like self-renewal and
pluripotency (e.g., Notch pathway, WNT pathway, and
Hedgehog signaling) [5]. However, the molecular pathways
studied as potential EMT targets are also involved in CSCs
stemness, and the ones studied as CSC pathways are usually
representative of EMT. Studies characterizing the eﬀect of
speciﬁc molecular players on the regulation of both CSC
malignancy and EMT occurrence are still scarce. As an
example, the PI3K-AKT pathway regulates the expression
of TWIST, one of the most important transcription factors
regulating EMT; however, the same pathway is also reported
as crucial for stemness properties and CSCs survival [79].
As referred, CSCs and EMT cells partially share signaling
pathways of EMT and stemness and since CSCs could
undergo EMT, it is virtually impossible to characterize a
therapeutic target or approach as CSC- or EMT-speciﬁc.
Moreover, many studies regarding treatments directed
against CSCs do not assess the therapeutic eﬀect on EMT
and vice versa, making more diﬃcult to comprehend the
interactive eﬀects between both phenomena.
An example is Nestin, a class VI intermediate ﬁlament
protein involved in mitosis. It was originally described as a
neural stem cell/progenitor cell marker. However, expression
of Nestin has been reported to be associated with migration
and metastasis of various types of tumors and as a CSC
marker [80–83]. Transfection of the tumor cancer cell line
PANC-1 with a short hairpin RNA (shRNA) targeting
NESTIN results in decreased NESTIN expression, increased
expression of ﬁlamentous F-actin and E-cadherin, reduction
of cell migration and invasion abilities, and less formation of
metastasis in vivo, demonstrating its involvement in EMT
[80]. Additionally, NESTIN and CSC markers like
ALDH1A1 and ABCG2 are found overexpressed in
metastasis-derived cancer cells presenting low levels of Ecadherin. NESTIN silencing in pancreatic cancer results in
reduced sphere formation, tumor growth, and metastasis
development, not only suggesting the correlation between
the CSC-like phenotype and EMT but also validating NESTIN as a therapeutic target [84].
The eﬀects of a drug in CSCs and also in the EMT process
are dependent on the cell and cancer type. In triple-negative
breast cancer (TNBC), salinomycin was described to cause
marked suppression of cell migration and invasion as well
as inhibition of mammosphere formation and eﬀective
reduction of the CD44+/CD24− stem-like/mesenchymal subpopulation [85]. On the other hand, in case of head and neck
squamous cell carcinoma, salinomycin treatment induces
apoptosis and decrease in stem cell properties, despite the
activation of EMT via AKT [86]. These observed diﬀerences
between studies and cancer type could be explained by the
previously referred stemness window theory (Figure 2).
The best strategy to prevent tumor remission should be
the elimination of all kinds of aggressive cells within the
tumor together with the bulk tumor cells since these cells
have interconversion capacity and could originate new clones
of CSCs or mesenchymal cell via the EMT process. Therefore,
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the ultimate goal for the cancer treatment ﬁeld is to ﬁnd the
way to reach all types of cancer cells. This could be achieved
by treatment protocols implying combination of various
therapeutic molecules, a combination of gene therapy
approaches, or the use of targeted vectors decorated with
the most speciﬁc ligands found for each type of cell.
Nowadays, diﬀerent therapeutic approaches have been
proposed to target CSCs and/or EMT, ongoing diﬀerent
development stages (Table 1). Since this therapeutic
approach is still in its infancy, the majority of present studies are at the preclinical phase, with a small percentage
enrolling clinical evaluation. More examples of treatments
under clinical trials against CSCs and/or EMT can be found
at [5].

5. Summary
The stemness of CSCs, non-CSC reversion to CSCs, and EMT
processes are regulated by similar signaling pathways.
Provided data show that when TGF-β and NF-κβ signaling
cascade is activated by diﬀerent microenvironmental factors,
cancer cells from various cancer types tend to undergo EMT,
and this is frequently accompanied by a maintenance of a
CSC stem phenotype. Based on this knowledge, strategies to
prevent tumor remission should carefully consider not only
eliminating potential aggressive CSCs and EMT cells within
the tumor but also targeting those signaling pathways
responsible for the interconversion capacity of non-CSCs to
new CSCs and mesenchymal cells via EMT activation. This
can be undergone through a combination of molecules, a
combination of gene therapy approaches, or the use of targeted vectors decorated with the most speciﬁc ligands found
for each cell type.

Abbreviations
TME:
CAFs:
MSCs:
TAMs:
MDSCs:

Tumor microenvironment
Cancer-associated ﬁbroblasts
Mesenchymal stem cells
Tumor-associated macrophages
Myeloid-derived suppressor cells.

Conflicts of Interest
No potential conﬂict of interest was reported by the authors.

Acknowledgments
This work was partially supported by grants PI14/02079 and
PI17/02242 from Fondo de Investigaciones Sanitarias (FIS)
of Instituto Carlos III (ISCIII), coﬁnanced by the European
Regional Development Fund (FEDER), and grant AC15/
00092 (Target4Cancer project) from EuroNanoMed II to SS
and grant 337/C/2013 (PENTRI project) from Fundació
Marató TV3 (Catalonia, Spain) to IA. The Portuguese
Science and Technology Foundation (FCT) supported FA
with a postdoctoral grant (SFRH/BD/76270/2011). La
Asociación Española Contra el Cáncer (AECC) supported

Stem Cells International

9

JSF with a postdoctoral fellowship. Plan Estratégico de Investigación e Innovación en Salud (PERIS) supported FM.

References
[1] N. McGranahan and C. Swanton, “Clonal heterogeneity and
tumor evolution: past, present, and the future,” Cell,
vol. 168, no. 4, pp. 613–628, 2017.
[2] K. Dzobo, D. A. Senthebane, A. Rowe et al., “Cancer stem cell
hypothesis for therapeutic innovation in clinical oncology?
Taking the root out, not chopping the leaf,” OMICS: A Journal of Integrative Biology, vol. 20, no. 12, pp. 681–691, 2016.
[3] K. Eun, S. W. Ham, and H. Kim, “Cancer stem cell heterogeneity: origin and new perspectives on CSC targeting,” BMB
Reports, vol. 50, no. 3, pp. 117–125-125, 2017.
[4] A. Mitra, L. Mishra, and S. Li, “EMT, CTCs and CSCs in
tumor relapse and drug-resistance,” Oncotarget, vol. 6,
no. 13, pp. 10697–10711, 2015.
[5] P. Gener, D. F. d. S. Rafael, Y. Fernández et al., “Cancer stem
cells and personalized cancer nanomedicine,” Nanomedicine,
vol. 11, no. 3, pp. 307–320, 2016.
[6] P. Gener, L. P. Gouveia, G. R. Sabat et al., “Fluorescent CSC
models evidence that targeted nanomedicines improve
treatment sensitivity of breast and colon cancer stem cells,”
Nanomedicine: Nanotechnology, Biology and Medicine,
vol. 11, no. 8, pp. 1883–1892, 2015.
[7] M. Zeisberg and E. G. Neilson, “Biomarkers for epithelialmesenchymal transitions,” The Journal of Clinical Investigation, vol. 119, no. 6, pp. 1429–1437, 2009.
[8] J. A. Davies and D. R. Garrod, “Molecular aspects of the
epithelial phenotype,” BioEssays, vol. 19, no. 8, pp. 699–704,
1997.
[9] A. P. Sappino, W. Schürch, and G. Gabbiani, “Diﬀerentiation
repertoire of ﬁbroblastic cells: expression of cytoskeletal
proteins as marker of phenotypic modulations,” Laboratory
Investigation, vol. 63, no. 2, pp. 144–161, 1990.
[10] R. Moll, W. W. Franke, D. L. Schiller, B. Geiger, and
R. Krepler, “The catalog of human cytokeratins: patterns of
expression in normal epithelia, tumors and cultured cells,”
Cell, vol. 31, no. 1, pp. 11–24, 1982.
[11] D. Cooper, A. Schermer, and T. T. Sun, “Classiﬁcation of
human epithelia and their neoplasms using monoclonal antibodies to keratins: strategies, applications, and limitations,”
Laboratory Investigation, vol. 52, no. 3, pp. 243–256, 1985.
[12] D. Sarrio, C. K. Franklin, A. Mackay, J. S. Reis-Filho, and
C. M. Isacke, “Epithelial and mesenchymal subpopulations
within normal basal breast cell lines exhibit distinct stem
cell/progenitor properties,” Stem Cells, vol. 30, no. 2,
pp. 292–303, 2012.
[13] S. A. Mani, W. Guo, M. J. Liao et al., “The epithelialmesenchymal transition generates cells with properties of
stem cells,” Cell, vol. 133, no. 4, pp. 704–715, 2008.
[14] M. K. Jolly, M. Boareto, B. Huang et al., “Implications of the
hybrid epithelial/mesenchymal phenotype in metastasis,”
Frontiers in Oncology, vol. 5, p. 155, 2015.
[15] C. Scheel and R. A. Weinberg, “Cancer stem cells and epithelial–mesenchymal transition: concepts and molecular links,”
Seminars in Cancer Biology, vol. 22, no. 5-6, pp. 396–403,
2012.
[16] Z. Yi, D. Yang, X. Liao, F. Guo, Y. Wang, and X. Wang,
“PSME3 induces epithelial–mesenchymal transition with

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

inducing the expression of CSC markers and immunosuppression in breast cancer,” Experimental Cell Research,
vol. 358, no. 2, pp. 87–93, 2017.
U. Wellner, J. Schubert, U. C. Burk et al., “The EMT-activator
ZEB1 promotes tumorigenicity by repressing stemnessinhibiting microRNAs,” Nature Cell Biology, vol. 11, no. 12,
pp. 1487–1495, 2009.
R. Strauss, Z.-Y. Li, Y. Liu et al., “Analysis of epithelial and
mesenchymal markers in ovarian cancer reveals phenotypic
heterogeneity and plasticity,” PLoS One, vol. 6, article
e16186, no. 1, 2011.
J. M. Smigiel, N. Parameswaran, and M. W. Jackson, “Potent
EMT and CSC phenotypes are induced by oncostatin-M in
pancreatic cancer,” Molecular Cancer Research, vol. 15,
no. 4, pp. 478–488, 2017.
T. Shibue and R. A. Weinberg, “EMT, CSCs, and drug resistance: the mechanistic link and clinical implications,” Nature
Reviews Clinical Oncology, vol. 14, no. 10, pp. 611–629, 2017.
T. Z. Tan, Q. H. Miow, Y. Miki et al., “Epithelial‐mesenchymal transition spectrum quantiﬁcation and its eﬃcacy in
deciphering survival and drug responses of cancer patients,”
EMBO Molecular Medicine, vol. 6, no. 10, pp. 1279–1293,
2014.
A. Grosse-Wilde, A. Fouquier d’Hérouël, E. McIntosh et al.,
“Stemness of the hybrid epithelial/mesenchymal state in
breast cancer and its association with poor survival,” PLoS
One, vol. 10, no. 5, article e0126522, 2015.
M. Ruscetti, B. Quach, E. L. Dadashian, D. J. Mulholland, and
H. Wu, “Tracking and functional characterization of epithelial–mesenchymal transition and mesenchymal tumor cells
during prostate cancer metastasis,” Cancer Research, vol. 75,
no. 13, pp. 2749–2759, 2015.
O. H. Ocaña, R. Córcoles, Á. Fabra et al., “Metastatic colonization requires the repression of the epithelial-mesenchymal
transition inducer Prrx1,” Cancer Cell, vol. 22, no. 6,
pp. 709–724, 2012.
T. Celià-Terrassa, Ó. Meca-Cortés, F. Mateo et al., “Epithelial-mesenchymal transition can suppress major attributes of human epithelial tumor-initiating cells,” The
Journal of Clinical Investigation, vol. 122, no. 5, pp. 1849–
1868, 2012.
J. H. Tsai, J. L. Donaher, D. A. Murphy, S. Chau, and J. Yang,
“Spatiotemporal regulation of epithelial-mesenchymal transition is essential for squamous cell carcinoma metastasis,”
Cancer Cell, vol. 22, no. 6, pp. 725–736, 2012.
T. Tsuji, S. Ibaragi, K. Shima et al., “Epithelial-mesenchymal
transition induced by growth suppressor p12CDK2-AP1 promotes tumor cell local invasion but suppresses distant colony
growth,” Cancer Research, vol. 68, no. 24, pp. 10377–10386,
2008.
P. Samavarchi-Tehrani, A. Golipour, L. David et al., “Functional genomics reveals a BMP-driven mesenchymal-toepithelial transition in the initiation of somatic cell reprogramming,” Cell Stem Cell, vol. 7, no. 1, pp. 64–77, 2010.
R. Li, J. Liang, S. Ni et al., “A mesenchymal-to-epithelial transition initiates and is required for the nuclear reprogramming
of mouse ﬁbroblasts,” Cell Stem Cell, vol. 7, no. 1, pp. 51–63,
2010.
M. K. Jolly, B. Huang, M. Lu, S. A. Mani, H. Levine, and
E. Ben-Jacob, “Towards elucidating the connection between
epithelial–mesenchymal transitions and stemness,” Journal

10

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Stem Cells International
of The Royal Society Interface, vol. 11, no. 101, p. 20140962,
2014.
A. J. Armstrong, M. S. Marengo, S. Oltean et al., “Circulating tumor cells from patients with advanced prostate and
breast cancer display both epithelial and mesenchymal
markers,” Molecular Cancer Research, vol. 9, no. 8,
pp. 997–1007, 2011.
C. Alix-Panabières and K. Pantel, “Challenges in circulating
tumour cell research,” Nature Reviews Cancer, vol. 14, no. 9,
pp. 623–631, 2014.
W. L. Tam and R. A. Weinberg, “The epigenetics of
epithelial-mesenchymal plasticity in cancer,” Nature Medicine, vol. 19, no. 11, pp. 1438–1449, 2013.
M. I. Yovchev, P. N. Grozdanov, H. Zhou, H. Racherla,
C. Guha, and M. D. Dabeva, “Identiﬁcation of adult hepatic
progenitor cells capable of repopulating injured rat liver,”
Hepatology, vol. 47, no. 2, pp. 636–647, 2008.
A. Conigliaro, L. Amicone, V. Costa et al., “Evidence for a
common progenitor of epithelial and mesenchymal components of the liver,” Cell Death & Diﬀerentiation, vol. 20,
no. 8, pp. 1116–1123, 2013.
C. Cicchini, L. Amicone, T. Alonzi, A. Marchetti,
C. Mancone, and M. Tripodi, “Molecular mechanisms
controlling the phenotype and the EMT/MET dynamics of
hepatocyte,” Liver International, vol. 35, no. 2, pp. 302–310,
2015.
H. Gabbert, R. Wagner, R. Moll, and C.-D. Gerharz, “Tumor
dediﬀerentiation: an important step in tumor invasion,”
Clinical & Experimental Metastasis, vol. 3, no. 4, pp. 257–
279, 1985.
J. Xu, S. Lamouille, and R. Derynck, “TGF-β-induced epithelial to mesenchymal transition,” Cell Research, vol. 19, no. 2,
pp. 156–172, 2009.
J. Zavadil and E. P. Böttinger, “TGF-β and epithelial-tomesenchymal transitions,” Oncogene, vol. 24, no. 37,
pp. 5764–5774, 2005.
S. M. Kumar, S. Liu, H. Lu et al., “Acquired cancer stem cell
phenotypes through Oct4-mediated dediﬀerentiation,” Oncogene, vol. 31, no. 47, pp. 4898–4911, 2012.
C. L. Chaﬀer, I. Brueckmann, C. Scheel et al., “Normal and
neoplastic nonstem cells can spontaneously convert to a
stem-like state,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 108, no. 19,
pp. 7950–7955, 2011.
D. Klevebring, G. Rosin, R. Ma et al., “Sequencing of breast
cancer stem cell populations indicates a dynamic conversion
between diﬀerentiation states in vivo,” Breast Cancer
Research, vol. 16, no. 4, p. R72, 2014.
Y.-J. Wang and M. Herlyn, “The emerging roles of Oct4 in
tumor-initiating cells,” American Journal of Physiology-Cell
Physiology, vol. 309, no. 11, pp. C709–C718, 2015.
D. M. Gilkes and G. L. Semenza, “Role of hypoxia-inducible
factors in breast cancer metastasis,” Future Oncology, vol. 9,
no. 11, pp. 1623–1636, 2013.
V. Plaks, N. Kong, and Z. Werb, “The cancer stem cell niche:
how essential is the niche in regulating stemness of tumor
cells?,” Cell Stem Cell, vol. 16, no. 3, pp. 225–238, 2015.
H. Moriyama, M. Moriyama, T. Ozawa et al., “Notch signaling enhances stemness by regulating metabolic pathways
through modifying p53, NF-κB, and HIF-1α,” Stem Cells
and Development, vol. 27, no. 13, pp. 935–947, 2018.

[47] S. Pavlides, A. Tsirigos, I. Vera et al., “Transcriptional evidence for the “reverse Warburg eﬀect” in human breast cancer tumor stroma and metastasis: similarities with oxidative
stress, inﬂammation, Alzheimer’s disease, and “neuron-glia
metabolic coupling”,” Aging, vol. 2, no. 4, pp. 185–199, 2010.
[48] J. Anido, A. Sáez-Borderías, A. Gonzàlez-Juncà et al., “TGF-β
receptor inhibitors target the CD44high/Id1high gliomainitiating cell population in human glioblastoma,” Cancer
Cell, vol. 18, no. 6, pp. 655–668, 2010.
[49] Y. Li and J. Laterra, “Cancer stem cells: distinct entities or
dynamically regulated phenotypes?,” Cancer Research,
vol. 72, no. 3, pp. 576–580, 2012.
[50] M. Wang, J. Zhao, L. Zhang et al., “Role of tumor microenvironment in tumorigenesis,” Journal of Cancer, vol. 8, no. 5,
pp. 761–773, 2017.
[51] M. Varas-Godoy, G. Rice, and S. E. Illanes, “The crosstalk
between ovarian cancer stem cell niche and the tumor microenvironment,” Stem Cells International, vol. 2017, Article ID
5263974, 8 pages, 2017.
[52] G. Lee and R. R. Hall, “Cancer stem cells: cellular plasticity,
niche, and its clinical relevance,” Journal of Stem Cell
Research & Therapy, vol. 6, no. 10, 2016.
[53] A. Orimo, P. B. Gupta, D. C. Sgroi et al., “Stromal ﬁbroblasts
present in invasive human breast carcinomas promote tumor
growth and angiogenesis through elevated SDF-1/CXCL12
secretion,” Cell, vol. 121, no. 3, pp. 335–348, 2005.
[54] R. Kalluri and M. Zeisberg, “Fibroblasts in cancer,” Nature
Reviews Cancer, vol. 6, no. 5, pp. 392–401, 2006.
[55] M. R. Junttila and F. J. de Sauvage, “Inﬂuence of tumour
micro-environment heterogeneity on therapeutic response,”
Nature, vol. 501, no. 7467, pp. 346–354, 2013.
[56] J. Webber, R. Steadman, M. D. Mason, Z. Tabi, and
A. Clayton, “Cancer exosomes trigger ﬁbroblast to myoﬁbroblast diﬀerentiation,” Cancer Research, vol. 70, no. 23,
pp. 9621–9630, 2010.
[57] J. Maia, S. Caja, M. C. Strano Moraes, N. Couto, and
B. Costa-Silva, “Exosome-based cell-cell communication
in the tumor microenvironment,” Frontiers in Cell and
Development Biology, vol. 6, p. 18, 2018.
[58] M. H. Rashed, E. Bayraktar, G. K. Helal et al., “Exosomes:
from garbage bins to promising therapeutic targets,” International Journal of Molecular Sciences, vol. 18, no. 3, p. 538,
2017.
[59] E. Giannoni, F. Bianchini, L. Masieri et al., “Reciprocal activation of prostate cancer cells and cancer-associated ﬁbroblasts
stimulates epithelial-mesenchymal transition and cancer
stemness,” Cancer Research, vol. 70, no. 17, pp. 6945–6956,
2010.
[60] T. Fiaschi, E. Giannoni, L. Taddei et al., “Carbonic anhydrase
IX from cancer-associated ﬁbroblasts drives epithelialmesenchymal transition in prostate carcinoma cells,” Cell
Cycle, vol. 12, no. 11, pp. 1791–1801, 2013.
[61] A. Ramteke, H. Ting, C. Agarwal et al., “Exosomes secreted
under hypoxia enhance invasiveness and stemness of prostate
cancer cells by targeting adherens junction molecules,”
Molecular Carcinogenesis, vol. 54, no. 7, pp. 554–565, 2015.
[62] Y. Chen, C. Zeng, Y. Zhan, H. Wang, X. Jiang, and W. Li,
“Aberrant low expression of p85α in stromal ﬁbroblasts promotes breast cancer cell metastasis through exosomemediated paracrine wnt10b,” Oncogene, vol. 36, no. 33,
pp. 4692–4705, 2017.

Stem Cells International
[63] K. S. Subramaniam, I. S. Omar, S. C. Kwong et al., “Cancerassociated ﬁbroblasts promote endometrial cancer growth
via activation of interleukin-6/STAT-3/c-Myc pathway,”
American Journal of Cancer Research, vol. 6, no. 2, pp. 200–
213, 2016.
[64] W. Wang, Q. Li, T. Yamada et al., “Crosstalk to stromal ﬁbroblasts induces resistance of lung cancer to epidermal growth
factor receptor tyrosine kinase inhibitors,” Clinical Cancer
Research, vol. 15, no. 21, pp. 6630–6638, 2009.
[65] B. G. Cuiﬀo and A. E. Karnoub, “Mesenchymal stem cells in
tumor development: emerging roles and concepts,” Cell
Adhesion & Migration, vol. 6, no. 3, pp. 220–230, 2012.
[66] T. Zhang, Y. Lee, Y. Rui, T. Cheng, X. Jiang, and G. Li, “Bone
marrow-derived mesenchymal stem cells promote growth
and angiogenesis of breast and prostate tumors,” Stem Cell
Research & Therapy, vol. 4, no. 3, p. 70, 2013.
[67] K. Nishimura, S. Semba, K. Aoyagi, H. Sasaki, and
H. Yokozaki, “Mesenchymal stem cells provide an advantageous tumor microenvironment for the restoration of cancer
stem cells,” Pathobiology, vol. 79, no. 6, pp. 290–306, 2012.
[68] S. M. Cabarcas, L. A. Mathews, and W. L. Farrar, “The cancer
stem cell niche—there goes the neighborhood?,” International Journal of Cancer, vol. 129, no. 10, pp. 2315–2327,
2011.
[69] H. Davis, S. Irshad, M. Bansal et al., “Aberrant epithelial
GREM1 expression initiates colonic tumorigenesis from cells
outside the stem cell niche,” Nature Medicine, vol. 21, no. 1,
pp. 62–70, 2015.
[70] B. G. Cuiﬀo, A. Campagne, G. W. Bell et al., “MSC-regulated
microRNAs converge on the transcription factor FOXP2 and
promote breast cancer metastasis,” Cell Stem Cell, vol. 15,
no. 6, pp. 762–774, 2014.
[71] A. L. Smith, T. P. Robin, and H. L. Ford, “Molecular pathways: targeting the TGF-β pathway for cancer therapy,”
Clinical Cancer Research, vol. 18, no. 17, pp. 4514–4521,
2012.
[72] T. Chanmee, P. Ontong, K. Konno, and N. Itano, “Tumorassociated macrophages as major players in the tumor microenvironment,” Cancers, vol. 6, no. 3, pp. 1670–1690, 2014.
[73] A. Chow, W. Zhou, L. Liu et al., “Macrophage immunomodulation by breast cancer-derived exosomes requires tolllike receptor 2-mediated activation of NF-κB,” Scientiﬁc
Reports, vol. 4, no. 1, p. 5750, 2014.
[74] C. Melzer, J. von der Ohe, and R. Hass, “Concise review:
crosstalk of mesenchymal stroma/stem-like cells with cancer
cells provides therapeutic potential,” Stem Cells, vol. 36, no. 7,
pp. 951–968, 2018.
[75] B. Toh, X. Wang, J. Keeble et al., “Mesenchymal transition
and dissemination of cancer cells is driven by myeloidderived suppressor cells inﬁltrating the primary tumor,” PLoS
Biology, vol. 9, no. 9, article e1001162, 2011.
[76] M. Labelle, S. Begum, and R. O. Hynes, “Direct signaling
between platelets and cancer cells induces an epithelialmesenchymal-like transition and promotes metastasis,”
Cancer Cell, vol. 20, no. 5, pp. 576–590, 2011.
[77] R. S. Lindoso, F. Collino, and A. Vieyra, “Extracellular vesicles as regulators of tumor fate: crosstalk among cancer stem
cells, tumor cells and mesenchymal stem cells,” Stem Cell
Investigation, vol. 4, no. 9, p. 75, 2017.
[78] D. Rafael, S. Doktorovova, H. F. Florindo et al., “EMT blockage strategies: targeting Akt dependent mechanisms for

11

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

breast cancer metastatic behaviour modulation,” Current
Gene Therapy, vol. 15, no. 3, pp. 300–312, 2015.
D. Rafael, P. Gener, F. Andrade et al., “AKT2 siRNA delivery
with amphiphilic-based polymeric micelles show eﬃcacy
against cancer stem cells,” Drug Delivery, vol. 25, no. 1,
pp. 961–972, 2018.
Y. Matsuda, Z. Naito, K. Kawahara, N. Nakazawa, M. Korc,
and T. Ishiwata, “Nestin is a novel target for suppressing
pancreatic cancer cell migration, invasion and metastasis,”
Cancer Biology & Therapy, vol. 11, no. 5, pp. 512–523, 2011.
Y. Matsuda, T. Ishiwata, H. Yoshimura, M. Hagio, and
T. Arai, “Inhibition of nestin suppresses stem cell phenotype
of glioblastomas through the alteration of post-translational
modiﬁcation of heat shock protein HSPA8/HSC71,” Cancer
Letters, vol. 357, no. 2, pp. 602–611, 2015.
K. Narita, Y. Matsuda, M. Seike, Z. Naito, A. Gemma, and
T. Ishiwata, “Nestin regulates proliferation, migration, invasion and stemness of lung adenocarcinoma,” International
Journal of Oncology, vol. 44, no. 4, pp. 1118–1130, 2014.
M. Akiyama, Y. Matsuda, T. Ishiwata, Z. Naito, and
S. Kawana, “Inhibition of the stem cell marker nestin reduces
tumor growth and invasion of malignant melanoma,” Journal
of Investigative Dermatology, vol. 133, no. 5, pp. 1384–1387,
2013.
Y. Matsuda, T. Ishiwata, H. Yoshimura, S. Yamashita,
T. Ushijima, and T. Arai, “Systemic administration of small
interfering RNA targeting human nestin inhibits pancreatic
cancer cell proliferation and metastasis,” Pancreas, vol. 45,
no. 1, pp. 93–100, 2016.
H. An, J. Y. Kim, E. Oh, N. Lee, Y. Cho, and J. H. Seo, “Salinomycin promotes anoikis and decreases the CD44+/CD24stem-like population via inhibition of STAT3 activation in
MDA-MB-231 cells,” PLoS One, vol. 10, no. 11, article
e0141919, 2015.
S. Z. Kuo, K. J. Blair, E. Rahimy et al., “Salinomycin induces
cell death and diﬀerentiation in head and neck squamous cell
carcinoma stem cells despite activation of epithelialmesenchymal transition and Akt,” BMC Cancer, vol. 12,
no. 1, 2012.
S. You, W. Li, and Y. Guan, “Tunicamycin inhibits colon carcinoma growth and aggressiveness via modulation of the
ERK-JNK-mediated Akt/mTOR signaling pathway,” Molecular Medicine Reports, vol. 17, no. 3, pp. 4203–4212, 2018.
C.-C. Deng, Y. Liang, M.-S. Wu et al., “Nigericin selectively
targets cancer stem cells in nasopharyngeal carcinoma,” The
International Journal of Biochemistry & Cell Biology, vol. 45,
no. 9, pp. 1997–2006, 2013.
X. Xu, Y. Liu, J. Su et al., “Downregulation of Bmi-1 is associated with suppressed tumorigenesis and induced apoptosis in
CD44+ nasopharyngeal carcinoma cancer stem-like cells,”
Oncology Reports, vol. 35, no. 2, pp. 923–931, 2016.
H. M. Jeon, S. Y. Lee, M. K. Ju, C. H. Kim, H. G. Park, and
H. S. Kang, “Early growth response 1 regulates glucose
deprivation-induced necrosis,” Oncology Reports, vol. 29,
no. 2, pp. 669–675, 2013.
J. Kim, S.-M. Kang, H.-J. Lee, S.-Y. Choi, and S.-H. Hong,
“Oxytocin inhibits head and neck squamous cell carcinoma
cell migration by early growth response-1 upregulation,”
Anti-Cancer Drugs, vol. 28, no. 6, pp. 613–622, 2017.
A. Mitchell, C. R. Dass, L. Q. Sun, and L. M. Khachigian,
“Inhibition of human breast carcinoma proliferation,

12

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

Stem Cells International
migration, chemoinvasion and solid tumour growth by
DNAzymes targeting the zinc ﬁnger transcription factor
EGR-1,” Nucleic Acids Research, vol. 32, no. 10, pp. 3065–
3069, 2004.
J. Kim, H. S. Kang, Y.-J. Lee et al., “EGR1-dependent PTEN
upregulation by 2-benzoyloxycinnamaldehyde attenuates cell
invasion and EMT in colon cancer,” Cancer Letters, vol. 349,
no. 1, pp. 35–44, 2014.
E. E. Bar, A. Chaudhry, A. Lin et al., “Cyclopamine-mediated
hedgehog pathway inhibition depletes stem-like cancer cells
in glioblastoma,” Stem Cells, vol. 25, no. 10, pp. 2524–2533,
2007.
M. Ruscetti, E. L. Dadashian, W. Guo et al., “HDAC inhibition impedes epithelial–mesenchymal plasticity and suppresses metastatic, castration-resistant prostate cancer,”
Oncogene, vol. 35, no. 29, pp. 3781–3795, 2016.
M. S. Wu, G. F. Wang, Z. Q. Zhao et al., “Smac mimetics in
combination with TRAIL selectively target cancer stem cells
in nasopharyngeal carcinoma,” Molecular Cancer Therapeutics, vol. 12, no. 9, pp. 1728–1737, 2013.
P. M. Reeves, M. A. Abbaslou, F. R. W. Kools et al., “Ruxolitinib sensitizes ovarian cancer to reduced dose taxol,
limits tumor growth and improves survival in immune
competent mice,” Oncotarget, vol. 8, no. 55, pp. 94040–
94053, 2017.
P. Shi, W. Liu, Tala et al., “Metformin suppresses triplenegative breast cancer stem cells by targeting KLF5 for degradation,” Cell Discovery, vol. 3, article 17010, 2017.
M. Wang, X. Liu, J. Guo et al., “Inhibition of LSD1 by pargyline inhibited process of EMT and delayed progression
of prostate cancer in vivo,” Biochemical and Biophysical
Research Communications, vol. 467, no. 2, pp. 310–315,
2015.
K. M. Smith, A. Datti, M. Fujitani et al., “Selective targeting of
neuroblastoma tumour-initiating cells by compounds identiﬁed in stem cell-based small molecule screens,” EMBO
Molecular Medicine, vol. 2, no. 9, pp. 371–384, 2010.
S. Courtois, R. V. Durán, J. Giraud et al., “Metformin targets
gastric cancer stem cells,” European Journal of Cancer,
vol. 84, pp. 193–201, 2017.
H. A. Hirsch, D. Iliopoulos, and K. Struhl, “Metformin
inhibits the inﬂammatory response associated with cellular
transformation and cancer stem cell growth,” Proceedings of
the National Academy of Sciences of the United States of
America, vol. 110, no. 3, pp. 972–977, 2013.
J. J. Shank, K. Yang, J. Ghannam et al., “Metformin targets
ovarian cancer stem cells in vitro and in vivo,” Gynecologic
Oncology, vol. 127, no. 2, pp. 390–397, 2012.
X. Huang, B. Borgström, S. Kempengren et al., “Breast cancer
stem cell selectivity of synthetic nanomolar-active salinomycin analogs,” BMC Cancer, vol. 16, no. 1, p. 145, 2016.
A. V. Salnikov, A. Groth, A. Apel et al., “Targeting of cancer stem cell marker epCAM by bispeciﬁc antibody
EpCAMxCD3 inhibits pancreatic carcinoma,” Journal of
Cellular and Molecular Medicine, vol. 13, no. 9b, pp. 4023–
4033, 2009.
C.-H. Wang, S.-H. Chiou, C.-P. Chou, Y.-C. Chen, Y.J. Huang, and C.-A. Peng, “Photothermolysis of glioblastoma
stem-like cells targeted by carbon nanotubes conjugated with
CD133 monoclonal antibody,” Nanomedicine: Nanotechnology, Biology and Medicine, vol. 7, no. 1, pp. 69–79, 2011.

[107] W. Zhou, G. Kallifatidis, B. Baumann et al., “Dietary polyphenol quercetin targets pancreatic cancer stem cells,” International Journal of Oncology, vol. 37, no. 3, pp. 551–561, 2010.
[108] P. H. Nguyen, J. Giraud, C. Staedel et al., “All-trans retinoic
acid targets gastric cancer stem cells and inhibits patientderived gastric carcinoma tumor growth,” Oncogene,
vol. 35, no. 43, pp. 5619–5628, 2016.
[109] T. Ishiwata, K. Teduka, T. Yamamoto, K. Kawahara,
Y. Matsuda, and Z. Naito, “Neuroepithelial stem cell marker
nestin regulates the migration, invasion and growth of
human gliomas,” Oncology Reports, vol. 26, no. 1, pp. 91–
99, 2011.
[110] K. Yamahatsu, Y. Matsuda, T. Ishiwata, E. Uchida, and
Z. Naito, “Nestin as a novel therapeutic target for pancreatic
cancer via tumor angiogenesis,” International Journal of
Oncology, vol. 40, no. 5, pp. 1345–1357, 2012.
[111] M. Han, M. Liu, Y. Wang et al., “Antagonism of miR-21
reverses epithelial-mesenchymal transition and cancer stem
cell phenotype through AKT/ERK1/2 inactivation by targeting PTEN,” PLoS One, vol. 7, no. 6, article e39520, 2012.
[112] S. G. S. Nagaraja, V. Krishnamoorthy, R. Raviraj,
A. Paramasivam, and D. Nagarajan, “Eﬀect of trichostatin a
on radiation induced epithelial-mesenchymal transition in
A549 cells,” Biochemical and Biophysical Research Communications, vol. 493, no. 4, pp. 1534–1541, 2017.
[113] I.-H. Park, J. H. Kang, J. M. Shin, and H. M. Lee, “Trichostatin a inhibits epithelial mesenchymal transition induced by
TGF-β1 in airway epithelium,” PLoS One, vol. 11, no. 8,
article e0162058, 2016.
[114] S.-H. Lee, G. N. Shen, Y. S. Jung et al., “Antitumor eﬀect of
novel small chemical inhibitors of snail-p53 binding in
K-Ras-mutated cancer cells,” Oncogene, vol. 29, no. 32,
pp. 4576–4587, 2010.
[115] L. Lin, B. Hutzen, H. F. Lee et al., “Evaluation of STAT3 signaling in ALDH+ and ALDH+/CD44+/CD24− subpopulations of breast cancer cells,” PLoS One, vol. 8, no. 12, article
e82821, 2013.
[116] Y. Li, H. A. Rogoﬀ, S. Keates et al., “Suppression of cancer
relapse and metastasis by inhibiting cancer stemness,” Proceedings of the National Academy of Sciences of the United
States of America, vol. 112, no. 6, pp. 1839–1844, 2015.
[117] T. Yamashita, M. Honda, K. Nio et al., “Oncostatin m renders
epithelial cell adhesion molecule–positive liver cancer stem
cells sensitive to 5-ﬂuorouracil by inducing hepatocytic differentiation,” Cancer Research, vol. 70, no. 11, pp. 4687–
4697, 2010.
[118] J. S. Yakisich, N. Azad, V. Kaushik, G. A. O’Doherty, and
A. K. V. Iyer, “Nigericin decreases the viability of
multidrug-resistant cancer cells and lung tumorspheres and
potentiates the eﬀects of cardiac glycosides,” Tumour Biology,
vol. 39, no. 3, 2017.

Hindawi
Stem Cells International
Volume 2018, Article ID 4837370, 16 pages
https://doi.org/10.1155/2018/4837370

Review Article
Exosomes Regulate the Transformation of Cancer Cells in Cancer
Stem Cell Homeostasis
Jiasheng Xu ,1 Kaili Liao,2 and Weimin Zhou

1

1

Department of Vascular Surgery, The Second Aﬃliated Hospital of Nanchang University, No. 1 Minde Road, Nanchang 330006,
Jiangxi Province, China
2
Department of Clinical Laboratory, The Second Aﬃliated Hospital of Nanchang University, Minde Road, Nanchang,
330006 Jiangxi Province, China
Correspondence should be addressed to Weimin Zhou; drzwmncu@163.com
Received 5 May 2018; Accepted 31 July 2018; Published 23 September 2018
Academic Editor: Alfredo Budillon
Copyright © 2018 Jiasheng Xu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
In diﬀerent biological model systems, exosomes are considered mediators of cell-cell communication between diﬀerent cell
populations. Exosomes, as extracellular vesicles, participate in physiological and pathological processes by transmitting signaling
molecules such as proteins, nucleic acids, and lipids. The tumor’s microenvironment consists of many types of cells, including
cancer stem cells and mesenchymal cells. It is well known that these cells communicate with each other and thereby regulate the
progression of the tumor. Recent studies have provided evidence that exosomes mediate the interactions between diﬀerent types
of cells in the tumor microenvironment, providing further insight into how these cells interact through exosome signaling.
Cancer stem cells are a small kind of heterogeneous cells that existed in tumor tissues or cancer cell lines. These cells possess a
stemness phenotype with a self-renewal ability and multipotential diﬀerentiation which was considered the reason for the failure
of conventional cancer therapies and tumor recurrence. However, a highly dynamic equilibrium was found between cancer stem
cells and cancer cells, and this indicates that cancer stem cells are no more special target and blocking the transformation of
cancer stem cells and cancer cells seem to be a more signiﬁcant therapy strategy. Whether exosomes, as an information
transforming carrier between cells, regulated cancer cell transformation in cancer stem cell dynamic equilibrium and targeting
exosome signaling attenuated the formation of cancer stem cells and ﬁnally cure cancers is worthy of further study.

1. Introduction
Exosomes are vesicles of 30 to 100 nm in size originating in
the endosomes. Almost all cells release exosomes or extracellular vesicles (EVs) and are present in all body ﬂuids.
Exosomes serve as carriers for the exchange of substances
between cells, mediate cell-cell communication, and participate in various physiological and pathological processes of
the body. Heterogeneity is an important feature of malignant tumors. Cancer stem cells (CSCs) are a subpopulation of tumor cells with self-renewal and diﬀerentiation
potential. The presence of CSCs leads to failure of traditional
treatment and tumor recurrence. However, CSCs are not
stable, stationary solid cell populations. Under a certain
microenvironment, some diﬀerentiated noncancer stem cells
(non-CSCs) can regain stemness through dediﬀerentiation or

reprogramming. For phenotypes, CSCs and non-CSCs are
in a dynamic equilibrium state of diﬀerentiation and
dediﬀerentiation [1]. Cell communication and material
exchange between CSCs and other cells in tumor cells and
their tumor microenvironment are essential to maintain their
homeostasis. Exosomes, as carriers, play an important role in
mediating cellular communication and substance exchange
between tumor cells and other cells in their tumor microenvironment; they regulate tumor growth, metastasis,
drug resistance (by transporting tumor-associated mRNAs,
miRNAs, and proteins), angiogenesis, immune escape, and
other processes. As an information carrier, exosomes are
involved in the transformation between non-CSCs and CSCs
and the maintenance of tumor stem cell homeostasis and
their mechanisms of action. Whether exosomes can target
exosomes and their signaling pathways to eliminate cancer

2
stem cells can be studied further. To this end, the paper
discusses the processes of biogenesis and its contents, tumor
stem cells, tumor stem cell dynamic balance and its inﬂuencing factors, the role of exosomes in maintaining the phenotype of cancer stem cells, and the treatment of exosomes
and tumors. A brief review of the research progress is oﬀered
to provide a reference for relevant research.

2. Exosome Biogenesis
2.1. Occurrence and Content Sorting of Exosomes. The term
exosome was ﬁrst proposed by Trams et al. [2] in the early
1980s. The two types of vesicles with diameters of 40 nm
and 500–1000 nm that have 5′-nucleotidase activity observed
by electron microscopy are called exosomes, and it was
suggested that these vesicles may have physiological functions. Subsequent studies revealed the endosomal origin of
exosomes [3], and these exosomes were able to carry a variety
of signaling molecules [4–6]. The results suggest that exosomes may be important mediators in cell-to-cell communication. With the continuous deepening of their research,
a preliminary understanding of the biological processes of
exosomes has taken place.
Exosomal biogenesis is a closely ordered process that
involves a variety of cellular regulatory mechanisms. First,
the cells internalize extracellular ligands or cellular components by endocytosis to form early endosomes. During early
maturation, the endosomes form inward luminal vesicles
(ILVs) by inward budding. The process of selectively encapsulating proteins, nucleic acids, lipids, etc., transforms early
endosomes into multivesicular bodies (MVBs) [7]. A part
of the formed multivesicular body is fused with lysosomes
and degraded, providing cells with energy substances and
structural molecules; the other part is released to the
extracellular environment via Golgi recycling or secretion
by cells [5].
Exosome contents can be selectively sorted into ILVs by a
variety of mechanisms. The endoprotein sorting and transferring device (ESCRT) selectively cleaves ubiquitinated proteins into ILVs. This process requires the participation of
ESCRT-0, -I, -II, and -III and VPS4, VTA1, ALIX/PDCD6IP,
and TSG101 [8]. Lipids such as ceramide, cholesterol, and the
four-transmembrane protein superfamily, like CD9, CD63,
and CD81, were also found to mediate exosome protein sorting [9]. Sorting of exosomal mRNAs may be mediated by the
Z-zipper structure of its 3′-UTR, whereas miRNAs may be
sorted into MVBs through complexes with RISCs [10, 11].
2.2. Release and Uptake of Exosomes. After the formation of
MVBs, they will migrate to the edge of the plasma membrane
and fuse with the plasma membrane (PM) to release the
exosomes out of the cell. This process requires the participation of cytoskeletal proteins (actin and microtubules), related
molecular motors (kinesin and myosin), molecular switches
(small GTPases), and fusion machinery (SNAREs). Rab
proteins participate in the budding and metastasis of vesicles
through their interaction with the cytoskeleton and are
responsible for mediating the transport of MVBs to the
plasma membrane [8]. Diﬀerent types of cells have diﬀerent
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Rab protein subtypes involved in mediating MVBs toward
the edge of the plasma membrane. The transfer [12–14] of
SNARE protein can form a complex with SNAPs between
two membranes and mediate the membrane fusion between
two organelles. SNARE protein can promote the fusion of
MVBs with the plasma membrane [15]. Secreted extracellular exosomes can be taken up by the recipient cells by a
variety of pathways. First, exosomes bind to the receptor cell
surface through speciﬁc surface receptors [16, 17]; they are
then internalized by receptor cells via endocytosis, endocytosis or phagocytosis, and plasma membrane fusion [18, 19],
thereby releasing the contents into the cytoplasm of the
recipient cells and exerting their biological functions.

3. Exosome Contents and Functions
Exosomes secreted by living cells contain a variety of biologically active substances, and 9769 proteins, 2838 miRNAs,
and 1116 lipids have been discovered (ExoCarta database).
The contents of exosomes are highly variable and depend
on the origin of the cells but diﬀer from them. More
importantly, exosomes can transport these biologically active
substances to adjacent or distal cells and exert their corresponding biological functions, thereby altering the biological
behavior of the recipient cells.
3.1. Protein. Since exosomes originate in the endosome, some
endosomal-associated proteins are ubiquitously present in
exosomes, including membrane transport and fusionassociated proteins (Rab-GTPase, annexin, and heat shock
proteins (HSPs), including Hsp60, Hsp70, and Hsp90),
four-transmembrane cross-linking proteins (tetraspanins)
(including CD9, CD63, CD81, and CD82) and MVBrelated proteins (Alix and TSG101) (widely used for the
identiﬁcation of exosomes [4, 20]). Sourced exosomes also
carry speciﬁc proteins associated with tumor cells. Exosomes released by glioma cells (GBMs) are rich in cytokines, such as VEGF-A, semaphorin-3A, and TGF-β [21],
as well as those released by GBM and lung cancer cells.
The presence of EGFRvIII is found in cell-derived exosomes [22]. HIF1α is highly expressed in nasopharyngeal
carcinoma-derived exosomes (associated with tumor cell
proliferation, migration, and angiogenesis) and promotes
receptor cell migration [23]. MT1 MMPs are contained in
exosomes derived from ﬁbrosarcoma and melanoma cells
and activate MMP2 in the recipient cells, thereby altering
the extracellular matrix of the recipient cells [24]. Studies
have also revealed that ovarian cancer cells are derived
from exosomes. Exosomes contain FasL and TRAIL that
can induce dendritic cells (DCs) and peripheral blood
mononuclear cells (PBMCs) to undergo apoptosis, which
causes immunosuppression and promotes tumor progression [25]. Interestingly, exosomes also contain cell signaling
pathway-associated proteins, such as Wnt proteins [26, 27]
and Notch ligand DLL4 [28], and proteins that mediate
cell-cell communication, such as interleukins [29]. These
proteins play an important role in tumor development,
maintenance, and resistance.

Stem Cells International
3.2. Nucleic Acid. With the application of next-generation
technologies such as high-throughput sequencing in biology,
a large amount of genetic material is found in exosomes.
Studies have found that exosomes are rich in small noncoding RNAs (including miRNAs, snRNAs, and snoRNAs)
[30] and also contain speciﬁc mRNAs, but contain only
extremely low levels or undetectable 18s and 28s RNA [6].
Mitochondrial DNA and small fragments of DNA sequences
have even been found in EVs [31, 32]. miRNAs are small
noncoding RNAs of 20 to 25 nt in length that are involved
in the posttranscriptional regulation of genes by targeting
mRNA sequences. The study found that the process of
miRNA sorting into exosomes is not random. The type and
expression level of miRNAs in exosomes are related to their
origin but are diﬀerent. Guduric-Fuchs et al. [33] analyzed
the expression levels of miRNAs in various cell lines and their
released exosomes and found that some miRNAs (e.g.,
miR-150, miR-142-3p, and miR-451) were prioritised and
selected by exosomes; Ohshima et al. [34] also found that
the let-7 miRNA family was abundantly present in gastric
cancer cell line AZ-P7a-derived exosomes, but not in the
exosomes of other tumor cells. Tumor cell-derived exosomes
were found to contain tumor cell-speciﬁc miRNAs. The
exosomes of metastatic breast cancer cells are rich in
miR-200s and can enhance the metastatic ability of nonmetastatic tumor cells [35]; GBM-derived EVs are rich in
many tumorigenic miRNAs, including miR-21, miR-23a,
miR-30a, miR-221, and miR-451. By transporting these
miRNAs, GBM-EVs can alter the phenotype of nonmalignant cells in their microenvironment and promote tumor
progression. However, tumor suppressor miRNA was also
found in tumor cell exosomes, such as miR-34, which
promotes apoptosis and senescence, and was found in
exosomes released from breast, prostate, brain, and bladder
cancer cells [36, 37].
Long noncoding RNA (LncRNA) is a type of RNA molecule with a transcript of more than 200 nt in length. They do
not encode proteins but participate in chromosome modiﬁcation, gene transcription, and mRNA translation in the
form of RNA and the regulation of protein function [38].
Gezer et al. [39] identiﬁed six LncRNAs MALAT1, HOTAIR,
lincRNA-p21, GAS5, TUG1, and CCND1-ncRNA in HeLa
and MCF-7 cells and their secreted exosomes. It was found
that there were diﬀerences in the expression levels of these
six LncRNAs in the nucleus of their exosomes. Kogure et al.
[40] also found a new ultraconservative LncRNA (ucRNA)
TUC339 in the exosomes of hepatoma cells. In addition,
circular RNA (circRNA) with miRNA sponge function was
also found in exosomes of tumor cells, and the expression
level in exosomes was much higher than that in the source
cells [41]. The mRNA carried by exosomes is far less
abundant than the miRNAs carried by the source cells, and
its expression level in exosomes is also diﬀerent from that
in the source cells. Studies have found that mRNA carried
by exosomes is translated into proteins in receptor cells and
exerts its function [42].
3.3. Lipids. Compared with proteins and nucleic acids, the
lipid composition of exosomes is less studied. In general,
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the lipid composition of EVs (including exosomes) shares
common features with the cells of origin. However, some
studies have also found that diﬀerent types of extracellular
vesicles contain some speciﬁc lipids. Exosomes are rich in
sphingomyelin, phosphatidylserine (PS), cholesterol, and
saturated fatty acids [43]. It has also been found that ganglioside GM3 and ceramides and their derivatives are also
enriched in exosomes [44]. Among them, sphingomyelin,
cholesterol, and GM3 can enhance the rigidity and stability
of the exosomal membrane [45]. However, LBPA present in
ILVs was not enriched in exosomes. Huarte [38] found that
the content of diacylglycerol and sphingomyelin in MSCs
derived from bone marrow was higher, while the content
of ceramide was relatively low. The lipid and lipidmetabolizing enzymes of exosomes were found to participate
in the occurrence and release of exosomes and the sorting of
the contents. Trajkovic et al. [46] found that inhibition of the
activity of neutral sphingomyelinase (nSMase) by inhibitors
or siRNAs reduced the release of exosomes. Phuyal et al.
[47] found that increasing the level of E-thermic lipids in
prostate cancer cells not only promotes secretion of exosomes but also changes the lipid and protein components
of exosomes. The contents of the exosomes carried by
the exosomes diﬀered from those of the cells, and they
had originated in both species and expression levels, indicating that the exosomal contents were selectively sorted
into the ILVs.

4. Cancer Stem Cells and Plasticity
4.1. Cancer Stem Cell Model. A large number of experimental
studies have shown that tumor tissue is composed of a variety
of heterogeneous tumor cells, and there is a small group of
tumor cells with stem cell characteristics, namely, CSCs or
cancer-initiating cells (CICs). Because of their self-renewal
capacity, multidiﬀerentiation potential, and tolerance to
radiochemotherapy, cancer stem cells are considered to be
the root cause of tumor growth, development, and recurrence. The earliest evidence for the existence of cancer stem
cells stems from the study of malignant leukemia. Shimada
et al. [48] studied primary lymphoma cells in mice and found
that a small group of cells in the transplanted lymphoma cells
had stem cell properties and was able to form colony subpopulations on the spleen of the recipient mice. Subsequently,
Hamburger and Salmon [49] and Bonnet and Dick [50] also
conﬁrmed that a small fraction of cancer cells in mouse or
human primary tumor tissues had indeﬁnite proliferative
capacity by means of soft agar cloning. The results conﬁrmed
that they have a self-renewal ability. The presence of competent malignant leukemia cells provides direct evidence
for the cancer stem cell hypothesis. Subsequently, the
researchers successfully isolated the CD34+, CD38− [51],
and CD90− [52] phenotypes of leukemia cells from acute
myelocytic leukemia (AML) tissues by immunoﬂuorescence
and ﬂow cytometry. Only this subpopulation of cells was
found to form AML in NOD/SCID mice. Al-Hajj et al.
[53] used the same method to isolate CD44+ CD24−/low
lineage− cancer cells from breast cancer tissues and found
that this subpopulation of cells could sustain tumor
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formation in NOD/SCID mice. And there is a strong
tumorigenicity. The remaining tumor cells failed to form
tumors even when they were injected several times with
the number of cells. In addition, the researchers succeeded
in isolating and identifying cancer stem cells from human
glioma tissue by using surface molecules (CD133, CD44)
[54, 55], side population sorting, and tumor globulogenesis
analysis [56]. Subsequently, the presence of cancer stem
cells was also found in a series of solid tumors [57, 58].
The cancer stem cell hypothesis states that cancer stem
cells are the only small group of cells that have a starting
tumor and promote tumor growth. Over the past several
decades, cancer stem cells have been discovered in hematologic and solid tumors. Cancer stem cells have a selfrenewal ability and multidirectional diﬀerentiation potential
and are resistant to radiochemotherapy. The dry nature of
cancer stem cells is considered to be the root cause of traditional tumor treatment failure and tumor recurrence. Therefore, targeting cancer stem cells may be a new and eﬀective
method for radical tumors.
4.2. Plasticity of Cancer Stem Cells. Cancer stem cells have
a self-renewal ability and multidirectional diﬀerentiation
potential, and they diﬀerentiate to produce a variety of tumor
cell subpopulations with limited proliferative capacity, which
can distinguish or identify cancer stem cells. However, recent
studies have found that the diﬀerentiation of cancer stem
cells into nonstem tumor cells (non-CSCs) may not always
be a one-way, irreversible process as previously recognized;
instead, the cancer stem cell phenotype has plasticity, and
some diﬀerentiated tumor cells can be transformed from a
nonstem cell state to a stem cell state and noncancer stem cell
subpopulation cells can also be transformed into cancer stem
cells [59, 60].
Vermeulen et al. [61] found that non-tumor-initiating
cells isolated from colon cancers reexpress CSC markers
after coculture with ﬁbroblasts and restored tumorigenicity,
suggesting that the stemness of tumor cells is not immutable and can be regulated. Roesch et al. [62] found that even
a single JARID1B-melanoma cell can produce a variety of
heterogeneous progeny cells including JARID1B+ cells
(having cancer stem cell characteristics). In studies of gliomas, it was also found that temozolomide-treated nondry
GBM cells can be dediﬀerentiated to obtain a stem cell phenotype and potency [63]. In other types of tumors, it has
also been demonstrated that diﬀerentiated tumor-reducing
tumor cells can regain a stem cell-like phenotype by various
means [64, 65]. The above ﬁndings suggest that cancer
stem cells may not be a stationary cell population but are
dynamically changing populations. On the one hand,
cancer stem cells constantly undergo self-renewal and
diﬀerentiation to produce nondrying tumor cells. On the
other hand, diﬀerentiated tumor cells are continuously dediﬀerentiated, and stem cells are obtained as stem cells to
maintain the dynamic balance and tumor growth of stem
cells in tumors and relapse. At present, the mechanism of
regulation of the dynamic balance of cancer stem cells is
not clear, but studies have found that some factors can
induce nondrying tumor cells into stem cells.

Stem Cells International
4.3. Factors Aﬀecting Plasticity of CSC
4.3.1. Cancer Stem Cell Microenvironment. Normal stem cells
(NSCs) need to rely on special stem cell niches to maintain
their stem cell characteristics, such as self-renewal and multilineage diﬀerentiation potential [66, 67]. Similarly, cancer
stem cells also require the same special microenvironment
the cancer stem cell microenvironment (CSC niche) to maintain a balance between self-renewal and diﬀerentiation [68].
The molecular cross-talk between cancer stem cells and their
microenvironment plays an important role in maintaining
their stem cell phenotype and function. Mesenchymal stem
cells (MSCs) are one of the important components of the
cancer stem cell microenvironment and can secrete a variety
of cytokines, providing a favorable microenvironment for the
generation of cancer stem cells. Breast cancer stem cells
secrete IL-6, recruit mesenchymal stem cells, and induce
their production of CXCL7 cytokines to support the cancer
stem cell phenotype [69], and IL-6 can also induce diﬀerentiated tumor cells to transform into tumor stem cell phenotypes [70]. MSCs can also upregulate the expression level of
miR-199a through direct contact with breast cancer cells,
cause a series of abnormal expression of related microRNAs,
and inhibit the expression of FOXP2, thereby improving the
stem cell characteristics of tumor cells [71]. The interaction
between cancer stem cells and endothelial cells is also crucial
for the maintenance of the phenotype of cancer stem cells
and their function. Endothelial cells in the tumor microenvironment can regulate the biological behavior of cancer stem
cells through direct interaction with tumor cells or release
of cytokines [72]; vascular endothelial cells can activate
glioma stem cells by secreting nitric oxide (NO). The
NOTCH signaling pathway promotes the self-renewal of
tumor stem cells and inhibits their diﬀerentiation [73]. In
addition, hepatocyte growth factors (HGF) [61] and annexin
A1 [74] released by cancer-associated ﬁbroblasts (CAFs) can
restore diﬀerentiated tumor cells to stem cell phenotypes.
Santisteban et al. [75] found that CD8+ T cells can promote
the epithelial-mesenchymal transition (EMT) process of
breast cancer cells to obtain the characteristics of cancer stem
cells, including high tumorigenicity and resistance to radiotherapy and chemotherapy. In addition, hypoxic conditions
in the tumor microenvironment can also induce stem cell
phenotypes in nondrying tumor cells [76, 77]. The tumor
stem cell microenvironment is an indispensable factor in
the proliferation, diﬀerentiation, and survival of cancer stem
cells. The interaction of the microenvironment facilitates the
maintenance of their dynamic balance.
4.3.2. EMT and Its Transcription Factors. EMT is a phenomenon in which epithelial cells transdiﬀerentiate into mesenchymal cells and is essential for the morphogenesis of
embryos during development [78, 79]. More importantly,
the activation of the EMT process is closely related to the
normal and maintenance of the dryness of the tumor cells.
A large number of experimental studies have conﬁrmed
that EMT can induce the transformation of tumor cells
into cancer stem cells [80, 81]. Overexpression of EMTassociated transcription factors Snail, Twist, or FOXC2
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not only enables phenotypic transformation of breast cancer
cells but also enhances tumor glomus formation, soft agar
clonality, and tumorigenic potential and enables them to
obtain CD44high/CD24low (cancerous CSCs and markers
for mammary epithelial stem cells) antigen phenotype
[82, 83]. This indicates that the EMT process plays an
important role in the transition of a cancer stem cell state.
Studies in tumor cells have revealed that the repressor of
E-cadherin ZEB1, a key regulator of epithelial-mesenchymal
transition, can promote the dediﬀerentiation of invasive
ductal and breast lobular carcinoma by inhibiting epithelial
polarity [84]. Chaﬀer et al. [64] also conﬁrmed that the
EMT transcription factor ZEB1 can mediate nondry basallike breast cancer cell (CD44low) to stem cell state transition
(CD44high) and also found that the EMT inducer TGF-beta
can eﬀectively promote basal nonstem cells in stem-like
breast cancer cells which are transformed into stem cells.
In addition, Fang et al. [85] found that another EMT transcription factor, Twist2, promotes the self-renewal capacity
of breast cancer stem cells. Overexpression of Twist2 can
increase the ability of breast cancer cells and mammary
epithelial cells to form colonies, promote tumor growth,
and increase the number of CD44high/CD24low cell subpopulations and stem cell marker expression.
In addition, some miRNAs [86] and cytokines and
growth factors secreted by stromal cells in the tumor
microenvironment [87] can also induce tumor cells. The
EMT process transforms diﬀerentiated tumor cells into
cancer stem cells.
4.3.3. Reprogramming Transcription Factors. The transient
expression of reprogramming transcription factors OCT3/4,
SOX2, c-Myc, KLF4 or OCT4, SOX2, NANOG, and LIN28
allows diﬀerentiated cells to regain stem cell properties.
These transcription factors, which play a key role in maintaining self-renewal of embryonic stem cells (ESCs), are often
highly expressed in tumor tissues and can induce dediﬀerentiation of tumor cells to obtain a stem cell phenotype.
Suvà et al. [88] identiﬁed several neurodevelopmentalrelated transcription factors (POU3F2, SOX2, SALL2, and
OLIG2) and found that overexpression of either transcription factor induces reprogramming of diﬀerentiated GBM
cells into stem cell-like GBM cells. Oshima et al. [89] found
that transfection of OCT3/4, SOX2, and KLF4 transcription
factors enhances the dry phenotype of colon cancer cells;
Zbinden et al. [90] and Jeter et al. [91] conﬁrmed the overexpression of the transcription factor NANOG. It can induce
tumor stem cell-like phenotypes and characteristics and
upregulate the expression levels of cancer stem cell markers
CXCR4, IGFBP5, CD133, and AL-DH1. Downregulation of
NANOG expression inhibits tumor cell self-renewal and
tumorigenicity. It has also been found that the reprogramming transcription factors OCT4 and SOX2 are highly
expressed in undiﬀerentiated cancer stem cell subpopulations and play an important role in the maintenance of the
stem phenotype of cancer stem cells. Overexpression of
OCT4 can induce the dediﬀerentiation of melanoma cells,
transform into stem cell-like phenotypes, acquire the ability
to form tumor spheres, increase drug resistance, and increase
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tumorigenicity in vivo [92]; Murakami et al. [93] also found
overexpression of OCT4 and SRY. It can enhance the stem
phenotype of liver cancer cells, while downregulating the
expression level of OCT4 will inhibit the stem cell characteristics of tumor cells [94]. In the study of glioma (GBM), it was
found that overexpression of SOX2 can signiﬁcantly enhance
the stem cell phenotype of GBM [95], while silencing the
expression of SOX2 by RNAi technology can inhibit the proliferation of GBM stem cells and deactivate them [96, 97]. In
other tumors, it has also been found that SOX2 induces
dediﬀerentiation of tumor cells and confers a stem cell-like
phenotype [98, 99]. The above results indicate that reprogramming transcription factors can regulate the plasticity of
cancer stem cells and play an important role in maintaining
the dynamic balance of cancer stem cells.

5. The Role of Exosomes in Maintaining the
Phenotype of Cancer Stem Cells
As mentioned above, diﬀerentiated nonstem tumor cells and
cancer stem cells can be transformed into each other,
maintaining the dynamic balance of cancer stem cells. The
“cross-talk” between tumor cells, cancer stem cells, and their
microenvironment is an important site and material basis for
this dynamic homeostasis. Exosomes, as carriers of biologically active substances, mediate many types of cellular
communication, and it can be speculated that exosomes
may regulate cancer stem cell diﬀerentiation and tumor
cell dediﬀerentiation by transporting stem-related-speciﬁc
molecules, thereby maintaining tumor stem cell homeostasis.
See Table 1 for details.
5.1. Exosomes Mediate Communication between Tumor Cells
and Their Microenvironments. The substance exchanges and
signal communication between cancer stem cells and tumor
cells and stromal cells in the tumor microenvironment are
crucial in the maintenance of the dynamic balance of cancer
stem cells, while the release and uptake of extracellular
vesicles (EVs) is an important way to mediate information
exchange between tumor cells and between tumor cells and
their microenvironment [100]. Recent studies have found
that exosomes released by cancer-associated ﬁbroblasts
(CAFs) in the tumor microenvironment can promote the
phenotypic enhancement of diﬀerentiated tumor cells [101]
and can regulate the survival and proliferation of tumor cells
[102]. Rodríguez et al. [103] also found that the exosomes
released by stem cell-like breast cancer cells are rich in stemand metastasis-associated mRNA and can promote the
tumorigenic potential of the recipient cells.
5.2. Exosome-Mediated Dry Pathway. Wnt signaling plays an
important role in many biological processes such as growth,
development, metabolism, and stem cell maintenance. The
abnormal activation of the Wnt pathway is closely related
to the development of the tumor [104] and is involved
in the regulation of CSC self-renewal and diﬀerentiation
[105–107]. Recent studies have found that exosomes can
mediate the regulation of the Wnt pathway in recipient cells.
In studies of colorectal cancer (CRC), it has also been found
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Table 1: Role of exosomes in maintaining a stem cell phenotype of tumor cells.

Donor cells

Lymphoma cells

Related
molecules
contained
Wnt3a

CAFs

—

MSCs

#VALUE!

CMLs

TGF-β

CoCa

cld7

Preadipocytes

SOX2/SOX9

Receptor cells

Action route

Features

Enhance the cloning ability of side population cells
Lymphoma cells Wnt pathway and mediate conversion between side population cells
and nonside population cells
Increased CRCs into balls and tumorigenicity,
CRCs
Wnt pathway
increased proportion of CSCs
Breast cancer cells Wnt pathway Promote breast cancer cell proliferation and migration
Promote tumor cell proliferation, colony formation,
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that exosomes of ﬁbroblasts activate the Wnt signaling
pathway of CRCs, allowing CRCs to exhibit stem cell properties, including spherocytosis and tumorigenicity, and
increases the proportion of CSCs in CRCs [108]. Similarly,
exosomes derived from mesenchymal stem cells (MSCs)
can also promote breast cancer cell proliferation by activating
the Wnt signaling pathway [109]. The exosome secreted by
the collateral cells of lymphoma can transport the Wnt signaling pathway in Wnt3a-activated receptor cells, mediating
the transformation between the side-group cells and nonside
population cells [26]; furthermore, the study also found that
gastric cancer cell-derived exosomes can promote tumor cell
proliferation through PI3K/Akt (Figure 1) and MAPK/ERK
signaling pathways (Figure 2) [110]; exosomes released from
stromal cells can activate Notch3 signaling pathways in
breast cancer cells and enhance the therapeutic tolerance of
breast tumor cells. Sex [111].
5.3. Exosomes Induce EMT. The EMT process plays an
important role in regulating the self-renewal and diﬀerentiation of CSCs, and cells can obtain stem cell phenotypes
through EMT processes. Transforming growth factor beta
(TGF-beta), which is capable of inducing the onset of EMT,
was found in tumor cell-derived exosomes in recent studies.
For example, chronic myeloid leukemia- (CML-) derived
exosomes are rich in TGF-β1, transport TGF-β1 through
exosomes, and promote leukemic cell proliferation, colony
formation, and tumor formation in vivo [112]. The exosomes
released by colon cancer-initiating cells transport cld7 into
low metastatic cells, inducing their EMT process [113].

5.4. Transport Reprogramming Transcription Factor. Aberrant expression of reprogramming transcription factors can
induce the conversion of non-CSCs to CSCs, and exosomes
can regulate the dynamic balance of cancer stem cells by
transporting these transcription factors or by regulating the
expression levels of transcription factors in the recipient cells.
For example, exosomes secreted by preadipocytes promote
early breast cancer formation and tumor growth in vivo by
transporting the transcription factors SOX2 and SOX9
[114]. In addition, the miRNAs contained in exosomes also
play an important role in the regulation of tumor cell proliferation, self-renewal, and tumorigenicity. High expression of
miR-222 in melanoma cell-derived exosomes can increase the
malignant phenotype of melanoma cells [115]; gastric cancer
cells can selectively encapsulate Let-7 miRNAs into exosomes
and release them into the tumor microenvironment, thereby
promoting the malignant phenotype and tumor growth of
gastric cancer [34]. Other oncogenic miRNAs (oncomiRs),
such as miR-21 [116] and miR-34a [117], have also been
found to be abundant in tumor cell-derived exosomes.

6. Targeting Exosomes and Tumor Therapy
In conclusion, exosome-mediated cell communication plays
an important role in tumor development and tumor stem cell
homeostasis. Therefore, blocking the exosome’s biogenesis,
release, translocation, and signaling pathway is likely to
become another new tumor-targeted treatment.
6.1. Inhibition of Exosome Biogenesis. Recent studies have
found that several key proteins involved in the development
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AKT signaling

Figure 1: Gastric cancer cell-derived exosomes can promote tumor cell proliferation through PI3K/Akt signaling pathways.

of exosomes, such as ESCRT, are involved in the formation of
MVBs and ILVs [9]. Several studies have found that knockout of HRS, STAM1, and TSG101 can reduce exosome
release and inhibition of these ESCRT components can alter
vesicle properties and contents [118]. In addition to the
production of exosomes via an ESCRT-dependent pathway,
sphingolipid ceramide also mediates the production of
exosomes and a hydrochloride hydrate (GW4869) can
induce the inactivation of the acid sphingomyelinase
(aSMase). Treatment of cells attenuates endosomal body
sorting and production [119]. In addition, tetraspanin can
mediate the production of MVBs, and expression of Tspan8
in rat pancreatic cancer cells can alter the mRNA content
and protein composition of exosomes [120]. If it interferes
or inhibits the expression of four-transmembrane crosslinking molecules, it is possible to inhibit the exocrine
biogenesis of pancreatic cancer cells.
6.2. Inhibition of Exosome Release. The Rab27 family is a
class of small GTPase proteins that play an important regulatory role in the release of exosomes. The inhibition of
Rab27a expression by interfering RNA technology can
reduce the release of exosomes from tumor cells and inhibit
the growth of tumors and the formation of metastatic
clones [121]. Other Rab proteins, such as Rab11 and
Rab35, can also weaken the release of exosomes by inhibiting the binding of MVBs to the plasma membrane [12, 13].
In addition, some lipids have also been shown to be
involved in regulating the release of exosomes. Studies have
found that downregulation of diacylglycerol kinase alpha

inhibits the release of exosomes containing the Fas ligand
[122]. The release of most extracellular exosomes correlates with the concentration of intracellular Ca2+, and
increasing the concentration of intracellular Ca2+ can stimulate the release of exosomes, while inhibiting Na+/Ca2+
exchange channels. The agent dimethyl amiloride (DMA)
attenuated the release of exosomes caused by elevated
Ca2+ concentration [123].
6.3. Inhibition of Exosome Uptake. Cells can take exosomes in
the extracellular environment into the cell through multiple
pathways, including endocytotic receptor-mediated endocytosis and direct fusion with the plasma membrane,
although the mechanism of cell internalization of exosomes is also not entirely clear. Some studies have found
that uptake of tumor-derived EVs seems to be related to
phosphatidylserine on its surface [124, 125]. Other studies
have found that EVs in GBM cells can be mediated
through heparin proteoglycans (HSPGs) present on the
recipient cells. Treatment of cells with heparin can interfere
with the binding of EVs to the recipient cells, thereby inhibiting the phenotypic changes induced by EVs [126, 127]. In
addition, by downregulating some of the proteins involved
in endocytosis, such as dynein 2 [19], the uptake of exosomes
by receptor cells is also inhibited.
In summary, the inhibition of the occurrence, release,
and uptake of exosomes can provide new potential targets
for the treatment of tumors. However, the problem is how
to speciﬁcally interfere with these pathways of tumor cells
without aﬀecting the occurrence, release, and uptake of
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Figure 2: Gastric cancer cell-derived exosomes can promote tumor cell proliferation through MAPK/ERK signaling pathways.

normal extracellular secretions. Therefore, future studies
should look for strategies and methods that speciﬁcally
inhibit the occurrence, release, and uptake of exosomes by
tumor cells to enhance their speciﬁcity and targeting of
tumor cells. See Table 2 for details.

7. Summary and Outlook
Cancer stem cells (CSCs) are a group of tumor cells with stem
cell-like properties that can drive the growth and recurrence
of tumors and are resistant to many current treatments. The
proposed CSC hypothesis will have an important impact on
clinical treatment strategies. However, more and more
studies have shown that CSCs are a group of diﬀerentiated
and dediﬀerentiated dynamic equilibrium cells, which can
explain why a single anticancer or anti-CSC drug cannot kill

all tumor cells or CSCs. Exosomes are nanoscale vesicles that
are secreted by living cells to the outside and can regulate the
gene expression and signaling pathways of receptor cells by
transporting their contents, thereby mediating cell-cell
communication and participating in various processes of
non-CSCs and CSCs. Non-CSCs and CSCs can be interconverted, maintaining their dynamic balance. Exosomes can
regenerate stem cell phenotypes and convert them to CSCs
by mediating receptor cells undergoing EMT or by regulating stem-related signaling pathways (e.g., Wnt pathway
(Figure 3), Notch pathway (Figure 4), and Hedgehog pathway (Figure 5)) and other pathways. They participate in the
mutual transformation between non-CSCs and CSCs and
maintain their homeostasis. Therefore, we speculate that
exosomes may act as regulators of the homeostasis between
non-CSCs and CSCs. On the one hand, exosomes derived
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Table 2: Targeted exocrine and possible pathway of tumor therapy.

Action pathway

Biogenesis

Action target

Function

References

ESCRT components
aSMase

[118]
[119]

Rab protein

Reduce the release of exosomes and change their content components
Decrease the sorting and production of exosomes
Reduce the production of MVBs and change the mRNA content and
protein composition of exosomes
Inhibit the binding of MVBs to the plasma membrane

[12, 13, 121]

Diacylglycerol kinase alpha
Na+/Ca2+ channel
Phosphatidylserine

Inhibition of the release of exosomes containing the Fas ligand
Reduce the release of exosomes
Interfere with the binding of EVs to receptor cells

[122]
[123]
[124–127]

Dynein

Inhibition of exosomal uptake by receptor cells

[19]

Tetraspanin

Release process
Ingestion process

[120]

WNT signaling

Figure 3: Exosomes can regenerate stem cell phenotypes and convert them to CSCs by regulating the Wnt pathway.
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Notch signaling

Figure 4: Exosomes can regenerate stem cell phenotypes and convert them to CSCs by regulating the Notch pathway.

from CSCs can transfer dry molecules to non-CSCs to give
them a dry phenotype; on the other hand, stromal cells in
tumor cells or tumor microenvironment can also increase
the formation of CSCs and promote tumor progression
through exosomes. Exosomes may also serve as an information carrier to maintain the dynamic balance between nonCSCs and CSCs. On the one hand, exosomes derived from
CSCs can transfer dry molecules to non-CSCs, giving them
a stem cell phenotype; on the other hand, tumor cells or other
cells in the tumor microenvironment can also be released

or taken into account. The secretory body promotes the
formation of CSCs and tumor progression.

8. Conclusions
In conclusion, exosomes serve as information carriers and
play an integral role in maintaining homeostasis between
non-CSCs and CSCs. Targeting the inhibition of exosome
biosynthesis or disrupting the formation, release, and uptake
of exosomes and blocking the dynamic transformation and
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Hedgehog signaling in
mammals

Hedgehog-secreting
cell

Hedgehog-receiving
cell

Figure 5: Exosomes can regenerate stem cell phenotypes and convert them to CSCs by regulating the Hedgehog pathway.

homeostasis between non-CSCs and CSCs thereby eliminate
cancer stem cells and eradicate tumors.
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The advanced-stage colon cancer spreads from primary tumor site to distant organs where the colon-unassociated stromal
population provides a favorable niche for the growth of tumor cells. The heterocellular interactions between colon cancer cells
and colon-unassociated ﬁbroblasts at distant metastatic sites are important, yet these cell-cell interactions for therapeutic
strategies for metastatic colon cancer remain underestimated. Recent studies have shown the therapeutic potential of DNAdemethylating epi-drugs 5-azacytidine (AZA) and 5-aza-2′-deoxycytidine (DAC) for the treatment of solid tumors. While the
eﬀects of these epi-drugs alone or in combination with other anticancer therapies are well described, the inﬂuence of stromal cells
and their secretome on cancer cell response to these agents remain elusive. In this study, we determined the eﬀect of normal and
senescent colon-unassociated ﬁbroblasts and their conditioned medium on colorectal cancer (CRC) cell response to AZA and
DAC using a cell-based DNA demethylation reporter system. Our data show that ﬁbroblasts accelerate cell proliferation and
diﬀerentially regulate the expression of DNA methylation-regulating enzymes, enhancing DAC-induced demethylation in CRC
cells. In contrast, the conditioned medium from senescent ﬁbroblasts that upregulated NF-κB activity altered deoxycytidine kinase
levels in drug-untreated CRC cells and abrogated DAC eﬀect on degradation of DNA methyltransferase 1. Similar to 2D cultures,
senescent ﬁbroblasts increased DNA demethylation of CRC cells in coculture spheroids, in addition to increasing the stemness of
CRC cells. This study presents the ﬁrst evidence of the eﬀect of normal and senescent stromal cells and their conditioned medium
on DNA demethylation by DAC. The data show an increased activity of DAC in high stromal cell cocultures and suggest the
potential of the tumor-stroma ratio in predicting the outcome of DNA-demethylating epigenetic cancer therapy.

1. Introduction
Colorectal cancer (CRC) is one of the most common cancers with heterogeneous treatment outcomes [1, 2], and
growing evidence indicates the key role of the stroma in
CRC invasion, metastasis, and response to chemo- and
radiotherapy [3–5]. An image-based quantitative study
conducted in CRC patient samples suggests the abundance
of cancer-associated ﬁbroblasts in tumor stroma as an

indicator of disease recurrence after curative CRC surgery
[6]. In poor-prognosis CRC subtypes that are characterized
by stemness and/or epithelial-to-mesenchymal transition
(EMT), elevated expression of mesenchymal genes is
mainly contributed by tumor-associated stroma [7]. High
Wnt signaling activity in tumor cells that are located close
to stromal myoﬁbroblasts further indicates that stemness
of colon cancer cells is partly regulated by the tumor
microenvironment [8].
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The cellular heterogeneity in the tumor microenvironment plays a key role in tumor progression, invasion, metastasis, and the outcome of anticancer therapy [9]. While the
tumor stroma is not malignant per se, stromal cells acquire
abnormal phenotype and support the growth and progression
of cancer [9, 10]. Importantly, the role of senescent stromal
cells in the tumor microenvironment is coming into light
due to their ability to drive the unrestrained growth of tumors,
which cause a diﬀerential response of cancer cells to anticancer drugs [11, 12]. Senescence is one of the normal cellular
events triggered in cancer cells following genotoxic stress,
such as radiotherapy and chemotherapy [13]. However,
therapy-induced bystander senescence in other noncancerous
cell types of the tumor microenvironment has been suggested
to result in cancer relapse and aggravate the side eﬀects of chemotherapy [12, 14, 15]. Therefore, there is a growing interest
to understand how senescent stromal cells alter the response
of tumor cells to diﬀerent classes of anticancer drugs [16].
DNA methyltransferase inhibitors (DNMTIs), such as
5-azacytidine (AZA) and 5-aza-2′-deoxycytidine (DAC),
have shown promising activity as priming agents in the treatment of solid tumors in early clinical trials [17–20]. DNMTIs
have been reported to work synergistically in combination
with various other anticancer therapies [21–25] and radiotherapy [26, 27]. Although the eﬀects of DNMTIs alone or
in combination with radiotherapy are well reported, it is not
known how the senescent and/or normal stromal cells of the
tumor microenvironment inﬂuence the response of cancer
cells to DNA-demethylating drugs. Besides tumor-stroma
cross-talk, the colonic ﬁbroblast secretome and senescenceassociated secreted phenotype (SASP) play a crucial role in
regulating the proliferation of cancer cells [11, 28]. Secreted
factors from normal and senescent stromal cells have also
been suggested to contribute to tumorigenesis and diﬀerential
drug eﬀects [29].
Since the advanced-stage colon cancers spread from
primary tumor site to distant organs and tissues [30], the
colon-unassociated stromal population may play an important role in forming a favorable metastatic niche for CRC cells.
The interactions between CRC cells and noncolon ﬁbroblasts
at the distant metastatic sites are important, yet these heterocellular tumor-stroma interactions for preventive and/or
therapeutic strategies for metastatic colorectal cancer remain
understudied. In this study, we investigated the eﬀect of
colon-unassociated normal human foreskin and lung ﬁbroblasts and their radiation-induced senescent counterparts on
CRC cell response to AZA and DAC in two-dimensional
(2D) and spheroid cultures. In addition, we studied the eﬀect
of conditioned medium from normal and senescent ﬁbroblasts cells on colon cancer cell proliferation and DACinduced DNA demethylation. This study was performed using
our recently described demethylation reporter, HCT116pFLJ-H2B cells, henceforth referred to as HCT116 [31].

2. Materials and Methods
2.1. Chemicals, Cell Culture, and Reporter Cells. AZA and
DAC were synthesized as described previously [32]. DMSO
concentration was always less than 0.1% in treated wells.
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Human normal BJ foreskin ﬁbroblasts (ATCC®
CRL-2522™) and human normal MRC-5 lung ﬁbroblasts
(ATCC CCL-171™) were purchased from ATCC (Middlesex,
UK) and cultured in EMEM (Gibco®, Thermo Fisher
Scientiﬁc Inc., Waltham, MA, USA) supplemented with 10%
fetal bovine serum (FBS; Gibco, Thermo Fisher Scientiﬁc).
Human A549 lung carcinoma cells (ATCC CCL-185™)
were cultured in Ham’s F-12 medium (Gibco, Thermo
Fisher Scientiﬁc) supplemented with 10% FBS. All cells were
maintained in a standard humidiﬁed incubator in 5%
CO2/atmospheric air at 37°C.
Demethylation reporter HCT116 cells were generated
and cultured as described previously [31]. GFP-expressing
BJ cells (BJ-GFP) were generated by transduction using
Cignal Lenti GFP lentiviral particles, whereas nuclear factor-κB (NF-κB) reporter A549 cells (A549-NF-κB) were
generated using Cignal Lenti NF-κB Reporter lentiviral
particles from Qiagen (Hilden, Germany) following the
manufacturer’s protocol. Brieﬂy, all cells were infected at a
multiplicity of infection of 10 pfu/cell. To enhance the eﬃciency of transduction, SureENTRY Transduction Reagent
(Qiagen) was used at a concentration of 8 μg/mL. Transduced cells were subjected to selection pressure of 3 μM
puromycin (Sigma-Aldrich, St. Louis, MO, USA). BJ-GFP
cells were isolated by single-cell sorting in a BD FACSAria
II cell sorter (BD Biosciences, San Jose, CA, USA) in order
to avoid multiple passages and replicative senescence during clonal selection.
2.2. Senescence Induction by X-Ray Irradiation, Conditioned
Medium, and Cell Viability Assay. The ﬁbroblast cultures
were exposed to 10 Gy X-ray irradiation in an X-ray RS225
irradiator (Xstrahl, Surrey, UK) at a dose rate of 2.3 Gy/min.
Irradiated cells were then maintained for 1 to 3 weeks before
the collection of conditioned medium or the use of cells for
experiments. Collected conditioned medium was ﬁltered
using a 0.22 μm sterile syringe ﬁlter (Merck Millipore,
Burlington, MA, USA) and diluted to 25% in the complete
fresh medium before experiments to provide the vital
components necessary to support the cell growth.
For cell viability assays, HCT116 were seeded in 96-well
plates and exposed to X-ray irradiation as described
above. After 8 h, irradiated HCT116 were treated with DAC
(0.2–20 μM) either in 25% conditioned medium from irradiated BJ or complete medium for 72 h, and cell viability was
determined by a standard 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) assay.
2.3. β-Galactosidase Assay for Senescent Cells. Senescent cells
in nonirradiated and 1- to 3-week-old irradiated ﬁbroblast cultures were stained using a β-Galactosidase (β-Gal) Staining
Kit (Cell Signaling Technology, Danvers, MA, USA) following
the manufacturer’s protocol. Cells were counterstained
with Hoechst 33342 (Molecular Probes®, Eugene, OR, USA)
prior to imaging in a Cell Voyager CV7000S microscope
(Yokogawa, Tokyo, Japan) using a 20x objective and 405/
488/561 nm laser line (Hoechst) and bright ﬁeld ﬁlter for
β-Gal. Captured images were imported to Columbus™
Image Analysis System (PerkinElmer, Waltham, MA, USA).

Stem Cells International

3

Senescent cells were quantiﬁed using a texture-based analysis
of the nuclear and cytoplasmic regions by a Saddle-EdgesRidges (SER) algorithm in Columbus Image Analysis System
[33]. Brieﬂy, cell nuclei were identiﬁed based on Hoechst
staining. Then, the area and roundness of identiﬁed nuclei
were calculated, and cell population was selected based on
area and roundness. Next, the cytoplasm around the selected
population of nuclei was identiﬁed to calculate the texture
properties (in bright ﬁeld channel) based on SER spot features. Cells with SER spot value higher than the threshold
value were quantiﬁed and calculated.
To analyze protein markers of cellular senescence, replicating and senescent ﬁbroblasts were collected and processed
for Western blot analysis as described below.

room temperature. Spheroids were washed in 1x PBS to
remove residual Hoechst and mounted in 1.5% (w/v) lowmelting agarose (40°C). Spheroids were then drawn into a
0.5 mm glass capillary tube with a metal plunger (Carl Zeiss)
and allowed to polymerize for 5 min at room temperature.
The capillary tube was then vertically mounted on a sample
holder and immersed in a sample chamber ﬁlled with
phenol-red free EMEM. The polymerized agarose containing
spheroids was then extruded into the sample chamber using
the metal plunger, and multidirectional z-stack images were
acquired using a 20x detection optics and two 10x illumination optics with appropriate lasers and ﬁlters. The captured
images were processed using ZEN Blue image processing
software (Carl Zeiss).

2.4. Coculture and Conditioned Medium Culture Setup.
Monocultures of HCT116 and cocultures of HCT116 and
nonirradiated or 1- to 3-week-old irradiated senescent ﬁbroblasts were established in clear-bottom CellCarrier 384-well
plates (PerkinElmer) at 7 : 3 and 3 : 7 ratios, hereafter referred
to as low stromal cocultures and high stromal cocultures,
respectively. The total cell density was always 1000 cells/well.
Note that all cocultures were established in EMEM that
supported the normal growth of all cell types.
For studying the eﬀects of conditioned medium from
senescent ﬁbroblast cultures on HCT116 proliferation and
demethylation, the experiment was set in a way that there
was a free exchange of medium between HCT116 cells and
1- to 3-week-old irradiated ﬁbroblasts in diﬀerent wells in
the absence of a direct cell-to-cell contact.

2.7. Cell Sorting and Western Blot Analysis. HCT116 cultured
in 25% conditioned medium from nonirradiated or 1- to
3-week-old irradiated ﬁbroblast cultures and high stromal
cocultures of HCT116 with nonirradiated or irradiated ﬁbroblasts were treated with 1 μM DAC for 72 h. HCT116 from
conditioned medium cultures were collected and immediately lysed and processed for Western blot analysis following
drug treatment. To analyze the eﬀect of DAC on HCT116 in
cocultures, RFP-expressing HCT116 were ﬁrst isolated by
sorting in a FACSAria II Cell Sorter (BD Biosciences) and
then processed for Western blotting. Nonﬂuorescent normal
BJ and sBJ cells from cocultures were also isolated simultaneously for Western blot experiments.
Cells were lysed in RIPA buﬀer (150 mM NaCl, 1.0%
NP-40 or Triton X-100, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate, 50 mM Tris, (pH 8.0)) supplemented
with cOmplete™ Protease Inhibitor Cocktail (Roche Holding
AG, Basel, Switzerland) by sonication on ice. Protein lysates
(20–50 μg) were electrophoresed and transferred onto a
PVDF membrane (Merck Millipore) and probed with antibodies as described elsewhere [35]. Primary antibodies
against DNA methyltransferase 1 (DNMT1; catalogue number: 5032, 1 : 1000 dilution), vimentin (catalogue number:
5741, 1 : 1000 dilution), β-catenin (catalogue number: 8480,
1 : 1000 dilution), and p21waf1/cip (catalogue number: 2947,
1 : 1000 dilution) were purchased from Cell Signaling Technology (Danvers, MA, USA); p53 (catalogue number:
ab131442, 0.02 μg/mL dilution) from Abcam (Cambridge,
UK); p16 (catalogue number: sc-759; 1 : 500 dilution) from
Santa Cruz Biotechnology (Dallas, TX, USA); and Tet
methylcytosine dioxygenase 1 (TET1; catalogue number:
NBP2-15135; 1 : 1000 dilution) and deoxycytidine kinase
(dCK; catalogue number: H00001633-B01P; 1 μg/mL dilution) from Novus Biologicals (Littleton, CO, USA). Mouse
anti-β-actin antibody (catalogue number: A5441; 1 : 4000
dilution) was used as a loading control and was purchased
from Sigma-Aldrich. Blots were developed using either goat
anti-mouse or anti-rabbit Alexa Fluor® 488 secondary antibodies (1 : 2000 dilution) from Life Technologies (Carlsbad,
CA, USA).

2.5. Drug Treatment, Demethylation, and Cell Proliferation
Analysis in 2D Cultures. Cells were treated for 72 h with
DAC or AZA at 1 μM and 5 μM concentrations diluted in
appropriate medium and imaged and analyzed to evaluate
the intensity of EGFP signal as described elsewhere [31].
The rate of HCT116 cell proliferation (72 h/24 h) in untreated
culture types was determined by counting the total number of
RFP-H2B-tagged HCT116 cell nuclei using Columbus Image
Analysis System (PerkinElmer), as described previously [31].
2.6. Spheroid Culture, Drug Treatment, and Imaging. Spheroids were generated as described elsewhere [34]. Low stromal
coculture and high stromal coculture spheroids of HCT116
and nonirradiated or 1- to 3-week-old irradiated ﬁbroblasts
were established at ratios described above (see Section 2.4).
Spheroids were grown for at least 1 week before the start of
any treatment. To study the eﬀect of conditioned medium,
spheroids were transferred to a new agarose-coated 384well plate containing 25% conditioned medium from irradiated ﬁbroblast cultures. Spheroid imaging and quantiﬁcation
of EGFP intensity and spheroid size were carried out as
described elsewhere [31, 34]. All drug treatments in spheroids were done for 96 h.
Images of DAC-treated spheroids were acquired using a
Light Sheet Z.1 microscope (Carl Zeiss, Jena, Germany).
Prior to imaging, DAC-treated spheroids were collected
and washed in 1x phosphate-buﬀered saline (PBS). Spheroids
were then stained for 2 h with 10 μM Hoechst nuclear dye at

2.8. NF-κB Activity and Cytokine Assays. To determine NF-κB
activity, in-house developed A549-NF-κB reporter cells [36]
were seeded at a density of 10,000 cells/well in Ham’s F-12
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medium in white opaque 96-well plates (PerkinElmer). After
24 h, the old medium was replaced with undiluted conditioned medium from nonirradiated or 1- to 3-week-old
irradiated ﬁbroblast cultures, and the cells were further incubated for 24 and 48 h. At the end of each incubation, 100 μL
Britelite Plus luminescent reagent (PerkinElmer) was added
per well, plate content was mixed in a plate shaker, and the
luminescent signal was measured in an EnVision Multilabel
Plate Reader (PerkinElmer).
The proinﬂammatory cytokines and/or chemokines in
conditioned medium were assayed using a Cytokine Human
Magnetic 25-Plex Panel Luminex™ Kit (Life Technologies)
following the manufacturer’s protocol and analyzed in a
Luminex 200 System Analyzer (Austin, TX, USA).
All assays were performed with samples of condition
medium obtained from three independent cultures of nonirradiated or irradiated ﬁbroblast cultures.
2.9. Statistical Analysis. All statistical analyses were performed on at least 2–4 independent biological replicates
using GraphPad Prism (GraphPad Software version 7, San
Diego, CA, USA), and diﬀerences were considered signiﬁcant
at p < 0 05. Unless otherwise mentioned, data were analyzed
using one-way ANOVA with Dunnett’s multiple comparison
test. For one-sample t-test, data were compared with a hypothetical value of 100%.

3. Results
3.1. Irradiation Increased the Number of β-Gal-Positive
Senescent Fibroblast Cells. Irradiation is a well-reported
inducer of senescence in diﬀerent cell types [13]. Therefore,
we ﬁrst determined the number of β-Gal-stained senescent
cells in nonirradiated and 1-week-old irradiated BJ ﬁbroblast
cultures by high content image analysis as described in
Materials and Methods. Compared to nonirradiated BJ
cultures, there was a signiﬁcant increase in the number of
β-Gal-positive senescent BJ (sBJ) ﬁbroblasts post 1 week of
irradiation (Figure S1a; 2.7 ± 0.3% in nonirradiated BJ versus
5.5 ± 0.5% in 1-wk-IR sBJ cultures, p < 0 001, n = 2, Student’s
t-test, unpaired). Culturing the irradiated BJ ﬁbroblasts for
an additional 2 weeks further increased the percentage of
β-Gal-positive cells to 42.9 ± 3.1% (p < 0 001 versus nonirradiated BJ, n = 2, Student’s t-test, unpaired).
Next, we determined the induction of molecular markers
of senescence in nonirradiated and 1- to 3-week-old irradiated BJ cultures. The nonirradiated BJ ﬁbroblasts showed a
weakly elevated level of p21waf1/cip. In accordance with the
β-Gal staining data, irradiation induced the expression of
senescence markers, p16 and p21waf1/cip, in addition to p53,
in 1- to 3-week-old sBJ cultures (Figure S1b).
3.2. Fibroblasts Increased the Susceptibility of HCT116 to
DAC in 2D Cocultures. To examine the eﬀect of senescent
ﬁbroblasts on HCT116 response to DNA-demethylating
drugs, low and high stromal cocultures of HCT116 and
1-week-old irradiated sBJ were established. A comparison
of EGFP intensities showed a culture-dependent increase in
the eﬀect of DAC and AZA on HCT116 DNA demethylation
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in the order of high stromal coculture > low stromal coculture > monoculture (Figure 1(a)). To examine if this eﬀect
was limited to senescent cells, we performed a similar comparison following DAC and AZA treatment of HCT116 in
coculture with nonirradiated BJ ﬁbroblasts. Similar to sBJ
ﬁbroblasts, the presence of nonirradiated BJ ﬁbroblasts signiﬁcantly increased DAC-induced HCT116 DNA demethylation, but there was no diﬀerence in the eﬀect of AZA
(Figure 1(a)). Since DAC had a greater eﬀect on HCT116
demethylation in cocultures, we decided to perform all subsequent studies with DAC. Also, as evident from the previous
study conducted in HCT116 cells, DAC showed maximum
demethylation at 1 μM concentration; therefore, we chose
1 μM DAC concentration for the further studies [37]. Next,
to see if the observed senescent cell eﬀect was reproduced
by other senescent ﬁbroblast types, we treated cocultures of
HCT116 and 3-week-old irradiated senescent MRC-5
(sMCR-5) and sBJ ﬁbroblasts with 1 μM DAC. The data
showed an increased demethylation eﬀect of DAC on
HCT116 in coculture with both sMRC-5 and 3-week irradiated sBJ ﬁbroblasts (Figure. 1(b)). Overall, the data indicate
that the increase in demethylation of HCT116 by DNMTIs
is more pronounced in the presence of senescent ﬁbroblasts.
We next examined the eﬀect of SASP on HCT116
response towards DAC-induced demethylation. Cells were
cultured in a way that there was a free exchange of medium
between HCT116 and sBJ or sMRC-5 cells, but there was
no direct HCT116 to sBJ or sMRC-5 cell-cell contact
(Figure 1(b)). The results showed no signiﬁcant eﬀect of
SASP on 1 μM DAC-induced demethylation in HCT116
(Figure 1(b)).
3.3. Fibroblasts and Their Conditioned Medium Aﬀect DACInduced Alteration in DNA Methyltransferase 1 Level. To further decipher the eﬀect of normal and senescent ﬁbroblasts,
we analyzed the changes in the protein levels of DNA methylation and demethylation-regulating enzymes, DNMT1 and
TET1, respectively, in HCT116 isolated from cocultures of
HCT116 and nonirradiated BJ or sBJ ﬁbroblasts. The results
showed signiﬁcant downregulation of DNMT1 in untreated
HCT116 that were cocultured with nonirradiated BJ or sBJ
ﬁbroblasts compared to HCT116 monocultures. Although
1 μM DAC downregulated DNMT1 levels in monoculture
HCT116, the downregulation was signiﬁcantly greater in
HCT116 cocultured with sBJ (Figure 2(a); p = 0 03, twoway ANOVA). Although there were alterations in the level
of TET1 in HCT116 following DAC treatment in diﬀerent
culture types, the diﬀerence was statistically nonsigniﬁcant
(Figure 2(a)).
We further studied the eﬀect of conditioned medium
from nonirradiated BJ and sBJ ﬁbroblasts on DNMT1 and
TET1 levels in HCT116. While 1 μM DAC inhibited DNMT1
levels in HCT116 when the treatment was done in the presence of conditioned medium from normal BJ ﬁbroblasts, this
inhibition was abrogated in the presence of conditioned
medium from sBJ cultures (Figure 2(b)). The data relates to
the lack of signiﬁcant increase in DAC-induced HCT116
DNA demethylation in the presence of conditioned medium
from sBJ cultures (see Figure 1(b)). There was no signiﬁcant
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Figure 1: Eﬀect of ﬁbroblasts and their conditioned medium on HCT116 DNA demethylation in 2D cultures. (a) Representative images
showing RFP nuclear ﬂuorescence but no EGFP ﬂuorescence in the untreated control, and changes in EGFP ﬂuorescence following DAC
treatment in HCT116 monocultures or cocultures with BJ. 20x objective; scale bar: 100 μm. Graphs showing a signiﬁcant increase in EGFP
intensity in HCT116 cocultured with normal nonirradiated (non-IR) BJ and 1-week-irradiated (1-wk-IR) sBJ ﬁbroblasts in comparison to
HCT116 monocultures following treatment with diﬀerent concentrations of DAC and AZA. Data are mean ± SEM, n = 2 – 4, ∗∗ p < 0 01,
∗
p < 0 05 compared to HCT116 monocultures. (b) A signiﬁcant increase in EGFP intensity of HCT116 cells cocultured with 3-weekirradiated (3-wk-IR) sBJ or sMRC-5 cells following treatment with 1 μM DAC. (c) Schematic diagram of the setup of conditioned
medium culture and graph showing no eﬀect of sBJ or sMRC-5 conditioned medium on EGFP intensity following treatment of HCT116
monocultures with 1 μM DAC. Data are mean ± SEM, n = 2–4.

diﬀerence in TET1 levels in HCT116 cells in condition
medium cultures (Figure 2(b)).
Radiation elevates dCK mRNA and protein levels [38],
and there is a clear correlation between dCK levels and radiosensitizing eﬀects of gemcitabine [39]. dCK adds the ﬁrst

phosphoryl group to DAC and is the rate-limiting enzyme
of the overall process of converting DAC to its triphosphate
form that incorporates into DNA [40]. We next examined
the protein levels of dCK in DAC-treated HCT116 isolated
from cocultures with BJ or sBJ ﬁbroblasts and those cultured
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Figure 2: Changes in the expression of DNMT1 and TET1. Representative western blots and densitometry analysis of DNMT1 and TET1
levels in untreated or DAC-treated (a) HCT116 monocultures and cocultures with normal BJ or sBJ and (b) HCT116 monocultures grown
in conditioned medium from normal BJ or sBJ cells. DNMT1 and TET1 blots in (a) and (b) are taken from diﬀerent gels. Data are
mean ± SEM, n = 3, ∗∗∗ p < 0 001, ∗ p < 0 05.

in conditioned medium from BJ or sBJ cultures. Indeed, our
data revealed an elevated level of dCK in DAC-untreated
HCT116 isolated from cocultures of HCT116 with BJ or sBJ
ﬁbroblasts; however, this expression was higher in HCT116
isolated from cocultures with sBJ ﬁbroblasts (Figure S2a).
The treatment with DAC seemed to further increase the
levels of dCK in coculture-isolated HCT116. Interestingly,
the presence of conditioned medium from sBJ cultures
reduced the level of dCK in HCT116 treated with or without
DAC (Figure S2b).
3.4. Fibroblasts and their Conditioned Medium Increased Cell
Proliferation in 2D Cultures. Since the demethylation by
DAC is more pronounced in proliferating cells [41], we
examined the eﬀects of normal and senescent ﬁbroblasts
and their conditioned medium on HCT116 proliferation.
Compared to monocultures, HCT116 proliferation was
markedly increased when cocultured with either normal,
sBJ, or sMRC-5 ﬁbroblasts or in the presence of conditioned
medium from senescent ﬁbroblasts (Figures 3(a) and 3(b)).
3.5. Senescent Fibroblast Conditioned Medium Increased
DAC-Induced Cytotoxicity and Displayed High Levels of
Proinﬂammatory Cytokines and Chemokines. To determine
if senescent ﬁbroblast conditioned medium-induced increase
in the proliferation of HCT116 was partly responsible for
increasing the susceptibility of HCT116 to DAC, we next
determined the cytotoxic/cytostatic eﬀects of DAC in

nonproliferating HCT116 in the presence of conditioned
medium. We ﬁrst irradiated HCT116 to induce cell cycle
arrest [42] and then treated irradiated HCT116 with DAC
(0.2–20 μM) in the absence or presence of conditioned
medium from sBJ cultures. Irradiation of HCT116 attenuated
the cytotoxic/cytostatic eﬀect of DAC in the absence of conditioned medium; however, the addition of sBJ conditioned
medium reversed this eﬀect (Figure 3(c), left). Although
DAC was signiﬁcantly eﬀective in altering the viability of
nonirradiated HCT116, the addition of conditioned medium
further increased DAC eﬀect (Figure 3(c), right).
The NF-κB pathway is suggested to contribute to senescence program [43], and DNA-demethylating agents induce
apoptosis by inhibiting NF-κB activity [44]. Evidence also
suggests a correlation between NF-κB and DNMT1 levels
[45]. Besides, a recent study showed the role of inﬂammatory
cytokines in regulating the activity of enzymes involved in
DNA methylation and demethylation [46]. Given this
correlation, we analyzed the levels of a panel of 25 human
cytokines and chemokines in conditioned medium from normal BJ and sBJ cultures and the eﬀect of condition medium
on NF-κB activity. Conditioned medium from sBJ showed
a high level of interferon-alpha (IFN-α), interleukin-6 (IL-6)
and interleukin-8 (IL-8), and monocyte chemotactic
protein-1 (MCP-1) compared to conditioned medium from
normal BJ cultures (Figure 3(d)). The conditioned medium
from sBJ signiﬁcantly increased NF-κB activity in NF-κB
reporter cellular model (Figure 3(d)).
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Figure 3: Coculture eﬀect on HCT116 proliferation and analysis of secretory factors in conditioned medium. (a, b) The eﬀect of normal and
senescent ﬁbroblasts (a) and SASP of senescent ﬁbroblasts (b) on the proliferation of HCT116. Data are mean ± SEM, n = 2 – 4, ∗∗∗ p < 0 001,
∗∗
p < 0 01, ∗ p < 0 05 compared to HCT116 monocultures or 0% conditioned medium, one-sample t-test. (c) Viability of nonirradiated and
irradiated HCT116 following DAC treatment. Data are mean ± SEM, n = 4, ∗∗∗ p < 0 001, ∗∗ p < 0 01 comparing cell viability with or without
conditioned medium, Student’s t-test, unpaired. (d) Increased levels of IFN-α, IL-6, IL-8, and MCP-1 in sBJ conditioned medium compared
to conditioned medium from normal BJ cells and its eﬀect on NF-κB activity. Data are mean ± SEM, n = 3, ∗∗∗ p < 0 001, ∗∗ p < 0 01
comparing conditioned medium from BJ to sBJ, Student’s t-test, unpaired.

3.6. Increased Susceptibility of HCT116 to DAC in Coculture
Spheroids. Cell-cell interactions in spheroids are closer to
physiological conditions, and therefore spheroids are excellent models to study the eﬀect of tumor-stroma interaction
on tumor cell response to anticancer drugs. We next investigated the eﬀect of normal BJ and sBJ ﬁbroblasts on HCT116
DNA demethylation in coculture spheroids following 1 μM
DAC treatment. First, despite the cell number, BJ ﬁbroblasts
always occupied the center of spheroids surrounded by
HCT116. The GFP-expressing BJ ﬁbroblasts were visible only
after approximately 100 μm z-plane height (Figure 4(a)),
indicating a limited stromal-tumor cell contact and underlying the importance of autocrine and/or paracrine factors.
Similar to 2D cultures, the presence of a high number of normal BJ or sBJ cells increased HCT116 demethylation in
coculture spheroids (Figures 4(b) and 4(c)); however, this
eﬀect was more pronounced in sBJ ﬁbroblast-containing
spheroids (Figure 4(b)).

Next, to determine the eﬀect of conditioned medium on
DAC-induced HCT116 demethylation, we treated monoculture spheroids of HCT116 with 1 μM DAC in the presence of
conditioned medium from normal BJ and sBJ cultures. There
was no signiﬁcant eﬀect of sBJ conditioned medium on
DAC-induced demethylation on monoculture spheroids
(Figure 4(d)).
Given the fact that DAC is more eﬀective in proliferating cells [41], we determined whether the increased demethylation in coculture spheroids is related to the increased
growth of spheroids. We compared the size of HCT116
monoculture spheroids with coculture spheroids of HCT116
and normal BJ or sBJ ﬁbroblasts. The results showed a significant increase in the size of coculture spheroids compared
to monoculture spheroids (Figure 4(e)). However, there
was no major diﬀerence in the eﬀect of 1 μM DAC on
coculture spheroid size compared to monoculture spheroids
(Figure 4(e)).
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Figure 4: Fibroblasts and conditioned medium-induced eﬀects on HCT116 susceptibility to DAC in spheroid cultures and expression of
EMT markers. (a) Images of high stromal cell coculture spheroids showing the presence of BJ cells in the spheroid interior. The z-plane
heights are indicated on the top of images. HCT116 are nonﬂuorescent and the exterior of the spheroid is stained blue with Hoechst. 20x
objective; scale bar: 50 μm. (b) Increase in EGFP intensity in coculture spheroids of HCT116 and BJ or sBJ cells compared to HCT116
monoculture spheroids. Data are mean ± SEM, n > 20 spheroids per group from 3 independent experiments, ∗∗∗ p < 0 001, ∗ p < 0 05,
Kruskal-Wallis test with Dunnet’s multiple comparisons test. (c) Representative images showing the eﬀect of DAC on HCT116
monoculture spheroids and coculture spheroids of HCT116 and BJ ﬁbroblasts. 20x objective; scale bar: 10 μm. (d) The eﬀect of conditioned
medium from normal and sBJ cultures on DAC-induced demethylation of HCT116 monoculture spheroids. Data are mean ± SEM, n > 20
spheroids per group from 3 independent experiments, one-sample t-test. (e) Increase in the size of untreated coculture spheroids of
HCT116 and BJ or sBJ compared to HCT116 monoculture spheroids (left) and no eﬀect of DAC treatment on coculture spheroid size
(right). Data are mean ± SEM, n > 20 spheroids per group from 3 independent experiments, ∗∗∗ p < 0 001, ∗ p < 0 05, Kruskal-Wallis test with
Dunnet’s multiple comparison test. (f) Representative Western blots showing the induction of vimentin expression in HCT116 sorted from
high and low stromal cell coculture spheroids of HCT116 and sBJ.

A recently published study elucidated that although cellular senescence arrests cell cycle program, the key signaling
components of the senescence machinery, such as p16,
p21waf1/cip, and p53, critically regulate stem cell functions

and promote stemness of cancer cells [47]. Therefore, we
examined the protein expression levels of vimentin, a typical
phenotype of EMT, and activation of Wnt/β-catenin in
HCT116 sorted from coculture spheroids of HCT116 and
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sBJ. The results demonstrated an upregulated expression of
vimentin in HCT116 from high stromal coculture spheroids
(Figure 4(f)). The results (Figure S1 and Figure 4(f)) relate
increased growth of coculture spheroids to sBJ-induced
stemness in HCT116.

4. Discussion
Studies indicate potential synergistic eﬀects of DNMTIs and
radiotherapy for the treatment of solid tumors [26, 27].
Given the senescence-inducing property of radiation, it
remains to be seen whether and/or how the senescent stromal cells aﬀect tumor cell response to DNMTIs. Using our
recently developed DNA demethylation reporter cells [31],
we show that senescent ﬁbroblasts increase the demethylation eﬀects of DAC in HCT116 under coculture conditions
in both 2D and spheroid cultures (Figures 1 and 4). Furthermore, the increased DNA demethylation in high stromal
cocultures than monocultures suggests the increased susceptibility of HCT116 to DAC in a higher stromal microenvironment. The increased demethylation eﬀect of DAC was
not just limited to cocultures containing senescent ﬁbroblasts as the presence of nonirradiated normal ﬁbroblast also
induced a similar eﬀect, albeit smaller, on HCT116 DNA
demethylation in both 2D and spheroid cultures. Nevertheless, the demethylation eﬀect was more pronounced in
cocultures of HCT116 with irradiation-induced senescent
ﬁbroblasts that showed increased expression of p21waf1/cip
and p16 (Figure S1, Figures 1 and 4). Repeated subculturing
has been reported to induce replicative senescence in ﬁbroblasts [48]. The increased HCT116 DNA demethylation in
cocultures with nonirradiated ﬁbroblasts could have presumably resulted due to the presence of presenescent ﬁbroblasts. This is evident from the presence of a small fraction
of β-Gal-stained cells and expression of p21waf1/cip in nonirradiated BJ cells (Figure S1).
Our data also demonstrate the ﬁbroblast-induced downregulation of endogenous levels of DNMT1 in untreated
HCT116. Additionally, the data also show the increased
eﬀect of DAC on DNMT1 levels in HCT116 sorted from
cocultures than monocultures (Figure 2). Exposing cancer
cells to gamma irradiation has been reported to decrease
the protein levels of DNMT1 and DNMT3b [49, 50]. Further,
studies indicate that activation of nucleoside analogs correlates with dCK activity [39, 51]. We show an elevation of
dCK protein levels in HCT116 cocultured with ﬁbroblasts,
in particular, irradiation-induced sBJ cultures (Figure S2).
This increase in dCK levels corresponds to the increased
demethylation eﬀect of DAC on HCT116 in high stromal
cocultures (Figure 1). Overall, the data indicate the potential
role of radiation-induced bystander eﬀect through tumorstroma cross-talk in regulating epigenetic changes in tumor
cells in high stromal cocultures.
The stroma has been reported to regulate the growth of
tumor cells, increasing their invasive and metastatic properties [10]. In line with this, we observed normal and senescent
ﬁbroblast-induced increased proliferation of HCT116 in 2D
and spheroid cocultures (Figures 3 and 4). Since DAC, like
other anticancer drugs, is reported to have a greater eﬀect
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in actively proliferating cells [41], the increased proliferation
of HCT116 in both 2D and spheroid cocultures potentially
makes HCT116 more susceptible to DAC (Figures 3 and 4).
This is partly shown by the decreased eﬀect of DAC on the
viability of irradiated HCT116 (Figure 3).
Apart from ﬁbroblast-induced eﬀects in cocultures, we
also studied the eﬀect of conditioned medium from senescent
ﬁbroblasts on HCT116 proliferation in 2D cultures. The
results demonstrated an increased eﬀect of conditioned
medium from senescent ﬁbroblast cultures on HCT116 proliferation only. However, conditioned medium from senescent
ﬁbroblasts abrogated DAC eﬀect on DNMT1 expression in
treated cells and decreased dCK levels in untreated and
DAC-treated HCT116 (Figure S2). Analysis of conditioned
medium from senescent ﬁbroblasts showed upregulation of
proinﬂammatory cytokine and chemokine levels. This cytokine/chemokine-laden condition medium increased NF-κB
activity in NF-κB A549 reporter cells. The correlation between
demethylation eﬀects of DNMTIs and NF-κB remains debatable in the literature. While one study suggests that the apoptosis induced by DNMTIs via inhibition of NF-κB is not
due to epigenetic reprogramming [44], another study showed
that an increase in NF-κB activity downregulates DNMT1
levels [45]. In our study, we did not observe any direct eﬀect
of senescent ﬁbroblast conditioned medium on the protein
levels of DNMT1 (Figure 2). Nonetheless, the inability of
DAC to reduce DNMT1 levels in cells treated in conditioned
medium from senescent ﬁbroblast cultures (Figure 2) indicates the potential negative eﬀect of SASP on DNA demethylation. The present study was conducted using established cell
line cultures only; therefore, a further line of evidence from
primary cells and DNMT1 knockout cell types is required.
Also, secretome analysis is clearly required to substantiate
the correlation between NF-κB activity and/or proinﬂammatory cytokines and chemokines on DNA methylation
and demethylation.

5. Conclusions
In agreement with the prognostic signiﬁcance of tumorstroma ratio in diﬀerent cancer types, the results of our
study indicate the potential of the tumor-stroma ratio for
predicting the outcome of DNA-demethylating epigenetic
anticancer therapy in CRC or other cancer types. The study
further correlates the increased susceptibility of HCT116 to
DAC due to ﬁbroblast-induced increased proliferation and
diﬀerential regulation of methylation- and demethylationregulating enzymes by senescent stromal cells. In conclusion, this study provides the evidence of the senescent
stromal cell-induced eﬀects on CRC cell response towards
prototypal DNA-demethylating drug, DAC. Further studies
are required to confer the mechanism behind observed
stromal cell-induced alterations in DAC-induced DNA
demethylation eﬀects.
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