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Abstract

Background: The high mortality of lung cancer is mainly attributed to not only late detection and diagnosis but also strong invasion
and the potential development of chemoresistance. This study investigated the effect and underlying mechanisms of mesenchymal stem
cells (MSCs) isolated from lung cancer tissues (LC-MSCs) on lung cancer progression and chemoresistance. Methods: LC-MSCs were
isolated using tissue culture method. They were characterized and verified through microscopic observation via flow cytometry (for
determining MSC expression markers) and testing their ability of differentiation into adipose cells, osteocytes, or chondrocytes. Then,
lung cancer A549 and H1299 cell lines cultured alone or co-cultured with LC-MSCs were used for exploring how LC-MSCs affect the
progression of lung cancer cells. Temozolomide (TMZ) was administrated on differently cultured cells to determine how LC-MSCs
affect the chemoresistance of lung cancer cells. Cell proliferation was evaluated by cell counting kit-8 assay, and cell cycle distribution
was assessed by flow cytometry. Cell invasion, migration, and apoptosis were determined by Transwell assay, wound healing assay,
and flow cytometry, respectively. Reverse transcription quantitative polymerase chain reaction, Western blot, and immunofluorescence
were used to verify the upregulation of hypoxia-inducible factor-1α (HIF-1α) by LC-MSCs, and HIF-1α expression was mediated
by transfection to investigate the effect of HIF-1α on lung cancer cell progression and chemoresistance. The effects of LC-MSCs
and HIF-1α on autophagy-related LC3-II/I ratio, Beclin-1, p62, and epithelial-mesenchymal transition (EMT)-related N-cadherin and
E-cadherin were measured. Nude BALB/c mice were subcutaneously injected with lung cancer cells or LC-MSCs co-cultured with lung
cancer cells. They were also administrated with or without TMZ. The tumor volume, tumor weight, and levels of HIF-1α, LC3-II/I
ratio, Beclin-1, p62, E-cadherin and N-cadherin, proliferation (Ki-67 immunohistochemistry), and apoptosis (terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling (TUNEL) assay) of the formed lung cancer tumor tissues were measured. Results: Under
or under no TMZ administration, LC-MSCs promoted cell proliferation, migration, and invasion and inhibited cell apoptosis (p< 0.01).
When co-cultured with LC-MSCs, HIF-1α was more expressed in cells (p < 0.01). Under or under no TMZ administration, HIF-1α
increased proliferation, migration, invasion, autophagy, and EMT and decreased the apoptosis of cells co-cultured with LC-MSCs (p
< 0.01). In mice treated with TMZ, LC-MSCs and HIF-1α promoted tumor growth in terms of volume and weight, proliferation,
autophagy, and EMT in tumor cells and inhibited cell apoptosis (p< 0.01). Conclusions: LC-MSCs promote the malignant progression
of lung cancer and enhance cancer cell resistance to chemotherapy through upregulating HIF-1α expression, thus providing new targets
of LC-MSCs and HIF-1α for lung cancer treatment.
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Introduction
Lung cancer has become not only the most frequent

cancer but also the leading cause of cancer-related mortality
in North America and other countries as well as in men and
women combined [1–3]. The late detection of lung cancer is
the number one main cause of high mortality and poor over-
all survival rates [4,5]. Another main cause inducing poor
overall survival is the disease’s malignant progression [6].
Lung cancer has caused many deaths due to its strong inva-
sion and the potential to develop drug resistance [7]. The
responses of patients with lung cancer to chemotherapy are
often not long-lasting, and chemotherapy resistance could
be easily developed, resulting in disease exaggeration and
recurrence [8,9]. Therefore, exploring the progression and
chemoresistance mechanisms of lung cancer and identify-
ing therapeutic targets are crucial.

Mesenchymal stem cells (MSCs) were first uncovered
in 1976 [10]. Various cell lineages, including adipocytes,
chondrocytes, and osteocytes, can be differentiated from
this type of widely distributed andmultipotent cells [11,12].
MSCs can be isolated from various tissues, and they possess
the expression markers CD90, CD73, CD105, and CD166
[13,14]. A notable detail is that MSCs could strongly mod-
ulate immune response and affect the development of nu-
merous types of diseases, including cancers [15–17]. MSCs
may emit either suppressive or promotive effect on can-
cer progression [18]. However, studies investigating lung
cancer-associated mesenchymal stem cells (LC-MSCs) and
their effect on human lung cancer are few [19]. In spite of
a previous study claiming that the porcine lung MSCs pos-
sessed properties of immunoregulation [20] and LC-MSCs
promoted tumorigenesis and tumor metastasis of lung can-
cer [19], the role of LC-MSCs in lung cancer progression
and the underlyingmechanisms should be explored and ver-
ified further.

Hence, in this study, the effect of LC-MSCs on the
malignant progression and chemoresistance development
of human lung cancer was investigated, and the underlying
signaling pathway was explored. The findings may help
evaluate MSC-based anti-lung cancer therapies for clinical
application and improving the life quality of patients with
lung cancer.

Materials and Methods
LC-MSC Preparation

LC-MSCs were isolated from primary lung cancer tis-
sues, which were obtained from five patients with lung
cancer and by surgical section in Jinan Central Hospital.
They were immediately immersed in phosphate-buffered
salina (PBS; 10010002, Gibco, Grand Island, NY, USA)
containing 1 % penicillin/streptomycin (15140148, Gibco,
Grand Island, NY, USA) at 4 °C. MSCs were isolated
within 4 h after the tissues were obtained. When perform-
ing isolation, the remaining blood was removed by rins-

ing tissues with ice-cold PBS, and the tissues were cut into
8 mm3 blocks, with vessels in tissues being completely
removed. These blocks were plated on culture flasks,
which was pre-moistened with Dulbecco’s modified Eagle
medium/Nutrient Mixture F-12 (DMEM/F-12; 11039021,
Gibco, Grand Island, NY, USA) containing 2 mmol/L L-
glutamine (21051024, Gibco, Grand Island, NY, USA) and
10 % fetal bovine serum (FBS; 16140071, Gibco, Grand
Island, NY, USA). The flasks were placed upside down in
humidified atmosphere containing 5 %CO2, and the blocks
were incubated overnight at 37 °C. Then, 1 mL of medium
was added into the flasks in the morning of the second,
third, and fourth days, and 3 mL of medium was added into
the flasks in the morning of the fifth day. For every 3 days,
half of the medium was changed. After 2 weeks, the iso-
lated MSCs were passaged (at 65 %–70 % confluence) by
being trypsinized using 0.25 % typsin and 1 mM ethylene-
diaminetetraacetic acid (AM9260G, Invitrogen, Carlsbad,
CA, USA) at room temperature, and the floating cells were
collected. The MSCs were cultured at a density of 4 ×
103 cells/cm2 and used for subsequent experiments at 4–6
passages. The LC-MSCs were mycoplasma-free, and short
tandem repeat (STR) analysis revealed that they were de-
rived from parental cells.

LC-MSC Characterization and Identification

The morphological characterization and phenotype
of isolated LC-MSCs were observed under a microscope
(CKX53, Olympus, Tokyo, Japan) and identified using flow
cytometry to detect surface markers, respectively. In brief,
cells in 70 % confluence were trypsinized, rinsed with PBS,
and suspended (107/mL). At room temperature, the cells
were stained with antibodies of CD73 (ab288154), CD90
(ab288825), CD105 (ab221675), CD29 (ab193591), CD14
(ab182032), CD34 (ab8536), CD45 (ab218503), and HLA-
DR (ab136320) separately. All these antibodies were pur-
chased from Abcam (Cambridge, MA, USA) and used with
a 1:500 dilution. The cells were incubated on ice for 30min,
washed with PBS, centrifugated for 5 min at 1800 rpm, sus-
pended with PBS (500 µL), and then tested by flow cytom-
etry (FACS Aria III, BD Bioscience, San Jose, CA, USA).

LC-MSC Multi-Differentiation

For adipogenic differentiation, LC-MSCs at 70 %–
80 % confluence were cultured in DMEM/F-12 contain-
ing 10 % FBS, 1 % penicillin/streptomycin, 0.2 mM in-
domethacin, 1 µM dexamethasone, and 10 µg/mL insulin
for 21 days, with medium being refreshed every 3 days.
The LC-MSCs were stained with Oil Red O (C1957S,
Beyotime, Shanghai, China), and adipogenesis was ob-
served by microscope (CKX53, Olympus, Tokyo, Japan).
For osteogenic differentiation, the LC-MSCs were cul-
tured in DMEM/F-12 containing 10 % FBS, 1 % peni-
cillin/streptomycin, 0.05 mM L-ascorbic acid-2-phosphate,
100 nM dexamethasone, and 10 mM β-glycerophosphate
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for 21 days, with medium being refreshed every 3 days.
All these medium contents were provided in the CellsStem-
Pro osteogenesis differentiation kit (A1007201, Gibco,
Grand Island, NY, USA). The LC-MSCs were stained with
Alizarin Red S (C0148S, Beyotime, Shanghai, China), and
osteogenesis was observed under the microscope. For adi-
pogenic differentiation, the StemPro Lipogenesis differen-
tiation kit (A1007001, Gibco, Grand Island, NY, USA)
was used for culture, and Oil Red O (G1262, Solarbio,
Beijing, China) was used for staining. For chondrogenic
differentiation, the LC-MSCs were cultured in DMEM/F-
12 containing 10 % FBS, 1 % penicillin/streptomycin, in-
sulin, transferrin, selenium, 10mM β-glycerophosphate, 10
nMdexamethasone, 0.05mML-ascorbic acid-2-phosphate,
and 10 ng/mL transforming growth factor (TGF)-b3 for 21
days, with medium being refreshed every 3 days. All these
medium contents were provided in the chondrogenic differ-
entiation kit (A1007101, Gibco, Grand Island, NY, USA).
The LC-MSCs were stained with Alcian Blue (C0153S, Be-
yotime, Shanghai, China), and osteogenesis was observed
under the microscope.

Cell Culture

The human lung cancer cell lines of A549 (iCell-h011)
and H1299 (iCell-h153) were purchased from iCell Bio-
science Inc. (Shanghai, China) and cultured in DMEM
(iCell-0001, iCell Bioscience Inc.) containing 1 % peni-
cillin/streptomycin and 10%FBS. The cells were incubated
at 37 °C under 5 %CO2 and humidity. For co-culturing, the
lung cancer cells were co-cultured with LC-MSCs (10:1) in
Thermo Scientific Nunc plates (141006, Thermo Scientific,
Shanghai, China), in which the LC-MSCs were seeded on
the bottom layer of each well, and the lung cancer cells were
maintained in the upper layer of the plate. Then, the cells
were administrated with temozolomide (TMZ; HY-17364,
MedChemExpress, Monmouth Junction, NJ, USA) for 24
h at a certain concentration. The lung cancer cells cultured
alone were termed as mo.A549 and mo.H1299, and the
lung cancer cells cultured with LC-MSCs were termed as
co.A549 and co.H1299. The cells were tested without con-
tamination with mycoplasma. The A549 and H1299 cells
weremycoplasma-free, and STR analysis revealed that they
were derived from parental cells.

Cell Transfection

For regulation of stable expression, lentivirus
encoding short hairpin (sh)RNA of hypoxia-
inducible factor-1α (HIF-1α) (sh-HIF-1α; 5′-
CCATCCAGAGTCACTGGAAC-3′), noncoding shRNA
(shNC), overexpression HIF-1α (OE-HIF-1α), or OE-
NC were constructed by GeneChem (Shanghai, China)
and transduced into A549 or H1299 cells following the
manufacturer’s instruction. At 48 h after transfection,
the successful infection was selected by puromycin (2
µg/mL), and the transfection efficiency was verified by

real-time reverse transcription quantitative polymerase
chain reaction (RT-qPCR) and Western blot.

Cell Viability Assay

Cells were seeded onto 96-well plates (1 × 104
cells/well) with different treatments as designed and cul-
tured for 48 h. Then, the lung cancer cells cultured alone
or with LC-MSCs were collected, added with cell counting
kit (CCK)-8 solution (10 µL) (C0038, Beyotime, Shanghai,
China), and subsequently incubated for 2 h. The absorbance
at 450 nmwas determined using a microplate reader (Multi-
skan SkyHigh, Thermo Fisher Scientific, Shanghai, China).

Flow Cytometry Analysis for Cell Apoptosis and Cell
Cycle

Cell apoptosis was carried out using the Annexin V-
FITC apoptosis detection kit (C1062M, Beyotime, Shang-
hai, China). Lung cancer cells were collected, digested,
centrifugated, washed, rinsed, and resuspended with An-
nexin V-FITC and propidium (PI) provided by the apoptosis
assay kit (C1062M, Beyotime, Shanghai, China). After 20
min in the dark, cell apoptosis was analyzed by flow cytom-
etry (FACS Aria III, BD Bioscience, San Jose, CA, USA).

Cells were collected, washed with PBS, and fixed in
70 % cold ethanol overnight. At least 5 × 104 cells were
stained by PI, and cell cycle was analyzed by fluorescence-
activated cell sorting flow cytometry (FACS Aria III, BD
Bioscience, San Jose, CA, USA).

Wound Healing Assay

Cells were seeded onto six-well plates as designed
with different treatments and at the density of 5 × 105
cells/well. When the cells formed a single layer through
adhesion, a scratch on the plate was made using a pipetting
tip. The wound area was photographed under the micro-
scope (CKX53, Olympus, Tokyo, Japan) at 0 and 24 h after
scratching and analyzed by ImageJ software (version 1.35,
NIH, Bethesda, MD, USA).

Rm =
Wi −Wf

Wf
(1)

Rm: rate of cell migration; Wi: initial wound area;
Wf : final wound area.

Transwell Assay

Cells were cultured in FBS-free DMEM (100 µL)
and added in the top chamber of 24-well plates (5 × 104
cells/well) containing 8 µm-pore polycarbonate filter mem-
brane. The bottom chamber was supplemented with 20 %
FBS as a chemoattractant. The upper compartment was
pre-coated with or with no Matrigel (0.2 %; 356234, BD
Bioscience, San Jose, CA, USA) for invasion or migra-
tion assay, respectively. After 24 h of incubation, the
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Fig. 1. Verification of isolated lung cancer-associated mesenchymal stem cells (LC-MSCs). (A) Morphology of LC-MSCs at first
passage (left) and second passage (right). Scale bar: 100 µm. Expression levels of (B) MSC surface markers and (C) hematopoietic
markers in LC-MSCs as tested by flow cytometry. (D) Adipogenic, osteogenic, and chondrogenic differentiations of LC-MSCs induced
in vitro. Scale bar: 100 µm. MSCs, mesenchymal stem cells.
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Fig. 2. Increase in the progression and chemoresistance of lung cancer cells by LC-MSCs. (A) Cell viability (n = 5). (B) Distribution
of cell cycle (n = 5). mo.A549: A549 cells cultured alone; co.A549: A549 cells co-cultured with LC-MSCs; mo.A549 + TMZ: A549
cells cultured alone treated with 200 µM TMZ; co.A549 + TMZ: A549 cells co-cultured with LC-MSCs treated with 200 µM TMZ;
mo.H1299: H1299 cells cultured alone; co.H1299: H1299 cells co-cultured with LC-MSCs; mo.H1299 + TMZ: H1299 cells cultured
alone treated with 200 µMTMZ; and co.H1299+ TMZ: H1299 cells co-cultured with LC-MSCs treated with 200 µMTMZ. ##p< 0.01,
###p < 0.001 versus mo.A549; @p < 0.05, @@p < 0.01 versus mo.A549 + TMZ; +p < 0.05, +++p < 0.001 versus mo.H1299; $p <

0.05, $$p < 0.01 versus mo.H1299 + TMZ. TMZ, temozolomide.
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Fig. 3. Increase in the progression and chemoresistance of lung cancer cells by LC-MSCs. (A) Results of wound healing assay of
A549 cells. (B) Results of wound healing assay of A1299 cells. (n = 5). Scale bar: 100 µm. mo.A549: A549 cells cultured alone;
co.A549: A549 cells co-cultured with LC-MSCs; mo.A549 + TMZ: A549 cells cultured alone treated with 200 µM TMZ; co.A549 +
TMZ: A549 cells co-cultured with LC-MSCs treated with 200 µMTMZ; mo.H1299: H1299 cells cultured alone; co.H1299: H1299 cells
co-cultured with LC-MSCs; mo.H1299 + TMZ: H1299 cells cultured alone treated with 200 µM TMZ; and co.H1299+ TMZ: H1299
cells co-cultured with LC-MSCs treated with 200 µM TMZ. **p < 0.01, ***p < 0.001.
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Fig. 4. Increase in the progression and chemoresistance of lung cancer cells by LC-MSCs. Results of Transwell assays for (A)
migration and (B) invasion (n = 5). Scale bar: 100 µm. mo.A549: A549 cells cultured alone; co.A549: A549 cells co-cultured with LC-
MSCs; mo.A549 + TMZ: A549 cells cultured alone treated with 200 µMTMZ; co.A549 + TMZ: A549 cells co-cultured with LC-MSCs
treated with 200 µM TMZ; mo.H1299: H1299 cells cultured alone; co.H1299: H1299 cells co-cultured with LC-MSCs; mo.H1299 +
TMZ: H1299 cells cultured alone treated with 200 µM TMZ; and co.H1299 + TMZ: H1299 cells co-cultured with LC-MSCs treated
with 200 µM TMZ. ***p < 0.001.
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Fig. 5. Increase in the progression and chemoresistance of lung cancer cells by LC-MSCs. Results of apoptosis obtained by flow
cytometry (n = 5). mo.A549: A549 cells cultured alone; co.A549: A549 cells co-cultured with LC-MSCs; mo.A549 + TMZ: A549
cells cultured alone treated with 200 µM TMZ; co.A549 + TMZ: A549 cells co-cultured with LC-MSCs treated with 200 µM TMZ;
mo.H1299: H1299 cells cultured alone; co.H1299: H1299 cells co-cultured with LC-MSCs; mo.H1299 + TMZ: H1299 cells cultured
alone treated with 200 µM TMZ; and co.H1299 + TMZ: H1299 cells co-cultured with LC-MSCs treated with 200 µM TMZ. ***p <

0.001.

cells on the lower surface of the filter were fixed with 4
% paraformaldehyde (P0099, Beyotime, Shanghai, China),
stained with crystal violet (C0121, Beyotime, Shanghai,
China), and calculated under the microscope (CKX53,
Olympus, Tokyo, Japan).

Immunofluorescence

Cells with different treatments were collected and
seeded on a dish. Then, they were treated with

paraformaldehyde (0.4 %; C0121, Beyotime, Shanghai,
China) and Triton X-100 (0.3 %; P0096, Beyotime, Shang-
hai, China). Next, the cells were incubated with the primary
antibody for HIF-1α (1:200 dilution, ab1, Abcam, Cam-
bridge, MA, USA) overnight and the allogeneic secondary
antibody (1:500 dilution, ab96879, Abcam, Cambridge,
MA, USA) in the dark for 1 h. The nuclei were stained with
2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride
(DAPI; C1002, Beyotime, Shanghai, China). Afterwards,
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Fig. 6. Upregulation of HIF-1α expression by LC-MSCs. (A) HIF-1α mRNA expression and (B) HIF-1α protein expression (n = 5).
(C) Immunofluorescence analysis of HIF-1α expression (n = 5). Scale bars: 50µm. mo.A549: A549 cells cultured alone; co.A549: A549
cells co-cultured with LC-MSCs; mo.H1299: H1299 cells cultured alone; and co.H1299: H1299 cells co-cultured with LC-MSCs. ***p
< 0.001. HIF-1α, hypoxia-inducible factor-1α; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; DAPI, 2-(4-amidinophenyl)-6-
indolecarbamidine dihydrochloride.

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v050a06


96 www.ecmjournal.org

European Cells and Materials Vol.50 2025 (pages 87–108) DOI: 10.22203/eCM.v050a06

Fig. 7. LC-MSC enhancement of chemoresistance in lung cancer cells through upregulating HIF-1α. mRNA expression of HIF-1α
obtained by RT-qPCR (n = 5) and protein expression obtained by Western blot (n = 5) in (A) transfected A549 cells and (B) transfected
H1299 cells. Results of CCK-8 assays (n = 5) for (C) transfected A549 cells and (D) transfected H1299 cells co-cultured with LC-MSCs
and treated with TMZ. ***p < 0.001. RT-qPCR, reverse transcription quantitative polymerase chain reaction; CCK, cell counting kit;
sh, short hairpin; shNC, noncoding shRNA; OE, overexpression.
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Fig. 8. LC-MSC enhancement of chemoresistance in lung cancer cells through upregulating HIF-1α. Cell cycle distribution
obtained by flow cytometry (n = 5) in (A) transfected A549 cells and (B) transfected H1299 cells co-cultured with LC-MSCs and treated
with TMZ. ##p< 0.01, ###p< 0.001 versus co.A549 + shNC + TMZ. @p< 0.05, @@@p< 0.001 versus co.A549 + OE-NC + TMZ.
+++p < 0.001 versus co.H1299 + shNC + TMZ. $p < 0.05, $$$p < 0.001 versus co.H1299 + OE-NC + TMZ.
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Fig. 9. LC-MSC enhancement of chemoresistance in lung cancer cells through upregulating HIF-1α. Wound healing assays (n =
5; scale bar: 100 µm) for (A) transfected A549 cells and (B) transfected H1299 cells co-cultured with LC-MSCs and treated with TMZ.
Transwell migration assays (n = 5; scale bar: 50 µm) for (C) transfected A549 cells and (D) transfected H1299 cells co-cultured with
LC-MSCs and treated with TMZ. ***p < 0.001.
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Fig. 10. LC-MSC enhancement of chemoresistance in lung cancer cells through upregulating HIF-1α. Transwell invasion assays
(n = 5; scale bar: 50 µm.) for (A) transfected A549 cells and (B) transfected H1299 cells co-cultured with LC-MSCs and treated with
TMZ. Apoptosis examined via flow cytometry (n = 5) of (C) transfected A549 cells and (D) transfected H1299 cells co-cultured with
LC-MSCs and treated with TMZ. ***p < 0.001.
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Fig. 11. LC-MSC induction of lung cancer cell autophagy and epithelial-mesenchymal transition (EMT) promotion through HIF-
1α upregulation. Autophagy-related LC3-II/I ratio, Beclin-1 protein, and p62 protein in (A) differently treated A549 cells (n = 5) and
(B) differently treated H1299 cells (n = 5). EMT-related E-cadherin and N-cadherin in (C) differently treated A549 cells (n = 5) and (D)
differently treated H1299 cells (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001.
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images were photographed by confocal microscopy (objec-
tive: 200×; CKX53, Olympus, Tokyo, Japan).

In-Vivo Experiments
Nude BALB/c mice (aged 4–6 weeks and weighing

18–20 g) were obtained from Beijing Vital River Labora-
tory Animal Technology Co., Ltd. (Beijing, China) and
raised in a specific pathogen free-level environment. A549
lung cancer cells (1 × 106 cells dissolved in 100 µL PBS)
were subcutaneously injected into the right dorsal flank of
mice on day 0. Tumor growth was monitored periodically,
and on day 14, the mice were randomly divided into groups
as described in the Result section, with five mice in each
group. Then, the mice were exposed to saline or TMZ (50
mg/kg) via oral gavage for 5 consecutive days. On day
19, the mice were euthanatized by CO2 asphyxiation, and
tumor tissues from mouse lungs were harvested and snap
frozen in liquid nitrogen. The following formula was used
for calculation: V = (L ×W2)/2 (V: tumor volume, W: the
short axis, and L: long axis).

Immunohistochemistry (IHC)
Parts of the harvested tumor tissues were fixed in 4 %

PBS-saturated formaldehyde, paraffin-embedded, and sec-
tioned at 5 µm thickness. Then, the sections were stained
by incubating with the antibody of Ki-67 (1:200 dilution,
ab15580, Abcam, Cambridge, MA, USA) in accordance
with the manufacturer’s instruction. The slides with stained
sections were imaged by the microscope (CKX53, Olym-
pus, Tokyo, Japan) at 400×magnification, and the percent-
age of positively labeled cells was counted among more
than 1000 tumor nuclei.

Terminal Deoxynucleotidyl Transferase-Mediated dUTP
Nick End Labeling (TUNEL) Assay

TUNEL staining was performed using a kit (C1089,
Beyotime, Shanghai, China) in accordance with the man-
ufacturer’s instructions, in which the green fluorescein la-
beled the apoptotic nuclei and the blue fluorescein marked
the total cardiomyocyte nuclei (DAPI stained). The la-
beled tissues were viewed by microscopy (CKX53, Olym-
pus, Tokyo, Japan).

RT-qPCR
Total RNA was extracted (TRIzol, 15596026, Invit-

rogen, Carlsbad, CA, USA) and reversely transcribed into
cDNA by using Reverse Transcriptase (D7166, Beyotime,
Shanghai, China). cDNA was amplified (FP207, TIAN-
GEN Biotech, Beijing, China) under the following condi-
tions: pre-denaturation (94 °C, 5 min) and 40 cycles of de-
naturation (94 °C, 10 s) followed by annealing (60 °C, 60
s). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used for normalization, and the 2∆∆Ct method was
used for analyzing expression levels. The primer sequences
are listed in Table 1.

Table 1. Primer sequences.
Name of primers Sequences of primers (5′–3′)

HIF-1α-F CTCAAAGTCGGACAGCCTCA
HIF-1α-R CCCTGCAGTAGGTTTCTGCT
GAPDH-F ATGGGAGCTGGTCATCAAC
GAPDH-R CCACAGTCTTCTGAGTGGCA

HIF-1α, hypoxia-inducible factor-1α; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase.

Western Blot
Cell or tissue lysates were obtained using radioim-

munoprecipitation assay (RIPA) lysis buffer (P0013, Be-
yotime, Shanghai, China) with the protease and phos-
phatase inhibitors (ST505, Beyotime, Shanghai, China) be-
ing added before use. After the cell lysates were cen-
trifugated at 12,000 g for 15 min and the supernatants
were collected, the total protein in the supernatants was
quantified using the bicinchoninic acid kit (P0012, Bey-
otime, Shanghai, China). Proteins (50 µg) were separated
by sodium dodecyl sulfate (SDS)-polyacrylamide gel (10
%) and transferred onto a polyvinylidene fluoride mem-
brane, which was then blocked with 5 % skim milk at 37
°C for 1 h. Subsequently, the membrane was incubated
with primary antibodies purchased from Abcam (Cam-
bridge, MA,USA) for HIF-1α (1:2000 dilution, ab224689),
LC3 (1:1000 dilution; ab62721), Beclin-1 (1:2000 dilution;
ab207612), p62 (1:1000 dilution; ab91526), E-cadherin
(1:1000 dilution; ab212059), N-cadherin (1:1000 dilution;
ab98952), and GAPDH (1:2000 dilution; ab8245) at 4 °C
overnight. The membrane was washed with Tris-buffered
saline with Tween-20 (TBST) and probed with horseradish
peroxidase-conjugated secondary antibodies (1:5000 di-
lution; ab205719, Abcam, Cambridge, MA, USA). Af-
ter being washed with TBST, the immunoreactive bands
were revealed using enhanced chemiluminescence (ECL,
WP20005, Invitrogen, Carlsbad, CA, USA), and the inten-
sities of the bands were quantified through Image-Pro Plus
(version 6.0, Media Cybernetics, Rockville, CA, USA).

Statistical Analysis
Data were presented as the mean± standard deviation

(SD). The difference between groups was analyzed using
one-way analysis of variance with Tukey’s post hoc test. p
< 0.05 was considered statistically significant.

Results
Verification of Isolated LC-MSCs

A single-cell suspension of LC-MSCs was generated
from lung cancer tissues, and the presumed LC-MSCs were
characterized and verified in several manners. Under opti-
cal microscopy (Fig. 1A), the cells were firmly attached to
the surface of plates, showing a fibroblast-like morphology.
The cell proliferation rate was increased and maintained
even at advanced passages, with nomorphological changes.
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Fig. 12. LC-MSC induction of lung cancer cell autophagy and promotion of epithelial-mesenchymal transition (EMT) through
HIF-1α upregulation and TMZ treatment. (A) Autophagy-related LC3-II/I ratio, Beclin-1 protein, and p62 protein expression levels
in differently treated A549 cells (n = 5). (B) EMT-related E-cadherin and N-cadherin expression levels in differently treated A549 cells
(n = 5). *p < 0.05, **p < 0.01, ***p < 0.001.

The expression levels of markers associated with LC-MSCs
were determined by immunophenotyping via flow cytom-
etry. As shown in Fig. 1B,C, the isolated cells were posi-
tive for CD29, CD73, CD105, and CD90 and negative for
CD34, HLA-DR, CD14, and CD45, indicating the pheno-
type of MSC. The isolated cells could successfully differ-
entiate into adipose cells, osteocytes, or chondrocytes by
induction (Fig. 1D). These findings indicated that the LC-
MSCs were successfully isolated.

Increase in the Progression and Chemoresistance of Lung
Cancer Cells by LC-MSCs

The lung cancer cells were treated with different con-
centrations of TMZ. As shown in Fig. 2A, when no TMZ
treatment was applied (0 µM), the lung cancer cells co-
cultured with LC-MSCs proliferated more than the lung
cancer cells cultured alone (p < 0.01), indicating that LC-
MSCs could promote the proliferation of lung cancer cells.
Moreover, when cells were treated with TMZ, the lung can-
cer cells co-cultured with LC-MSCs proliferated more than
the lung cancer cells cultured alone (p< 0.001). Especially
when the concentration of TMZwas 200 µM, the difference
of proliferation rates between differently cultured lung can-
cer cells was the biggest. These findings demonstrated that
LC-MSCs could enhance the chemoresistance of lung can-
cer cells against TMZ. The TMZ concentration of 200 µM
was chosen for the subsequent experiments. As shown in
Fig. 2B, co-culture with LC-MSCs led to decreased per-

centage of lung cancer cells in the G0/G1 phase (p < 0.05)
and increased percentage of lung cancer cells in the S phase
(p < 0.001) under or under no TMZ treatment, indicating
that LC-MSCs promoted the proliferation and improved the
chemoresistance of lung cancer cells. The assays for migra-
tion (Figs. 3A,B,4A) and invasion (Fig. 4B) demonstrated
that under the conditions with or without TMZ treatment,
the lung cancer cells co-cultured with LC-MSCs migrated
and invaded more than the lung cancer cells cultured alone
(p< 0.001). Fig. 5 shows that the LC-MSCs decreased the
apoptosis (p< 0.001) of cells under or under no TMZ treat-
ment. These findings suggested that LC-MSCs promoted
the progression of lung cancer cells under normal condition
and enhanced the chemoresistance of lung cancer cells un-
der chemical drug treatment.

LC-MSC Upregulation of HIF-1α Expression

The results of RT-qPCR (Fig. 6A), Western blot (Fig.
6B) and immunofluorescence analysis (Fig. 6C) demon-
strated that HIF-1α was significantly upregulated in lung
cancer cells when co-cultured with LC-MSCs (p < 0.001).

LC-MSC Enhancement of Chemoresistance of Lung
Cancer Cells through Upregulating HIF-1α

As shown in Fig. 7A,B, in A549 and H1299
cells, HIF-1α was successfully downregulated by sh-HIF-
1α transfection (p < 0.01) and successfully upregulated
by OE-HIF-1α transfection (p < 0.01). When treated
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Fig. 13. LC-MSC promotion of the progression and chemoresistance of lung cancer in vivo. (A) HIF-1α protein levels in lung cancer
tumor tissues (n = 5). (B) Tumor volume and weight of lung cancer tumor tissues (n = 5). (C) Images of lung cancer tumor tissues. (D)
Results of Ki-67 immunohistochemistry of lung cancer tumor tissues (n = 5; scale bar: 50 µm for 400×, 20 µm for 200×). **p < 0.01,
***p < 0.001.
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Fig. 14. LC-MSC promotion of the progression and chemoresistance of lung cancer in vivo. (A,B) TUNEL assay for lung cancer
tumor tissues (n = 5; scale bar: 50 µm). (C) Western blot images and (D) quantification of LC3-II/I ratio, Beclin-1, p62, E-cadherin, and
N-cadherin (n = 5). **p < 0.01, ***p < 0.001. TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling.
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with TMZ, the lung cancer cells (A549 and H1299 co-
cultured with LC-MSCs) in which HIF-1α was downreg-
ulated/upregulated proliferated less/more (p < 0.001) than
the cells in which HIF-1α was not regulated (Fig. 7C,D).
As shown in Fig. 8A,B, in A549 and H1299 cells co-
cultured with LC-MSCs, the downregulation of HIF-1α in-
creased the cell percentage of the G0/G1 phase (p < 0.01)
and decreased that of the S phase (p < 0.001). Mean-
while, the upregulation of HIF-1α decreased the percent-
age of cells in the G0/G1 phase (p < 0.001) and increased
that in the S phase (p< 0.05). These findings suggested that
HIF-1α could promote the proliferation of lung cancer cells
treated with TMZ. When co-cultured with LC-MSCs and
treated with TMZ, the lung cancer cells in which HIF-1α
was downregulated/upregulated migrated less/more (Fig.
9A–D, p < 0.001), were invaded less/more (Fig. 10A,B, p
< 0.001), and died due to apoptosis more/less (Fig. 10C,D,
p < 0.001) than the cells in which HIF-1α was not regu-
lated. All these findings suggested that when co-cultured
with LC-MSCs, the chemoresistance of lung cancer cells
against TMZ was enhanced by the LC-MSCs upregulating
HIF-1α.

LC-MSC Induction of Autophagy of Lung Cancer Cells
and Promotion of EMT through Upregulating HIF-1α

As shown in Fig. 11A,B, when lung cancer cells
were co-cultured with LC-MSCs, in which HIF-1α was
up-regulated as shown above, the Beclin-1 expression and
LC3-II/I ratio were increased (p < 0.01) and p62 expres-
sion was decreased (p < 0.01). Furthermore, the Beclin-1
expression and LC3-II/I ratio were decreased (p < 0.001)
and p62 expression was increased (p < 0.001) in LC-
MSC-co-cultured lung cancer cells with HIF-1α downreg-
ulated. Meanwhile, the LC3-II/I ratio and Beclin-1 expres-
sion were increased (p < 0.001) and p62 expression was
decreased (p < 0.001) in LC-MSC-co-cultured lung can-
cer cells and with HIF-1α upregulated. These changes in
proteins related to autophagy demonstrated that LC-MSCs
induced autophagy in lung cancer cells through upregu-
lating HIF-1α expression. The effect of LC-MSCs on
epithelial-mesenchymal transition (EMT) is shown in Fig.
11C,D. When lung cancer cells were co-cultured with LC-
MSCs, in which HIF-1α was upregulated as shown above,
E-cadherin expression was decreased (p < 0.001) and N-
cadherin expression was increased (p< 0.001). On the con-
trary, E-cadherin expression was increased (p< 0.001) and
N-cadherin expression was decreased (p < 0.001) in LC-
MSC-co-cultured lung cancer cells and with HIF-1α down-
regulated, whereas E-cadherin expression was decreased (p
< 0.001) and N-cadherin expression was increased (p <

0.001) in LC-MSC-co-cultured lung cancer cells and with
HIF-1α upregulated. These changes in EMT-related pro-
teins demonstrated that LC-MSCs induced EMT in lung
cancer cells through upregulatingHIF-1α expression. TMZ
was then used to intervene, and the results in Fig. 12A,B

showed that the LC3-II/I ratio and Beclin-1 expression sig-
nificantly increased (p < 0.001) and p62 expression sig-
nificantly decreased (p < 0.05) after HIF-1α overexpres-
sion in co.A549 cells. Meanwhile, N-cadherin expression
increased significantly, whereas E-cadherin expression de-
creased significantly. These results suggested that LC-
MSCs promote chemotherapy resistance by upregulating
HIF-1α expression (p < 0.001).

LC-MSC Promotion of Progression and Chemoresistance
in Lung Cancer In Vivo

Fig. 13A shows that compared with the tumor formed
by lung cancer cells, the tumors formed from lung can-
cer cells with LC-MSCs had upregulated HIF-1α (p <

0.001). Meanwhile, HIF-1α was downregulated in tu-
mors formed from HIF-1α downregulated lung cancer cells
with LC-MSCs and treated with TMZ (p < 0.001). As
shown in Fig. 13B,C, the volume and weight of the tumor
formed from lung cancer cells with LC-MSCs increased
(p < 0.001), indicating that LC-MSCs promoted lung can-
cer tumor growth. In tumors formed from lung cancer
cells with LC-MSCs, the growth was more inhibited by
TMZ when HIF-1α was downregulated (p< 0.01). The re-
sult of Ki-67 immunohistochemical analysis shown in Fig.
13D demonstrated that Ki-67-positive cells were more pre-
sented in tumors formed from lung cancer cells with LC-
MSCs (p < 0.001). When treated with TMZ, the Ki-67-
positive cells were less presented in tumors formed from
HIF-1α-downregulated lung cancer cells with LC-MSCs (p
< 0.001). Fig. 14A–D shows decreased cell apoptosis (p<
0.001), p62 protein expression (p < 0.01), and E-cadherin
expression (p < 0.001) and increased LC3-II/I ratio (p <

0.001), Beclin-1 expression (p< 0.01), and N-cadherin ex-
pression (p < 0.01), indicating that LC-MSCs could pro-
mote induce autophagy and EMT in lung cancer and sup-
press apoptosis in tumor cells. When treated with TMZ,
the cell apoptosis (p < 0.001), p62 protein expression (p <
0.001), and E-cadherin expression (p < 0.001) increased,
whereas the LC3-II/I ratio (p < 0.001), Beclin-1 expres-
sion (p < 0.01), and N-cadherin expression (p < 0.001)
decreased in tumors formed from HIF-1α downregulated-
lung cancer cells with LC-MSCs. All these findings indi-
cated that LC-MSCs promote tumor growth and chemore-
sistance through upregulating the expression of HIF-1α.

Discussion
In this study, MSCs were successfully isolated from

lung cancer tissues, and whether they could facilitate the
progression and chemoresistance of lung cancer through
mediating the expression of HIF-1α was verified.

At present, the MSCs used for clinical applications
are mainly from cord blood, bone marrow, and adipose tis-
sues, which are obtained from birth-derived tissues by as-
piration and liposuction [21]. In the present study, MSCs
isolated from lung cancer tissues were used to reveal how
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exactly MSCs residing in lung cancer tissues affect the de-
velopment of lung cancer. MSCs have been commonly ac-
cepted to be capable of inhibiting the development of tu-
mors by various mechanisms, including tumor cell cycle
jeopardization and apoptosis induction [22]. The present
study demonstrated that the LC-MSCs had pro-tumor func-
tions for lung cancer in vitro and in vivo, consistent with
the results of a previous study [23]. Lung cancer cells co-
cultured with LC-MSCs possessed higher ability of pro-
gression, including more proliferation, migration, and in-
vasion and less apoptosis, than lung cancer cells cultured
alone. TMZ is considered as a treatment for several solid tu-
mors such as melanoma, neuroendocrine tumor, sarcomas,
glioblastoma, and glioma [24–30]. It has been proven to
act against lung cancer progression [31,32]. In the present
study, when lung cancer cells were co-cultured with LC-
MSCs, their drug resistance against TMZ significantly in-
creased, presenting more proliferation, migration, and in-
vasion and less apoptosis.

The underlying mechanisms by which LC-MSCs pro-
mote lung cancer progression were explored. MSCs could
regulate various signaling pathways related to cancer initi-
ation and progression [33]. In the present study, when lung
cancer cells were cultured with LC-MSCs, the HIF-1α ex-
pression in cells increased. HIF-1α was proven by numer-
ous previous studies to be associatedwith the progression of
lung cancer [34–37]. In the present study, it was proven to
be related to the drug resistance of lung cancer cells against
TMZ. The PI3K/Akt/HIF-1α pathway is believed to be re-
lated to lung cancer [38,39]. It has been proven to be mod-
ulated by MSCs and to enhance the progression of cancers
[40,41]. The modulation of LC-MSCs on HIF-1α could be
based on the PI3K/Akt pathway, which could be explored
further. Moreover, NF-κB may be involved in this modu-
lation mechanism because NF-κB/HIF-1α has been proven
to be related to lung cancer progression [42]. NF-κB plays a
role in EMT and tumor metastasis, consistent with the find-
ing that EMT was regulated by HIF-1α mediated by LC-
MSCs. Furthermore, the EMT hallmark of downregulated
E-cadherin expression and upregulated N-cadherin expres-
sion is considered as a common signature for carcinogene-
sis and wound healing [43], further proving the promotive
effect of LC-MSCs and its upregulated HIF-1α on the pro-
gression of lung cancer. Meanwhile, LC-MSCs mediating
HIF-1α could promote lung cancer progression, and HIF
could mediate the tumor homing of MSCs [44]. Therefore,
the crosstalk between LC-MSCs and HIF-1α in affecting
lung cancer needs further investigation.

Previous studies revealed that HIF-1α induced au-
tophagy and conferred the chemoresistance of cancer cell
[45,46]. Autophagy could regulate the response to stress
and maintain homeostasis, facilitating the development and
chemoresistance of cancer [47,48]. In the present study,
when HIF-1α was determined to induce autophagy, it was
also determined to inhibit apoptosis, which is a well-known

mechanism by which chemoresistance develops. These
findings proved that LC-MSCs could promote the progres-
sion and chemoresistance of lung cancer through mediating
HIF-1α expression.

This study still has many shortcomings. No clinical
samples were used for further investigation. Only two cell
lines were used in this study, and more cell lines should be
used in the future to validate the existing conclusions.

Conclusions
LC-MSCs promote the malignant progression of lung

cancer and enhance cancer cell resistance to chemotherapy
though upregulating the expression of HIF-1α, which fur-
ther mediates cancer cell proliferation, metastasis, apopto-
sis, and autophagy. This study provides new targets for
MSC-based therapeutic strategies for lung cancer, thus fa-
cilitating the optimization of lung cancer treatment.
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