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ABSTRACT

Cigarette smoking is a well-known risk factor in the development and progression
of malignant diseases. Nicotine, the major constituent in cigarette smoke, has also
shown negative effects on stem cells. Mesenchymal stem cells (MSCs) have been
widely demonstrated to migrate into tumors and play key roles in cancer progression.
However, the mechanisms by which nicotine impacts MSCs and tumorigenesis of lung
cancer are still undetermined. In this study we investigated the effects of nicotine
on human umbilical cord mesenchymal stem cells (hUC-MSCs) and the impacts of
nicotine-treated hUC-MSCs on tumor formation and progression. We found that
nicotine has a toxic effect on hUC-MSCs and changes the morphology, inhibits
proliferation and promotes apoptosis of hUC-MSCs in a dose-dependent manner.
Nicotine-treated hUC-MSCs produce higher level of IL-6. Moreover, nicotine promotes
migration, stemness and epithelial-mesenchymal transition (EMT) of hUC-MSCs by
inhibiting E-cadherin expression and upregulating mesenchymal markers such as
N-cadherin and Vimentin, leading to the induction of stem cell markers Sox2, Nanog,
Sall4, Oct4 and CD44. Migration and proliferation of non-small cell lung cancer A549
cells and breast cancer MCF-7 cells are promoted after their coculture with nicotine-
treated hUC-MSCs in a cell-cell contact-independent manner. Furthermore, nicotine-
treated hUC-MSCs promote tumor formation and growth of A549 cells in nude mice.
These studies demonstrated that the enhanced stemness and EMT of hUC-MSCs
induced by nicotine are critical for the development of tobacco-related cancers.

INTRODUCTION

Cigarette smoking is a well-established risk factor
in many diseases in the adult population, including
cardiovascular diseases and pulmonary diseases, such
as lung cancer [1]. Non-small cell lung cancer (NSCLC)
accounts for about 80% of all lung cancers [2]. Tumor
metastasis, which is often observed in patients who are

newly diagnosed of lung cancer, is considered a crucial
factor contributing to the recurrence risk, high mortality
and poor prognosis of lung cancer [2]. The prevalence
of cigarette smoking among adult population is still high
in the world [3, 4]. Cigarette smoke is complex mixture
containing more than 4,000 chemicals, including nicotine,
aromatic hydrocarbons, aldehydes, hydrogen cyanide, and
so forth [5]. Nicotine is the major chemical component

www.impactjournals.com/oncotarget

591

Oncotarget



in cigarette smoke in the form of acid salts, which are
absorbed in the lungs [6] and considered as a determinant
of addiction to cigarette smoking [7]. In addition, previous
studies have showed that nicotine promotes proliferation,
invasion and angiogenesis and inhibits apoptosis in cancer
cells [8-10]. Nicotine has been demonstrated to negatively
affect stem cells [11]. However, the effects of nicotine on
hUC-MSCs remain largely unexplored.

MSCs are multipotent stem cells, which can
differentiate into multiple cell types in vitro, such as
osteoblasts, adipocytes, myoblasts and chondrocytes
[12—15]. Bone morphogenetic proteins (BMPs) belong to
the transforming growth factor—3 superfamily and play a
key role in postnatal bone formation [16]. They have a
remarkable ability to induce cartilage and bone formation
from MSCs. Bone morphogenetic proteins 3 (BMP-3) is an
important member of the BMPs. MSCs have been shown
to differentiate into an osteogenic lineage as indicated by
significant increases of BMP-3 level [17]. Peroxisome
proliferator-activated receptors (PPARs) are well known
for their control over lipid and glucose metabolism and
PPARy-2 is associated with adipose tissue formation [18,
19]. MSCs are initially isolated from bone marrow and
reported to exist in many organs and tissues of body,
including umbilical cord [20-23], umbilical cord blood
[24, 25], and adipose tissue [26, 27]. However, it is very
difficult to isolate MSCs from human bone marrow and
the proliferative and multilineage differentiation potentials
of bone marrow-derived MSCs gradually decrease with
aging [28]. Nevertheless, umbilical cord collection is
convenient and is not associated with any ethical or legal
issue [29].

MSCs are able to migrate to the site of tumor and
play a key role in cancer progression but the underlying
mechanisms remain largely unknown. Previous studies
have demonstrated that MSCs promote tumor cell growth
and metastasis [30, 31], while other studies have indicated
that MSCs display intrinsic anticancer activities [32-34].
This discrepancy requires further investigation. Cancer
stem cells (CSCs), or called as cancer cells with stem cell-
like properties, are pluripotent cells that can self-renew
and differentiate into multiple cell types [35]. Cancers are
maintained by subpopulation of CSCs in aspect of tumor
growth, tumor heterogeneity and metastatic dissemination
[36, 37]. CSCs also exhibit resistance to chemotherapy
and radiotherapy in a variety of cancers [38]. Previous
studies have indicated that stem cells in breast and colon
cancer may increase the properties of CSCs [39, 40] and
acquisition of stemness and EMT is a crucial process in
breast cancer invasion [41, 42]. Whether nicotine directly
impacts hUC-MSCs and then nicotine-treated hUC-MSCs
affect tumor formation and progression remains unclear. In
this study we investigated the effects of nicotine on hUC-
MSCs and then the effects of nicotine-treated hUC-MSCs
on tumor formation and progression of A549 lung cancer.
Our data provided a possible mechanistic explanation

for smoking-related cancers. In addition, the effects of
nicotine-treated hUC-MSCs on breast cancer MCF-7 cells
were also investigated.

RESULTS

HUC-MSCs have the ability of multilineage
differentiation

After 10 days of culture, the cells displayed a
polygonal, spindly and fibroblast-like morphology
and began to form colonies (Figure 1A). Endothelial
progenitor cells were gradually eliminated after multiple
medium replacements and PBS washing. Consistent
with known MSC phenotypes, passage 3 cells highly
expressed MSCs markers CD29 (99.7%), CD90 (99.6%),
and CD105 (99.8%), while low expressed B lymphocyte
surface markers CD19 (0.1%) as shown in Figure 1B,
1C. After 2 or 3 weeks in culture in the specific medium,
the cells were capable of differentiating into osteocytes
and adipocytes, as shown by positive staining of ALP
and Oil Red O (Figure 1D), strongly suggesting that
the cells have the multilineage differentiation potential.
To further confirm this, expression of osteogenic and
adipocyte markers were examined. BMP-3 mRNA level
was significantly higher and PPARy-2 mRNA level was
significantly lower in osteogenic group compared to
adipogenic group (Figure 1E). These data indicated that
we efficiently generated hUC-MSCs which were used in
the following studies.

Nicotine treatment affects viability of hUC-
MSC:s in a dose and time-dependent manner

Nicotine treatment affected the viability of hUC-
MSC:s in a dose and time-dependent manner. Results from
MTT assay showed that the survival of hUC-MSCs treated
with nicotine at lower concentrations (< 0.35 mg/ml) for
the period from 24 to 72 hours was not different from
that of the untreated cells. However, when the cells were
treated with nicotine at a higher concentration (0.4 mg/
ml) for 72 hours, a significant loss in viability of treated
cells was observed in vitro compared to the untreated cells
(P < 0.05; Figure 2A, 2B). Cell viability of hUC-MSCs
was not significantly impaired until up to concentration
of 0.4 mg/ml, so we chose nicotine at the concentrations
of 0.1, 0.2 and 0.3 mg/ml for following experiments.
Nicotine-treated hUC-MSCs morphology was viewed by
microscopy as shown in Figure 2B. The morphology of
hUC-MSCs was changed by nicotine in a dose-dependent
manner. In nicotine-treated group, the most conspicuous
changes were observed in 0.3 mg/ml nicotine treatment.
The cells lost cell-cell contact and became round and
rough membrane-bearing detached cells, while these
changes were absent in untreated cells.
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Nicotine promotes hUC-MSC migration

Transwell migration assays was performed to
determine whether nicotine affected the migration
potential of hUC-MSCs. The mean numbers of migrated
untreated cells in the lower fields after 10 hours were
55.67 £ 9.45, while the mean numbers of hUC-MSCs
incubated with nicotine at concentrations of 0.1, 0.2 and
0.3 mg/ml were 92.67 + 8.50, 142.67 + 13.01, and 147.00
+ 21.07, respectively. There were significant differences
of hUC-MSC migration between the control group and the
treatment groups (Figure 2C, 2D).

Nicotine affects cell cycle and apoptosis in hUC-
MSCs

Flow cytometry was used to determine whether
nicotine affected hUC-MSC proliferation by interfering
cell cycle progression. The proportions of hUC-MSCs
in phase S were 34.60 + 5.19%, 41.91 + 2.95%, 54.74 +
2.33% and 56.09 + 0.72% in cells treated with O (control
group), 0.1, 0.2 and 0.3 mg/ml of nicotine, respectively
(Figure 3A, 3B). In addition, proliferation index (PI) of
cells treated with nicotine were markedly greater than the
control group (Figure 3C). The results showed that the
percentages of cells in S phase were significantly increased
in the treated hUC-MSCs compared with the untreated cells.
To further investigate the effect of nicotine on hUC-MSC
apoptosis, the cells were stained with propidium iodide and
Annexin V-FITC and then analyzed by flow cytometry.
The proportions of Annexin V-positive cells were 14.50 +
1.27%, 26.65 £ 1.92%, 35.97 + 2.02% and 39.62 + 1.74%
in cells treated with nicotine at concentrations of 0, 0.1, 0.2
and 0.3 mg/ml, respectively (Figure 3D, 3E). The results
showed that the percentage of hUC-MSCs undergoing
apoptosis in the treatment groups were significantly
increased compared to that of the control group.

Nicotine enhances stem cell property in hUC-MSCs

We next investigated whether nicotine played a role in
promoting stem cell property in hUC-MSCs. Sox2, CD44,
Nanog, Sall4 and Oct4 play essential roles in self-renewal and
pluripotency in hUC-MSCs. The western blot was performed
to evaluate the expression of these markers between nicotine-
treated and untreated hUC-MSCs (Figure 4A-4D). The
expression of stem cell markers was upregulated in nicotine-
treated hUC-MSCs, indicating enhancement of stem cell
property by nicotine. Increased expression of Sox2 and
CD44 in nicotine-treated hUC-MSCs was further confirmed
by immunofluorescence analysis (Figure 4E).

Nicotine treatment induces EMT in hUC-MSCs

Western blot analysis also showed that nicotine-
treated hUC-MSCs expressed markedly higher levels
of N-cadherin, Vimentin, B-catenin, FAP and a-SMA

and lower levels of E-cadherin protein, suggesting that
nicotine treatment is capable of inducing EMT (Figure
S5A-5D). To further determine the acquisition of EMT
phenotype from nicotine treatment, immunofluorescence
analysis was performed to confirm the protein levels of
N-cadherin, Vimentin, B-catenin and FAP (Figure SE).
The expression of B-catenin and its downstream proteins
(cyclinD1, cyclinD3 and N-cadherin) in nicotine-treated
hUC-MSCs were increased, suggesting the specific
activation of f-catenin signaling by nicotine. PCNA (a
marker of tumor proliferation) expression was higher in
nicotine-treated cells (Figure 5D), indicating increased
proliferation of hUC-MSCs by nicotine.

Nicotine-treated hUC-MSCs release high level of
IL-6

IL-6 is a pleiotropic cytokine that is involved in
tumor growth, invasion and metastasis in malignancies.
We measured the level of IL-6 released from nicotine-
treated hUC-MSCs. The IL-6 level was significantly
higher compared to that of untreated hUC-MSCs (Figure
7E), indicating that nicotine-treated hUC-MSCs might
facilitate the malignant progression and metastasis by
secretion of IL-6.

Nicotine-treated hUC-MSCs promote the
migration of A549 cells and MCF-7 cells

We treated hUC-MSCs with 0.3 mg/ml nicotine
for 24 hours and then cocultured them with human non-
small-cell lung cancer A549 cells and human breast cancer
MCF-7 cells in a cell-cell contact-independent manner. We
evaluated the migration of A549 cells and MCF-7 cells
isolated from the pre-coculture with nicotine-treated hUC-
MSCs (here named NTMC). In the transwell migration
assays, the mean numbers of migrated A549 cells without
pre-coculture with nicotine-treated hUC-MSCs (here named
non-NTMC) after 10 hours were 200.00 + 38.43, whereas the
mean numbers of NTMC A549 cells were 382.33 + 26.23.
The mean numbers of migrated non-NTMC MCF-7 cells
were 387.67 + 27.54, whereas the mean numbers of NTMC
MCF-7 cells were 719.67 + 24.58. The migrated cells were
significantly increased in NTMC A549 and NTMC MCF-
7 cells compared with the non-NTMC A549 cells and non-
NTMC MCF-7 cells (Figure 6A—6D). Scratch wounds were
inflicted in NTMC A549 cells and NTMC MCF-7 cells and
differences were observed between the groups after 36 hours
of treatment (Figure 6E—6H). The wound closure rates for
A549 cells were 43.32 + 3.23% and 75.11 + 4.19% in the
non-NTMC and NTMC group, respectively. The wound
closure rates for MCF-7 cells were 44.38 & 4.35% and 65.08
+ 5.36% in the non-NTMC and NTMC group, respectively.
There were significant differences in migration and would
closure rates of both A549 and MCF-7 cells between the
NTMC and non-NTMC groups (p < 0.01). These results
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indicate that NTMC A549 cells and NTMC MCF-7 cells may
have higher metastatic potential.

Nicotine-treated hUC-MSCs enhance the colony
formation

Compared to non-NTMC AS549 cells and non-
NTMC MCF-7 cells, colony formation of NTMC A549
cells and NTMC MCF-7 cells were significantly increased
(P < 0.01). In addition, NTMC A549 cells and NTMC
MCEF-7 cells formed spheres larger in diameter compared
to non-NTMC cells (Figure 7A-7D) (P <0.01). These data
demonstrated that nicotine-treated hUC-MSCs enhance
colony formation of A549 and MCF-7 cells.

Nicotine-treated hUC-MSCs enhance tumor
growth in vivo

To investigate whether nicotine-treated hUC-MSCs
could promote tumor growth in vivo. We used NTMC
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A549 cells to establish xenograft tumors in nude mice. The
images of tumor-bearing mice were shown in Figure 8A.
In the NTMC group, tumor nodules started to form at day 5
after injection while it was not observed in the non-NTMC
group. As shown in Figure 8B—8D, the tumor weight and
volume in NTMC group were increased compared to
that in the non-NTMC group. In addition, the neoplasm
tissues presented high heterogeneity, abnormally elevated
nuclear/cytoplasmic ratios, and derangement distribution
in some regions (Figure 8E). PCNA expression was higher
in tumors established from NTMC A549 cells than that
in non-NTMC group (Figure 8F). Taken together, these
results suggested that nicotine-treated hUC-MSCs can
promote tumor growth in vivo.

DISCUSSION

NSCLC is the leading cause of death among human
malignancies worldwide, with over a million deaths
annually [43, 44]. Despite intensive efforts were imposed
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Figure 1: Characterization of hUC-MSC:s. (A) The cells presented polygonal, spindly and fibroblast-like. Magnifications: 40x. Scale
bar: 100 pm. P, passage. (B) Representative histograms of hUC-MSC surface expression of CD29, CD90, CD105 and CD19, as assessed
by flow cytometry. HUC-MSCs were positive for CD29, CD90 and CD105, but negative for CD19. HUC-MSCs: human umbilical cord
mesenchymal stem cells; CD: cluster of differentiation; IgG: immunoglobulin G; PE: phycoerythrin; FITC: fluorescein isothiocyanate. (C)
Quantitation of B. (D) HUC-MSCs were differentiated into adipocytes for 21 days. Fat accumulation was visualized by Oil Red O staining.
HUC-MSCs were differentiated into osteoblasts for 14 days. Osteogenic differentiation was visualized by ALP staining (Magnification:
100x%, Scale bar: 100 um). (E) The expression of genes in osteogenic differentiation and adipogenic differentiation of hUC-MSC. BMP-3
mRNA level were significantly higher compared to adipogenic group and PPARy-2 mRNA level were significantly higher compared to
osteogenic group. BMP-3: Bone morphogenetic protein; PPARy-2: peroxisome proliferator-activated receptors y-2.
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on treatment practices, the survival rate for lung cancer
has not been improved substantially in the past years.
Cigarette smoking is a well-known risk factor in lung
cancer and nicotine is the major chemical component in
cigarette smoke. It is well known that tumor cells secrete
chemokines, cytokines and growth factors that are able to
recruit and activate MSCs which can migrate to the tumor
site of numerous types of cancers and play a key role in
cancer progression in vivo [45, 46]. In the present study,
we found that nicotine-enhanced stemness and EMT of
hUC-MSCs promote tumor formation and growth in vivo.

Tsz Kin et al. demonstrated that cigarette smoking
hindered proliferation, migration and differentiation
potentials of human periodontal ligament-derived stem
cell (PDLSC) and further provided the evidence that
miRNAs were an essential regulator in these cigarette
smoking-associated functional changes [47]. Here we
hypothesize that nicotine may also have an impact on
hUC-MSCs and indeed demonstrated the effects of
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nicotine on the biological characteristics of hUC-MSCs,
especially their potentials related to tumor formation and
cancer progression.

MSCs that we isolated and cultured were
characterized with surface markers of hUC-MSCs and
without surface markers of lymphocytes. When cultured
in appropriate osteogenic or adipogenic differentiation
medium, these cells were capable of differentiating into
osteocytes and adipocytes, respectively. Therefore, these
cells with capability of self-renewal and multilingeage
differentiation, were designated as hUC-MSCs. In this
study, we demonstrated the effects of nicotine on cell
proliferation of hUC-MSCs. Nicotine at concentrations
ranging from 0.08 mg/ml to 0.35 mg/ml did not have any
significant effects on cell proliferation of hUC-MSCs.
However, the proliferation decreased significantly after
treatment with nicotine at 0.4 mg/ml. In addition, we
observed vacuolization only in hUC-MSCs cultured with
0.3 mg/ml nicotine (Figure 2). The vacuolization may be
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Figure 2: Effect of nicotine on cell viability and migration. (A) All cells were incubated with various concentrations of nicotine
(0.08 to 0.4 mg/ml) for 24 to 72 hours and cell viability was determined by MTT assay. Cell viability of hUC-MSCs was not significantly
impaired until up to concentration of 0.4 mg/ml. MTT: 3-(4,5-dimethylthiazol-2-yl-)-2,5-diphenyl tetrazolium bromide. (B) The
morphology of hUC-MSCs changed in a dose-dependent manner of nicotine which ranges from 0 up to the concentration of 0.3 mg/ml. (C)
Representative images of transwell migration assay. Transwell migration analysis showed the number of migrated treated hUC-MSCs were
more than non-treated cells. Magnification: 100x, Scale bar: 100 pm. (D) Histogram of the number of migrated hUC-MSCs. Magnification:
40x, Scale bar: 200 pm. Data were presented as Means = SD. “P < 0.05, P < 0.01.
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attributed to the uptake and accumulation of nicotine in the
cell membrane. The changes of cell morphology of hUC-
MSCs in response to nicotine in a dose-dependent manner
are suggestive of functional changes. Cell morphology of
hUC-MSC:s is directly related to their adhesion, extension,
migration, and proliferative capabilities [48]. It has been
reported that nicotine attenuates cell proliferation of
human alveolar bone marrow-derived MSC [49] and PDL
fibroblasts [50]. In addition, nicotine induces apoptosis in
PDLSC [51]. Our study also proved that nicotine inhibits
cell proliferation of hUC-MSCs (Figure 2, Figure 3).
Several previous studies showed that nicotine inhibits
the migration of human MSCs [52] and PDL fibroblast
[53]. However, here we found that nicotine increases
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the migration of hUC-MSCs. These discrepancies in the
effects of nicotine on cell migration may be due to the
bimodal effects of nicotine at different concentrations [54].

EMT is considered as one of the major mechanisms
involved in tumor metastasis. Previous studies suggest that
cells undergoing EMT acquire stem-cell properties [55,
56]. These stem cell-like cells in tumors are described as
CSCs. CSCs have been characterized with different specific
cell surface markers such as Sox2 and Nanog, the major
stemness-related genes, and have been considered as the
key factor for tumor initiation and progression [S57-59].
We hypothesized that nicotine might endow hUC-MSCs
with carcinogenic features. To test this hypothesis, we first
examined the phenotype of nicotine-treated hUC-MSCs
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Figure 3: Effect of nicotine on the cell cycle and apoptosis of hUC-MSCs. (A, B) The DNA content analysis indicated the
percentage of cells in the S phase were significantly increased compared with the untreated hUC-MSCs. (C) PI of nicotine-treated hUC-
MSCs were markedly greater than the control group. PI: proliferation index. (D) Representative scatter grams from flow cytometry profile
represents Annexin V-FITC staining in the X axis and propidium iodide in the Y axis. (E) Percentages (%) of Annexin V-positive cells
among control or nicotine treated hUC-MSCs. Data were presented as Means = SD. "P < 0.05, “P < 0.01.

www.impactjournals.com/oncotarget

596

Oncotarget



in vitro. The results showed that nicotine-treated hUC-MSCs
not only displayed a morphological shift from epithelial
to fibroblastic phenotype, but also presented the decrease
of E-cadherin protein expression, increased Vimentin,
N-cadherin and B-catenin protein expression. In addition, we
showed that the activated hUC-MSCs, which were cocultured
with nicotine, markedly enhanced the protein expression of
Sox2, CD44, Nanog, Sall4 and Oct4. The upregulation of
these stemness-related factors indicated the acquirement
of stem-cell properties in nicotine-treated hUC-MSCs. To
understand the impact of nicotine-treated hUC-MSCs on
tumor formation and progression of tumor cells, our results
showed markedly increased mono-colony forming and
migration in vitro in not only NTMC A549 cells but also
NTMC MCF-7 cells. Furthermore, nicotine-treated hUC-
MSCs elevated tumorigenicity of A549 cells in vivo. These
results suggest that nicotine-treated hUC-MSCs have general
effects on tumor formation and growth for various cancers.
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It is possible that nicotine-treated hUC-MSCs may
work through inflammatory pathways to promote the
malignancy of tumor cells. Takahashi et al described a
model of lung tumorigenesis in which tobacco smoke acts
as a tumor promoter, causing increased proliferation of
chemically and genetically induced lung cancer cells in
vivo through IKKB- and JNK1- mediated inflammatory
signaling [60]. IL-6 can promote tumorigenicity,
angiogenesis and metastasis [61, 62]. In addition, IL-6
has been shown to be a direct regulator for self-renewal of
breast cancer cells through signal transducer and activator
of transcription 3 (STAT3) activation mediated by the IL-6
receptor/GP130 complex [63]. Generally, the biological
functions of IL-6 are achieved via the Janus kinases/
STAT3 (JAK/STAT3) pathway that is frequently presented
in cancers including lung cancer. JAK/STAT3 pathway is
widely involved in transformation, EMT, tumorigenicity
and metastasis [64—68]. Here we observed that the IL-6
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Figure 4: Nicotine induces the acquisition of stemness in hUC-MSCs. (A, C) The expression of Sox2, Nanog, Sall4, Oct4 and
CD44 proteins in nicotine-treated hUC-MSCs were determined by western blot. The expression of stem cell markers was upregulated in
nicotine treated hUC-MSCs. (B, D) Three independent experiments were performed to measure the Sox2, Nanog, Sall4, Oct4 and CD44
protein levels. (E) Immunofluorescent staining of Sox2 and CD44 in nicotine-treated hUC-MSCs. Immunofluorescence analyses showing
increased expression of Sox2 and CD44. Magnification: 200%, Scale bar: 50 um.
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levels were extremely high in nicotine-treated hUC-MSCs
compared to untreated hUC-MSCs (Figure 7E), indicating
that IL-6 might be involved in driving lung cancer cells
and breast cancer cells into more aggressive and invasive
phenotypes after coculture with nicotine-treated hUC-
MSCs and promoting tumor formation and growth. These
findings provide a mechanistic link between nicotine-
treated hUC-MSCs and IL-6 for the progression of tumor
malignancy in non-small cell lung cancer.
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MATERIALS AND METHODS

Isolation and culture of hUC-MSCs

In our previous study, we had successfully isolated
MSCs from the human umbilical cord [69, 70]. Fresh
umbilical cords were collected from healthy donors
with informed consents at the First People’s Hospital
of Zhenjiang, China. We used those hUC-MSCs for the
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E3 0.2mg/ml Nicotine
M 0.3mg/ml Nicotine

Control

Nicotine

Figure 5: Nicotine induces the acquisition of EMT in hUC-MSCs. (A, C) Western blot analysis showed that nicotine treated
cells express markedly higher levels of N-cadherin, Vimentin, -catenin, FAP, cyclinD1, cyclinD3, a-SMA and PCNA and lower levels
of E-cadherin protein. (B, D) Three independent experiments were performed to measure the EMT markers. (E) Immunofluorescent
staining of N-cadherin, Vimentin, FAP and -catenin protein in nicotine-treated hUC-MSCs. These results show that increased expression

of N-cadherin, Vimentin, FAP and B-catenin.
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current set of experiments. The cells of passages 3 to 5 medium with low glucose (L-DMEM) containing 10%

were used in the experiments. HUC-MSCs were plated at fetal bovine serum (FBS) (Gibco, Carlsbad, CA, USA)
a density of 1 x 10° cells per 25 cm? flask (Coning, USA). and 1% antibiotics (100 U/ml penicillin and 100 U/ml
The cells were cultured in Dulbecco’s modified Eagle’s streptomycin; Beyotime, Haimen, China) in a humidified
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Figure 6: Nicotine-treated hUC-MSCs promote the migration of A549 cells and MCF-7 cells. (A, C) Representative images
of transwell migration assay in A549 cells (A) and MCF-7 cells (C). Magnifications: 100%, Scale bar: 100 um. (B, D) Histogram of the
number of migrated A549 cells (B) and MCF-7 cells (D). (E, F). Scratch wound assay results. Example images of wound closure in the
control and NTMC A549 cells (E) and NTMC MCF-7 cells (F) Magnifications: 40x%, Scale bar: 200 pm. (G, H) Wound closure ratios in the
control and NTMC A549 cells (G) and NTMC MCF-7 cells (H). NTMC: 0.3 mg/ml nicotine-treated hUC-MSCs co-cultured. There were
significant differences between the experimental group and the control group. Data were presented as Means + SD. *P < 0.01.
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atmosphere with 5% CO, at 37°C, and the medium was
changed every 3 days thereafter. When the adherent cells
reached nearly 80% to 90% confluence, the cells were
digested by 0.25% trypsin-EDTA (Invitrogen, USA) and
subcultured in a new flask for further expansion.

Flow cytometry

The phenotype of hUC-MSCs was analyzed by flow
cytometry using a BD Accuri C6 flow cytometer (Becton
Dickinson, San Jose, CA, USA). The third passage cells
were analyzed for expression of hUC-MSCs markers.
The cells were stained with phycoerythrin (PE)-labled

A

Non-NTMC MCF-7

NTMC MCF-7

anti-CD29, anti-CD90, anti-CD105 and fluorescein
isothiocyanate  (FITC)-labled anti-CD19  (Becton
Dickinson, USA). Mouse immunoglobulin G (IgG) was
used as the negative control for each treatment. Then the
cells were washed twice with phosphate-buffered saline
(PBS) and fluorescence measured with flow cytometry.

Multi-differentiation capacity analysis
Osteogenesis

HUC-MSCs were cultured with osteogenic
differentiation medium (0.1 M dexamethasone, 10 mM
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Figure 7: Effect of nicotine-treated hUC-MSCs on colony formation of A549 cells and MCF-7 cells. (A, C) Representative
images of cell colony formation assay in A549 cells (A) and MCF-7 cells (C) Colony formation assays revealed that the number of
cell colonies in the NTMC group were higher than that in the non-NTMC group and NTMC group formed spheres larger in diameter.
Magnifications: 100x%, Scale bar: 100 pm. (B, D) Histogram of the number of colonies in A549 cells (B) and MCF-7 cells (D) (E) ELISA
analysis of supernatant content. The IL-6 level was significantly high compared to that of control group. Data were listed as mean = SD of

three wells. Data were presented as Means = SD. “P < 0.01.
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B-glycerophosphate, 4 ng/ml basic fibroblast growth factor
(bFGF) and 50 pg/ml ascorbic acid; Sigma-Aldrich, MO,
USA) for 2 weeks. At the end of induction, the cells were
stained with alkaline phosphatase (ALP) based on the
manufacturer’s instructions (Beyotime, Haimen, China).

Adipogenesis

The cells were plated in 24-well plates in L-DMEM
containing 10% FBS. When the cells reached 60 to 80%
confluence, the medium was changed into adipogenic
differentiation medium (10 pg/ml insulin, 0.5 mM
IBMX, 200 pM indomethacin and 1 pM dexamethasone;
Cyagen, Guangzhou, China) for 3 days and switched to
maintenance medium (supplemented with 10% FBS and
10 pg/ml insulin; Cyagen, Guangzhou, China) for 1 day.
After adipogenic differentiation of 3 weeks, to investigate
the capability of hUC-MSCs to induce adipogenesis, lipid
droplets were stained with Oil Red O.

Reverse transcription polymerase chain reaction
(RT-PCR)

Total RNA was extracted with TRIZOL Reagent
(Invitrogen Life Technologies, Carlsbad, CA, USA) following
the manufacturer’s instructions. cDNA was synthesized with
Superscript II reverse transcriptase using Oligo (dT) primer
(Toyobo, Osaka, Japan) according to the manufacturer’s
protocol. The PCR amplification was performed for 30
to 35 cycles using an ABI 2720 thermal cycler (Applied
Biosystems). PCR System using the following program:
94°C for 5 minutes, 94°C for 30 seconds, annealing at 57-
70°C for 30 seconds (Supplementary Table 1 for temperatures
used), 72°C for 30 seconds and a final extension at 72°C for
10 minutes. The PCR products were separated on a 1.5%
agarose gel, with ethidium bromide staining, and visualized
under UV light on a UV transilluminator. GAPDH gene was
used as an internal control. Primer sequences are listed in
Supplementary Table 1.

Cell proliferation assay

The proliferation of hUC-MSCs was evaluated by
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; Amresco, USA) assay. The cells (2 x 10%) were
seeded on 96-well plates with L-DMEM containing 10%
FBS, and allowed to attach overnight. Then the cells were
treated with or without nicotine at various concentration
(0.08 to 0.4 mg/ml) for 24, 48, and 72 hours. MTT was
added in each well and incubated at 37°C for 4 hours. Then
the medium was discarded and 150 pl dimethyl sulfoxide
(DMSO) was added to each well for 10 minutes to ensure
complete solubilization of the purple formazan crystals. The
absorbance of the solution was measured using an enzyme-
linked immunosorbent assay reader at 490 nm (FLX800,
Biotek).

Observation of cell morphology

In order to assess the effects of nicotine on cell
morphology, hUC-MSCs were seeded on 6-well plates
with L-DMEM containing 10% FBS. After overnight
incubation, the cells treated with or without nicotine at
concentrations of 0.1, 0.2 and 0.3 mg/ml for 24 hours. The
cell images were analyzed using bright field microscope
under 40x% magnifications (Ti-S, Nikon Corporation,
Tokyo, Japan).

Cell migration analysis

Migration analysis were performed based on the
manufacturer’s guidelines (Corning Inc, Corning, NY,
USA). HUC-MSCs were treated with or without nicotine
at concentrations of 0.1, 0.2 and 0.3 mg/ml for 24 hours.
In addition, a coculture system was established by
culturing hUC-MSCs in the Transwell insert with A549
cells or MCF-7 cells in the plastic plates (3412, Transwell,
Coning, USA). We examined A549 cells and MCF-7 cells
cocultured with hUC-MSCs which were treated with
0.3 mg/ml nicotine for 24 hours. A549 cells and MCF-
7 cells were pre-cocultured with nicotine-treated hUC-
MSCs in a cell-cell contact-independent manner (here
named NTMC). Nicotine-treated hUC-MSCs, NTMC
A549 cells and NTMC MCF-7 cells were resuspended
in 200 pl serum-free medium and seeded into the upper
chamber at 1 x 105 cells per well, respectively. The lower
chamber was filled with 800 pl complete medium. After
incubation at 37°C for 10 hours, the upper cells remaining
in the upper membrane were wiped off smoothly, while
the cells migrated to the lower surface of the membrane
were fixed with 4% paraformaldehyde for 30 minutes and
stained with crystal violet for 30 minutes. Three random
fields (magnifications, 100x) were observed under the
microscope.

Cell cycle assay

HUC-MSCs were seeded on 6-well plates for
each data point and cultured overnight. After overnight
incubation, the cells were treated with nicotine (0.1, 0.2
and 0.3 mg/ml) for additional 24 hours. Then, the cells
were collected and washed twice with PBS and stained
with propidium iodide (PI; Sigma-Aldrich, St. Louis, MO,
USA) for 30 minutes at 4°C in dark condition. The stained
cells were analyzed by flow cytometry using a BD Accuri
C6 flow cytometer (Becton Dickinson). Proliferation
index (PI)=(S + G2)/(G1 + S + G2).

Apoptosis assay

Apoptotic cells were detected with Annexin V/
Dead Cell Apoptosis Kit (Invitrogen, Carlsbad, CA, USA)
according to manufacturer’s instructions. HUC-MSCs
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were exposed to nicotine at concentrations of 0.1, 0.2, 0.3
mg/ml for 24 h. The cells then were collected and washed
twice with PBS and stained with Annexin V-FITC and PI
for 30 minutes in the dark. The stained cells were analyzed
by flow cytometry using a BD Accuri C6 flow cytometer
(Becton Dickinson).

Protein extraction and western blot analysis

When hUC-MSCs reached 80% confluence,
the medium was changed to maintain a constant level
of nicotine (0.1, 0.2 and 0.3 mg/ml) for 24 hours.
Nicotine-treated hUC-MSCs were plated in complete
medium and grown as normal until they reached 90%
confluence. Then the total cellular protein of the cells
was extracted using RIPA lysis buffer (Vazyme Biotech,
China) and phenylmethanesulfonyl fluoride (PMSF;
Beyotime, Haimen, China). Cell lysates were separated
on a 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE, Beyotime) and then
transferred onto polyvinylidene fluoride (PVDF)
membrane (Beyotime). The membranes were blocked
with 5% skim milk in TBS-T (20 mM Tris-HCI, 150
mM NaCl, and 0.1% Tween-20) at room temperature
for 2 hours and incubated with primary antibodies at
incubated with primary and horseradish peroxidase-
conjugated secondary antibodies (goat anti-rabbit or
goat anti-mouse antibodies; diluted at 1:2,000; CWBIO)
and detected by the Amersham ECL detection system
(GE Healthcare Life Sciences, Little Chalfont, U.K).
Primary antibodies used in the experiments were as
follows: E-cadherin (1:200; Santa Cruz Biotechnology,
Dallas, TX), N-cadherin (1:400), Vimentin (1:300),
B-catenin (1:500), Sox2 (1:200), Nanog (1:800), Sall4
(1:600), Oct4 (1:300), Cyclin D1 (1:200) and Cyclin
D3 (1:200), a-smooth muscle actin (a-SMA; 1:1000),
proliferating cell nuclear antigen (PCNA; 1:500),
fibroblast activation protein (FAP; 1:500), CD44 (1:500)
(Bioworld Technology, St. Louis Park, MN) and GAPDH
(1:1500; Cell Signaling Technology). GAPDH was used
as the loading control.

Immunofluorescence analysis

Nicotine-treated hUC-MSCs were fixed in 4%
paraformaldehyde for 30 minutes, permeabilized for 10
minutes with 0.1% Triton-X 100 blocked with 5% bovine
serum albumin (BSA), and incubated with rabbit monoclonal
rabbit monoclonal anti-N-cadherin (1:200), Vimentin (1:100),
B-catenin (1:200) and FAP (1:500) (Bioworld Technology)
antibodies overnight at 4°C, followed by incubation with
Cy3-labeled anti-rabbit IgG secondary antibody (1:800) at
37°C for 45 minutes in the dark. Finally, the nuclei were
counterstained with Hoechst 33342 (1:200; Sigma-Aldrich).
Fluorescent images were acquired at 200% using an inverted
fluorescence microscope (Ti-S, Nikon).

Scratch wound assay

NTMC A549 cells and NTMC MCF-7 cells were
allowed to grow until 80% confluency and scratched
vertically with a 0.2-ml sterile pipette tip. The resulting
debris was removed by gentle washing with PBS.
Subsequently the wound healing was acquired with an
inverted microscope (Ti-S, Nikon) and photographed at
pre-selected time points (36 hours) in three randomly
selected fields for each condition and time point.

Colony forming assay

NTMC A549 cells and NTMC MCF-7 cells were
plated at a density of 500 cells per plate in a 6-well plate.
After culturing for 12 days, the colony units were fixed
with 4% paraformaldehyde, stained with crystal violet
for 30 minutes and then photographed and counted. The
experiment was performed in triplicate.

Cytokine detection in the supernatant

HUC-MSCs were treated with nicotine (0.3mg/
ml) for 24 h. The supernatant then were collected. The
expression levels of IL-6 in each group were quantified
using ELISA kits (BD Biosciences Pharmingen, San
Diego, CA, USA), according to the manufacturer’s
instructions. The experiments were performed in
triplicate.

Animal model

All the animal practiced in this study were
performed under approval of the University Committee
on Use and Care of Animals of Jiangsu University. A549
cells were cultured with hUC-MSCs in vitro in transwell
without cell-cell contact and isolated and then injected
subcutaneously into the flank of 6-week-old BALB/c nude
mice (n = 6 for each group). All tumors were surgically
resected 20 days after injection, photographed and
weighted. Tumor volume (TV) was calculated by caliper
measurement and calculated by the formula: TV (mm?) =
(length x width?)/2.

Immunohistochemistry

The protein levels of PCNA in formalin-fixed
paraffin-embedded tissues and were detected by
immunohistochemistry. Briefly, the tissue slides were
incubated with primary antibody and secondary antibody
(Bioworld Technology), visualized with chromogen
3,3’-Diaminobenzidine (DAB) and then hematoxylin was
applied for counter-staining. Tissues sections were chosen
randomly and counted under a microscope at least six
fields for each tissue.
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Statistical analysis

The statistically significant differences between
groups were assessed by analysis of variance (ANOVA)
or ¢ test using the GraphPad Prism V 5.0 software
program (GraphPad, San Diego, CA, USA). The results
are expressed as the means £ SD from three different
replicates from individual assays. P value < 0.05 was
considered statistically significant.

ACKNOWLEDGMENTS

We would like to thank the staff at our laboratory for
the assistance they have provided in this study.

CONFLICTS OF INTEREST

The authors declare that they have no competing
interests.

FUNDING

This work was supported by the Fund for Jiangsu
Specially-Appointed Professor (2014JSTPJS-53) and
the National Science Foundation for Young Scientists of
China (81500351).

REFERENCES

1. Erhardt L. Cigarette smoking: an undertreated risk factor for
cardiovascular disease. Atherosclerosis. 2009; 205:23-32.

2. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J,
Jemal A. Global cancer statistics, 2012. CA Cancer J Clin.
2015; 65:87-108.

3. Zhang J, Ou JX, Bai CX. Tobacco smoking in China:
prevalence, disease burden, challenges and future strategies.
Respirology. 2011; 16:1165-1172.

4. Centers for Disease Control and Prevention (CDC). Quitting
smoking among adults--United States, 2001-2010. MMWR
Morb Mortal Wkly Rep. 2011 Nov; 60:1513-9.

5. Villablanca AC, McDonald JM, Rutledge JC. Smoking and
cardiovascular disease. Clin Chest Med. 2000; 21:159-172.

6. Boyland E, Roe FJ, Gorrod JW. Induction of pulmonary
tumours in mice by mitrosonornicotine, a possible
constituent of tobacco smoke. Nature. 1964; 202:1126.

7. Perez-Rubio G, Sansores R, Ramirez-Venegas A, Camarena
A, Perez-Rodriguez ME, Falfan-Valencia R. Nicotine
addiction development: from epidemiology to genetic
factors. Rev Invest Clin. 2015; 67:333-343.

8. Martin JW, Mousa SS, Shaker O, Mousa SA. The multiple
faces of nicotine and its implications in tissue and wound
repair. Exp Dermatol. 2009; 18:497-505.

9. Matta SG, Balfour DJ, Benowitz NL, Boyd RT, Buccafusco
JJ, Caggiula AR, Craig CR, Collins AC, Damaj MI,
Donny EC, Gardiner PS, Grady SR, Heberlein U, et al.

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

Guidelines on nicotine dose selection for in vivo research.
Psychopharmacology (Berl). 2007; 190:269-319.

Heeschen C, Chang E, Aicher A, Cooke JP. Endothelial
progenitor cells participate in  nicotine-mediated
angiogenesis. J] Am Coll Cardiol. 2006; 48:2553-2560.
Zeng HL, Qin YL, Chen HZ, Bu QQ, Li Y, Zhong Q,
Han XA, Chen J, Yu PX, Liu GX. Effects of nicotine
on proliferation and survival in human umbilical cord
mesenchymal stem cells. J Biochem Mol Toxicol. 2014;
28:181-189.

Sousa BR, Parreira RC, Fonseca EA, Amaya MJ, Tonelli
FM, Lacerda SM, Lalwani P, Santos AK, Gomes KN,
Ulrich H, Kihara AH, Resende RR. Human adult stem cells
from diverse origins: an overview from multiparametric
immunophenotyping to clinical applications. Cytometry A.
2014; 85:43-77.

Liu A, Chen S, Cai S, Dong L, Liu L, Yang Y, Guo F,
Lu X, He H, Chen Q, Hu S, Qiu H. Wnt5a through
noncanonical Wnt/JNK or Wnt/PKC signaling contributes
to the differentiation of mesenchymal stem cells into type 11
alveolar epithelial cells in vitro. Plos One. 2014; 9:¢90229.

Caplan Al. Adult mesenchymal stem cells for tissue
engineering versus regenerative medicine. J Cell Physiol.
2007; 213:341-347.

O’Keefe RJ. Summary--Cell therapies for orthopedic
applications. J Musculoskelet Neuronal Interact. 2005;
5:367-368.

Chen D, Zhao M, Mundy GR. Bone morphogenetic
proteins. Growth Factors. 2004; 22:233-241.

Kearney EM, Farrell E, Prendergast PJ, Campbell VA.
Tensile strain as a regulator of mesenchymal stem cell
osteogenesis. Ann Biomed Eng. 2010; 38:1767-1779.

Kersten S, Desvergne B, Wahli W. Roles of PPARs in health
and disease. Nature. 2000; 405:421-424.

Rosen ED, Walkey CJ, Puigserver P, Spiegelman BM.
Transcriptional regulation of adipogenesis. Genes Dev.
2000; 14:1293-1307.

Romanov YA, Balashova EE, Volgina NE, Kabaeva
NV, Dugina TN, Sukhikh GT. Isolation of multipotent
mesenchymal stromal cells from cryopreserved human
umbilical cord tissue. Bull Exp Biol Med. 2016; 160:530—
534.

Van Pham P, Truong NC, Le PT, Tran TD, Vu NB, Bui
KH, Phan NK. Isolation and proliferation of umbilical
cord tissue derived mesenchymal stem cells for clinical
applications. Cell Tissue Bank. 2016; 17:289-302.

Kumar K, Agarwal P, Das K, Mili B, Madhusoodan
AP, Kumar A, Bag S. Isolation and characterization of
mesenchymal stem cells from caprine umbilical cord tissue
matrix. Tissue Cell. 2016.

Verina T, Fatemi A, Johnston MV, Comi AM. Pluripotent
possibilities: human umbilical cord blood cell treatment

after neonatal brain injury. Pediatr Neurol. 2013;
48:346-354.

www.impactjournals.com/oncotarget

604

Oncotarget



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Bieback K, Netsch P. Isolation, culture, and characterization
of human umbilical cord blood-derived mesenchymal
stromal cells. Methods Mol Biol. 2016; 1416:245-258.

Gokcinar-Yagci B, Ozyuncu O, Celebi-Saltik B.
Isolation, characterisation and comparative analysis of
human umbilical cord vein perivascular cells and cord
blood mesenchymal stem cells. Cell Tissue Bank. 2016;
17:345-352.

Tremolada C, Colombo V, Ventura C. Adipose tissue and
mesenchymal stem cells: state of the art and lipogems(r)
technology development. Curr Stem Cell Rep. 2016;
2:304-312.

Demirayak B, Yuksel N, Celik OS, Subasi C, Duruksu G,
Unal ZS, Kursat YD, Karaoz E. Effect of bone marrow
and adipose tissue-derived mesenchymal stem cells on the
natural course of corneal scarring after penetrating injury.
Exp Eye Res. 2016.

Rao MS, Mattson MP. Stem cells and aging: expanding the
possibilities. Mech Ageing Dev. 2001; 122:713-734.

Secco M, Zucconi E, Vieira NM, Fogaca LL, Cerqueira A,
Carvalho MD, Jazedje T, Okamoto OK, Muotri AR, Zatz M.
Multipotent stem cells from umbilical cord: cord is richer
than blood!. Stem Cells. 2008; 26:146—150.

Shinagawa K, Kitadai Y, Tanaka M, Sumida T, Kodama M,
Higashi Y, Tanaka S, Yasui W, Chayama K. Mesenchymal
stem cells enhance growth and metastasis of colon cancer.
Int J Cancer. 2010; 127:2323-2333.

Yu JM, Jun ES, Bae YC, Jung JS. Mesenchymal stem cells
derived from human adipose tissues favor tumor cell growth
in vivo. Stem Cells Dev. 2008; 17:463-473.

Lee JK, Park SR, Jung BK, Jeon YK, Lee YS, Kim MK,
Kim YG, Jang JY, Kim CW. Exosomes derived from
mesenchymal stem cells suppress angiogenesis by down-
regulating VEGF expression in breast cancer cells. Plos
One. 2013; 8:e84256.

Gauthaman K, Yee FC, Cheyyatraivendran S, Biswas A,
Choolani M, Bongso A. Human umbilical cord Wharton’s
jelly stem cell (hWJSC) extracts inhibit cancer cell growth
in vitro. J Cell Biochem. 2012; 113:2027-2039.

Khakoo AY, Pati S, Anderson SA, Reid W, Elshal MF,
Rovira II, Nguyen AT, Malide D, Combs CA, Hall G, Zhang
J, Raffeld M, Rogers TB, et al. Human mesenchymal stem
cells exert potent antitumorigenic effects in a model of
Kaposi’s sarcoma. J Exp Med. 2006; 203:1235-1247.

Lobo NA, Shimono Y, Qian D, Clarke MF. The biology of
cancer stem cells. Annu Rev Cell Dev Biol. 2007; 23:675—
699.

Shiozawa Y, Nie B, Pienta KJ, Morgan TM, Taichman RS.
Cancer stem cells and their role in metastasis. Pharmacol
Ther. 2013; 138:285-293.

Bao B, Ahmad A, Azmi AS, Ali S, Sarkar FH. Overview
of cancer stem cells (CSCs) and mechanisms of their

regulation: implications for cancer therapy. Curr Protoc
Pharmacol. 2013; Chapter 14:Unit 14.25.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Chang JC. Cancer stem cells: Role in tumor growth,
recurrence, metastasis, and treatment resistance. Medicine
(Baltimore). 2016; 95:S20-S25.

Wei HJ, Zeng R, Lu JH, Lai WF, Chen WH, Liu HY, Chang
YT, Deng WP. Adipose-derived stem cells promote tumor
initiation and accelerate tumor growth by interleukin-6
production. Oncotarget. 2015; 6:7713-7726. https://doi.
org/10.18632/oncotarget.3481.

Chen D, Liu S, Ma H, Liang X, Ma H, Yan X, Yang B, Wei J,
Liu X. Paracrine factors from adipose-mesenchymal stem cells
enhance metastatic capacity through Wnt signaling pathway in a
colon cancer cell co-culture model. Cancer Cell Int. 2015; 15:42.

Sakunrangsit N, Kalpongnukul N, Pisitkun T, Ketchart
W. Plumbagin enhances tamoxifen sensitivity and inhibits
tumor invasion in endocrine resistant breast cancer through
EMT regulation. Phytother Res. 2016.

Pei YF, Lei Y, Liu XQ. Mir-29a promotes cell proliferation
and EMT in breast cancer by targeting ten eleven
translocation 1. Biochim Biophys Acta. 2016.

Siegel R, Naishadham D, Jemal A. Cancer statistics, 2012.
CA Cancer J Clin. 2012; 62:10-29.

Molina JR, Yang P, Cassivi SD, Schild SE, Adjei AA. Non-
small cell lung cancer: epidemiology, risk factors, treatment,
and survivorship. Mayo Clin Proc. 2008; 83:584-594.
Dwyer RM, Khan S, Barry FP, O’Brien T, Kerin MJ.
Advances in mesenchymal stem cell-mediated gene therapy
for cancer. Stem Cell Res Ther. 2010; 1:25.

Spaeth E, Klopp A, Dembinski J, Andreeff M, Marini F.
Inflammation and tumor microenvironments: defining the
migratory itinerary of mesenchymal stem cells. Gene Ther.
2008; 15:730-738.

Ng TK, Huang L, Cao D, Yip YW, Tsang WM, Yam GH, Pang
CP, Cheung HS. Cigarette smoking hinders human periodontal
ligament-derived stem cell proliferation, migration and
differentiation potentials. Sci Rep. 2015; 5:7828.

Kidoaki S, Matsuda T. Shape-engineered fibroblasts: cell
elasticity and actin cytoskeletal features characterized by
fluorescence and atomic force microscopy. J Biomed Mater
Res A. 2007; 81:803-810.

Kim BS, Kim SJ, Kim HJ, Lee SJ, Park YJ, Lee J, You
HK. Effects of nicotine on proliferation and osteoblast
differentiation in human alveolar bone marrow-derived
mesenchymal stem cells. Life Sci. 2012; 90:109—-115.
Chang YC, Huang FM, Tai KW, Yang LC, Chou MY.
Mechanisms of cytotoxicity of nicotine in human
periodontal ligament fibroblast cultures in vitro. J
Periodontal Res. 2002; 37:279-285.

Kim SY, Kang KL, Lee JC, Heo JS. Nicotinic acetylcholine
receptor alpha7 and beta4 subunits contribute nicotine-
induced apoptosis in periodontal ligament stem cells. Mol
Cells. 2012; 33:343-350.

Schraufstatter IU, DiScipio RG, Khaldoyanidi SK.
Alpha 7 subunit of nAChR regulates migration of human
mesenchymal stem cells. J Stem Cells. 2009; 4:203-215.

WWW

.impactjournals.com/oncotarget

605

Oncotarget



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Giannopoulou C, Geinoz A, Cimasoni G. Effects of
nicotine on periodontal ligament fibroblasts in vitro. J Clin
Periodontol. 1999; 26:49-55.

Rothem DE, Rothem L, Soudry M, Dahan A, Eliakim R.
Nicotine modulates bone metabolism-associated gene
expression in osteoblast cells. J Bone Miner Metab. 2009;
27:555-561.

Bessede E, Staedel C, Acuna AL, Nguyen PH, Chambonnier
L, Hatakeyama M, Belleannee G, Megraud F, Varon C.
Helicobacter pylori generates cells with cancer stem cell
properties via epithelial-mesenchymal
changes. Oncogene. 2014; 33:4123-4131.
Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou
AY, Brooks M, Reinhard F, Zhang CC, Shipitsin M,
Campbell LL, Polyak K, Brisken C, et al. The epithelial-
mesenchymal transition generates cells with properties of
stem cells. Cell. 2008; 133:704-715.

Qiao B, Chen Z, Hu F, Tao Q, Lam AK. BMI-1 activation
is crucial in hTERT-induced epithelial-mesenchymal
transition of oral epithelial cells. Exp Mol Pathol. 2013;
95:57-61.

Lu Y, Futtner C, Rock JR, Xu X, Whitworth W, Hogan
BL, Onaitis MW. Evidence that SOX2 overexpression is
oncogenic in the lung. Plos One. 2010; 5:¢11022.

Jeter CR, Badeaux M, Choy G, Chandra D, Patrawala
L, Liu C, Calhoun-Davis T, Zachres H, Daley GQ, Tang
DG. Functional evidence that the self-renewal gene Nanog

transition-like

regulates human tumor development. Stem Cells. 2009;
27:993-1005.

Takahashi H, Ogata H, Nishigaki R, Broide DH, Karin M.
Tobacco smoke promotes lung tumorigenesis by triggering
IKKbeta- and INK 1-dependent inflammation. Cancer Cell.
2010; 17:89-97.

Lederle W, Depner S, Schnur S, Obermueller E, Catone
N, Just A, Fusenig NE, Mueller MM. IL-6 promotes
malignant growth of skin SCCs by regulating a network
of autocrine and paracrine cytokines. Int J Cancer. 2011;
128:2803-2814.

Rojas A, Liu G, Coleman I, Nelson PS, Zhang M, Dash
R, Fisher PB, Plymate SR, Wu JD. IL-6 promotes prostate

63.

64.

65.

66.

67.

68.

69.

70.

tumorigenesis and progression through autocrine cross-
activation of IGF-IR. Oncogene. 2011; 30:2345-2355.
Ibrahim SA, Hassan H, Vilardo L, Kumar SK, Kumar
AV, Kelsch R, Schneider C, Kiesel L, Eich HT, Zucchi
I, Reinbold R, Greve B, Gotte M. Syndecan-1 (CD138)
modulates triple-negative breast cancer stem cell properties
via regulation of LRP-6 and IL-6-mediated STAT3
signaling. Plos One. 2013; 8:e85737.

Looyenga BD, Hutchings D, Cherni I, Kingsley C, Weiss
GJ, Mackeigan JP. STAT3 is activated by JAK?2 independent
of key oncogenic driver mutations in non-small cell lung
carcinoma. Plos One. 2012; 7:¢30820.

Xiong H, Hong J, Du W, Lin YW, Ren LL, Wang YC, Su
WY, Wang JL, Cui Y, Wang ZH, Fang JY. Roles of STAT3
and ZEBI1 proteins in E-cadherin down-regulation and
human colorectal cancer epithelial-mesenchymal transition.
J Biol Chem. 2012; 287:5819-5832.

Rojas A, Liu G, Coleman I, Nelson PS, Zhang M, Dash
R, Fisher PB, Plymate SR, Wu JD. IL-6 promotes prostate
tumorigenesis and progression through autocrine cross-
activation of IGF-IR. Oncogene. 2011; 30:2345-2355.

Sullivan NJ, Sasser AK, Axel AE, Vesuna F, Raman V,
Ramirez N, Oberyszyn TM, Hall BM. Interleukin-6 induces
an epithelial-mesenchymal transition phenotype in human
breast cancer cells. Oncogene. 2009; 28:2940-2947.

Liu RY, Zeng Y, Lei Z, Wang L, Yang H, Liu Z, Zhao J,
Zhang HT. JAK/STAT3 signaling is required for TGF-beta-
induced epithelial-mesenchymal transition in lung cancer
cells. Int J Oncol. 2014; 44:1643-1651.

Li T, Zhang C, Ding Y, Zhai W, Liu K, BuF, Tu T, Sun L,
Zhu W, Zhou F, Qi W, Hu J, Chen H, Sun X. Umbilical
cord-derived mesenchymal stem cells promote proliferation
and migration in MCF-7 and MDA-MB-231 breast cancer
cells through activation of the ERK pathway. Oncol Rep.
2015; 34:1469-1477.

GuY, Li T, Ding Y, Sun L, Tu T, Zhu W, Hu J, Sun X.
Changes in mesenchymal stem cells following long-term
culture in vitro. Mol Med Rep. 2016; 13:5207-5215.

www.impactjournals.com/oncotarget

606

Oncotarget



