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Stem cells have been widely studied in the fields of cancer
biology. Yet, many fundamental questions regarding the
specific roles of stem cell in cancer progression and therapy
remain elusive, impeding the effective clinical translation of
stem cell research. On the one hand, cancer stem cells
(CSCs), which represent a small population within tumors,
with potential to differentiate into heterogeneous tumor cell
colonies, are suggested to be responsible for therapy resis-
tance and tumor recurrence. On the other hand, stem cells
can be used to treat hematological malignancies through
bone marrow transplantation by replenishing hematopoietic
stem cells (HSCs). Stem cells play different roles in particu-
lar contexts.

Since first discovered in acute myeloid leukemia (AML)
by CD34+/CD38- biomarkers in 1997, CSCs attracted inten-
sive efforts of research. Following the first evidence of CSCs
existing in human cortical glial tumors, CSCs were identi-
fied in diverse human tumor tissues, including the breast,
colon, and pancreas. Basically, CSCs display distinct biophy-
siological properties and responses to various treatments,
compared to terminally differentiated cancer (TDC) cells.
Therapeutic paradigm targeting on CSCs rather than bulk
tumor cells (i.e., the TDCs) proved to be more potent in
shrinking tumors.

The continuing advancement of molecular and cellular
biology, especially the rapid progress in next-generation
sequencing techniques and cancer genomics analysis
approaches, is making therapeutics targeting CSCs more pre-
cise and effective. The single-cell sequencing technology and
spatial transcriptomics become increasingly popular and
powerful in profiling individual cells with genetic and

epigenetic hierarchy. Versatile gene editing techniques such
as CRISPR/Cas9 have also been harnessed to study CSCs in
human tumors. Collectively, the molecular signatures of
CSCs as well as CSC-initiated tumor cell lineage, such as gene
mutation, gene and protein expression, microRNA regula-
tions, DNA methylation, and histone modification, can be
discerned and even edited in an unprecedentedly high resolu-
tion, which provides a unique opportunity for designing tar-
geted and immune-based therapies.

Cancer has long been considered as a genetic disease,
where genetic evolution of cancer cells shapes the tumor
progression. Gene mutation is a stochastic process and
hence results in unsynchronized mutation patterns in cells.
Meanwhile, epigenetic markers changed dramatically over
tumor evolution. Therefore, cancer cells in a tumor form a
dynamic ecosystem of multiple colonies with heterogeneity
in molecular signatures. Some of the colonies exemplify
stem-like cell properties and are suggested to sustain the
growth and expansion of the whole system. This complex
and ever-changing system can be depicted and simulated
by mathematical models. During the past years, mathemat-
ical models have played a critical role in generating and test-
ing hypothesis regarding cancer progression. Tumor growth
under various conditions including drug treatment has been
well addressed by computational models. Vital biological
processes, such as CSC lineage commitment, genetic evolu-
tion, oncogenic signaling cascades, neovascularization, and
tumor cell-microenvironment interactions, have been care-
fully investigated. Systems biology approaches integrating
experimental data, bioinformatics analysis, and computa-
tional model are expected to play an increasingly significant
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role in studying CSC-initiated and driven human cancer
progression. The challenging part is to generate adequate
yet nonredundant biomedical data at various scales (spatial
and temporal) for model construction, calibration, and vali-
dation, towards enhancing the prediction capabilities of the
in silico models.

While CSCs are deemed culprit of most therapy resis-
tance and cancer relapse, stem cells derived from normal
tissues can be leveraged to treat human malignancies. Via
transplantation, HSCs were used to treat leukemia by replen-
ishing the diminished blood cell population. Neural stem
cells and human umbilical cord blood-derived mesenchymal
stem cells (MSCs) were genetically transformed to treat glio-
mas. In these stem cell-based anticancer therapies, engi-
neered stem cells stably express cancer suppressor genes or
function as nanomedicine carriers to deliver cytotoxic agents
targeting cancer cells. Strikingly, stem cells are also found to
play an important role in cancer immunotherapy, by contin-
uously replenishing the exhausted anticancer T-cells. Despite
technique advancement, challenges existed. In particular, due
to incomplete interpretation of the underlying molecular
mechanisms, the treatment efficacy and durability of human
cancers remain suboptimal in many cases. Additionally, the
risk of tumorigenic transformation of the transplanted stem
cells cannot be ignored. Upon being recruited into tumor
microenvironment, stem cells might be educated into
“cancer-favored” and reciprocally fuel tumor cells. These
multifaceted interactions between stem cells and cancer cells
should be taken into account while considering antitumor
therapy with stem cells.

In the current special issue, we have solicited research
articles and reviews that are aimed at addressing the biolog-
ical and clinical questions regarding CSC-driven tumor pro-
gression and cancer treatment resistance and stem cell-based
anticancer therapy. We stress on the molecular basis of how
CSCs adapt to sustain the tumor progression under both
physiological and stiff conditions such as local hypoxia and
anticancer drug delivery. We also desire work exploring bio-
logical processes under stem cell transplantation therapy,
such as how the stem cells home to the local environment,
differentiate into progeny tumor cells, and/or exert para-
crine effects.

B. Chen et al. explored the potential safety issues in the
application of human bone marrow mesenchymal stem cells
(hBM-MSCs) to regenerative medicine and tissue engineer-
ing. They revealed that hBM-MSC-conditioned medium
(hBM-MSC-CM) promotes gastric cancer development via
upregulation of c-Myc by both in vitro and in vivo experi-
ments, which may be a potential risk factor and/or a thera-
peutic target for clinical applications.

D. Liu et al. conducted an integrative genome-wide anal-
ysis on gene expression and DNA copy number variations in
a rare but aggressive malignancy—primary small-cell esoph-
ageal carcinoma (SCEC). They carried out a de novo expres-
sion array on three matched sets of primary SCEC and
adjacent normal tissue samples procured from their institu-
tional tissue bank. Stem cell-related pathways, WNT and
Notch signaling, were shown to play significant roles in
SCEC in this study.

M. Maldonado et al. studied the impact of human
Wharton’s jelly-derived MSCs (hWJ-MSCs) in in vitro
maturation (IVM) of cumulus oocyte complexes (COCs).
They demonstrated that hWJ-MSCs’ differentiation poten-
tial and the presence of coordinated paracrine interaction
between the stem cells and COCs are two prerequisites
for the hWJ-MSCs to improve the IVM of COCs. Under
appropriate conditions, the paracrine factors produced in
the coculture system with DMEM-F12 may help develop
synthetic media for desired in vitro culture of COCs. This
work stands for a good attempt to research the paracrine
effect imposed by stem cells on the cultured cells, especially
using novel WJ-derived stem cells. The strategy and con-
clusions may have ramifications for cancer treatment via
stem cell transplantation.

Y. Shi et al. addressed the differentiation of human
umbilical cord mesenchymal stem cells (hUC-MSCs) into
neuron-like cells. Working on human umbilical cord tis-
sue, they proved that edaravone, a low-molecular antioxi-
dative agent, can dose-dependently induce hUC-MSCs to
differentiate into neuron-like cells. This study provides a
novel method for neural-lineage induction from MSCs
and demonstrates the potential applications of MSCs in
regenerative medicine.

Y. Jiao et al. investigated the mechanisms underlying
hUC-MSC-based cancer therapy. They evaluated the effect
of secreted factors of hUC-MSCs on the breast cancer cell
line MCF7 in terms of morphological changes, cell viability,
cell cycle, apoptosis, DNA fragmentation, and interleukin-1β
(IL-1β) secretion and confirmed that the secreted factors of
hUC-MSCs could cause MCF7 cell death by inducing pyrop-
tosis. Their results may enable the community to better
understand the effect of hUC-MSCs on cell-based breast can-
cer therapy, as well as its associated molecular basis.

While this special issue represents an exciting start point
to address the fundamental questions regarding stem cells in
cancer biology and therapy, many challenges regarding the
clinical effectiveness and biosafety still remain to be con-
quered, as mentioned above. We appeal more intense atten-
tion and participation in this promising field in the future,
especially the involvement of new concepts and technologies
such as single-cell sequencing, spatial transcriptomics, gene
editing, and immunotherapy in the stem cell-related cancer
research. We expect a new era in which stem cells can be
elaborately tuned to fight for cancers, with detrimental effects
trimmed and merits maximized.
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Human umbilical cord mesenchymal stem cells (hUCMSCs) are superior to other sources of mesenchymal stem/stromal cells
(MSCs), and they are used as a novel tool for cell-based cancer therapy. However, the mechanism underlying hUCMSC-induced
cancer cell death is not clear. In the present study, we aimed to evaluate the effect of secreted factors of hUCMSCs on the breast
cancer cell line MCF7 by exposing them to the conditioned medium (CM) of hUCMSCs. We evaluated the morphological
changes, cell viability, cell cycle, apoptosis, DNA fragmentation, and interleukin-1β (IL-1β) secretion of CM-exposed MCF7
cells. The results showed that the secreted factors of hUCMSCs could cause MCF7 cell death by inducing pyroptosis. We also
sequenced the total RNA, and the differentially expressed genes (DEGs) were subjected to the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis. A total of 2597 (1822 upregulated and 775 downregulated) genes were identified and 14
pathways were significantly enriched. The results showed that the expression of the pyroptosis-related genes NLRP1 and CASP4
and the inflammation-related pathways changed significantly in MCF7 cells exposed to the CM. To the best of our knowledge,
this study is the first to report that the secreted factors of hUCMSCs can cause MCF7 cell pyroptosis. Furthermore, it is the first
to examine the global gene expression in MCF7 cells exposed to CM. These results will provide valuable information for further
studies on the mechanism of MCF7 cell pyroptosis induced by the secreted factors of hUCMSCs. It will also help understand
the effect of hUCMSCs on cell-based breast cancer therapy.

1. Introduction

Globally, breast cancer is the leading type of cancer among
women, affecting approximately 2.1 million women [1] and
resulting in 533,600 deaths in 2015 [2]. In China, there has
been an increase in the incidence of breast cancer, and it is
expected to account for 15% of new cancer cases [3]. Treat-
ments for breast cancer include radiation therapy and
surgery, followed by the administration of hormone-
blocking agents, chemotherapy, and the use of monoclonal
antibodies [4]. However, as breast cancers are classified by

several grading systems, and as each of these can affect the
prognosis and treatment response, a new effective treatment
for breast cancer is necessary.

Pyroptosis is a type of programmed cell death and is dis-
tinct from the immunologically silent apoptotic cell death,
which is caspase-1 dependent [5]. The activity of caspase-1
can result in the maturation of IL-1β and IL-18 and cleave
gasdermin D to induce pore opening and pyroptosis [6]. Fur-
thermore, inflammasomes are important for caspase-1 activ-
ity [7] and are composed of either AIM2-like receptor,
tripartite motif-containing proteins, or the members of the
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nucleotide-binding domain, leucine-rich containing (NLR)
family. The morphological changes during pyroptosis
include plasma membrane rupture, water influx, cellular
swelling, osmotic lysis, and proinflammatory cellular content
release [8]. Furthermore, pyroptosis is different from apopto-
sis in terms of DNA cleavage, nuclear condensation, and
nuclear integrity [8, 9].

Mesenchymal stem cells (MSCs) have received extensive
attention as a new tool for cancer treatment. Human umbil-
ical cord mesenchymal stem cells (hUCMSCs) are isolated
from the human umbilical cord Wharton’s jelly. The effects
of hUCMSCs on cancer have been extensively studied. Han
et al. [10] reported that hUCMSCs can induce apoptosis in
PC-3 prostate cancer cells. Leng et al. [11] found that
hUCMSCs can inhibit breast cancer progression by inducing
tumor cell death and suppressing angiogenesis in mice. How-
ever, the mechanism underlying hUCMSC-induced cancer
cell death is not clear. As secreted factors of hUCMCSs can
inhibit cancer progression by inducing tumor cell death
[12, 13], in the present study, we aimed to evaluate the effect
of secreted factors of hUCMSCs on the breast cancer cell line
MCF7, and we performed RNA-sequencing (RNA-Seq) to
explore the genes and pathways involved in this process.

2. Materials and Methods

2.1. Cell Culture. The breast cancer cell line MCF7 used in the
present study was obtained from the Kunming Cell Bank of
the Chinese Academy of Sciences. It was maintained in Dul-
becco’s modified Eagle medium (DMEM) [containing 4.5 g/L
glucose, L-glutamine, and 110mg/L sodium pyruvate (Gibco
by Thermo Fisher Scientific™, Suzhou, China)] supple-
mented with 10% fetal bovine serum (FBS, Gibco by Life
Technologies™, Australia), 100mg/L penicillin, and 100mg/
L streptomycin (Gibco by Life Technologies™, NY, USA) at
37°C with 5% CO2.

The hUCMSCs were obtained from the human umbilical
cord Wharton’s jelly by the tissue explant technique [14].
The umbilical cords were donated for study after informed
patient consent and ethical approval by the Medical Ethics
Committee of Yunnan University Medical School.

The hUCMSCs were cultured in Minimum Essential
Medium Alpha Modification (αMEM, Hyclone by Thermo
Scientific™, Beijing, China) supplemented with 10 ng/mL
fibroblast growth factor basic protein (bFGF; Merck Milli-
pore, Darmstadt, Germany), 100mg/L penicillin, and
100mg/L streptomycin at 37°C with 5% CO2. The identity
of hUCMSCs was confirmed by the expression of mesen-
chymal cell surface markers CD105, CD90, CD44, and
CK18 and by the nonexpression of CD45, HLA-DR, and
CD31 (Additional file 1). The hUCMSCs were used before
the eighth passage.

2.2. Exposure of MCF7 Cells to hUCMSC-Conditioned
Medium. The hUCMSCs were cultured in plastic flasks
(25 cm2, Corning, NY, USA). After 48 h (when the cells were
approximately 90% confluent), the hUCMSCs cultured
medium was collected and filter-sterilized using a 0.22μm
Millex-GP Filter Unit (Millipore, Carrigtwohill, Tullagreen,

Ireland). MCF7 cells at a density of 105 cells/mL were seeded
in 6-well plates (Corning, NY, USA) containing normal
medium and cultured overnight. Subsequently, the medium
was replaced with hUCMSC-conditioned medium
(hUCMSC-CM). The hUCMSC-CM was prepared by gradu-
ally increasing the ratio of hUCMSC cultured medium to
fresh medium (10% hUCMSC-cultured medium+90% fresh
medium, 20% hUCMSC-cultured medium+80% fresh
medium, 40% hUCMSC-cultured medium+60% fresh
medium, 60% hUCMSC-cultured medium+40% fresh
medium, 80% hUCMSC-cultured medium+20% fresh
medium, and 100% hUCMSC-cultured medium). The
changes in MCF7 cell morphology were recorded and photo-
graphed on days 1, 2, 3, 4, and 5 using inverted phase contrast
optics (LEICA DFC420C). The ratio of 80% hUCMSC-
cultured medium and 20% fresh medium was chosen for
further analysis as MCF7 cells exhibited obvious morpholog-
ical changes and these changes were most synchronous in
this medium.

2.3. MTS Analysis for Cell Viability. MCF7 cells were seeded
at a seeding density of 5× 103 cells/well in 96-well plates
(Corning, NY, USA) containing normal medium and cul-
tured overnight. Subsequently, the medium was replaced
with hUCMSC-CM (treatment) and fresh medium (control).
The cell viability rate was evaluated using the CellTiter 96
Aqueous One Solution Cell Proliferation Assay kit (Promega,
USA) on days 1, 2, 3, 4, and 5 after the replacement of
medium according to the protocol of the manufacturer.
Briefly, before the assay, 20μL of CellTiter 96 Aqueous One
Solution Reagent was added into each well of the 96-well
assay plate containing the samples in 100μL of culture
medium, and the plate was then incubated at 37°C with 5%
CO2. After 3 h, the absorbance was recorded at 490 nm.

2.4. Flow Cytometric Analysis for Cell Cycle. The control and
MCF7 cells exposed to hUCMSC-CM for 48 h were collected
after trypsin digestion without EDTA (Solarbio, Beijing,
China) and fixed in ice-cold 70% ethanol overnight. The
fixed cells were stained with 50μg/mL propidium iodide
(PI, CWBIAO, Beijing, China) in phosphate-buffered saline
(PBS) containing 0.1% Triton X-100 and 50μg/mL RNase
and then analyzed using the CyFlow Space (Partec) and
FloMax 2.82 software.

2.5. Annexin V-FITC/PI Analysis. The percent of apoptotic
cells was determined using the Annexin V-FITC/PI Apopto-
sis Detection kit (CWBIO, Beijing, China). Briefly, the
control and MCF7 cells exposed to hUCMSC-CM for 48 or
72 h were collected after trypsin digestion without EDTA
and then washed with cold PBS and resuspended in binding
buffer at a concentration of 106 cells/mL. The cells were
incubated at 37°C with 5μL of Annexin V-fluorescein iso-
thiocyanate (FITC) and 10μL of propidium iodide for
10min and analyzed with the CyFlow Space (Partec) and
FloMax 2.82 software.

2.6. Terminal Deoxynucleotidyl Transferase dUTP Nick-End
Labeling (TUNEL) Assay. The fragmentation of DNA was
analyzed using the DeadEnd fluorometric TUNEL assay kit
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(KeyGEN BioTECH, Nanjing, China) according to the pro-
tocol of the manufacturer. The control and MCF7 cells
exposed to hUCMSC-CM for 72 h were fixed in 4%
methanol-free formaldehyde solution in PBS for 30min at
4°C and treated with proteinase K for 30min at 37°C. Subse-
quently, the cells were treated with terminal deoxyribonu-
cleotidyl transferase (TdT) containing biotin-11-dUTP for
1 h at 37°C in the dark and then treated with streptavidin-
fluorescein for 30min at 37°C in the dark. Finally, the cells
were added to the medium containing 4′,6-diamidino-2-phe-
nylindole and visualized under inverted phase contrast optics
(LEICA DFC420C) after 10min.

2.7. Quantification of Secreted IL-1β by the ELISA. The quan-
tification of IL-1β secreted by MCF7 cells was carried out
using the Human IL-1β/IL-1f2 Valukine™ ELISA Kit
(NOVUS, Taiwan, China) according to the instructions of
the manufacturer. The media from control MCF7 and
MCF7 exposed to hUCMSC-CM were collected on days 0,
1, 2, 3, 4, and 5 and stored at −80°C for the enzyme-linked
immunosorbent assay (ELISA).

2.8. RNA Sequencing. The control and MCF7 cells exposed to
hUCMSC-CM (106 cells/mL) were harvested (three biolog-
ical replicates), and the total RNA was extracted using
TRIzol™ reagent (Invitrogen, Carlsbad, USA). The RNA
quality and quantity were determined using the RNA
Nano 6000 Kit for the Agilent 2100 Bioanalyzer system,
and the samples were stored at −80°C until further use.
The total RNA (10μg) of each sample was used to con-
struct the cDNA libraries. A total of six samples were
sequenced using the BGISEQ-500 platform.

2.9. Bioinformatics Analysis. The raw reads were filtered
using the internal software SOAPnuke to obtain clean reads
[15]. The clean reads were then mapped with the reference
genome using HISAT [16]. Gene expression was calculated
as the number of uniquely mapped reads per kilobase of
exon fragments per million mappable reads (FPKM) with
RSEM [17]. Based on gene expression, the differentially
expressed genes (DEGs) were analyzed using the DEGseq
algorithms [18]. For the analysis, a q value of ≤0.001
and an absolute value of log2 ratio≥ 1 were used to verify
the significance of differences in gene expression. Based on
the DEGs, the pathway functional analysis was performed
using the clusterProfiler package [19]. The enrichment
analysis was carried out by the hypergeometric test with
a threshold value of 0.05 based on the KEGG database.

2.10. Validation of Gene Expression by the Quantitative Real-
Time Polymerase Chain Reaction. MCF7 cells were cultured
in hUCMSC-CM, and after 48 h, the total RNA from the cells
was extracted using TRIzol™ reagent (Invitrogen, Carlsbad,
USA). The quality and quantity of RNA were determined
using the Nano-300 (Allsheng). All samples were then
treated with the PrimeScript™ RT Reagent Kit with gDNA
Eraser (Takara, China) to synthesize the first-stand cDNA.
The primer sequences were designed using the PrimerQuest
Tool (http://www.idtdna.com/primerquest/Home/Index),
and the sequences are presented in Table 1. The quantitative

real-time polymerase chain reaction (q-PCR) was performed
using the BIO-RAD CFX96™ Real-Time System using Fas-
tStart Universal SYBR Green Master (Roche, Mannheim,
Germany). Relative quantification was performed by the
comparative Ct (2-△△Ct) method.

2.11. Statistical Analyses. The statistical analyses were per-
formed using Microsoft excel 2007 and R 3.5.1, and graphs
were drawn using the GraphPad Prism 5 software and R
3.5.1. P values <0.05 were considered statistically significant.

3. Results

3.1. Effects of hUCMSC-CM on MCF7 Morphology. We cul-
tured MCF7 cells in different ratios of hUCMSC-cultured
medium to fresh medium (Additional file 2). We found that
even 10% hUCMSC-cultured medium and 90% fresh
medium can cause MCF7 cells pore-induced plasma mem-
brane invagination and then death. However, the number
of dead cells was very small, no more than 50%. With an
increase in the proportion of hUCMSC-cultured medium,
the phenomenon of pore-induced plasma membrane invagi-
nation was more obvious and the number of dead cells
increased. In the medium of 80% hUCMSC-cultured
medium and 20% fresh medium, MCF7 cells showed obvious
morphological changes and these changes were the most syn-
chronous. Although MCF7 cells cultured in 100% hUCMSC-
cultured medium have the same morphological changes and
synchronization, the cells died too quickly. Therefore, we
chose the ratio of 80% hUCMSC-cultured medium and
20% fresh medium for further analysis.

We observed a striking difference in the shape of MCF7
cells exposed to hUCMSC-CM and that of control MCF7
cells (Figure 1). The control MCF7 cells grew very well and
continued to maintain their typical morphology, that is, the

Table 1: Primer sequences for quantitative real-time polymerase
chain reaction.

Primers NCBI ID Primer sequences

Bcl2 NM_000633.2

S: 5′ TTTCTCATGGCTGTCCTTCAG
GGT 3′

A: 5′ AGGTCTGGCTTCATACCACAG
GTT 3′

HIF1A NM_001530.3

S: 5′ GTCTGCAACATGGAAGGTA
TTG 3′

A: 5′ GCAGGTCATAGGTGGTTTCT
3′

NF-κB NM_002502.5

S: 5′ GAAGATTGAGCGGCCTGTAA
3′

A: 5′ TGTCTTCCACCAGAGGGTA
ATA 3′

BIRC3 NM_001165.4

S: 5′ CAAGCCAGTTACCCTCATC
TAC 3′

A: 5′ CTGAATGGTCTTCTCCAGG
TTC 3′
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cell membrane was intact, the nucleus was not obvious, and
the cells were polygonal and arranged orderly. However,
MCF7 cells exposed to hUCMSC-CM gradually died, that
is, the cells exhibited pore-induced plasma membrane invag-
ination but still mainly intact at 24 h after the replacement of
medium, and then the cells exhibited swelling at 48 h, and
then the plasma membrane showed obvious ruptures, but
the nucleus remained condense and the nuclear integrity
was not compromised at 72h.

3.2. Secreted Factors of hUCMSCs Caused MCF7 Cell Death
but Did Not Change the Cell Cycle Significantly. We deter-
mined the cell viability daily for 5 d after treatment. Com-
pared with that of the control cells, the viability of MCF7
cells exposed to hUCMSC-CM decreased marginally on the
first day and then decreased continually in the following days
(Figure 2(a)). To verify whether the decrease in cell viability
was caused by cell cycle arrest, the cell cycle of MCF7 cells
at 48 h after the exposure to hUCMSC-CM was evaluated.
The hUCMSC-CM-treated cells showed a marginal decrease
in the G0/G1 (51.14± 7.27%), S (9.10± 5.01%), and G2/M
phases (10.45± 2.80%) when compared with those of the

control cells (55.96± 11.69%, 14.01± 4.58%, and 21.73
± 8.90%, respectively) (Figure 2(b)); these cell cycle changes
were not significant (Figure 2(c)). Therefore, the decrease in
cell viability was due to an increase in the number of dead
cells but not due to cell cycle arrest.

3.3. Secreted Factors of hUCMSCs Caused MCF7 Cells Death
through the Pyroptosis Pathway. To elucidate how the
secreted factors of hUCMSCs caused MCF7 cell death, we
performed the Annexin V-FITC/PI analysis. The results
showed that in the control cells, there was an increase in the
number of early apoptotic and late apoptotic cells with time
(P < 0 05). In the hUCMSC-CM-treated cells, the results
showed that there was no obvious change in the FITC+/PI−
quadrant, but there was an increase in the FITC+/PI+ quad-
rant, from 1.96% at 24h to 9.26% at 72 h (q < 0 05). However,
significant increases occurred in the FITC−/PI+ quadrant. It
was only 2.31% at 24 h after the replacement of medium,
which increased to 13.76% at 48 h and 71.12% at 72 h
(Figure 3). Therefore, we conclude that the death of MCF7
cells exposed to hUCMSC-CM was not mainly mediated by
apoptosis, and the increases occurred in the FITC−/PI+
quadrant due to the rupture of plasma membrane.

As the morphological changes in MCF7 cells exposed to
hUCMSC-CM were similar to those of pyroptotic cells
described in the literature and the pyroptotic cells can be
stained by PI [8], we further performed TUNEL staining
and quantified secreted IL-1β to verify MCF7 cell death
through the pyroptosis pathway. TUNEL staining labels
DNA fragments. Like apoptotic cells, pyroptotic cells
undergo DNA fragmentation and is stained positively with
TUNEL [20]. The results showed that the control cells were
negative for TUNEL staining, but MCF7 cells exposed to
hUCMSC-CM were TUNEL positive (Figure 4(a)). The
ELISA results showed that there was only a negligible
amount of IL-1β in the medium of control cells (no more
than 5pg/mL), which gradually decreased. However, in the
medium of hUCMSC-CM-treated cells, the initial concen-
tration of IL-1β (25 pg/mL) was higher than that of the
control. Subsequently, the concentration of IL-1β gradually
increased, which doubled on day 5 (Figure 4(b)). These
results suggest that the normal MCF7 cells do not secrete
IL-1β, but MCF7 cells exposed to hUCMSC-CM secrete IL-
1β, which is characteristic of pyroptotic cells [21]. Therefore,
we conclude that the secreted factors of hUCMSCs caused
MCF7 cell death through the pyroptosis pathway.

3.4. DEGs Were Analyzed and 14 Significant Pathways Were
Detected according to RNA-Seq Data. The RNA samples from
MCF7 cells, both control and treated cells (the data were
obtained from three biological replications), were sequenced
using the BGISEQ-500 platform. On an average, approxi-
mately 23.99Mb reads per sample were generated and
18,174 genes were detected. Furthermore, 23.93Mb clean
reads were obtained after filtering the data. The average map-
ping ratio of clean reads with reference human genome was
94.63%, and the uniformity of the mapping results for each
sample suggested that the samples were comparable.

Control

Day 1

Day 2

Day 3

Day 4

Day 5

Treatment

Figure 1: Comparative analysis of morphological changes in MCF7
cells exposed to hUCMSC-CM and control cells. Images were
obtained on days 1, 2, 3, 4, and 5. Representative micrographs
from at least three independent experiments are shown. All
images were acquired at 20x magnification.
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Figure 2: Cell viability and cell cycle analyses of MCF7 cells exposed to hUCMSC-CM (a) Effect of hUCMSC-CM on cell viability of MCF7
cells. x-axis represents days MCF7 cells exposed to hUCMSC-CM. y-axis represents cell viability rate. Cell viability rate = (the average OD of
treatment group/the average OD of control group)∗100%. Results were measured using MTS proliferation method. Experiments were carried
out in triplicate and repeated 3 times. ∗P < 0 05. (b) Flow cytometric analysis for cell cycle of MCF7 cells exposed to hUCMSC-CM. Treatment
cells were collected after 48 h, cultured in hUCMSC-CM, and stained with PI. (c) Quantitative analysis for cell cycle. Data were presented as
mean± SD of three independent experiments. hUCMSCs: human umbilical cord mesenchymal stem cells.
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Figure 3: Flow cytometric analysis using Annexin V-FITC/PI. (a) Flow cytometry results of Annexin V-FITC/PI staining. Cells were collected
on days 1, 2, and 3 after being exposed to hUCMSC-CM, respectively, and stained with 5μL each of Annexin V-FITC and 10μL PI. (b)
Quantitative analysis for the Annexin V-FITC/PI results. Data were presented as mean± SD of three independent experiments.
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In order to find DEGs, gene expression of each sample
was calculated as FPKM with RSEM and the DEGs were
identified using the DEGseq algorithms. A total of 1822 up-
and 775 downregulated genes were identified (|log2 (fold
change)| > 1, q value ≤0.001). The genes NLRP1, CASP4,
TLR2, TLR6, NFκB, HIF1A, and BIRC3 were significantly
upregulated, and the Bcl2 gene was significantly downregu-
lated (Table 2). To validate gene expression, we randomly
chose the upregulated genes HIF-1A, NF-κB, and BIRC3
and the downregulated gene Bcl2 to do the q-PCR. The spec-
ificity of q-PCR primers was confirmed by regular PCR
(Additional file 3). Hypoxia-inducible factor1-alpha (HIF-
1A) is a master transcriptional regulator of cellular and
developmental response to hypoxia [22]. Nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB) is a
protein complex that controls transcription of DNA, cyto-
kine production, and cell survival. It is involved in cellular

responses to stimuli and plays a key role in regulating the
immune response to infection [23]. Baculoviral IAP repeat-
containing protein 3 (BIRC3) is a member of the inhibitor
of apoptosis family that inhibits apoptosis by interfering with
the activation of caspases [24]. The Bcl2 gene is a member of
the Bcl2 family of regulator proteins that regulate cell death,
by either inducing (proapoptotic) or inhibiting (antiapopto-
tic) apoptosis [25]. The q-PCR results showed that differen-
tial gene expression was consistent with the RNA-Seq
results (Figure 5(a)).

To identify the associated biological functions, the
DEGs were subjected to the KEGG pathway analysis.
The pathway functional enrichment results (Figure 5(b))
showed that there are 14 significant pathways (P < 0 05),
including alcoholism, systemic lupus erythematosus, estro-
gen signaling pathway, Staphylococcus aureus infection,
AGE-RAGE signaling pathway in diabetic complications,
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Figure 4: MCF7 cell assessment using TUNEL staining and secreted IL1β assay. (a) TUNEL assay for MCF7 cells at 72 h following exposure
to hUCMSC-CM. (b) The concentration of secreted IL1β from MCF7 cells on days 0, 1, 2, 3, 4, and 5 following exposure to hUCMSC-CM.
The experiment was repeated three times. n = 3.
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Table 2: List of differentially expressed genes in MCF7 cells exposed to hUCMSC-CM.

Symbol Gene ID Length (bp) Control expression Treatment expression log2 ratio (treatment/control) q value

NLRP1 22,861 5491 20 102 2.35 8.40E-15

CASP4 837 1319 75 253 1.75 7.10E-24

TLR2 7097 8147 61.43 142.99 1.22 5.10E-09

TLR6 10,333 6683 60.31 124.52 1.04 1.12E-06

NFκB 4791 3067 6298 14,367 1.19 0

HIF1A 3091 4070 5694 19,529 1.78 0

BIRC3 330 5174 227.6 2297.57 3.33 0

Bcl2 596 5191 1546.17 383 −2.02 1.35E-164
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Figure 5: Gene expression and KEGG pathway analysis. (a) Validation of selected genes from DEGs by q-PCR. Data are presented as
Ct (2-△△Ct) relative to control. Data are presented as mean± S.D. n = 3. ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001. C: control group; T:
treatment group. (b) The significant KEGG pathways (P < 0 001). x-axis represents number of genes. y-axis represents pathways.
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complement and coagulation cascades, amoebiasis, malaria,
relaxin signaling pathway, transcriptional misregulation in
cancer, amphetamine addiction, cocaine addiction, insulin
signaling pathway, and glutamatergic synapse.

4. Discussion

The MSCs are multipotent stromal cells, which can be
obtained from the bone marrow [26], adipose tissue [27],
umbilical cord tissue, and umbilical cord blood [28]. In terms
of therapeutic applications, the hUCMSCs have some benefi-
cial properties when compared with those of other MSCs.
These properties include large-cell number at harvest, low
immunogenicity, propagated without feeder cells, stored
after birth without significant risks to the donor, and absence
of ethical dispute. In vivo, the MSCs exhibit oriented migra-
tion to the site of tumor, and they inhibit tumor growth and
metastasis [11, 29, 30]. Therefore, the MSCs have been con-
sidered potential biological vehicles for tumor-targeted deliv-
ery of therapeutic genes [31–33]. In vitro, the effects of MSCs
on cancer cells have been studied either by coculturing cancer
cells with MSCs or by culturing cancer cells in CM, prepared
using fresh medium and medium in which MSCs were cul-
tured for several days. In the present study, we cultured
MCF7 cells in hUCMSC-CM to study their effects. To the
best of our knowledge, we report for the first time that the
secreted factors of hUCMSCs can induce MCF7 cell pyropto-
sis. We also examined gene expression inMCF7 cells exposed
to CM by RNA-Seq.

The changes in the morphology of MCF7 cells exposed to
hUCMSC-CM revealed the characteristics of pyroptosis, that
is, they had a permeable membrane which was initially intact,
which was followed by cell swelling, rapid expansion, and
finally rupture [34]. During this process, the nucleus of
MCF7 cells exposed to hUCMSC-CM condensed and the
DNA fragmented. As the plasma membrane ruptured, the
cells were detected by PI staining [8]. As apoptotic cells, the
pyroptosis cells were TUNEL positive [20]. And also, we
found an obvious increase in the amount of IL-1β in the
medium of MCF7 cells exposed to hUCMSC-CM. To
summarize, we considered that MCF7 cells exposed to
hUCMSC-CM were undergoing pyroptosis [21]. In the pres-
ent study, MCF7 cells exposed to hUCMSC-CM showed
swelling at 48 h and ruptured at 72 h. Therefore, the viability
of MCF7 cells decreased 48 h after the replacement of
medium. The treated cells showed no obvious changes in cell
cycle. This indicates that hUCMSC-CM cannot arrest the cell
cycle of MCF7 cells.

The RNA-Seq results revealed that 1822 and 775 genes
were up- and downregulated in MCF7 cells exposed to
hUCMSC-CM, respectively, compared with those of the
control MCF7 cells. According to the KEGG analysis, we
identified 14 significant pathways. We further classified these
pathways according to the KEGG PATHWAY Database
(http://www.genome.jp/kegg/pathway.html). We found that
they are mainly related to the immune system, endocrine
system, nervous system, and the diseases associated with
these systems. The results showed that certain substances
in hUCMSC-CM could cause inflammatory reaction and

immune response in MCF7 cells. Whereas, some substances
can cause endocrine system disorder, which is mainly
induced by estrogen, relaxin, or glycometabolism, and some
other substances can cause behavioral responses in MCF7
cells on exposure to addictive substances.

Interestingly, we found that the NLRP1 gene was signifi-
cantly upregulated. Nucleotide-binding, leucine-rich repeat
pyrin domain-containing protein 1 (NLRP1) is a member
of the NOD-like receptor (NLR) family and plays an impor-
tant role in cell pyroptosis. As an important natural immune
molecule, NLRP1 can identify pathogen-associated molecu-
lar patterns and risk molecular models as a pattern recogni-
tion receptor [35]. In humans, NLRP1 has the ability to
activate caspase-1 by interacting directly with procaspase-1
or by recruiting adaptor protein ASC and then recruiting
procaspase-1 to form a complex known as inflammasome
[36]. Activated caspase-1 can help in the maturation of pro-
IL-1β and pro-IL-18 [37], causing inflammation to promote
pyroptosis [38]. According to the RNA-Seq results, caspase-1
was neither up- nor downregulated. This indicates that cas-
pase-1 may affect pyroptosis by activating procaspase-1 and
not by increasing the transcriptional product. However,
caspase-4, a member of a cysteine protease family called cas-
pases, was significantly upregulated. In humans, caspase-4
functions as the receptor of lipopolysaccharide (LPS) [39],
which is found in the outer membrane of gram-negative bac-
teria and can induce pyroptosis [6]. When LPS binds to cas-
pase-4, caspase-4 undergoes oligomerization, leading to
caspase-1-induced maturation of IL-1β and IL-18, thereby
mediating pyroptosis [40]. The significant upregulation of
caspase-4 shows that caspase-4 might play an important role
in the inflammation and pyroptosis of MCF7 cells induced by
hUCMSC-CM. From the KEGG analysis, we found that sys-
temic lupus erythematosus (SLE) is the second significant
pathway. It is an autoimmune disease and is confirmed to
be associated with the NLR family members, such as NLRP1
and NLRP3. We also found that the assembly of inflamma-
somes is induced by NLR [41, 42]. Excessive inflammasome
activation can promote excessive release of IL-1β and IL-
18, causing autoinflammatory disorders and the subsequent
development of autoimmune diseases, such as SLE [42].
Therefore, the enrichment of this pathway confirms that
when MCF7 cells are cultured in hUCMSC-CM, they are
subjected to inflammation.

TLR2, the other receptor related to initial immuniza-
tion, was significantly upregulated. TLR2 is a member of
the Toll-like receptor (TLR) family. It is expressed on the
surface of certain cells, recognizes pathogen-associated
molecular patterns and mediates the production of cytokines
necessary for the development of effective immunity [43].
TLR2 can bind to a wide range of exogenous ligands, includ-
ing lipoproteins, lipoteichoic acid, peptidoglycan, zymosan,
lipoarabinomannan, glycosylphosphatidylinositol, phenol-
soluble modulin, and glycolipids [44], thereby mediating
host immune response against gram-positive bacteria
[45]. This function of TLR2 is unique in its ability to form
TLR2/TLR1 or TLR2/TLR6 heterodimer [46]. The TLR2-
ligand interactions activate MyD88 signaling, which then
activates proinflammatory transcription factors, such as
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NF-κB and the PI3K/AKT pathway [47]. NF-κB translo-
cates into the nucleus to regulate the production of
inflammatory cytokines, such as IL-1β, IL-6, IL-8, and
IL-12 [44]. The stimulation by TLR2-ligands alone without
a second signal can promote IL-1β release but cannot
induce cell death [48]. From the results of RNA-Seq, we
also found that the expression of TLR6 and NF-κB was
significantly upregulated. This indicates that the inflamma-
tion caused by TLR2 is not the major pathway that
induces MCF7 cell pyroptosis but might play an important
role in response to the stimulation of secreted factors of
hUCMSCs and assist in MCF7 cell death. From the KEGG
analysis, Staphylococcus aureus infection was found to be
the fourth significant pathway. Staphylococcus aureus is a
gram-positive bacterium and can be recognized by TLR2,
indicating that TLR2 is indeed an important gene in the
death of MCF7 cells exposed to hUCMSC-CM.

Hypoxia-inducible factor1-alpha (HIF-1A) is a master
transcriptional regulator of cellular and developmental
response to hypoxia [22]. The activity of HIF-1A is
directly regulated by cellular oxygen levels [49], and under
hypoxic condition, HIF-1A transcription is often signifi-
cantly upregulated [50, 51]. According to the RNA-Seq
result, the expression of HIF-1A was upregulated. This
indicates that when MCF7 cells are cultured in
hUCMSC-CM, a hypoxic environment is created within
the cells. Jorgensen et al. [34] found mitochondria with
collapsed cristae in pyroptotic cells. Mitochondria are the
major site of ROS production. They have a four-layer
structure, and ROS generation mainly occurs at the
electron transport chain (ETC) located on the inner
mitochondrial membrane, which folds inward to form a
ridge-like shape and called cristae, during the process of
oxidative phosphorylation (OXPHOS) [52]. Therefore, the
collapsed cristae could lead to reduction in ROS produc-
tion [53], thereby causing hypoxia in cells. In fact, hypoxia
causes pyroptosis. Wu et al. found hypoxia-reoxygenation
injury can induce pyroptosis in HK2 cells [54]. In addi-
tion, Qiu et al. demonstrated that stimulation of H9C2
cardiomyocytes with high glucose and hypoxia/reoxygena-
tion increased NLRP3 inflammasome activation and
pyroptosis [55]. Furthermore, as autophagic suppression
of ROS can limit ROS-modulated caspase-1 activation to
inhibit inflammasome activity [56], hypoxia also might
be a negative feedback mechanism in response to high
inflammation within MCF7 cells. Recent studies have
demonstrated that the expression of HIF-1A is regulated
by the NF-κB [57], and HIF-1A restricts NF-κB transcrip-
tional activity, thereby preventing inflammation and
controlling the innate immune response [58, 59]. This
indicates that the upregulation of HIF-1A in MCF7 cells
exposed to hUCMSC-CM might be a negative feedback
mechanism activated in response to high inflammation
inside MCF7 cells.

There are a few limitations to this study. We selected only
one breast cancer cell line to validate the expression of key
genes. The use of MCF7 cells started in 1973, and they are
widely used due to their exquisite hormone sensitivity [60].
However, the breast cancer cell lines have different subtypes,

in which the expression of key genes should be validated.
Furthermore, we only studied gene expression in pyroptotic
MCF7 cells by RNA-Seq. Further analysis should be carried
out for a deeper understanding.

5. Conclusions

The present study demonstrates that the secreted factors of
hUCMSCs can promote inflammatory response and pyrop-
tosis in MCF7 cells. Therefore, the inflammation- and
hypoxia-related genes and pathways play an important role
in MCF7 cell pyroptosis. Although further studies are neces-
sary to characterize the interaction of these genes and path-
ways, our data provides valuable data for further studies in
this direction.

Data Availability

The datasets generated and analyzed in the current study
are included in within the article. The raw data of the
RNA-Seq analysis will be provided by the corresponding
author on request.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this article.

Authors’ Contributions

Yang Jiao, Hongbo Zhao, and Guodong Chen have contrib-
uted equally to this work.

Acknowledgments

We thank the Department of Obstetrics and Gynecology of
the Chenggong branch of Yan’an Hospital of Kunming for
helping in the collection of human umbilical cord. Also, we
would like to thank Editage (http://www.editage.com) for
English language editing. This work was supported by the
Major Science and Technology Projects of Yunnan Province
(grant number 2018ZF007-05), the National Natural Science
Foundation of China (grant number 81560043), the Foreign
Cooperation Project of Yunnan Province (grant number
2018IA045), and the Joint Special Funds for the Department
of Science and Technology of Yunnan Province-Kunming
Medical University (grant number 2017FE468 (-011)).

Supplementary Materials

Supplementary 1. Additional file 1: flow cytometry analysis of
mesenchymal stem cells surface markers. The flow cytometry
analysis shows expression of CD105, CD90, CD44, and CK18
and nonexpression of CD 45, HLA-DR, and CD31 on the
hUCMSC surface.

Supplementary 2. Additional file 2: confirm the phenotype
using gradually increased ratio of hUCMSC-medium to fresh
medium. Control: 100% fresh medium, treatment 1: 10%
hUCMSC-medium+90% fresh medium, treatment 2: 20%
hUCMSC-medium+80% fresh medium, treatment 3: 40%

10 Stem Cells International

http://www.editage.com
http://downloads.hindawi.com/journals/sci/2018/5912194.f1.docx
http://downloads.hindawi.com/journals/sci/2018/5912194.f2.docx


hUCMSC-medium+60% fresh medium, treatment 4: 60%
hUCMSC-medium+40% fresh medium, treatment 5: 80%
hUCMSC-medium+20% fresh medium, treatment 6: 100%
hUCMSC-medium.

Supplementary 3. Additional file 3: confirm the specificity of
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Objective. The human umbilical cord mesenchymal stem cells (hUMSCs) are characterized with the potential ability to differentiate
to several types of cells. Edaravone has been demonstrated to prevent the hUMSCs from the oxidative damage, especially its ability
in antioxidative stress. We hypothesized that Edaravone induces the hUMSCs into the neuron-like cells. Methods. The hUMSCs
were obtained from the human umbilical cord tissue. The differentiation of hUMSCs was induced by Edaravone with three
different doses: 0.65mg/ml, 1.31mg/ml, and 2.62mg/ml. Flow cytometry was used to detect the cell markers. Protein and
mRNA levels of nestin, neuron-specific enolase (NSE), and glial fibrillary acidic protein (GFAP) were detected by Western blot
and RT-PCR. The expression of synaptophysin (SYN), growth-associated protein 43 (GAP43), and postsynaptic density 95
(PSD95) was detected by Real-Time PCR. Results. As long as the prolongation of the culture, the hUMSCs displayed with the
long strips or long fusiform to fat and then characterized with the radial helix growth. By using flow cytometry, the cultured
hUMSCs at the 3rd, 5th, and 10th passages were expressed with CD73, CD90, and CD105 but not CD11b, CD19, CD34, CD45,
and HLA-DR. Most of the hUMSCs cultured with Edaravone exhibited typical nerve-immediately characters including the cell
body contraction, increased refraction, and protruding one or more elongated protrusions, which were not found in the control
group without addition of Edaravone. NSE, nestin, and GFAP were positive in these neuron-like cells. Edaravone dose-
dependently increased expression levels of NSE, nestin, and GFAP. After replacement of maintenance fluid, neuron-like cells
continued to be cultured for five days. These neuron-like cells were positive for SYN, PSD95, and GAP43. Conclusion.
Edaravone can dose-dependently induce hUMSCs to differentiate into neuron-like cells that expressed the neuronal markers
including NSE, nestin, and GFAP and synaptic makers such as SYN, PSD95, and GAP43.

1. Introduction

Stem cells are characterized with self-renewal ability and
multidirectional differentiation potential. For example, bone
marrow, umbilical cord, and epidermis [1–3] were able to
differentiate into various functional cells induced by different
approaches [4]. In particular, mesenchymal stem cells
(MSCs), as one of pluripotent stem cells, have been demon-
strated to be capable to differentiate into pluripotent cells
[5] including vascular endothelial cells [6], neuron-like cells

[7, 8], corneal endothelial cell [9], and hepatocyte-like cells
[10]. The differentiation ability probably explains why
MSCs have been reported to play important roles in neuro-
nal protection from the oxidative stress, inhibition of
ischemia-induced necrosis, and apoptosis [11]. These evi-
dences indicate the probability that the induction of MSC
differentiation for neuronal protection would be an effective
method for eliminating brain ischemia injury in a clinical
setting. The human umbilical cord MSCs (hUMSCs) have
the advantages of simple convenient preparation, feasible
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source, nontraumatic risk of infection, and its low immuno-
genicity and immunosuppression, so the hUMSCs turn to
be an ideal source used as the engineering cells in studying
stem cell differentiation.

Edaravone, a low-molecular weight agent, can scavenge
oxygen free radicals and decrease the ability of the xanthine
oxidase and hypoxanthine oxidase and reduce the forma-
tion of prostacyclin, thus enhance the tissue antioxidative
capacity [12]. Edaravone can penetrate the blood-brain bar-
rier, and it has been used in clinic to decrease the ischemia-
induced injury in the brain such as acute cerebral infarction,
cerebral hemorrhage, and even amyotrophic lateral sclerosis
[13]. The early treatment of acute cerebral infarction with
Edaravone can prevent the reduction of cerebral blood flow
around the lesion area and increase the neuronal antioxi-
dant ability. More importantly, Edaravone was reported to
prevent the MSC damage from hypoxia and activate the
potential for angiogenesis [14], but it is not known whether
Edaravone can induce the differentiation of hUMSCs into
the neuronal-like cells that would be explained as another
mechanisms underlying its benefits to treat ischemia-
induced neuronal injury. The aim of this study was to
observe the effects of Edaravone on the differentiation of
hUMSCs into neuron-like cells and to further explore the
possible mechanisms.

As the main part of the neuron transmission of informa-
tion, synapses are the structural basis of the interconnected
transmission of information between neurons. It is the basic
structure and functional unit of the neural loop. The estab-
lishment and maintenance of synapses depend on the corre-
sponding expression of many genes. The number and density
of synaptophysin (SYN) can indirectly reflect the number
and density of synapses [15]. GAP43 (growth-associated pro-
tein 43) is closely related to axonal growth and is a key factor
for axonal growth and elongation [16]. PSD95 (Postsynaptic
density protein 95) is the most important scaffold protein on
the postsynaptic membrane, which plays an important role
in the process of synapse formation. We use Edaravone to
induce hUMSCs to differentiate into nerve-like cells. We
continue to culture the cells and detect the expression of spe-
cific synapse markers, SYN, GAP43, and PSD95, which lays
the foundation for further cell electrophysiological study.

2. Materials and Methods

2.1. Materials and Chemicals. The umbilical cord was
obtained from the Department of Obstetrics and Gynecol-
ogy of the Second Affiliated Hospital of Hebei Medical Uni-
versity. All the participants signed the relevant consent letter
to use the umbilical cord for the present research. The fol-
lowing reagents were obtained commercially: Edaravone
(packing: 20 g, purity: 99.7%, batch no.: A06-131204) was
provided by Jilin Province Boda Pharmaceutical Co. Ltd.
FBS (BI, Israel); L-DMEM/F-12, H-DMEM/F-12 (GIBCO,
Grand Island, USA); EDTA and DMSO (Sigma-Aldrich
Co. LLC., St. Louis, MO 63178,USA); FITC-CD19, FITC-
CD34, PE-CD11b, PE-CD73, PE-CD90, PE-CD45, and
PE-CD105 (Becton, Dickinson and Company, Franklin
Lakes, New Jersey 07417-1880); PS immunohistochemistry

kit (Beijing Zhongshan Golden Bridge Company, China);
Taq PCR star mix (Genstar, China); EasyScript First-Strand
cDNA synthesis supermix (TransGen Biotech, China); TB
Green™ Premix Ex Taq™ II (Tli RNaseH Plus) (TaKaRa
Japan); cell RIPA Lysis Buffer and phenylmethylsulfonyl
fluoride (Solarbio, Beijing, China); polyclonal antibodies of
neuron-specific enolase (NSE) and nestin (OriGene, USA);
glial fibrillary acidic protein (GFAP) and glyceraldehyde-3-
phosphate dehydrogenase (Affbiotech, USA); and polyclonal
antibodies of synaptophysin, growth-associated protein 43,
and postsynaptic density 95 (Abways, China).

2.2. Isolation and Culture of hUMSCs. The obtained umbili-
cal cords were placed in H-DMEM/F12 culture medium
under aseptic conditions, stored at 4°C, and then timely
transported to a cell culture room to carry out the following
steps. Each umbilical cord was rinsed thoroughly with D-
Hank’s medium. After removing the blood sample, umbilical
artery, and umbilical vein, the umbilical cord mesenchymal
tissue was cut into pieces of 1mm3 in size, digested with
0.2% collagenase II, and placed in a culture flask containing
2ng/ml EGF, 20% FBS, 25mM L-Glu, and 100U/ml
penicillin-streptomycin mixture at 37°C with 5% CO2 and
saturation humidity to obtain primary cells. Half of the cul-
ture medium was replaced every 24 h, and it was replenished
every 3 days. When the cells achieved 80–90% confluency,
the medium was removed, and cells were rinsed two times
with PBS and then digested with trypsin (0.25%)–EDTA
(0.2 g/l) into single cells for passaging at the ratio of 1 : 3.
The culture medium was H-DMEM/F12 containing 100U/
ml of a penicillin-streptomycin mixture and 10% FBS.

2.3. Analysis of Cellular Phenotype of hUMSCs. In the loga-
rithmic phase of growth, hUMSCs were digested with tryp-
sin and rinsed with PBS, and then, the single cell suspension
was aliquot into 10 tubes at 1× 106 cells/tube. Separately,
mouse anti-human monoclonal antibodies (5μl/each)
against CD11-PE, CD45-PE, CD73-PE, CD90-PE, CD105-
PE, HLA-DR-PE, CD19-FITC, and CD34-FITC were added
to the 8 tubes, while anti-mouse IgG1-PE and anti-mouse
IgG1-FITC (each 7μl) were added to the other two tubes as
isotype controls. After mixing the contents thoroughly, the
tubes were incubated at 4°C for 30min. Thereafter, the cells
were rinsed with PBS and then centrifuged. The supernatant
was discarded, and the cells were resuspended with 400μl of
PBS for the followed analysis by flow cytometry.

2.4. Differentiation of hUMSCs into Neuron-like Cells. The
hUMSCs were obtained at the 3rd passage of cells according
to the logarithmic growth phase. The hUMSCs were sepa-
rated into four groups including three groups treated with
different dose of Edaravone (low-dose, LH; medium-dose,
MD; and high-dose, HD) and one control group (Con).
MSCs were placed in a cell culture chamber. When about
80% of the cells adhered to the wall, the whole culture solution
was discarded. Neurobasal medium containing 50 ng/ml
bFGF was first induced for 24 hours. After washing with
PBS, LD, MD, and HD groups were, respectively, added with
Edaravone concentrations of 0.65mg/ml, 1.31mg/ml, and
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2.62mg/ml for incubation with the Neurobasal medium.
Then, the hUMSCs were induced in the incubator, and the
morphological changes of the cells were observed by inverted
phase contrast microscope.

2.5. Calculation of Positive Rate of Neuron-like Cells. Under
the inverted microscope, 3 nonoverlapping fields were ran-
domly selected; the total cell number and the number of
neuron-like cells were counted, and the rate of neuron-like
cells were calculated.

2.6. Immunochemistry Analysis. After incubation with Edar-
avone for 12 h, expression levels of neuronal-specific proteins
NSE, nestin, and GFAP were detected by immunocytochem-
istry as follows. The cells were rinsed with PBS gently and
fixed with 4% paraformaldehyde for 20min at room temper-
ature followed by the rinses with PBS three times for 5min
each time. The cell membranes were disrupted with 0.5%
Triton-X-100 in PBS for 15min at room temperature away
from light and then incubated with 3% H2O2 at room tem-
perature for 5min. The cells were blocked by the normal goat
serum at room temperature for 15min. The blocked cells
were induced by the primary antibodies against NSE, nestin,
and GFAP at 4°C overnight. On the second day, the appro-
priate biotinylated secondary antibody was added for incuba-
tion at room temperature for 15min, then followed by
horseradish peroxidase-conjugated streptavidin at room
temperature for 15min. Finally, the cells were stained with
freshly prepared DAB for 1min and counterstained with
hematoxylin before finally rinsed repeatedly with water.
Under the inverted microscope, 3 nonoverlapping fields were
randomly selected; the total cell number and the number of
neuron-like cells were counted and the rate of neuron-like
cells calculated.

2.7. RT-PCR Analysis. Total RNA was extracted by TRIpure
Reagent (Aidlab Biotechnologies Co. Ltd., China) following
the manufacturer’s instructions and quantified with an Ultra-
micro ultraviolet visible light meter (Gene Company Limited,
China). cDNA was synthesized from total RNA with Easy-
Script First-Strand cDNA synthesis supermix (TransGen
Biotech, China) following the manufacturer’s instructions.
Semiquantitative PCR was performed using Taq PCR star
mix (Genstar, China) with the following reaction conditions:
1 cycle of 94°C for 3min; 30 cycles of 94°C for 30 s, Tm (°C)
for 30 s, and 72°C for 30 s; and a final extension at 72°C for
10min. A 10μl of each PCR product was analyzed by electro-
phoresis, and the gene expression levels were calculated using
GAPDH as the internal control. The primers were designed
using Primer 5.0 software and are shown: nestin: F-TCCA
GAAACTCAAGCACCACT and R-TCCACCGTATCTTC
CCACCT 342 bp, NSE: F-GGCACTCTACCAGGACTTTG
and R-GCGATGACTCACCATAACCC 286 bp, GFAP: F-
GTCCATGTGGAGCTTGAC and R-CATTGAGCAGGTC
CTGGTAC 406 bp, and GAPDH: F-AGAAGGCTGGGGCT
CATTTG and R-AGGGGCCATCCACAGTCTTC 258 bp.

2.8. Western Blot Analysis. Cell lysates were prepared with
cell RIPA Lysis Buffer and phenylmethylsulfonyl fluoride,
and protein concentrations were determined with an

Ultramicro ultraviolet visible light meter (Gene Company
limited, China).Total protein (16μg) of each lysate was elec-
trophoresed in 10% SDS-PAGE gel and transferred to a poly-
vinylidene fluoride (PVDF) membrane (Solarbio, Beijing,
China). The membranes were blocked by 10% nonfat milk
for 2 h at room temperature and incubated with GFAP,
nestin, and NSE primary antibodies at 4°C overnight. After
rinsing with PBS for 10min, the membranes were incubated
with anti-rabbit IgG (1 : 2000, Affbiotech, USA) for 2 h at
room temperature and visualized by Supersignal West Pico
Chemiluminescent Substrate (Thermo Scientific, USA) using
the Image alphaEaseFC system (Alpha Innotech, USA).

2.9. Continuous Culture of Neuron-like Cells. We chose a
group of cells with the highest positive rate of nerve cell
markers and stable expression. After 24 hours of induction,
we clean it with PBS, replace the maintenance fluid, and con-
tinue training for five days. The maintenance fluid is formu-
lated with Neurobasal medium containing 2% B27 and 50ng/
ml bFGF. The inverted phase contrast microscope dynami-
cally observed the morphological changes of each group.

2.10. Real-Time PCR Analysis. Total RNA was extracted by
TRIpure Reagent (Aidlab Biotechnologies Co. Ltd, China)
following the manufacturer’s instructions and quantified
with Ultramicro ultraviolet visible light meter (Gene Com-
pany Limited, China). cDNA was synthesized from total
RNA with EasyScript First-Strand cDNA synthesis supermix
(TransGen Biotech, China) following the manufacturer’s
instructions. Real-Time PCR was performed using TB
Green™ Premix Ex Taq™ II (Tli RNaseH Plus) by TaKaRa.
The gene expression levels were calculated using GAPDH
as the internal control. The primers were designed using
Primer 5.0 software and are shown: SYN: F–CACTACTAC
AGAGGGAAAATGAATG and R-CACGGTGCCCAGAC
AGGT 108 bp, GAP43: F-GAAGGGGGAGGGTGATGC
and R-CTTGGAGGACGGCGAGTTAT 130 bp, PSD95:
F-GCGGAGCAACCCCAAAAG and R-GATGAACCCAA
TGTCGTCGG 196 bp, and GAPDH: F-ACGGATTTGGT
CGTATTGGG and R-GATGAACCCAATGTCGTCGG
210 bp.

2.11. Statistical Analysis. All the data were expressed as
mean± s.e. SPSS19.0 was used for statistical analysis.
One-way ANOVA was used in three or more group compar-
ison followed by SNK method within two separate groups.
P < 0 05 was considered to be significantly different.

3. Results

3.1. Growth and Morphological Changes of hUMSCs. Primary
cultured cells were passaged at the ratio of 1 : 1. After 12
hours of passage, most of the cells adhered to growth, and
the cells were elongated or long fusiform (Figure 1(a)). With
the increase of incubation time, the cells gradually became
longer and adhered completely, and the morphology became
flat. Cell growth was rapid, in about 5 days after passage can
be completely adhere to the wall and grow. The cells had
radial or spiral growth according to the ratio of 1 : 2 or 1 : 3
subculture. Continue to culture, the cells were overlapped
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showing the spiral divergent growth around the center, and
the local density was increased (Figure 1(b)). The cells were
cultured until the ninth passage, and the cell homogeneity
and growth were good. Because of the relatively small num-
ber of the 1st and 2nd passage (P1 and P2) cells and the good
growth condition of the 3rd passage (P3) cells, we selected the
3rd passage hUMSCs with good growth status. The growth
curve is plotted in Figure 1(c).

3.2. Cellular Phenotype of hUMSCs.We detected the cell phe-
notype of the 2nd, 5th, and 10th passages of hUMSCs by flow
cytometry and found that all generations of cells tested coex-
pressed CD105, CD90, and CD73 but not CD11b, CD34,
CD19, CD45, and histocompatibility antigen HLA-DR
(MHC-II) (Figure 2).

3.3. Morphological and Quantitative Changes of Neuron-like
Cells in Each Group. The hUMSC incubation with Edaravone
showed the morphological properties of neuron-like cells.
After 1 h incubation with low dose of Edaravone, the
hUMSCs were presented with the sporadic cell body con-
traction, the enhanced refraction, and the cell morphology
which turned into a long oval or round and out of one or

more elongated processes (Figure 3(a)). After 4 h, the num-
ber of protrusions increased, and the length of protrusions
and the number of bifurcations increased. 12 h later, about
50% of the cells had the above changes; adjacent cells pro-
truding protuberances will gradually intertwine connected
into a network. The percentage of neuron-like cells reached
the peak at 24 hours. The hUMSCs in the MD group were
presented with obvious changes after adding Edaravone
for 1 hour. In the MD group at 12 hours, the percentage
of neuron-like cells reached the peak, which was much ear-
lier than the LD group. In the HD group, a large number of
cells became neuron-like cells at 1 hour; neuron-like cells
reached a peak at 4 hours (Figure 3(b)) and remained at
high rates of change until 24 hours. Blank group was the
control group. There was no significant change in 24 h after
continuous observation. Under the inverted microscope, 3
nonoverlapping visual fields were randomly selected; the
total number of cells and the number of neuron-like cells
were counted, and the rate of neuron-like cells was calcu-
lated. The result was expressed by mean± s.e. The curve of
the rate of neuron-like cells in each group is shown in
Figure 4. There was significant difference in the positive rate
between each group, P < 0 01. The cells in the HD group
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Figure 1: (a) (200x) Cells were elongated or long fusiform. (b) (40x) The cells were spirally divergent. (c) The growth curve of the 3rd, 5th,
7th, and 9th passage cells.
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changed the most rapidly and maintained at a relatively
high positive rate.

3.4. Result of Immunochemistry Analysis. The neurological
markers were detected after different concentrations of
Edaravone incubation for 12 hours. As shown in Figure 5,
brown cell bodies and the purple nucleus were nestin, NSE,
or GFAP-positive cells. By contrast, no cells positively
expressed these markers in the control group. Under the
inverted microscope, 3 nonoverlapping visual fields were
randomly selected; the total number of cells and the number
of neuron-like cells were counted, and the rate of neuron-like
cells was calculated. After 12 hours of induction, the positive
rate of neuronal markers in each group is shown in Figure 6.
The result was expressed by mean± s.e. Differences in
expression levels of nestin, GFAP, and NSE between any
two groups were significant (P < 0 05). The results showed

that the expression of nerve markers in the HD group was
the most.

3.5. RT-PCR Analysis Results of the HD Group. The highest
positive rate and stable expression of each nerve cell marker
were detected in the HD group (2.62mg/ml). Therefore, we
use semiquantitative RT-PCR to detect the expression of
mRNA in the HD group. According to the induction time,
the groups were divided into blank, 2 h, 4 h, 6 h, 12 h, and
24 h. Through statistical neural marker expression amount
and reference, to calculate the neural marker expression level,
the result was expressed by mean± s.e. RT-PCR results of
NSE, nestin, GFAP, and GAPDH at each time point are
shown in (Figure 7).

3.6. Western Blot Analysis Results of the HD Group. We use
Western blot analysis to detect the expression of protein in
the HD group. According to the induction time, the groups
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Figure 2: Cellular phenotype of hUMSCs detected by flow cytometry.
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Figure 3: (a) (200x) Arrowheads show neuron-like cells. (b) (40x) A large number of neuron-like cells, arrowheads show neuron-like cells.
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were divided into blank, 2 h, 4 h, 6 h, 12 h, and 24 h. Through
statistical neural marker expression amount and reference, to
calculate the neural marker expression level, the result was
expressed by mean± s.e. Western blot results of NSE, nestin,
GFAP, and GAPDH at each time point are shown in Figure 8.

3.7. Real-Time PCR Analysis Results of Specific Synapse
Marker. We use Real-Time PCR to detect the expression of
mRNA in the HD group. After replacement of maintenance
fluid, nerve-like cells continued to be cultured for five days.
According to maintenance culture time, the groups were
divided into blank, 1 d, 2 d, 3 d, 4 d, and 5d. Through statisti-
cal synaptic marker expression amount and reference, to cal-
culate the synaptic markers expression level, the result was
expressed by mean± s.e. SYN, PSD95, and GAP43 at each
time point are shown in Figure 9.

4. Discussion

With the rapid development of stem cell therapy research,
stem cell transplantation is considered to be a potential treat-
ment. At the same time, mesenchymal stem cells as a new
source of cell therapy are of concern to a large number of
scholars and researchers [17, 18]. In theory, pluripotent
embryonic stem cells and the inner layer of blastocysts are
the ideal cell transplantation option. However, the applica-
tion of these cells is ethically restricted and has teratogenicity
and tumorigenicity. MSC can have in vitro long-term sur-
vival and constantly amplify and induce differentiation into
nerve, vascular endothelium, myocardial, corneal endothe-
lium, cartilage, islet, and other functional cells [5]. The ner-
vous system has little ability to repair itself after being
damaged, so the nerve cells that are targeted by neural tissue
engineering may be able to repair the damaged nerve tissue.

Previous studies have shown that bone marrowMSCs, neural
stem cells, adipose MSC, umbilical cord MSC, umbilical cord
blood MSC, and placental stem cells from different species
and sources can be used for the treatment of neurological
diseases. Shen et al. [19] report the treatment of ischemic or
some degenerative disease caused by nervous system dys-
function; mesenchymal stem cells can provide a stable source
of nutrition and reflect its multidirectional differentiation
potential. At the same time, MSC do not appear to decrease
with the number of passages, and there is no risk of differenti-
ation with time [20]. This conclusion has been demonstrated
in models of intracerebral hemorrhage and Parkinson’s dis-
ease in rats and spinal cord injury in primates [21, 22]. Previ-
ous adult stem cell research mostly focused on bone marrow-
derived mesenchymal stem cells. There are limitations and
defects in bone marrow MSC because of limited number
and difficulty in obtaining. The number and differentiation
potential of bone marrow mesenchymal stem cells will
decrease with age. At present, human umbilical cord mesen-
chymal stem cells (hUMSCs) are popular cells in cell culture.
hUMSCs have the advantages of strong proliferative ability,
low immunogenicity, stable amplification in vitro, wide
source, without any ethical restriction, and can be divided
into multiple germ layers. At present, there is no study on
the differentiation of human umbilical cord mesenchymal
stem cells induced by Edaravone. Therefore, we used Edara-
vone to induce human umbilical cord mesenchymal stem
cells. More experiments show that under certain conditions
of culture, hUMSCs spontaneously tend to differentiate into
neuron-like cells and have a good protective effect of neurons
[23]. At this stage, the use of cell therapy in the treatment of
neurological diseases is divided into the following two
methods [24, 25]. One is the purpose of the cells through a
variety of ways into the body, relying on its own differentia-
tion potential, and the impact of the environment plays a
therapeutic effect. In another method, cells are first differen-
tiated into cells of interest by various means and then into the
body to play a therapeutic effect.

The most reported method of induction into nerve cells is
divided into three kinds: cell nutrition factor, antioxidant,
and nerve cell coculture method. In general, the main factors
of cell nutrition are bFGF, transforming growth factor-β, and
BDNF. Antioxidants are mainly DMSO, compound or single
herb, or active ingredients of traditional Chinese medicine.
The neural cell coculture method is to coculture MSCs with
neural cells. There are also reports that microRNA-124 can
also regulate the directional differentiation of MSCs to neu-
rons [26]. These neuron-like cells can express a variety of
neurological markers, such as nesin, GFAP, NSE, NF-H,
and MAP-2. In this study, different concentrations of Edara-
vone were used to induce hUMSCs. It was found that the
astigmatism of hUMSCs became stronger, and the cells pro-
truded elongated protrusions, which had the morphological
characteristics of neuron-like cells. The results of immunocy-
tochemistry showed that NSE, GFAP, and nestin were posi-
tive, and the induction efficiency of 2.62mg/ml group was
significant. The results of RT-PCR and Western blot showed
that the expressions of NSE, GFAP, and nestin in the induced
group were significantly higher than those in the blank
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Figure 4: The percentage of neuron-like cells in each group was
changed with the induction time.
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control group. And 2.62mg/ml is the higher concentration
available, close to its maximum solubility in L-DMEM [27].
This study demonstrates that Edaravone can effectively
induce hUMSCs to differentiate into neuron-like cells and
the concentration of 2.62mg/ml for the appropriate induc-
tion concentration.

The mechanism of each induction method is also differ-
ent, such as bFGF induction mechanism as a neurotrophic

factor in promoting cell mitosis in the process of simulation
of embryonic neural cell growth microenvironment, thus
leading to hUMSC differentiation into nerve cells. The induc-
tion mechanism of coculture may be related to the secretion
of various nerve growth factors from various nerve cells. In
this growing microenvironment, hUMSCs tend to differenti-
ate into neuron-like cells, also providing the conditions for
axonal development [28, 29]. Tetramethylpyrazine can pro-
mote the differentiation of hUMSCs into neuron-like cells
by inhibiting the expression of Ca2+ signaling, promoting
the increase of cAMP content in the second messenger and
changing the expression of MEK-ERK signaling pathway
[30]. Chemical antioxidant β-mercaptoethanol is also regu-
lating the second messenger cAMP content, thus initiating
the PKA pathway to promote MSC differentiation [31]. In
recent years, with the development of biological tissue engi-
neering technology, some scholars have proposed that
using certain cell scaffold compounds can promote the dif-
ferentiation of MSCs [32]. Edaravone is widely used in the
treatment of ischemic stroke and a variety of spinal cord
injury. Edaravone has the effect of reducing cerebral edema,
improving cerebral ischemic symptoms, protecting brain
tissue, and so on. It is a kind of oxygen free radical scavenger
with good curative effect. Edaravone has antioxidant, anti-
ischemia and reperfusion injury, antifibrosis, inhibition of
nerve cell damage, and other effects; it can inhibit the perox-
idation to protect the brain cells [33]. Edaravone is a kind of
brain protective agent, which can reduce the death of nerve
cells. In brain hemorrhage and cerebral infarction experi-
ments, it can inhibit the decrease of local cerebral blood flow
around the infarct. We hope to use cell transplantation to

Figure 5: Immunohistochemical staining of neuron-like cells in treatment groups for NSE, nestin, and GFAP, respectively. The arrows in
figures indicate neuron-like cells.
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improve the neuron injury caused by brain injury, bleeding,
infarction, and the adverse effects of Parkinson’s disease,
amyotrophic lateral sclerosis, and other degenerative dis-
eases. We look forward that cells derived from Edaravone
can also play a role in brain protection, providing cell sup-
port for the next further experiments. Therefore, in this
study, we used Edaravone to induce hUMSCs to differenti-
ate into neuron-like cells. At the same time, it was found
that those neuron-like cells induced by Edaravone had the
electrophysiological basis for neuronal cells [34]. However,
the induction mechanism of Edaravone is still unclear at
this stage. Weissmann et al. [35] and other studies have
shown that in the growth and development of nerve cells,
the cytoskeleton played a key role. Doherty [36] and other

studies have pointed out that in the development of nerve
cells, Shh signaling pathway has an important role; it can be
conducive to the survival of nerve cells in the microenviron-
ment. The next research direction is whether the Shh signal-
ing pathway and cytoskeleton play an important role in the
induction of hUMSCs into neuron-like cells by Edaravone.

Synaptic plasticity has long been recognized as the basis
of neurocognitive biology. Many studies have found that
memory can be preserved for a long time by the brain at
the synapse level [37]. The existing proteins are modified
to give signals to the nucleus. So a specific gene is expressed.
Gene products are transported to synapses, and new pro-
teins are synthesized locally, thus establishing new synapses
and forming new information transfer functions [38]. This
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process is called synaptic plasticity. Changes in synaptic
markers can reflect changes in morphological plasticity.
Synaptophysin (SYN), as one of the most important markers
of synaptogenesis, plays an important role in the process of
synaptogenesis and differentiation [39]. Postsynaptic density
95 is mainly involved in maintaining synaptic structure and
plays an important role in the regulation of synapse mor-
phology [40]. Growth-associated protein 43 (GAP43), as a
specific phosphorylated protein, is mainly located in the
presynaptic membrane of neurons. It is widely involved in
the development, differentiation, and regeneration of the
nervous system and is closely related to the formation and
plasticity of synapses [41]. Therefore, we examined the
expression levels of SYN, GAP43, and postsynaptic density
95. However, whether the obtained neuron-like cells have
synapses capable of transmitting information needs further
neuro-electrophysiological studies.

At the same time, hUMSCs cannot only directly inhibit
the growth of some tumors in vivo and in vitro but also easily
accept foreign gene modification and have the characteristics
of target migration to tumor tissue, damaged tissue, and
chronic inflammatory response sites. We would like to dis-
cuss whether the cells can also have the characteristics of
nerve cell protection and tumor cell apoptosis by using
eukaryotic cell transfection. There are also many difficulties
in introducing nerve cells which are differentiated into cells
into the body and have a therapeutic effect. In the next days,
we still need to continue efforts.
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In vitro maturation (IVM) in cumulus oocyte complexes (COCs) can be improved by the presence of human Wharton’s jelly-
derived MSCs (hWJ-MSCs), under specific culture conditions. COCs were cultured in twelve different culture systems,
composed of four stock media, stock media conditioned with hWJ-MSCs, and stock media in which the oocytes were indirectly
cocultured with the hWJ-MSCs. The rates of maturation to meiosis II were compared among the groups. G2-PLUS and
coculture with DMEM-F12 were the most efficient systems for the maturation of COCs. The fertilization rate and rate of
development to the blastocyst stage were compared between these two groups. Moreover, hWJ-MSC-conditioned media showed
no benefits for the COC-IVM. The analysis of OCT4 expression of hWJ-MSCs in G1-PLUS, TYH, and G2-PLUS showed a
downregulation of OCT4 by 25.9, 24.7, and 6.6%, respectively, compared to that in hWJ-MSCs cultured in DMEM-F12. Finally,
we have demonstrated that two prerequisites appeared to be necessary for the hWJ-MSCs to improve the IVM of COCs: hWJ-
MSCs’ differentiation potential and the presence of coordinated paracrine interaction between the stem cells and COCs. Under
the appropriate conditions, the paracrine factors produced in the coculture system with DMEM-F12 may help to develop
synthetic media for successful in vitro culture of COCs.

1. Background

In vitro maturation (IVM) in cumulus oocyte complexes
(COCs) can be improved by the presence of human
Wharton’s jelly-derived MSCs (hWJ-MSCs), under specific
culture conditions.

Mesenchymal stem cells (MSCs) are attractive candi-
dates for cell-based therapeutic strategies, primarily due to
their intrinsic ability to self-renew and undergo multipoten-
tial differentiation and because they are amenable to genetic
manipulation [1–3].

In a coculture, MSCs not only provide a target cell source
with multipotent differentiation capacity but can also act as

assisting cells to promote tissue homeostasis, metabolism,
growth, and repair [4]. Their incorporation into coculture
systems seems to be important for creating complex tissues
or organs by cell-to-cell contact or/and through the delivery
of soluble factors to the target cells.

Among the different types of MSCs, human Wharton’s
jelly-derived MSCs (hWJ-MSCs) appear to offer the best
clinical advantages due to their unique beneficial charac-
teristics [5]. hWJ-MSCs reprogram resident cells to favor
tissue regeneration, attenuate wound inflammation, and
inhibit fibrosis [6, 7]. They interact with host cells and
influence the stem cell niche through differentiation and/
or paracrine signaling mechanisms [6, 8, 9]. They are poor
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antigen-presenting cells; do not express MHC class II or
the costimulatory molecules CD40, CD40L, CD80, and
CD86 [10, 11]; and are not prone to undergo malignant
transformation [12, 13].

Many attempts have been made to grow immature
oocytes in vitro [14–16]. The culture conditions used for
in vitro maturation (IVM), which include various media
types and hormone supplements, as well as the presence of
cumulus cells, can significantly influence maturation rates
and subsequent embryo development [14, 17–19].

Furthermore, during ovarian follicular development,
several growth factors and cytokines act as intraovarian
regulators in vivo, and in the follicle, the action of gonad-
otrophins is modulated by locally produced paracrine and
autocrine growth factors [20, 21].

Scientific evidence indicates that the secretion of trophic,
soluble, or immunomodulatory factors, known as paracrine
signals, may represent the most important underlying mech-
anism of MSC effects [9, 22, 23].

Given the appropriate stimuli and local environment,
MSCs not only can develop into various cell types in vitro
and regenerate tissues in vivo, but they can also secrete a
variety of cytokines and growth factors, such as MCP-1,
VEGF-A, EGF, FGF-2, IL-6, LIF, and TGF-β [2, 24].

Since cytokines and growth factors are known to stimu-
late meiotic progress and the processes associated with
IVM, the aim of the present study was to determine whether
IVM in cumulus oocyte complexes (COCs) could be
improved by the presence of hWJ-MSCs through nonspecific
release of cytokines and soluble factors using conditioned
medium or by paracrine signaling from hWJ-MSCs using
indirect coculture conditions. However, the success of IVM
of COCs in coculture also depends on the choice of a suitable
medium to allow oocyte maturation and the survival and
potency of the hWJ-MSCs. In this work, we have opted to
use DMEM-F12, a defined combination of nutrients, growth
factors, and hormones that supports stemness and the differ-
entiation potential of MSCs; two commercially available cul-
ture media for culture of human embryos from after
fertilization until the 8-cell stage (G1-PLUS); a medium for
culture of human embryos from the 8-cell stage on day three
until the blastocyst stage (G2-PLUS); and TYH, first reported
as a medium for in vitro fertilization (IVF) of mouse eggs
with epididymal spermatozoa, by Yoda et al. [25] and Toyoda
et al. [26] in 1971.

2. Methods

2.1. Animals. Male and female Kunming mice were main-
tained in a specific-pathogen-free animal facility in individ-
ual ventilated cages and housed at 23°C under a 12-hour
dark/light cycle. Water and food were given ad libitum. All
animal work was performed using protocols approved by
the Institutional Review Board of the Chengdu Jinjiang
Maternity and Child Health Hospital.

The health conditions of mice were monitored daily.
Prior to the experimental endpoint, mice experienced
minimal pain or stress during routine handling and hor-
mone administration.

No ill or dead mice were observed prior to the experimen-
tal endpoint. Mice were euthanized by cervical dislocation.

2.2. Oocyte Handling.Mouse COCs were retrieved from 6- to
8-week-old Kunming mice (Chengdu Da Suo Biology and
Technology Company) by ovary puncture with a 28G sterile
needle under a stereomicroscope. COCs were isolated 48
hours after an intraperitoneal injection of 10 IU of pregnant
mare serum gonadotropin (PMSG, Sigma Chemical Co., St.
Louis, MO). G-MOPS™ PLUS was used for handling and
manipulation of the oocytes outside the incubator. Groups
of oocytes were separated and cultured in 12 different culture
systems and divided into 3 experimental stages. The first
experimental stage included the following stock media prep-
arations: (a) DMEM-F12 (Gibco; Thermo Fisher Scientific
Inc., Waltham, MA, USA), (b) G1-PLUS (Vitrolife), (c)
G2-PLUS (Vitrolife), and (d) TYH medium (Table S1). The
second experimental stage included the following types of
hWJ-MSC-conditioned media: (e) conditioned-DMEM-
F12, (f) conditioned-G1-PLUS, (g) conditioned-G2-PLUS,
and (h) conditioned-TYH. The third experimental stage
included the following types of coculture with hWJ-MSCs:
(i) coculture in DMEM-F12, (j) coculture in G1-PLUS, (k)
coculture in G2-PLUS, and (l) coculture in TYH. The
maturation status was evaluated after 24 hours of in vitro
culture at 37°C in 6% CO2. Oocytes with polar bodies were
considered mature MII oocytes.

For all the experimental assays in this study, DMEM-F12
was supplemented with 10% fetal bovine serum (FBS,
Thermo Fisher Scientific).

2.3. Isolation and Culture of hWJ-MSCs. Protocols for
sampling the human umbilical cord were approved by
the Institutional Review Board of Chengdu Jinjiang Hospi-
tal for Maternal & Child Health Care, according to the
principles expressed in the Declaration of Helsinki. All
participants provided their written consent to participate
in this study. Human umbilical cords were obtained from
consenting patients delivering full-term infants by cesarean
section. The procedures for culture of hWJ-MSCs were
consistent with those of Huang et al., with minor modifi-
cations [27]. Briefly, the arteries and veins of each tissue
were mechanically removed, and the subamniotic region
of the Wharton jelly was transferred to a sterile container
and diced into small fragments. The explants were trans-
ferred into 100mm plates with fresh growth media con-
taining DMEM-F12 (Gibco)/FBS. The cells were left
undisturbed for 7 days in a 37° humidified incubator with
5% CO2 to allow migration of cells from the explants.
Thereafter, the tissue was removed, and the hWJ-MSCs
were evenly redistributed by digesting them with TrypLE
(Gibco). Fresh media (4-5ml) were added every 2/3 days.
Then, the cells (±90% confluence) were digested and
replated at a 1 : 5 ratio.

We have previously assessed the phenotypic properties
of hWJ-MSCs based on the immune response-related sur-
face markers CD80, CD86, CD40, CD40L, HLA-1, and
HLA-DR [12].
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2.4. Preparation of Conditioned Media. hWJ-MSCs (80%
confluence) were cultured for 24 hours with each one of the
following media types: (a) DMEM-F12, (b) G1-PLUS, (c)
G2-PLUS, or (d) TYH. Thereafter, the media were collected
and immediately used for COC IVM.

2.5. Indirect Coculture of COCs with hWJ-MSCs. hWJ-MSCs
were plated in 24.5mm, 3μm Transwel culture plates (Corn-
ing™, Inc.). COCs were allocated on the permeable polycar-
bonate membrane and coincubated with the hWJ-MSCs for
24 hours in the following media conditions: (a) hWJ-MSC-
COCs-DMEM-F12, (b) hWJ-MSC-COCs-G1-PLUS, (c)
hWJ-MSC-COCs-G2-PLUS, or (d) hWJ-MSC-COCs-TYH.

2.6. Quantitative Real-Time Polymerase Chain Reaction
(qPCR) Assay. The OCT4 expression of hWJ-MSCs in the 4
coculture systems were analyzed by qPCR. The cells were
homogenized, and the RNA was extracted with the TaKaRa
MiniBEST Universal RNA Extraction Kit (TaKaRa Bio
Inc.). The total RNA concentration and O.D. were assayed
by UV spectrophotometry. Genomic DNA elimination was
performed with TaKaRa RR047Q. qPCR was performed with
200ng of target cDNA; OCT4 (forward, GTGTTCAGC
CAAAAGACCATCT; reverse, GGCCTGCATGAGGGTT
TCT) and β-actin (Table S2), which was used as a reference
gene (forward, CCTCATGAAGATCCTCACCGA; reverse,
TTGCCAATGGTGATGACCTGG), were evaluated using
relative quantification with SYBR Premix Ex Taq™ (Takara
RR420Q) using an ABI 7500 (Applied Biosystems, Foster
City, CA). The data analyzed was collected from 3 different
experiments and the samples were run in triplicate.

2.7. IVM and IVF. IVM, with standard and conditioned
media, was performed in 50μl microdrops of medium con-
taining 10 COCs per microdrop, under mineral oil submer-
sion for 24 hours at 37°C with 6% CO2. For coculture,
groups of ±50 COCs were cultured with hWJ-MSCs in the
various combinations of media, as explained in Section 2.5.
The oocytes were monitored for IVM by confocal micros-
copy at 0 and 24 hours.

IVF then was performed as follows. Briefly, epididymis
tissues from Kunming mice were isolated and subjected
to small cuts with scissors. The growth medium (1ml of
G2-PLUS or DMEM-F12) was added, and the mixture was
incubated for 7min at 37°C. Then, the supernatant was cen-
trifuged at 650×g for 5min and discarded. The remaining
pellet was resuspended by pipetting with 1ml of medium
and incubated at 37°C for 1 hour (capacitation). A second
centrifugation was performed, and 700μl of the 800μl of
supernatant was discarded. The remaining volume contained
the activated spermatozoa. Groups of oocytes (n = 20) were
inseminated in 80μl microdrops of the activated spermato-
zoa in G2-PLUS medium (under equilibrated mineral oil at
37°C in air with 6% CO2). For IVF in coculture conditions,
groups of oocytes (n = 20) were inseminated in 80μl micro-
drops previously cultured with hWJ-MSCs in DMEM-F12
medium. At the time of insemination, the DMEM-F12
medium was replaced with the activated spermatozoa in
DMEM-F12 medium. A portion of the oocytes from each

treatment was incubated without spermatozoa to evaluate
the incidence of spontaneous activation (data not shown).
Six hours after insemination, the oocytes were gently cleaned
by pipetting, and presumptive zygotes obtained from COCs
were separately cultured in vitro for 5 days in G2-PLUS
medium or cocultured with hWJ-MSCs in DMEM-F12
medium (37°C, in air with 6% CO2). The proportion of the
embryos at each stage was recorded at 24 hours, 48 hours,
and after 5 days of in vitro culture.

2.8. Statistical Analysis. Statistical analysis was performed
using Microsoft Office Excel 2010. The oocyte matura-
tion, fertilization, and embryonic development rates were
calculated using the Pearson chi-squared test. The qPCR
data was analyzed with the two-tailed paired Student’s
t-test. A P value< 0.05 was considered to indicate statisti-
cal significance.

3. Results

3.1. IVM and IVF of COCs. A total of 2422 immature oocytes
met the eligibility criteria for this study. The developmental
competency of COCs is listed in Table 1.

Among the 12 culture systems analyzed in this work, G2-
PLUS and coculture-DMEM-F12 were the most effective
media conditions for IVM. Both showed no significant differ-
ences in their ability to improve oocyte maturation and were
statistically different from the rest of the systems.

When the groups were compared according to media
type (Figure 1), we noticed that conditioning DMEM-F12
(Figure 1(a)) and G2-PLUS (Figure 1(c)) with hWJ-MSCs
yielded negative outcomes compared to those from stock
media, suggesting that the release of unspecific soluble fac-
tors from hWJ-MSCs may have an adverse effect on the
oocyte maturation. In conditioned-G1-PLUS (Figure 1(b)),
IVM was not significantly different from the stock media.
Moreover, no improvement was noted in conditioned-TYH
culture (Figure 1(d)).

On the other hand, the coculture system in G1- and G2-
PLUS media appeared to have detrimental effects on IVM
(Figures 1(b) and 1(c)) compared to the effects of culture in
stock media. Coculture in TYH showed no significant differ-
ences with stock media conditions (Figure 1(d)). However,
the IVM of COCs in coculture with hWJ-MSC-DMEM-F12
was significantly improved compared to IVM in stock
DMEM-F12 (Figure 1(a)).

We also analyzed the fertilization and developmental
rates of oocytes cultured in G2-PLUS and cocultured with
DMEM-F12 media. Although we noticed a modest improve-
ment in the rate of development to the blastocyst stage in the
coculture with DMEM-F12, the result was not significant at
P < 0 05 (Table 1). Oocytes, either cultured in G2-PLUS or
cocultured in DMEM-F12 media, cleaved and likely did not
experience developmental arrest at the pronuclear stage.

3.2. Analysis of OCT4 Expression. The POU transcription fac-
tor OCT4 (Table S2), encoded by POU5F1, is critical for sus-
taining the self-renewal capacity of adult somatic stem cells
[28, 29] and is considered a master regulator of pluripotency
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that controls lineage commitment [30]. We analyzed OCT4
expression of hWJ-MSCs, by qPCR in the 4 different stock
media with the aim of verifying whether the specific media
affected hWJ-MSC potency. Our data confirmed that the
expression of OCT4 in hWJ-MSCs cultured on G1-PLUS,
TYH, and G2-PLUS was downregulated by 25.9, 24.7, and
6.6%, respectively, compared to that in hWJ-MSCs cultured
in DMEM-F12 (Figure 2). We also confirmed that the
expression of OCT4 from hWJ-MSCs was not affected by
the presence of COCs when cultured in DMEM-F12.

4. Discussion

Culture conditions, including the formulation of the base
medium, supplementations, and the in vitro physical
environment (such as the oxygen tension and presence
of cumulus cells), all influence multiple events that are
crucial to oocyte maturation and subsequent embryonic
development [31, 32].

The culture media types have been shown to modulate
not only the metabolism of oocytes [33] but also the matura-
tion toMII, the kinetics of cell cycle progression, and spindle/
chromatin organization [34, 35].

Scientific evidence suggests that gonadotropins, epider-
mal growth factor, and essential and nonessential amino
acids improve the maturation of porcine oocytes [36, 37].
Human menopausal gonadotropin, pregnant mare serum
gonadotropin, follicle-stimulating hormone (FSH), and
luteinizing hormone, pyruvic acid, estradiol (E2), recombi-
nant FSH, insulin, transferrin, and selenium have been
included in the IVM media for human oocyte maturation
[38–40]. Undefined protein sources, such as fetal bovine
serum, human maternal serum, synthetic human serum,
and human follicular and peritoneal fluid have also been used
to supplement maturation media [41–43].

Although taurine and calcium lactates have been sug-
gested as necessary components for IVM of mouse COCs

[30], the two most efficient culture media (G2-PLUS and
DMEM-F12) tested in this work lacked these compounds.

It is evident that there is no consensus on the adequate
supplementation media for oocyte maturation as the postu-
lated compounds and combinations stated above have
yielded suboptimal results, thus reinforcing the idea that
the in vitro culture conditions lack some crucial components.

One of the shortcomings in the type of culture system
used to date has been the absence of somatic cell support.

The role of stem cells in coculture reaches beyond that of
simply providing a favorable cell source with multipotent dif-
ferentiation capacity. Whether serving in target or assisting
roles, stem cells are pivotal in tissue growth, metabolism,
maturation, and repair [44, 45].

Many kinds of exogenous growth factors are secreted
by MSCs, some of which are important components of
the follicle developmental microenvironment for appropriate
“oocyte capacitation” or oocyte cytoplasmic development
prior to maturation [20].

The present work supported the idea that remote cell sig-
naling from hWJ-MSCs positively affects meiotic progression
of COCs maintained in the same microenvironment with
DMEM-F12, resulting in a defined combination of nutrients,
growth factors, and hormones that supports oocyte matura-
tion and the differentiation potential of MSCs.

Our data also suggest that the paracrine factors produced
by hWJ-MSCs in DMEM-F12 helped cocultured COCs to
reach levels of nuclear and cytoplasmic maturation similar
to those seen in culture with G2-PLUS, a blastocyst culture
medium with superior efficiency for IVM of immature
oocytes [30]. However, the specific compounds produced
by the hWJ-MSCs, such as cytokines and soluble and growth
factors that might be involved in the regulation of oocyte
maturation, need to be identified.

In addition, the beneficial effect of coculture did not
require any direct contact between the hWJ-MSCs and
COCs during IVM and IVF, as previously reported for

Table 1: Developmental competency of COCs among the different culture systems.

Culture media Total number of COCs Polar bodies (number) Polar bodies (%)
Number of cleaved

oocytes (%)
Number of blastocyst

stage (%)

DMEM-F12 199 81 40.7

G1-PLUS 204 85 41.6

G2-PLUS 199 115 57.8∗ 61 (53.04) 7 (11.48)

TYH 198 71 35.9

Conditioned-DMEM-F12 200 56 28

Conditioned-G1-PLUS 206 79 38.4

Conditioned-G2-PLUS 204 69 33.8

Conditioned-TYH 202 81 40.1

Coculture-DMEM-F12 205 115 56.1∗ 58 (50.43) 8 (13.79)

Coculture-G1-PLUS 203 51 25.1

Coculture-G2-PLUS 206 66 32

Coculture-TYH 196 74 37.7

Oocytes with polar bodies were considered mature MII oocytes. The fertilization rate and rate of development to the blastocyst stage were compared between
G2-PLUS and coculture-DMEM-F12. ∗Both showed no significant differences in their ability to improve oocyte maturation and were statistically different from
the rest of the systems. The data were analyzed by the chi-squared test. A value of P < 0 05 was considered statistically significant.
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bovine and mouse oocytes [46, 47], supporting the idea
that cell-cell interaction occurs via soluble factors triggered
by remote cell signaling.

The scientific evidence suggests that some of the posi-
tive effects of soluble factors secreted by hWJ-MSCs might
be due to antioxidant properties, especially since it is now

70.0
P = 0.0031

DMEM-F12

P = 0.0075
P = 0.000060.0

Po
la

r b
od

ie
s (

%
)

50.0
40.0
30.0
20.0
10.0

0.0
DMEM-F12 Cond-F12 Co-C-F12

Stock media
Conditioned media
Coculture media

(a)

G1-PLUS

P = 0.0004
P = 0.0041

70.0
60.0

Po
la

r b
od

ie
s (

%
) 50.0

40.0
30.0
20.0
10.0

0.0
G1-PLUS Cond-G1-PLUS Co-C-G1-PLUS

Stock media
Conditioned media
Coculture media

(b)

G2-PLUS

P = 0.0000
P = 0.0000

70.0
60.0

Po
la

r b
od

ie
s (

%
) 50.0

40.0
30.0
20.0
10.0

0.0
G2-PLUS Cond-G2-PLUS Co-C-G2-PLUS

Stock media
Conditioned media
Coculture media

(c)

TYH

70.0
60.0

Po
la

r b
od

ie
s (

%
)

50.0
40.0
30.0
20.0
10.0

0.0
Co-C-TYHCond-TYHTYH-media

Stock media
Conditioned media
Coculture media

(d)

Figure 1: Comparison of IVM for COCs cultured in the same media: DMEM-F12 (a), G1-PLUS (b), G2-PLUS (c), and TYH (d). The data
were analyzed by the chi-squared test. A value of P < 0 05 was considered statistically significant.
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Figure 2: qPCR analysis of OCT4 in hWJ-MSCs cultured under the 4 coculture conditions. In G1-PLUS, TYH, and G2-PLUS, OCT4
expression was downregulated to 25.9, 24.7, and 6.6%, respectively, compared to the OCT4 level in hWJ-MSCs cultured in DMEM-F12.
The expression of OCT4 from hWJ-MSCs was not affected by the presence of COCs when cultured in DMEM-F12 (control group).
The data was analyzed with the two-tailed paired Student’s t-test. A P value< 0.05 was considered to indicate statistical significance.
∗∗(P < 0 01) is the statistical significance compared with coculture-DMEM-F12.
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recognized that exogenous antioxidants improve matura-
tion in vitro in the cat [48] and specifically support the
MI to MII transition in pig oocytes [49].

The above statements appear to be consistent with our
results showing that the hWJ-MSC-conditioned medium
had no positive effect on the IVM of COCs and suggest
that coordinated paracrine signaling communication is
required between the assisting (hWJ-MSCs) and the target
cells (COCs).

We evaluated the fertilization rate and extended culture
up to the blastocyst stage to detect the maturation and
developmental competence of the oocytes, which should
be better indicators than molecular markers or detailed
morphological studies.

We also verified that oocytes, either cultured in G2-PLUS
or cocultured in DMEM-F12 media, cleaved and likely did
not experience developmental arrest at the pronuclear stage.
Nonetheless, further studies should be conducted to ascertain
the implantation and pregnancy potential of these embryos,
and detailed analysis of their chromosomal status or genomic
imprinting pattern should be performed.

OCT4 is a critical transcription factor for regulating the
self-renewal and differentiation properties of ESCs [50] and
its downregulation induces loss of pluripotency and dediffer-
entiation to the trophectoderm [51].

hWJ-MSCs constitutively express the early embryonic
transcription factors Nanog, OCT4, Sox-2, Rex-1, and
LIN28, indicating their multipotency and high self-renewal
capacity [52, 53].

Moreover, the expression of the pluripotency genes,
OCT4, Nanog, and Sox-2, was also reported for WJ-MSCs
[52, 54, 55], although it was much lower than that in ESC
[53]. Modest expression of pluripotency genes might explain
why WJ-MSCs are not tumorigenic.

In our work, we have opted to analyze the pluripotency
gene OCT4 as a tool for the identification of cell differentia-
tion since up- or downregulation of OCT4 indicates loss of
differentiation potential and stemness regardless of the
expression of the other markers of pluripotency expressed
in these cells.

We have already suggested that specific MSCmedia com-
positions are necessary for the hWJ-MSCs to positively inter-
act with COCs and improve IVM, which is also correlated
with the expression of OCT4 and consequently with the dif-
ferentiation potential of the hWJ-MSCs. However, further
investigation with different commercially available media
formulations that support MSC culture will be required to
support this idea.

Importantly, cell-cell interactions are seldom unidirec-
tional, with both cell populations being affected in a coculture
system. However, the rate at which COCs were cocultured
with hWJ-MSCs in this study demonstrated that oocytes
had no effect on the OCT4 expression of hWJ-MSCs; thus,
the potency of the stem cells remained unaffected.

5. Conclusion

Our findings support the concept of cross-talk between
hWJ-MSCs and COCs in indirect coculture. We have

demonstrated that two prerequisites appear to be necessary
for hWJ-MSCs to improve COC IVM: stem cell differenti-
ation potential and paracrine signaling interaction with the
COCs. The paracrine factors produced by hWJ-MSCs in
the coculture system with the DMEM-F12 medium may
guide the development of synthetic media for successful
in vitro culture of COCs.
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Purpose/Objectives. Primary small cell esophageal carcinoma (SCEC) represents a rare and aggressive malignancy without any
prospective clinical trial or established treatment strategy at present. Although previous studies have indicated similarities
between SCEC and small cell lung cancer (SCLC) in terms of their clinical manifestations, pathology, and morphology, very
little genetic information is available on this highly malignant tumor. At present, patients with SCEC are staged and treated
according to the guidelines established for SCLC. However, early recurrence and distant metastasis are common, and long-time
survivors are rare. Current options available for patients with relapsed SCEC are fairly unsatisfactory, and their prognosis is
generally poor. Novel therapeutic approaches against SCEC are therefore urgently needed and require a deeper understanding of
the underlying genetic mechanisms. The current investigation aims to characterize the gene expression profile and copy number
variations (CNVs) in SCEC to clarify molecular markers and pathways that may possess clinical significance. Materials/Methods.
De novo expression array was carried out on three matched sets of primary SCEC and adjacent normal tissue samples procured
from the institutional tissue bank, utilizing the Affymetrix HG U133 Plus 2.0 Array. After individual tissue normalization, the
statistical software GeneSpring GX 12.5 was used to determine differentially expressed genes (DEGs) in the tumors relative to
their paired normal tissues. Gene enrichments in addition to functional annotation and gene interaction networks were
performed using DAVID 6.8 and STRING 10.0, respectively. A gene alteration was determined to be recurrent if it was observed
in at least 2 samples. Chromosomes X and Y were not included in calculations as gender differences are a known source of
analysis bias. The DEGs of at least one SCEC sample could be mapped to the CNV regions (fold change (FC)≥ 2 and false
discovery rate (FDR)< 0.01) after gene expression profiling by RefSeq Transcript ID. These overlapped genes were subjected to
the functional annotation using DAVID 6.8. In order to elucidate the effect of CNV on mRNA expression, we integrated the
genome-wide copy number data and gene expression in 3 paired samples. CNV-associated gene expression aberration (CNV-
FC) was calculated for the recurrent DEGs using previously published integrated microarray data as reference. Pearson’s
correlation coefficient was employed to determine if there was a statistical correlation between the gene expression log2 ratios
and their copy numbers using the SPSS 19.0 software. Genes that possessed CNV-FC≥ 2 and r ≥ 0 6 (p < 0 05) were determined
to be genes potentially associated with cancer. Results. High-quality DNA and total RNA were first extracted from both SCEC
and normal tissues. Microarray data showed significant upregulation in WNT gene sets and downregulation in the PTEN and
notch gene sets in SCEC. Functional annotation showed that genes associated with DNA replication, mitosis, cell cycle, DNA
repair, telomere maintenance, RB, and p53 pathways were significantly altered in SCEC compared to corresponding
noncancerous tissues (Benjamini p < 0 05). Thirteen recurrent CNVs were found in all SCEC samples by array CGH.
Chromosomal regions with gain were located in 14q11.2, and regions with loss were located in 4q22.3-23.3, 3q25.31-q29,
5p15.31-15.2, 8q21.11-24.3, and 9p23-13.1 in all samples. In two samples, the 14q11.2-32.33 region was amplified, whereas
3p26.3-25.3, 4p16.3-11, 4q11-22.3, 4q23-25, 8p23.3, and 16p13.3 were deleted. We further identified 306 genes that consistently
differed in copy number and expression (194 upregulated and 112 downregulated) between the SCEC and noncancerous tissues
in all three samples. These genes were significantly enriched with those involved in cell cycle, mitosis, DNA repair, P53 pathway,
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and RB pathway, according to their functional annotation. These 306 DEGs also included network genes of the above pathways
such as NUF2, CCNE2, NFIB, ETV5, KLF5, ATAD2, NDC80, and ZWINT. In addition, 39 individual DEGs demonstrated a
minimum 2-fold copy number-associated expression change (median: 5.35, 95% CI: 4.53–16.98) and Pearson’s correlation
coefficient≥ 0.6 (p < 0 05), of which PTP4A3 showed the highest correlation (CNV-FC= 21362.13; Pearson’s correlation
coefficient = 0.9983; p = 0 037). Two distinct groups of genes belonging to each SCEC and nonmalignant tissues were observed
upon unsupervised two-way (genes and samples) hierarchical clustering. Conclusions. The current investigation is the first to
produce data regarding the genomic signature of SCEC at the transcription level and in relation to CNVs. Our preliminary data
indicate possible key roles of WNT and notch signaling in SCEC and overexpressed PTP4A3 as a potential therapeutic target.
Further validation of our findings is warranted.

1. Introduction

Primary small cell esophagus carcinoma (SCEC) is a rapidly
progressive, aggressive, and rare malignancy of a specific his-
tological type. SCEC often manifests as early lymph node
invasion or distant metastases, with patients often diagnosed
only when they possess advanced disease, a phenomenon
that inevitably leads to dismal clinical outcomes [1, 2].
Of all the different subtypes of esophageal malignancies
that occur around the world, 0.5–2.8% of these comprises
of SCEC [3]. However, the incidence is as high as 7.6% in
the Chinese population [4] with increasing trend. China is
a region endemic for esophageal malignancies, the abso-
lute number of SCEC patients is still high. Information
is scarce surrounding its underlying pathogenesis and pro-
gression, and thus, little is known regarding potential
therapeutic targets.

Although previous studies have shown clinical, patholog-
ical, and morphological similarities between SCEC and small
cell lung cancer (SCLC), the genetic basis of SCEC, a highly
malignant tumor, is largely unknown. Since prospective clin-
ical trials or standard treatments have not yet been estab-
lished, patients with SCEC are staged and treated according
to the guidelines for SCLC. Nevertheless, early recurrence
and distant metastasis is common in SCEC and long-time
survival is rare. In addition, SCEC patients with relapse
respond inadequately to second line of treatment making
their prognosis generally poor. Therefore, the identification
of novel biomarkers to aid early diagnosis, enable the design
of targeted therapeutics and prognostic evaluation of SCEC,
is of high clinical significance.

The initiation and development of malignancies have
been well established to be triggered by the accumulation of
several genetic aberrations over a long period of time [5].
DNA copy number variations (CNVs) are characteristics of
a myriad of human malignancies; however, their influence
on gene expression has yet to be clarified. The availability
and integration of gene expression microarray data and
genome-wide array-based comparative genomic hybridiza-
tion (aCGH) has supplied novel insights into the molecular
pathogenesis behind differing genetic expression [6–9]. An
improved understanding of the underlying genetic alter-
ations in SCEC would be the foundation of novel, innovative
therapies, which are urgently needed.

In the present study, SCEC tissues were first screened for
significantly altered genomic regions and differentially
expressed genes (DEGs) relative to normal tissues. This was
followed by an analysis where we integrated both gene copy

number and expression in order to identify potential correla-
tions between the two. Finally, quantitative reverse transcrip-
tion polymerase chain reaction (qRT-PCR) analysis was
performed on ten representative DEGs in order to obtain
validated results obtained via microarray analysis.

2. Materials and Methods

2.1. Tissue Processing, Genomic DNA, and Total RNA
Extraction. Paired SCEC and adjacent noncancerous tissues
from three surgical specimens were harvested surgically and
frozen with liquid nitrogen, before being kept at −80°C in
the tissue bank of Fudan University Shanghai Cancer Center
(FUSCC). All three patients had middle thoracic SCEC stage
III (based on the American Joint Committee on Cancer (6th
edition) TNM staging system) or limited stage (based on the
Veteran’s Administration Lung Cancer Study Group,
VALSG). The median age of all patients was 59 years (ranges
from 56 to 67), with two of the three patients being female.
All selected patients had not received any anticancer therapy
before surgery nor were they afflicted with any other cancer
type. Ethical approval was granted by the Human Research
Ethics Committee of FUSCC prior to commencement of this
study, and informed consent was procured from all patients
before enrollment.

Frozen tissue blocks were first sectioned and subjected
to cresyl violet or toluidine blue staining to visualize total
RNA and genomic DNA (gDNA), respectively (Ambion,
Austin, TX, USA). LMD (Leica Microsystems, Wetzlar,
Germany) was used by pathologists to discern between
malignant and nonmalignant cells in the tissue sections.
Total RNA and gDNA were extracted with the help of com-
mercially available kits and were performed based on to the
manufacturer’s instructions. Agilent’s 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA) was used to confirm
the purity, integrity, and concentration of total RNA (data
not shown). RNA integrity was determined with the RIN
software algorithm [10], and only samples with a RIN score
of >7.5 were used for microarray experiments. High-quality
RNA characteristics were samples that possessed low back-
ground noise and had distinct peaks representing 18S and
28S ribosomal RNA. 1% agarose gel electrophoresis was
used to verify gDNA quality, while its concentration was
quantified with a Nanodrop ND-1000 spectrophotometer
(Nanodrop Technologies, Wilmington, DE).

2.2. Array CGH. Genomic abnormalities in the SCEC tissues
were analyzed by Agilent aCGH G3 Human 4x180k Array.
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The gDNA (500ng) of cancerous and noncancerous sam-
ples was digested overnight at 37°C using the Rsa I and
Alu I restriction site enzymes (Promega, Madison, WI).
Cy5-/Cy3-dUTP fluorescent dyes were used to label both
samples with the Agilent Genomic DNA Labeling Kit Plus
(Agilent Technologies). The labeled gDNA products were
purified with Microcon YM-30 filtration device (Millipore,
Bedford, MA), and the yield of DNA and dye incorporation
were quantified. CGH microarrays were used to hybridized
mixtures of the labeled sample pairs (containing identical
quantities of each malignant and nonmalignant samples)
at 65°C for 24 hours. The slides were then rinsed with
Agilent Oligo aCGH Wash Buffer 1 and 2 (Thermo
Shandon, Waltham, MA, US) as per the manufacturer’s
instructions. Following washing, an Agilent microarray scan-
ner was used to scan the slides. The Feature Extraction soft-
ware version 10.7 was used to analyze raw data at the
default CGH parameter settings (Agilent Technologies).

Array CGH data was processed as previously described.
Briefly, putative CNV intervals contained in each sample
were identified using CytoGenomics 2.7.8.0 (Agilent Tech-
nologies, Santa Clara, CA, US). Conversion of the Cy5/Cy3
ratios into log2-transformed values was then carried out with
data corrections carried out using fuzzy zero and centraliza-
tion corrections. Lastly, the ADM-2 algorithm was used to
identify CNVs in individual SCEC samples at threshold 6
before proceeding to locate aberration frequencies. Addition-
ally, the following aberration filters were applied: maximum
number of aberration regions = 10000, minimum absolute
average log2 ratio for region= 0.5, and minimum number of
probes in region=3. The analysis excluded chromosomes X
and Y. Data on the original copy number was submitted to
the NCBI’s Gene Expression Omnibus (GEO) [11] and is
accessible through the GEO Series accession number
GSE111298. A recurrent variation was determined to be
present if recurrence was observed in at least 2 of the 3 sam-
ples. Minimum common regions of recurrent variations in
the 3 samples were analyzed, including the chromosomal
positions and size of the aberrations.

2.3. Gene Expression Microarray Analysis. Gene expression
profiling of the SCEC and noncancerous tissues was carried
out with the Affymetrix HG U133 Plus 2.0 Array (Affyme-
trix, Santa Clara, CA). The GeneChip 3’IVT Express Kit
(Affymetrix, Santa Clara, CA, US) was used to amplify,
label, and purify total RNAs as per the manufacturer’s pro-
tocols. Biotin-labeled cRNA was hybridized at 45°C for 16
hours, and the gene chips were rinsed and stained with
streptavidin-phycoerythrin (Molecular Probes) with the
GeneChip Fluidics Workstation 450 (Affymetrix). A confo-
cal laser scanner (GeneArray Scanner 3000) was utilized to
scan the stained gene chips, with the resultant images con-
verted by the Command Console software 3.1 (Affymetrix)
at default settings into corresponding numerical values that
indicated their relative signal intensities. Raw data were
normalized by robust multiarray average (RMA) quantile
normalization analysis algorithm with the GeneSpring GX
12.5 software (Agilent Technologies, Santa Clara, CA, US)

to generate CEL intensity files. All data on gene expression
can be viewed at NCBI via GEO (GEO: GSE111044).

Quality control was performed by the following diagnos-
tic plots: principal component analysis (PCA), boxplots,
Pearson’s correlation, and MvA plots, (Supplementary
information Figure S1, S2). Moderated t-test analysis with
Benjamini-Hochberg multiple testing correction was used
to obtain DEGs whose fold change (FC) between SCEC and
matched adjacent noncancerous tissues was ≥2 (with a false
discovery rate (FDR) cut-off< 0.01). DEGs were visualized
in volcano plots (Supplementary information Figure S3)
and then imported to gene set enrichment analysis (GSEA)
version 2.2.3 software to interpret the gene expression data.
The focus was on oncogenic signatures gene sets (C6),
rather than individual genes, that share common biological
functions. Functional annotation and gene interaction
networks of the enriched genes were analyzed by DAVID
6.8 and STRING 10.0, respectively.

2.4. Integrative Analysis of the aCGH and Expression Data.
To locate genes whose expression was influenced by genomic
CNVs, DEGs with FDR< 0.01 and FC≥ 2 that were located in
CNV regions of at least one SCEC sample were tracked using
the RefSeq Transcript ID. These overlapping genes were sub-
jected to functional annotation using DAVID 6.8. Deletions
and amplifications were regarded as separate entities during
the analysis.

Pearson’s correlation coefficients were also calculated to
determine potential correlations between gene expression
and DNA copy number. Only genes located in chromosomal
regions that possessed recurrent aberrations were analyzed.
By determining DEGs that were associated with an abnormal
DNA copy number, we sought to isolate stability genes,
tumor suppressor genes, and potential oncogenes that car-
ried out mechanistic functions in cancers. Gene median
expression levels between samples with and without copy
number deletions/amplifications were contrasted to deter-
mine the impact that copy number differences had on the
expression of genes. Gene expression fold changes (FCs)
were calculated by dividing the median expression in sam-
ple(s) with CNVs by the median expression in sample(s)
without CNVs [6, 12]. Genes that were identified were those
that possessed a minimum 2-fold copy number increase and
an associated gene expression aberration (CNV-FC). We
expected to find these genes to be expressed differentially
between SCEC and normal esophageal tissues. This hypothe-
sis was proved by hierarchical clustering of the 3 sample pairs
using the average linkage method, and the clusters were visu-
alized using the Java TreeViewer 1.1.3 software. With the
help of the SPSS 19.0 software, we were able to determine
the Pearson’s correlation coefficients between DNA CNVs
and changes in expression level for each selected gene in
order to clarify the association between copy number and
gene expression. Genes that possessed CNV-FC≥ 2 and r ≥
0 6 (p < 0 05) were determined to be genes potentially associ-
ated with cancer.

2.5. Quantitative Reverse Transcription Polymerase Chain
Reaction (qRT-PCR). qRT-PCR was performed to verify
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DEGs determined in through microarray analysis. Briefly,
TRIzol reagent (Invitrogen) was used to extract total tissue
sample RNA followed by cDNA synthesis utilizing Prime-
Script RT reagents (Takara Bio Inc.). Using SYBR Green
dye (Takara Bio Inc.), gene expression levels were deter-
mined on a 7500 Fast Real-Time PCR cycler (Applied Biosys-
tems). Specific gene primers were designed and constructed
by BioTNT Co. (Shanghai, China). All primer sequences
are available in Table S1 (Supplementary information). All
reactions were carried out in triplicates. The 2−ΔΔCt method
was used to determine relative gene expressions, normalized
to the expression of housekeeping gene β-actin.

3. Results

3.1. Gene Expression Profile of SCEC. Data analysis through
GeneSpring software revealed a total of 1485 DEGs in
SCEC relative to the adjacent noncancerous tissues, with
879 upregulated and 606 downregulated genes. Among
the 1485 DEGs, neuroendocrine-associated genes SYP
(Syn; FC=1.5, FDR=0.04), CHGA (CgA; FC=3.02,
FDR=0.04), NCAM1 (CD56; FC=18.10, FDR=0.006),
ASCL1 (FC=619.23, FDR=0.0005), and GRP (FC=5.33,
FDR=0.03) and proliferation-associated genes MKI67
(Ki-67; FC=9.35, FDR=0.007) and PCNA (FC=4.20,
FDR=0.006) were overexpressed. GSEA C6 annotation
identified that PTEN-, RB-, and WNT-related gene sets
were upregulated while Notch-related gene sets were
downregulated (Table 1). Table 2 lists the biological pro-
cesses or pathways of the genes as annotated by DAVID
based on their significance (count≥ 10 and Benjamini
p < 0 01), including DNA replication, cell cycle, mitosis,
telomere maintenance, DNA repair, p53, and RB. Further-
more, SCEC tissues were found to possess interactive gene
networks with FOXM1, TMPO, KIF11, NEK2, and CENPF
as common skeleton centered on NUF2 (Supplementary
information Figure S4). The genes involved in the
SCEC-regulated network were involved in cell cycle, mitosis,
cell cycle checkpoints, spindle organization, microtubule

binding, cytoskeletal protein binding, and other biological
processes (Supplementary information Table S2, S3).

3.2. Copy Number Variations in SCEC. CNVs were found to
be expressed across the entire genome based on analyses of
the mean frequencies of copy number gains and losses. Sup-
plementary information Figure S5 depicts CNVs found
across all chromosomes. The gained regions that were
detected in all samples were located in 14q11.2, whereas the
lost regions detected in all samples were located at 4q22.3-
23.3. Regions of gain observed in 2 samples were located at
3q25.31-q29, 5p15.31-15.2, 8q21.11-24.3, 9p23-13.1, and
14q11.2-32.33, and regions of loss observed in 2 samples
were located at 3p26.3-25.3, 4p16.3-11, 4q11-22.3, 4q23-25,
8p23.3, and 16p13.3 in decreasing order of frequency.
Minimal common regions of these altered copy numbers,
including the chromosomal position, potential target genes,
frequency, and size of the base pair alterations, are shown
in Table 3. Only genes that possessed a minimum twofold
copy number along with associated variations in levels of
gene expression and also a Pearson’s correlation coefficient
of less than 0.6 (p < 0 05) were selected.

3.3. Copy Number-Associated Gene Expression Changes. We
identified 306 genes (194 upregulated and 112 downregu-
lated) that consistently showed a change in copy number as
well as expression levels. These genes were significantly
enriched in the cell cycle, mitosis, DNA repair, p53 pathway,
and RB pathways, according to the functional annotation
(Supplementary information Table S4). Notably, most of
the network genes in the gene expression profiling, such as
NUF2, CCNE2, NFIB, ETV5, KLF5, ATAD2, NDC80, and
ZWINT, were included in these 306 genes.

Thirty-nine individual genes had both a minimum 2-
fold copy number-associated change in expression (median:
5.35, 95% CI: 4.53–16.98) and Pearson’s correlation coeffi-
cient of less than 0.6 (p < 0 05; see Supplementary informa-
tion Table S5 for details), and PTP4A3 showed the highest
correlation (CNV-FC=21362.13; Pearson’s correlation

Table 1: Oncogenic signatures gene sets significantly altered in SCEC.

Name Size NES NOM p val FDR q val

PTEN_DN.V2_UP 10 2.06 0.00252 0.0270

RB_P107_DN.V1_DN 13 2.04 0.00278 0.0264

RB_P130_DN.V1_DN 11 2.01 0.00270 0.0272

KRAS.300_UP.V1_DN 14 1.98 0.00882 0.0285

WNT_UP.V1_DN 13 1.84 0.0158 0.0580

IL2_UP.V1_UP 21 1.81 0 0.0630

IL15_UP.V1_UP 19 1.56 0.0262 0.221

KRAS.600.LUNG.BREAST_UP.V1_DN 27 1.55 0.0350 0.212

NOTCH_DN.V1_UP 18 1.51 0.0327 0.191

MEK_UP.V1_UP 28 1.50 0.0464 0.234

ERB2_UP.V1_UP 25 1.49 0.0425 0.207

Differentially expressed genes (DEGs) were annotated by gene set enrichment analysis (GSEA). Threshold values: size ≥ 10 and NOM p val < 0.05. FDR = false
discover rate; NOM p val = nominal p value; NES = normalized enrichment score.
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coefficient = 0.9983; p = 0 037). An unsupervised two-way
(genes and samples) hierarchical clustering of the 3 sample
pairs based on these genes revealed two distinct clusters that
separated the SCEC from adjacent noncancerous tissues
(Figure 1). Several novel genes that may serve as SCEC
biomarkers were revealed during an integrated analysis of
gene copy number and expression; however, their clinical
utility needs to be verified through further studies.

3.4. qRT-PCR Validation of Microarray Results. To substanti-
ate the microarray results, qRT-PCR was performed on the
following 10 out of the 39 genes: neuroendocrine-associated
genes (INSM1, ASCL1, NRCAM, and SNAP25), one gene
centered in the gene regulatory network (NUF2), and 5 pos-
sible cancer-associated genes (PTP4A3, RFC4, REST, APEH,
and FBLN2). Seven of the 10 genes, that is, INSM1, ASCL1,
NRCAM, SNAP25, NUF2, PTP4A3, and RFC4, were upreg-
ulated while REST, APEH, and FBLN2 were downregulated.
The qRT-PCR results mirrored those obtained via high-

throughput microarray analysis, thus validating the latter as
well as highlighting some potential target genes (Figure 2).

4. Discussion

There are currently no effective therapeutic strategies for
treating primary SCEC, a rare malignancy. Unfortunately,
no major progress has been made in the last decades to eluci-
date the biology of SCEC. This study is the first to study the
molecular and genetic basis of SCEC on a genome-wide level.
Compared to previous studies, we have discovered more
genes through global microarray analysis that may have a
potential role in the mechanism of SCEC. The ability of a
malignant tumor to proliferate is a feature of great prognostic
value in the clinical setting [13]. Malignant SCEC cells have
the propensity to multiply quickly, with patients rapidly
developing hematogenous, bone, and lymph node metasta-
sis early in the course of the disease. Consistent with this, and
in line with previously published reports [14], we saw a
significant upregulation in neuroendocrine-associated and
proliferation-associated genes in SCEC tissues relative to cor-
responding normal tissues.

Although promalignant features like high levels of ki-67,
proliferating cell nuclear antigen (PCNA) and telomerase
activity, Bcl-2 positivity, rich neovascularization, and p53
overexpression have been reported in SCEC [14–16], detailed
genetic studies are not available. PTEN was the most signifi-
cantly altered (downregulated) gene in our genome-wide
analysis of SCEC tissues. It is an effector of the PI3K/
PTEN/AKT pathway; a critical pathway that regulates cell
cycle progression, cell migration, metabolism, and survival.
Furthermore, aberrant PTEN expression brought about
either via promotor methylation silencing, deletions, or
mutations is often commonly observed in several primary
and metastatic human cancers. There appears to be a higher
occurrence of mutations in the PTEN gene (36.84%) in
patients of Chinese ethnicity with SCEC in contrast to EGFR,
KARS, or PIK3CA mutations [4]. In addition, PTEN is often
lost or mutated in SCLC [17, 18]. Taken together, PTEN pre-
sents itself as a potential therapeutic target for SCEC.

We also performed a genome-wide analysis of DNA
CNVs in SCEC tissues to determine genes that possessed dys-
regulated expression levels as a result of altered copy num-
bers. 7 chromosomal regions were observed to have
recurrent copy number losses, while 6 chromosomal regions
demonstrated recurrent copy number gains. This highlights
that these CNVs, in addition to the specific genes, may have
a significant biological role in SCEC pathogenesis. We iden-
tified a total of 306 consistent DEGs that were significantly
enriched in cell cycle, mitosis, DNA repair, p53, and RB path-
ways as per functional annotation.

To further highlight the association between the expres-
sion of genes located in chromosomes with recurrent aberra-
tion expression and copy number, we calculated their
Pearson’s correlation coefficient. Thirty-nine genes were
found to possess an r value of ≥0.6, indicating that their
expression fold changes correlated in a statistically signifi-
cant manner to their copy number. The highest correlation
was shown by PTP4A3 (CNV-FC=21362.13; r = 0 9983;

Table 2: DAVID annotation of DEGs in SCEC group.

Database Name Count
Benjamini
p value

KEGG

DNA replication 19 8.88E − 10
Cell cycle 33 8.61E − 09

P53 signaling pathway 19 4.80E − 05
Progesterone-mediated oocyte

maturation
18 0.00457

Base excision repair 11 0.00419

Oocyte meiosis 20 0.00790

REACTOME

Cell cycle, mitotic 100 3.47E − 36
DNA replication 29 7.19E − 08
DNA repair 22 0.00173

Cell cycle checkpoints 23 0.00184

Telomere maintenance 14 0.00713

PANTHER P53 pathway 22 0.0456

GO BP
(TOP10)

M phase 99 3.91E − 28
M phase of mitotic cell cycle 78 1.97E − 26

Mitosis 77 2.12E − 26
DNA replication 61 2.41E − 18

DNA metabolic process 98 2.54E − 13
Mitotic sister chromatid

segregation
18 1.73E − 07

Spindle organization 20 1.55E − 07
Cell cycle checkpoint 27 2.09E − 06
Regulation of cell cycle

process
28 6.97E − 05

DNA repair 50 7.34E − 05

GO MF

Pyrophosphatase activity 91 0.00138

Adenyl ribonucleotide binding 152 0.00573

Guanyl ribonucleotide binding 44 0.0486

Threshold values: count ≥ 10 and Benjamini p value < 0.01. The biological
processes or pathways in common between SCEC and SCLC are in italics.
BP = biological process; GO = gene ontology; MF =molecular function.
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Table 3: Minimal common regions of recurrent copy number amplification and deletion (n ≥ 2).

Chromosomal
aberration

Positon (Mb) Size (Mb) n = 3 (%) Samples Possible cancer-associated genes

Gains

14q11.2 20.22–23.91 3.69 3 (100%) 1, 2, 3 —

3q25.31-q29 155.59–197.83 42.25 2 (67%) 1, 3
TCTEX1D2, YEATS2, PIGX,

LRCH3, RFC4, LSG1, CAMK2N2

5p15.31-15.2 8.87–10.99 2.12 2 (67%) 1, 2 PAIP1

8q21.11-24.3 74.51–146.28 71.76 2 (67%) 1, 3 ZNF704, PTP4A3, ZNF7

9p23-13.1 9.38–39.07 29.7 2 (67%) 1, 2 EXOSC3

14q11.2-32.33
19.38–20.22 0.84 2 (67%) 1, 2 —

23.91–107.29 83.37 2 (67%) 1, 3 —

Losses

4q22.3-23 98.14–99.10 0.96 3 (100%) 1, 2, 3 —

3p26.3-25.3 0.07–90.25 90.07 2 (67%) 1, 2

IP6K2, APEH, TMEM42,
WNT5A, UQCRC1, C3orf38,

RPL29, PRKAR2A, MAP4, AZI2,
ALAS1, GOLGA4, FBLN2,

SHQ1, ATG7

4p16.3-11 0.72–49.06 48.99 2 (67%) 2, 3 GBA3, SH3TC1

4q11-22.3 52.69–98.14 45.45 2 (67%) 2, 3 STAP1, GNRHR, REST

4q23-25 99.10–107.92 8.22 2 (67%) 2, 3

8p23.3 0.18–0.50 0.33 2 (67%) 2, 3 —

16p13.3
5.50–5.61 0.12 2 (67%) 1, 3 —

6.75–6.82 0.06 2 (67%) 1, 3 —
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Figure 1: A 39-gene unsupervised hierarchical clustering of 3 pairs of SCEC samples uncovered two distinct clusters separating SCEC
samples from adjacent noncancerous samples. Underexpressions are denoted in green while overexpressions are denoted in red.

6 Stem Cells International



p = 0 037). PTP4A3, also known as phosphatase of regener-
ating liver-3 (PRL-3), is a protein tyrosine phosphatase closely
related to metastasis, with its expression level found to corre-
late significantly with the survival and progression of amyriad
of cancerous tumors. A recent study has documented that
PRL-3 may adversely affect tumor development by mediating
deleterious effects on telomere homeostasis [19]. Based on
previous findings and the exceptionally aggressive nature of
SCEC, we hypothesize that PTP4A3, with its key roles in
SCEC genesis, development, and metastasis, may serve as a
target for the development of therapeutic agents.

Although we only examined a small number of the
primary samples, our study is the first to examine gene
expression profiles and CNVs in SCEC patients on a
genome-wide scale. Further studies are needed on larger
sample cohorts to validate our findings and to single out
the most useful genes. Furthermore, the clinical and thera-
peutic significance of PTP4A3 and other potential targets
has to be validated. Taken together, our study is an important
step in elucidating the mechanistic basis of SCEC genesis and
metastasis and discovering novel therapeutic targets.

5. Conclusion

This study was the first to investigate the genomic signature
of SCEC from genome-wide expression and copy number

analysis. Our preliminary data indicates that stem cell-
related genes and pathways might function to mediate the
initiation, development, and metastasis of SCEC, although
further validation is warranted.

Data Availability

The microarray data used to support the findings of this
study have been deposited in the Gene Expression Omni-
bus (GEO). The GEO accession numbers are appended as
follows: GSE111299: genome-wide analysis of gene expres-
sion and DNA copy number variations in small cell esopha-
geal carcinoma, GSE111044: expression data from SCEC and
corresponding normal samples, and GSE111298: aCGH data
from SCEC and corresponding normal samples. Websites
included are https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE111044 and https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE111298.
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Figure 2: The mRNA level of INSM1, ASCL1,NRCAM, SNAP25,NUF2, PTP4A3, RFC4, REST, APEH, and FBLN2 in SCEC. Expression levels
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ratios derived from qRT-PCR or microarray. Bars: standard error (SE).
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The clinical application of human bonemarrowmesenchymal stem cells (hBM-MSCs) has generated a great deal of interest because
of their potential use in regenerative medicine and tissue engineering. However, safety concerns over hBM-MSCs limit their clinical
application. In this study, we observed that hBM-MSC-conditioned medium (hBM-MSC-CM) promotes gastric cancer
development via upregulation of c-Myc. Our results showed that c-Myc was upregulated in MGC-803 and BGC-823 cells after
hBM-MSC-CM treatment. Moreover, we found that the c-Myc inhibitor JQ1 and c-Myc siRNA decreased the expression
of c-Myc in hBM-MSC-CM-treated tumor cells in vitro. Additionally, hBM-MSC-CM enhanced the migration and glucose
uptake of gastric cancer cells. In vivo studies showed that JQ1 inhibited hBM-MSC-CM-induced gastric cancer growth. These
results indicated that hBM-MSC-CM induced gastric cancer growth via upregulation of c-Myc, which may be a potential risk
factor and/or a therapeutic target for clinical applications.

1. Introduction

Due to their multidirectional differentiation capacity, mes-
enchymal stem cells (MSCs) have been widely used in tissue
engineering and cell replacement therapy [1]. However,
studies have increasingly demonstrated that human bone
marrow MSCs (hBM-MSCs) can promote tumor growth
and metastasis [2, 3], making safety of hBM-MSCs in clinical
applications controversial.

Because of their promise for clinical applications, a vari-
ety of models have been used to prove the safety and effec-
tiveness of hBM-MSCs [4, 5]. Some previous clinical studies
have concluded that hBM-MSCs do not pose an obvious
risk of tumorigenesis when used to treat cartilage injuries
or other diseases [6, 7]. However, other studies have found
that hBM-MSCs promote tumor proliferation, migration,
and stemness in vitro and that hBM-MSCs promote tumor

development in vivo [3, 8, 9]. Therefore, there is an urgent
need to identify the factors from hBM-MSCs that promote
tumor growth.

In this study, we found that hBM-MSC-CM caused gas-
tric cancer cells to upregulate c-Myc expression, which is a
well-known oncogene that is involved in tumor initiation
and development. Abnormal c-Myc activation is responsi-
ble for a range of human cancers, including neuroblastoma
[10], lung carcinoma [11], and gastric carcinoma [12]. By
promoting c-Myc expression, hBM-MSC-CM increased
the metabolism, migration, and proliferation of gastric can-
cer cells. Furthermore, we showed that the c-Myc inhibitor
JQ1 inhibits the tumor-promoting effects of hBM-MSC-CM.
Thus, we show that hBM-MSC-CM can upregulate c-Myc
expression in gastric cancer cells, which may be a key fac-
tor in carcinogenesis and, therefore, a potential target for
cancer prevention.
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2. Materials and Methods

2.1. Xenograft Tumor Model. This study and its consent
procedure were approved by the local ethics committee of
Jiangsu University (Jiangsu, China). BALB/c-nu/nu male
mice (n = 30; aged 4-5 weeks) were purchased from SLAC
Laboratory Animal (Shanghai, China) and maintained in
pathogen-free conditions with sterilized chow and auto-
claved water. The animals were randomly divided into five
groups (n = 6 mice per group). MGC-803 cells were treated
with either Dulbecco’s modified Eagle’s medium (DMEM;
Gibco/Life Technologies, Carlsbad, CA, USA), dimethyl sulf-
oxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA), hBM-
MSC-conditioned media (hBM-MSC-CM), JQ1 (0.8μM),
or hBM-MSC-CM+ JQ1 for 48 h. In the hBM-MSC-CM+
JQ1 group, MGC-803 cells were pretreated with JQ1 for
4–6h, washed three times with phosphate-buffered saline
(PBS), and then treated with hBM-MSC-CM+ JQ1. Then,
subcutaneous xenografts were established by injection of
2× 106 MGC-803 cells in 200μL of PBS per mouse. Once
tumors formed, tumor sizes were measured using Vernier
calipers and tumor volumes were calculated using the
following formula: tumor volume= length×width2/2. The
experiment was stopped on day 30, when all mice were
euthanized.

2.2. Cell Culture. Healthy donor-derived bone marrow cells
were collected at the Affiliated Hospital of Jiangsu University,
and all protocols were approved by the local ethics committee
of the Affiliated Hospital of Jiangsu University, China. Addi-
tionally, informed consent was received from all donors. The
bone marrow cells were diluted in an equal volume of PBS,
isolated with 1.077 g/mL Ficoll, and centrifuged at 800×g
for 20min. The cells were then rinsed with PBS and cultured
in DMEM containing 10% fetal bovine serum (FBS; Gibco) at
37°C in a humidified incubator infused with 5% CO2; adher-
ent cells were collected after 5 days. The human gastric
cancer cell lines MGC-803 and BGC-823 and normal line
GES-1 were purchased from the Cell Bank of Type Culture
Collection of Chinese Academy of Sciences (Beijing, China)
and were maintained in DMEM supplemented with 10%
FBS at 37°C in 5% CO2.

2.3. Preparing hBM-MSC-CM and Coculture with Gastric
Cancer Cells. When hBM-MSCs had grown to 70% con-
fluency, they were washed with PBS and incubated with fresh
medium for 48 h. Then, the supernatant was collected, fil-
tered through a 0.22μm filter, and diluted at 1 : 1 with DMEM
supplemented with 10% FBS (hBM-MSC-CM). MGC-803
and BGC-823 cells were washed with PBS and then treated
with DMEM, DMSO, hBM-MSC-CM, JQ1 (0.8μM), or
hBM-MSC-CM+ JQ1 at 37°C in 5% CO2 for 48 h prior to
being collected for use in subsequent experiments.

2.4. Transwell Migration Assay. Transwell migration assays
were performed to evaluate the effect of JQ1 or c-Myc
knockdown on the hBM-MSC-CM-induced migration of
gastric cancer cells. In the experiment using JQ1, 1× 105
MGC-803 or BGC-823 cells were plated in six-well plates
(Corning Inc., Corning, NY, USA) and then treated with

DMEM, DMSO, hBM-MSC-CM, JQ1 (0.8μM), and hBM-
MSC-CM+ JQ1. In the experiment using c-Myc knockdown,
the cells after c-Myc knockdown were cocultured with hBM-
MSC-CM. After 48h, the cells were collected by centrifuga-
tion (800 rpm/min) and 8× 104 cells were seeded in the
upper wells of a Transwell chamber in 200μL of serum-
free DMEM. The lower compartment of the chamber was
filled with 500μL DMEM supplemented with 10% FBS.
The cells were incubated for 8 h, and after incubation,
we used a cotton swab to remove the cells that did not
migrate. Migrated cells were fixed with 4% formaldehyde
for 30min, stained with crystal violet, and then photo-
graphed. For quantitation, three random fields from each
well were counted under a microscope (Ti-S; Nikon, Tokyo,
Japan), and each experiment was independently repeated
in triplicate.

2.5. Glucose Uptake Assay. Glucose uptake assays were
performed to evaluate the effect of hBM-MSC-CM on the
glucose utilization of gastric cancer cells. Briefly, 1× 105
MGC-803 or BGC-823 cells were plated in six-well plates
(Corning Inc.) and then treated with DMEM, DMSO,
hBM-MSC-CM, JQ1 (0.8μM), and hBM-MSC-CM+ JQ1.
After 48h, the cells were collected by centrifugation
(800 rpm/min) and 1× 106 cells/mL were seeded in 48-well
plates and incubated for 8 h in DMEM. Then, a clinical
chemistry analyzer (Xunda, XD811, Shanghai, China) and
the hexokinase method were used to detect supernatant
glucose concentrations.

2.6. Cell Viability Assay. We performed 3-[4,5-dimethyl-
thiazol-2yl] diphenyltetrazolium bromide (MTT) assays to
assess the half maximal inhibitory concentration (IC50) of
JQ1. Cells were seeded into 96-well plates (Corning Inc.) at
a density of 2× 103 per well and incubated overnight at
37°C in 5% CO2. Then, the plates were incubated with DMSO
or different JQ1 concentrations (0.4 and 0.8μM) and cul-
tured for 24, 48, or 72 h. MTT (5mg/mL) was added to the
cells for 4 h at 37°C. After 4 h, we added DMSO to terminate
the reaction; results were determined by measuring optical
density at 490 nm with a multiwell plate reader (FLx800,
BioTek, Winooski, VT, USA). Each experiment was repeated
three times.

2.7. Western Blot Analysis. Total proteins were extracted
from cells using RIPA lysis buffer (Invitrogen, Carlsbad,
CA, USA). After determining protein concentration, 20μg
of total protein from each sample was separated with 12%
sodium dodecyl sulfate polyacrylamide gel electrophoresis
and then transferred to polyvinylidene fluoride membranes
(Millipore, Billerica, MA, USA). The membranes were
blocked with 5% nonfat milk and incubated with anti-
human c-Myc (dilution, 1 : 300; 10057-1-AP, Proteintech,
Chicago, IL, USA), Bcl-2 (dilution, 1 : 200; 2870, Cell Sig-
naling Technology, USA), Bax (dilution, 1 : 200; BS2538,
Bioworld, USA), cyclin-D1 (dilution, 1 : 500; BS1741, Bio-
world, USA), and Glut1 (dilution, 1 : 1000; FO6231163,
Wanleibio, Shenyang, China) antibodies overnight at 4°C
and then incubated with goat anti-mouse (dilution,
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1 : 2000; CW0102, CWBIO, Beijing, China) and goat anti-
rabbit (dilution, 1 : 2000; CW0103, CWBIO, Beijing, China)
secondary antibodies for 1 hour at 37°C. The blots were
visualized using the enhanced chemiluminescent detection
system (Amersham, Amersham, UK) and analyzed using
Image-Pro Plus version 5.1 (Media Cybernetics Inc., Rock-
ville, MD, USA).

2.8. Cell Cycle Analysis. The effects of hBM-MSC-CM and
JQ1 on cell cycle distributions were measured using a flow
cytometer (FACSCalibur, BD Biosciences, Franklin Lakes,
NJ, USA). Briefly, 1× 105 cells per well were seeded into
six-well plates, incubated overnight, and then treated with
DMEM, DMSO, hBM-MSC-CM, JQ1 (0.8μM), and hBM-
MSC-CM+ JQ1. After 48 h, 1× 106 cells per well were
collected by centrifugation and stained with propidium
iodide in PBS for 30min at 4°C in the dark before being
analyzed with flow cytometry.

2.9. Colony Formation Assay. MGC-803 or BGC-823 cells
were treated with DMEM, DMSO, hBM-MSC-CM, JQ1,
and hBM-MSC-CM+ JQ1 for 48 h, and then cells were
seeded at 500 cells per well in 6 cm well plates in triplicate.
After 7 days of growth, the cells were washed with PBS, fixed
with 4% paraformaldehyde, and stained with crystal violet.
We counted the number of colonies per well under a dissect-
ing microscope.

2.10. c-Myc Knockdown. c-Myc siRNA (50nM) (5′-GGACTA
TCCTGCTGCCAAG-3′) and negative control (NC) (50 nM)
were purchased from Guangzhou RiboBio. siRNA were
transfected into MGC-803 with Lipofectamine® 2000 reagent
(Invitrogen; Thermo Fisher Scientific Inc.) according to
the instructions.

2.11. Statistical Analysis. All data analyses were performed
using GraphPad Prism 6 (Graph Software, La Jolla, CA,
USA). Differences between groups were analyzed using one-
way analysis of variance. The Kruskal–WallisH test was used
to analyze differences between in vivo tumor growths. A
P value < 0.05 was considered statistically significant.

3. Results

3.1. HBM-MSC-CM Increased c-Myc Expression in Gastric
Cancer Cells. The c-Myc oncogene has been reported to play
important roles in gastric cancer; thus, we examined c-Myc
levels in the gastric cancer cell lines MGC-803 and BGC-823
and normal lineGES-1withWestern blot. GES-1 cells showed
the lowest c-Myc expression, and the BGC-823 cells showed
the highest c-Myc expression (Figure 1(a)). Next, we investi-
gated whether treating the gastric cancer cells with hBM-
MSC-CM for 48 h affected c-Myc protein levels. Compared
with the untreated groups, c-Myc levels were increased in
both MGC-803 and BGC-823 cells after hBM-MSC-CM
treatment (Figure 1(b)). The upregulation of c-Myc expres-
sion in MGC-803 cells could maintain 12 hours after with-
drawal of hBM-MSC-CM (Figure 1(c)). JQ1 has been
shown to have antiproliferative effects in many cancers,
primarily through inhibition of c-Myc [13]. MTT assays

showed that 0.8μM JQ1 for 72 h has significantly antipro-
liferative effects on MGC-803 (Figure 1(d)). Then, we used
JQ1 at 0.8μM concentration in the following experiment.
Western blot analysis indicated that hBM-MSC-CM treat-
ment can significantly increase the expression level of c-Myc
protein, and the effect of hBM-MSC-CM upregulation of
c-Myc in MGC-803 and BGC-823 cells can also be
suppressed by JQ1 (Figures 1(e) and 1(f)).

3.2. JQ1 Inhibited the Gastric Cancer Cell Proliferation In
Vitro. The effect of hBM-MSC-CM and hBM-MSC-CM+
JQ1 on the proliferation of gastric cancer cells was analyzed
with colony formation and MTT assays. The colony for-
mation assays showed that the hBM-MSC-CM+ JQ1
group formed fewer colonies than the hBM-MSC-CM group
(P < 0 001, Figures 2(a)–2(d)). Consistent with the colony
formation assays, MTT assays showed that JQ1 inhib-
ited the proliferation rate of MGC-803 and BGC-823 cells
(P < 0 001, Figures 2(e) and 2(f)).

3.3. Effect of hBM-MSC-CM on Cell Cycle Progression and
Apoptosis. Cell cycle analysis revealed that JQ1 treatment
increased the percentage of G1-phase cells from 51.42% to
61.49%, while the fraction of S-phase cells decreased from
30.31% to 22.3%, which were not statistically significant
changes (Figure 3(a)). Additionally, hBM-MSC-CM had no
effect on the cyclin-D1 expression or the apoptosis rates of
MGC-803 cells (Figures 3(b) and 3(c)); however, JQ1 inhib-
ited cyclin-D1 expression.

3.4. HBM-MSC-CM PromotedMigration and Glucose Uptake
in MGC-803 and BGC-823 Cells. To determine whether
in vitro hBM-MSC-CM treatment promoted migration and
glucose uptake in MGC-803 and BGC-823 cells (common
features of cells with c-Myc upregulation), we performed
Transwell migration, Western blot, and glucose uptake
assays. Transwell migration assays showed that hBM-MSC-
CM increased the migratory ability of MGC-803 and BGC-
823 cells and that JQ1 significantly inhibited these effects
(both P < 0 001; Figures 4(a)–4(d)). In order to further verify
the hBM-MSC-CM promoting gastric cancer development
via upregulation of c-Myc directly, we chose to use c-Myc
siRNA which can inhibit c-Myc expression directly. c-Myc
siRNA can inhibit the expression of c-Myc in MGC-803 cells
(Figure 4(e)). Reducing the expression of c-Myc in MGC-803
cells can inhibit the effect of hBM-MSC-CM on tumor
migration (Figures 4(f) and 4(g)). Western blot and glucose
uptake assays also showed that JQ1 inhibited hBM-MSC-
CM-induced increases in Glut1 expression in MGC-803
and glucose uptake in MGC-803 and BGC-823 cells
(Figures 4(h)–4(j)).

3.5. HBM-MSC-CM Increased Gastric Cancer Growth In
Vivo. To determine whether hBM-MSC-CM promoted
in vivo tumor growth, we injected MGC-803 cells treated
with DMEM, DMSO, JQ1, hBM-MSC-CM, and hBM-
MSC-CM+ JQ1 for 48 h into BALB/c-nu/nu mice. Con-
sistent with our previous studies, hBM-MSC-CM promoted
tumor growth in vivo. Additionally, tumor volumes and
weights of the JQ1 and hBM-MSC-CM+ JQ1 groups were

3Stem Cells International



smaller than those of the hBM-MSC-CM and control groups
(P < 0 001; Figures 5(a)–5(c)). Western blotting of xenograft
tumor tissue showed that hBM-MSC-CM could not maintain
the upregulation of c-Myc in vivo (Figure 5(d)).

4. Discussion

Previous studies have suggested that MSCs are closely associ-
ated with tumor progression and growth [3]; thus, there are
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Figure 1: hBM-MSC-CM increased c-Myc expression in gastric cancer cells. (a) c-Myc protein levels inMGC-803, BGC-823, and GES-1 were
detected by Western blot analysis. ∗P < 0 05, ∗∗∗P < 0 001. (b) c-Myc levels after 48 h hBM-MSC-CM treatment. ∗P < 0 05, ∗∗P < 0 01 (c) c-
Myc protein levels maintained after withdrawal of hBM-MSC-CM treatment were detected byWestern blot analysis. (d) MGC-803 cells were
treated with 0.4 and 0.8 μM JQ1 for 24, 48, and 72 h. ∗∗∗P < 0 001. (e, f) Compared with hBM-MSC-CM, hBM-MSC-CM+ JQ1 decreased c-
Myc expression in MGC-803 or BGC-823 cells. ∗∗P < 0 01, ∗∗∗P < 0 001.
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legitimate safety concerns that limit their clinical application.
Our previous study revealed that MSCs promote tumor
growth in vivo, which suggested that these cells secrete mito-
genic paracrine factors [8, 9]. Jung et al. demonstrated that
the MSCs recruited by tumors facilitate metastasis [14], and
Li et al. revealed that gastric cancer-derived MSCs enhanced
the proliferation and migration of gastric cancer cell lines
[15]. Djouad et al. reported that in vivo tumor growth was

increased when melanoma cells were coinjected with MSCs
[16]. Interestingly, Karnoub et al. found that in situ breast
cancer was unchanged in the absence of MSCs; however,
the migratory ability of tumor cells was significantly
increased when exogenous MSCs were added [17]. In this
study, we chose MGC-803 and BGC-823 cells as representa-
tive cell lines to further study the mechanism through which
hBM-MSC-CM promotes tumor growth.
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Figure 3: Effect of hBM-MSC-CM on cell cycle progression and apoptosis in gastric cancer cells. (a) hBM-MSC-CM+ JQ1 induced a
G1 arrest compared with the hBM-MSC-CM group; the changes in cell cycle distribution were not significant after three experiments.
(b) Western blot analysis of cyclin-D1 expression in hBM-MSC-CM+ JQ1-treated MGC-803 cells. (c) Western blot analysis of Bcl-2 and Bax
expression in hBM-MSC-CM+ JQ1-treated MGC-803 cells.
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Figure 4: Continued.
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We explored the potential risks of using hBM-MSCs in
clinical applications. Although the tumor-promoting activity
of patient-derived hBM-MSCs may be more dramatic,
patient-derived hBM-MSCs could not be used in clinical
applications; thus, we used healthy donor-derived hBM-
MSCs. Our preliminary studies showed that the mitogenic
activity of hBM-MSCs on tumor cells was primarily through
paracrine signaling [8]. So, we subsequently focused on the
potential factors from hBM-MSCs that promoted cancer
progression, as these comprised the molecular signature of
potential targets that could allow their clinical application.

c-Myc is a protooncogene that is mutated in approxi-
mately 20% of human cancers and has particularly impor-
tant functions in gastric carcinogenesis [18]. In the present
study, we found that c-Myc expression was increased in
hBM-MSC-CM-treated gastric cancer cells, suggesting that

hBM-MSC-CM may promote tumor growth by upregulat-
ing c-Myc. Moreover, c-Myc has been shown to maintain
normal adult stem cells and tumor stem cells [19]. It is
worth noting that the effects of hBM-MSC-CM on tumor
cell proliferation and cell cycle progression were not obvi-
ous in vitro. The experimental results showed that the
upregulation of c-Myc expression in tumor cells could
maintain 12 hours after withdrawal of hBM-MSC-CM.
However, the inhibitory effect of JQ1 on tumor cells was
clear in this setting. Our previous studies have shown that
hBM-MSCs promote tumor angiogenesis through paracrine
signaling, and Rahl et al. found that upregulating c-Myc
also promotes tumor angiogenesis [20]. After pretreatment
of tumor cells, the upregulation of c-Myc induced by
hBM-MSC-CM cannot be maintained for a long time.
Though the upregulation of c-Myc in tumor tissue was
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Figure 4: hBM-MSC-CM promoted migration and glucose uptake of MGC-803 and BGC-823 cells. (a, c) Transwell migration assays showed
that hBM-MSC-CM increased the migratory ability of gastric cancer cells and that this activity was inhibited by JQ1 (scale bar: 100 μm). (b, d)
The numbers of migrated cells were analyzed by a one-way analysis of variance (∗P < 0 05, ∗∗∗P < 0 001). (e) c-Myc siRNA can inhibit the
expression of c-Myc induced by hBM-MSC-CM in MGC-803 cells. (f, g) The effect of hBM-MSC-CM on MGC-803 cell migration can be
suppressed by c-Myc siRNA (∗∗∗P < 0 001). (h) hBM-MSC-CM-induced Glut1 upregulation in MGC-803 cells was detected with Western
blot. (i, j) The glucose uptake of MGC-803 and BGC-823 cells after the indicated treatments was detected using a clinical chemistry
analyzer (∗P < 0 05, ∗∗P < 0 01, ∗∗∗P < 0 001).
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not maintained, the upregulation of c-Myc in tumor cells
has the effect of initiating tumor development in mice.
HBM-MSC-CM upregulated the expression of c-Myc in
tumor cells, which may lead to reprogramming of tumor
cells and affect tumor growth by promoting angiogenesis
or the increase of glycolysis in vivo. This effect does not
depend on the long-term expression of c-Myc. We now
hypothesize that hBM-MSC-CMpromotes tumor angiogene-
sis via upregulation of c-Myc, and thus, there are both cell-
intrinsic and cell-extrinsic in vivo effects of hBM-MSC-CM
that increase tumor growth.We will continue to explore these
processes in future studies. In conclusion, our data show
that hBM-MSC-CM in the tumor microenvironment
increases c-Myc expression in tumor cells, which directly pro-
motes tumor cell proliferation and increases vascularization.

JQ1 is a small selective bromodomain and extraterminal
(BET) motif inhibitor that can inhibit c-Myc expression

and tumor growth [21, 22]. Other studies have reported that
a critical mechanism of JQ1 in suppressing tumor growth is
its ability to block c-Myc expression [23–26]. We found that
JQ1 inhibits the expression of c-Myc. Moreover, hBM-MSC-
CM promoted glucose uptake and cell migration via upreg-
ulating c-Myc in gastric cancer, both of which were sup-
pressed by JQ1. Finally, in vivo studies showed that JQ1
inhibited the increased growth of gastric cancer xenografts
that was induced by hBM-MSC-CM. Clinical trials have
proven that hBM-MSCs do not undergo tumorigenesis
[4, 6]. But tumor occurrence is the result of variety of
tumor-promoting factors. However, BM-MSCs are immu-
nosuppressive, and factors that affect the immune system
should be a concern with regard to tumorigenesis [27, 28].
In the present study, we found that hBM-MSC-CM can pro-
mote tumor cell proliferation, migration, and glucose uptake
via upregulating c-Myc. Although there are no reports of
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Figure 5: hBM-MSC-CM increased in vivo gastric tumor growth by upregulating c-Myc expression. (a) Tumor volumes of MGC-803
xenografts in immunocompromised mice. Tumor volumes of the JQ1 and hBM-MSC-CM+ JQ1 groups were reduced compared with
those of the hBM-MSC-CM and control groups; ∗∗∗P < 0 001 by Kruskal–Wallis H test. (b, c) Comparison of tumor weights in each
group at day 30; ∗∗∗P < 0 001 by Kruskal–Wallis H test. (d) Expression of c-Myc in MGC-803 xenograft tissues of the different treatment
groups was also detected with Western blot.
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hBM-MSCs causing tumor formation, their potential to
promote tumorigenesis is worthy of concern for potential
applications in tissue engineering.

5. Conclusions

hBM-MSC-CM promotes gastric cancer cell proliferation by
upregulating c-Myc. c-Myc inhibitors may be effective at
preventing the protumor effects of hBM-MSC-CM and,
therefore, could solve the clinical safety issues of hBM-MSCs.
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