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INTRODUCTION  
 

Mesenchymal stem cells (MSCs) are a heterogeneous 

group of adult progenitor cells, which exist in many 

tissues. MSCs hold great promise in tissue generation 

because they are active in homing to the sites of tissue 

injury where they undergo self-renew and multi-

differentiation upon the specific microenvironment [1ï3]. 

Over 700 MSC-based clinical trials are currently listed on 
the clinical trial registry of the US National Institutes of 

Health, most of them focused on locally inflammatory 

control and tissue injuries. There are only four clinical 

studies that test MSC based therapy in patients with 

ovarian cancer, lung cancer and neuroblastoma, 

individually. In these studies, MSCs derived from normal 

tissues are all used as vehicles delivering antitumor 

cytokines or cytotoxic agents into patients against cancer. 

The effect of MSCs on tumors is one of the most 

important key points determining the safety and outcome 

of these translational studies. 

 

Tumors are considered to be ñwounds that never healò 
so it is not surprising that MSCs are recruited to tumor 

sites by the chemotaxis signals from tumors [4, 5]. 

MSCs that come from local tissues as well as bone 

marrow migrate and reside in tumors [6]. Subsequently, 
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ABSTRACT 
 

Mesenchymal stem cells (MSCs) have attracted more attention in antitumor therapy by using MSCs as vehicles 
or targeting modulators of MSCs. But their role and mechanisms in tumor progression are less known. In the 
present study, we successfully isolated pairs of MSCs from lung cancer (LC-MSCs) and adjacent tumor-free 
tissues. Based on the coculture system in vitro and animal studies in vivo, we originally found that LC-MSCs 
significantly promoted tumor metastasis and tumorigenesis both in vitro and in vivo. Partial epithelialς
mesenchymal transition (EMT) was induced in lung cancer cells by LC-MSCs by the evidence of remarkable 
increase in snail and slug expression but not in other EMT-associated genes. The expression of stem related 
genes also escalated significantly. And spheroids perfectly formed when tumor cells were co-incubated with LC-
MSCs. These results revealed a close link of partial EMT and acquisition of stem-like traits in lung cancer cells 
which was induced by LC-MSCs and greatly promoted metastasis and tumorigenesis in lung cancer. Our findings 
provided a new insight into LC-MSCs in tumor progression and helped to identify LC-MSCs as a potential vehicle 
or target for lung cancer therapy. 
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they are educated by tumor microenvironment, and then 

evolve into tumor-associated MSCs (TA-MSCs) or 

differentiated stromal cells such as cancer-associated 

fibroblasts (CAFs) [7, 8]. Pericytes in tumors also share 

some characteristics of MSCs [9, 10]. Several studies in 

lymphoma [11], hepatoma [12] and breast cancer [13] 

demonstrated that TA-MSCs or reside MSCs promoted 

tumor growth and metastasis. There is only one study 

reporting the lung cancer-associated MSCs (LC-MSCs) 

as far. And little is known about the association between 

LC-MSCs and lung cancer. Fully understanding the role 

of LC-MSCs in progression of lung cancer would 

benefit more efficient strategies for targeted therapy and 

using MSCs as vehicles for antitumor treatment. 

 

Epithelialïmesenchymal transition (EMT) is a reversible 

cellular program that is crucial for embryogenesis, wound 

healing and malignant progression [14, 15]. In neoplasia, 

EMT is orchestrated by EMT-inducing transcription 

factors (EMT-TFs) and play an important role in 

tumorigenesis, motility and metastasis potential of tumor 

cells. The characteristics of tumor cells also have a close 

association with acquisition of stem cell-like properties 

and high-grade malignancy [16, 17]. Signals from tumor 

stromal microenvironment are one of the most vital 

factors that induce EMT [18, 19]. As far, the studies of 

cytokines that was from tumor microenvironment and 

induced EMT program, such as TGF-ɓ [20, 21], IL-6 [22, 

23] and vascular epidermal growth factor [23], always 

addressed on CAFs. 

 

TA-MSCs produce large amounts of cytokines. And 

several of these cytokines have been demonstrated to be 

associated closely with EMT and tumor metastasis.  

We therefore hypothesized that LC-MSCs promote 

metastasis and tumorigenesis by inducting EMT and 

reprograming stem-like characteristics in lung cancer 

cells. To test this hypothesis, we cultured primary 

MSCs derived from pairs of primary lung cancer and 

adjacent tumor-free tissues and investigated their effect 

on metastasis and tumorigenesis of the tumor cells, 

addressing EMT and stem-like characteristics. 

 

RESULTS 
 

Characteristics of MSCs derived from primary lung 

cancer tissues 

 

We firstly identified the cells isolated from primary 

tumor and tumor-free tissues. A few of adherent cells 

crawled out from both tumor and tumor-free tissues of 

all patients after 5 days of initial plating. Multiple 

fibroblast-like cells distributed spirally around or beside 
the tissue blocks two weeks later (Figure 1A). Flow 

cytometry analysis showed the cells isolated from tumor 

tissues were all positive for CD73, CD90 and CD166, 

and negative for hematopoietic markers of CD14, CD19, 

CD34, CD45 and HLA-DR. 55-85% cells expressed 

CD105 (Figure 1C). When cultured in adipogenic, 

osteogenic or chondrogenic induction medium, these 

cells differentiated into adipose cells, osteocytes and 

chondrocytes, individually (Figure 1B). The cells 

isolated from tumor or tumor-free tissues showed no 

significant difference in morphology, phenotype and 

multidifferential potency except that the percentage of 

CD105 expression was in a wider range (15%-80%) in 

the cells derived tumor-free tissues. These results 

indicated that we isolated MSCs form primary lung 

cancer (LC-MSCs) and adjacent tumor-free tissues (TF-

MSCs) successfully. 

 

Increased invasion in tumor cells by LC-MSCs in 

vitro 

 

To investigate how LC-MSCs influenced lung cancer 

cells, we co-cultured tumor cells with LC-MSCs in vitro 

and examined the invasion of tumor cells firstly. A549 

and H1299 cells expressed CopGFP fluorescence stably 

by lentivirus transduction. Transwell assay showed the 

number of migrated tumor cells dramatically increased 

to twice to six times when tumor cells were co-cultured 

with LC-MSCs at the cell ratio of 1:1 as well as 1:10 

(Figure 2Aï2D). We also co-cultured tumor cells with 

TF-MSCs. Although TF-MSCs also increased tumor 

invasion, they were not as effective as LC-MSCs 

(Figure 2Aï2D). Additionally, the supernatants of LC-

MSC showed similar effect on migration in tumor cells 

(Supplementary Figure 1). These results indicated that 

LC-MSCs increased the invasion ability of tumor cells. 

 

Changes of migration in tumor cells by LC-MSCs in 

vitro 

 

Next, we used scratch wound healing assay to evaluate 

the migration ability of tumor cells in co-culture system. 

We firstly analyzed the results according to each patient. 

As shown in Figure 3A, 3C, at the cell ratio of 1:1, the 

migration rate increased significantly in three patient-

derived LC-MSC co-culture systems and decreased in 

one system when compared with that when tumor cells 

were cultured alone. While, at the cell ratio of 1:10, it 

did not elevate and even ran down to statistic differences 

in three co-culture systems (Figure 3A, 3C). TF-MSCs 

had a similar effect on the migration of tumor cells as 

LC-MSCs (Figure 3A, 3C). Secondly, we analyzed the 

migration rate between co-culture and tumor culture 

alone system by pooling all the data from individual 

patients, but did not find significant differences (Figure 

3B, 3D). Then, we used transwell assay to test the 
migration of tumor cells to LC-MSC-derived condition 

medium. The result revealed a great many of tumor cells 

migrated to the condition medium of LC-MSCs in a 
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concentration-dependent manner. Contrastively, few 

tumor cells migrated to serum-free medium (Figure 3E). 

These results suggested tumor cells had tropism to LC-

MSCs. 

 

Induced EMT-associated gene expression in tumor 

cells by LC-MSCs 

 

To investigate the mechanism of enhanced invasion of 

lung cancer cells, we then tested the expression of EMT-

associated genes in transcriptional as well as protein 

levels. A549 cells that expressed CopGFP florescence 

were firstly sorted from the co-culture systems by 

cytometry flow. Realtime PCR analysis showed the 

expression of EMT-associated transcription factors snail 

and slug elevated remarkably in A549 cells when co-

cultured with LC-MSCs derived from all patients and the 

change of slug expression was the most significant 

(snail, 1.4 to 4.3 times; slug, 6.5 to 98 times) (Figure 

4A). E-cadherin, N-cadherin and ɓ-catenin expression 

also change obviously in the co-culture systems (Figure 

4A). Furthermore, to determine whether LC-MSC-

induced EMT in the tumor cells was cell-contact 

dependence, we cultured tumor cells and LC-MSCs 

separately by using transwell inserts. A same trend but 

relative slight changes of the EMT-associated gene 

expression was found in this indirectly contacted 

condition (Figure 4B). Western blot results confirmed 

ascent expression of snail and slug in A549 cells in co-

culture system (Figure 4C). Vimentin expression 

increased. But E-cadherin, ɓ-catenin and N-cadherin did 

not exhibit much changes in A549 cells (Figure 4C). TF-

MSCs increased the EMT-associated gene expression as 

well but in a lower level than LC-MSCs (Figure 4Aï

4C). Additionally, we found much higher level of TGF-ɓ 

secreted from LC-MSCs compared with that from TF-

MSCs (Figure 4D). And blockade of TGF-ɓ downstream 

signaling by galunisertib decreased the levels of snail 

and slug significantly in A549 cells (Figure 5E). These 

results indicated that TF-MSCs might promote EMT by 

TGF-ɓ signaling pathway. 

 

Induced stem-like characteristics of tumor cells by 

LC-MSCs 

 

As EMT program have a close association with 

acquisition of stem-like traits in tumor cells, we next 

assessed the stem-like characteristics in tumor cells in 

 

 
 

Figure 1. Identification of lung cancer-associated mesenchymal stem cells. (A) Tissue block culturing method was used to isolate 

MSCs from matched primary lung cancer and adjacent tumor-free tissues. Arrow, lung cancer tissue. (B) Adipogenic, osteogenic and 
chondrogenic differentiation was induced in MSCs in vitro. (C) The expression of surface markers of MSCs was tested by cytometry flow. (Aï
C) were representative results from LC-MSCs of one patient. LC-MSCs, lung cancer-associated mesenchymal stem cells. 
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both cell-cell contact (Figure 5A) and noncontact 

culture condition (Figure 5B). When tumor cells were 

co-cultured with LC-MSCs directly, we found the level 

of CD44 but not CD133 in tumor cells increased in all 3 

patients (Figure 5A). Enhanced expression of Oct-4 

with either Sox2 or Nanog was found in patient 1 and 2. 

While none of them increase in patient 3 (Figure 5A). 

LC-MSCs did not show superior capacity to promote 

stem gene expression in tumor cells compared with TF-

MSCs in the cell-cell direct contact system (Figure 5A). 

However, all the tested genes increased when tumor 

cells were incubated with LC-MSCs by transwell insert 

in patient 1 and 2 (Figure 5B). CD44 and Oct-4 

increased in patient 3 (Figure 5B). And the level of stem 

genes increased more significantly induced by LC-

MSCs compared with that by TF-MSCs in the cell-cell 

indirect culture system (Figure 5B). Furthermore, we 

tested spheroid formation in 3D cell culture system. 

A549 cells and MSCs were labeled with CopGFP and 

DsRed florescence, individually. As shown in Figure 

5C, on the second day after plating, A549 cells tiled 

loosely in the bottom of cell culture well where they 

were plated alone. On the contrary, the cells aggregated 

in the wells in co-culture condition. The degree of 

compaction depended on the absolute cell number of 

LC-MSCs and its ratio to A549 cells plated in each 

well. The most perfect spheroids were found when cells 

were co-incubated at the ratio of 1:1. With the time of 

culturing, the spheroids turned more compacted. MSCs 

accumulated in the center of the spheroid and A549 

cells located in the outer part of the spheroid (Figure 

5D). Spheroid also formed when A549 cells were co-

incubated with TF-MSCs. But they were not as 

compacted and round as that when A549 cells were co-

incubated with LC-MSCs (Supplementary Figure 2). 

 

Enhanced tumor growth and metastasis by LC-

MSCs in vivo 

 

Subsequently, we examined the effect of LC-MSCs  

on tumor progression in vivo by live animal imaging.  

106 each of A549.Lu cells and LC/TF-MSCs were 

 

 
 

Figure 2. Tumor invasion was induced by LC-MSCs in vitro. A549.CopGFP and H1299.CopGFP cells were transduced by lentiviral 
particles to express CopGFP stably firstly. Then the invasion ability of these cells was tested by transwell invasion assay after they were co-
incubated with LC-MSCs or not for 24 hours. (A, B) A549 cells were co-incubated with LC-MSCs at the cell ratio 1:1 and 1:10. (C, D) H1299 
cells were co-incubated with LC-MSCs at the cell ratio 1:1 and 1:10. Color bar chart, triplicate data for each patient. Dark bar chart, statistical 
analysis for all patients. Fluorescent pictures illustrated tumor cells that had migrated through the membrane of transwell inserts. TF-MSCs, 
tumor-free mesenchymal stem cells, were used as comparison from normal lung tissues. ** , P < 0.05 were considered to be statistically 
significant. 
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co-implanted subcutaneously in mice. The BLI revealed 

that tumor grew faster in both A549+LC-MSC and 

A549+TF-MSC group than A549 group. And there was 

no significant difference of tumor size between the two 

co-implanted groups (Figure 6A, 6B). Tumors in A549 

group gradually grew slowly at the late feed period. 

When dissecting the sacrificed mice at the end of study, 

we found the tumor parenchyma was usually occupied 

by cystic cavities in A549 group, but it was not found in 

A549+LC-MSC group. H.E staining indicated that the 

tumor cells in the co-implanted groups presented more 

derangement distribution which was disordered by 

fibroblast-like cells than that in A549 group, 

(Supplementary Figure 3). Interestingly, bioluminescence 

 

 
 

Figure 3. Tumor migration influenced by LC-MSCs in vitro. (AςD) A549.CopGFP and H1299.CopGFP cells were co-incubated with LC-

MSCs at the cell ratio 1:1 and 1:10 to 80% confluence before wound healing assay was performed. The migrated ratio was calculated as (the 
first scratch distance - the scratch distance 48 hours later)/ the first scratch distance×100%. Color bar chart, triplicate data for each patient. 
Dark bar chart, statistical analysis for all patients. TF-MSCs, comparison from normal lung tissues. (E) The migratory capacity of A549 cells in 
response to conditioned medium of LC-MSCs was determined using transwell migration assay. Control, serum-free medium without LC/TF-
MSCs. * , P < 0.05 were considered to be statistically significant. 
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signaling was detected in sentinel lymph nodes in all 

mice in A549+LC-MSC group, but not in the other  

two groups (Figure 6C). Immunohistochemistry result 

showed a higher level of ki67 staining in the co-

implanted group (Figure 6D). 

 

Increased tumorigenesis and metastasis-initiating 

ability by LC -MSCs in vivo 

 

As LC-MSCs induced stem-like characteristics in tumor 

cells, we decreased the number of implanted tumor cells 

to investigate the pro-tumorigenesis of LC-MSCs in 

vivo. As shown in Figure 7A, 7B, tumor grew in seven 

out of twelve and three out of thirteen mice when 2×104 

or 103 A549 cells were co-implanted with LC-MSCs. 

However, no tumor developed when 2×104 A549 cells 

were implanted alone. We also tested the effect of  

LC-MSCs that derived from another patient and got  

the similar result (Supplementary Figure 4 and Table 1). 

Furthermore, we investigated whether LC-MSCs 

promoted the metastasis-initiating ability and colonization 

of circulating tumor cells by intravenous injection of 

tumor cells in mice model. The result revealed that three 

out of five mice in A549+LC-MSC group developed 

lung cancer. Contrastively, there was only one mouse 

developed lung cancer in A549 group. Meanwhile, the 

bioluminescent signaling from it was much weaker than 

that in A549+LC-MSC group and just detected in the 

last imaging (Figure 7C, 7D). 

 

DISCUSSION 
 

In the present study, we successfully identified MSCs 

from primary lung cancer as well as tumor-free adjacent 

 

 
 

Figure 4. EMT-associated gene expression induced by LC-MSCs. (A) Equal number of A549.CopGFP and LC-MSCs were co-cultured 

directly for 48 hours and then sorted by cytometry flow to test the expression EMT-associated genes by realtime PCR. (B, C) Equal number of 
A549.CopGFP and LC-MSCs were co-incubated separately by transwell inserts for 48 hours. The EMT-associated gene expression in A549 cells 
was evaluated by realtime PCR (B) and western blot (C), individually. Representative results of three patients. TF-MSCs, comparison from 
normal lung tissues. (D), The level of TGF-ʲ ǎŜŎǊŜǘŜŘ ōȅ a{/ǎ ǘƘŀǘ ŘŜǊƛǾŜŘ ŦǊƻƳ ŘƛŦŦŜrent tissues was tested by ELISA assay. (E), The induced 
snail and slug expression was blocked by TGF-ʲ ǎƛƎƴŀƭƛƴƎ ƛƴƘƛōƛǘƻǊ ƎŀƭǳƴƛǎŜǊǘƛōΦ !рпф ŎŜƭƭǎ ǿŜǊŜ ǇǊŜ-ƛƴŎǳōŀǘŜŘ ǿƛǘƘ ƎŀƭǳƴƛǎŜǊǘƛō όр ˃aύ Ŧor 30 
min, then treated by the supernatants of LC/NC-MSCs from 3 patients. *, P < 0.05 were considered to be statistically significant. P1-3, three 
patients. 1, Tumor cells alone. 2, Tumor cells + LC-MSCs. 2, Tumor cells + TF-MSCs. Data from triplicate experiments. 
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Figure 5. Stem-like characteristics induced by LC-MSCs. (A) Equal number of A549.CopGFP and LC-MSCs were co-cultured directly for 

48 hours and then sorted by cytometry flow to test the stem-related gene expression by realtime PCR. (B) Equal number of A549.CopGFP and 
LC-MSCs were co-incubated separately by transwell inserts for 48 hours. The expression of stem-related genes in A549 cells was evaluated by 
realtime PCR. (C) Different cell ratio of A549.CopGFP and LC-MSCs. DsRed were co-incubated in 96-well 3D cell culture plates. The spheroid 
formation was observed under inverted fluorescence microscope on the second day of plating cells. (D) Spheroid grew observed at indicated 
time. *, P < 0.05 were considered to be statistically significant. P1-3, three patients. Data from triplicate experiments. 
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Figure 6. Tumor growth and metastasis promoted by LC-MSCs. 106 each of A549.Luc cells and LC-MSCs or TF-MSCs were co-

implanted subcutaneously into female Balb/c nude mice. Tumor growth was monitored by bioluminescence imaging. (A) Bioluminescence 
images at the indicated time. (B) Total bioluminescence of tumors at indicated time. (C) Bioluminescence images of sentinel lymph nodes 
from sacrificed mice at the end of experiment. (D) Immunohistochemistry test for Ki67 in tumor tissues. *, P < 0.05 were considered to be 
statistically significant. 
 

 
 

Figure 7. Increased tumorigenesis and metastasis-initiating ability by LC-MSCs. (A, B) Low number of A549.Luc cells and LC-MSCs 

were co-implanted subcutaneously into female Balb/c nude mice at different cell ratio. Bioluminescence images (A) and total 
bioluminescence of tumors (B) at the indicated time. (C, D) A549.Luc cells and LC-MSCs were mixed well and injected intravenously into 
female Balb/c nude mice. Bioluminescence images (A) and total bioluminescence of tumors (D) at the indicated time. 


