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The tumor microenvironment orchestrates the sustained growth, metastasis and

recurrence of cancer. As an indispensable component of the tumor microenviron-

ment, cancer-associated fibroblasts (CAF) are considered as an essential synthetic

machine producing various tumor components, leading to cancer sustained stem-

ness, drug resistance and tumor recurrence. Here, we developed a sustainable pri-

mary culture of lung cancer cells fed with lung cancer-associated fibroblasts,

resulting in enrichment and acquisition of drug resistance in cancer cells. Moreover,

IGF2/AKT/Sox2/ABCB1 signaling activation in cancer cells was observed in the

presence of CAF, which induces upregulation of P-glycoprotein expression and the

drug resistance of non-small cell lung cancer cells. Our results demonstrated that

CAF cells constitute a mechanism for cancer drug resistance. Thus, traditional

chemotherapy combined with insulin-like growth factor 2 (IGF2) signaling inhibitor

may present an innovative therapeutic strategy for non-small cell lung cancer ther-

apy.
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1 | INTRODUCTION

Lung cancer is the most common malignancy and has a high death

rate worldwide. Non-small cell lung cancer (NSCLC) accounts for

80%-85% of lung cancers.1 The morbidity and mortality rates of

NSCLC are relatively high in China, with the 5-year survival rate less

than 20%,2 which is often due to the drug resistance developed

after treatment for 1 year.3,4 Traditional anticancer strategies tar-

geted cancer cells as a separate group, but tumor cells develop in a

complex microenvironment, which is crucial for the development of

drug resistance.5 Hence, specifically targeting the tumor microenvi-

ronment and reversing drug resistance have been suggested in

recent 10 years as new strategies for cancer therapy.

It is clear that the development of drug resistance does not

depend solely on cancer cell autonomous defectsand is controlled by

various important factors, including upregulation of ATP-binding

cassette (ABC) transporter proteins, DNA damage repair, anti-apop-

totic protein such as BCL-2 expression, and activation of prosurvival

pathway induced by tumor microenvironments.5 The tumor microen-

vironment has received recent attention as an important determinant

of cancer cells drug resistance.6 A dominant of tumor microenviron-

ment is cancer-associated fibroblasts (CAF),7 and many studies in

recent 20 years have suggested that CAF play a prominent func-

tional role for these cells in relation to cancer behavior.8 Cancer-

associated fibroblasts (CAF) are spindle-shaped mesenchymal cells

with characteristics of smooth muscle cells and fibroblasts in tumor

tissues.9 They participate in tumor growth and metastasis in several

ways, such as through secretion of various tumor growth factors10

or matrix metalloproteinases (MMP),11 remodeling of the tumor

microenvironment, and the induction of epithelial–mesenchymal

transition (EMT) progress.12 Cancer-associated fibroblasts (CAF) also

play an important role in enhancing cancer cell resistance to multiple
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drugs in various tumors, including breast cancer and colorectal carci-

noma.13 However, the specific mechanism of drug resistance

induced by CAF remains unclear and it is still a challenge to effec-

tively overcome the resistance and achieve better patient outcomes.

In the present study, enriched CAF were observed in tumor

tissues from drug-resistant NSCLC patients. This tumor microenvi-

ronment with abundant CAF was demonstrated to facilitate the

multi-drugsresistance in lung cancer. Furthermore, our studies

revealed that NSCLC drug resistance was regulated in an insulin-

like growth factor 2 (IGF2)/insulin-like growth factor receptor-1

(IGF-1R)/AKT/Sox2/P-GP pathway. The application of IGF-1R inhi-

bitor could reverse the drug resistance and inhibit the growth

induced by CAF. Based on our results, we found that CAF might

cause NSCLC drug resistance development, and chemotherapy

combined with IGF-1R inhibitor could be a potential strategy to

treat NSCLC.

2 | MATERIALS AND METHODS

2.1 | Patient samples

Non-small cell lung cancer tumor samples were obtained sterilely

after surgery at The First Affiliated Hospital of Zhengzhou University

and were sent to the laboratory within 4 hours. All samples were

reviewed by a pathologist according to the World Health Organiza-

tion classification of tumors. We excluded the samples from small

cell lung cancer patients. The samples were divided into chemo-

resistant and chemo-sensitive groups according to the clinical

response. Sample collection and processing were carried out in

accordance with the Declaration of Helsinki. Ethical approval was

obtained from the Committee of the First Affiliated Hospital of

Zhengzhou University. All subjects gave written informed consent.

The clinical details of the patients with NSCLC are listed in Fig-

ure S1A. The details of the patient in whom LCP1 cells were suc-

cessfully separated: male, 67 years old, 20 years smoking history,

diagnosed as having stage IV NSCLC, with resistance to the cisplatin

and etoposide chemotherapy program.

2.2 | Primary culture of fibroblasts and tumor cells

We cultured fibroblast cells from NSCLC tumor tissues. Briefly, after

washing the samples with RPMI-1640 medium and PBS, the tissues

were cut into pieces as small as possible. Then tissues were removed

to another dish with DMEM (HyClone, USA) containing ACCUMAX

(SIGMA, USA) medium to digest at 37°C, 5% CO2 incubator for

2 hours, followed by filtration (BD Biosciences, San Jose, CA, USA).

After washing with PBS, cell precipitation was collected and seeded

into 6-well plates in 2-mL RPMI-1640 medium supplemented with

10% FBS overnight at 37°C. The next day, the medium was replaced

with fresh medium to remove the nonadherent cells and the remain-

ing cells were collected. After 5-10 passages, we sorted the CD90-

positive cells with BD FACSAria III (USA) to collect fibroblasts and

cultured the cells for further study.14

We also obtained primary tumor cells from NSCLC tumor tis-

sues. Briefly, primary tumor specimens were finely minced and

then were treated with collagenase II/IV to digest for 2 hours at

37°C, 5% CO2 incubator. After this, the suspension was filtered

and the tumor cells were cultured in RPMI-1640 containing EGF

(Fusheng Company, Shanghai, China) and 10% FBS (Thermo Fisher

Scientific, MA, USA). The media was changed every 4-5 days until

cells covered the bottom. Then we sorted the CD45RA negative

cells to culture and named it as LCP1.

2.3 | Cell lines and reagents

A549 was purchased from the Cell Bank of Chinese Academy of

Sciences (Shanghai, China). All cell lines were cultured in RPMI-

1640 (Invitrogen) supplemented with 10% FBS (Gibco), penicillin

(100 U/mL) and streptomycin (0.1 mg/mL). Cisplatin, etoposide,

doxorubicin, vinorelbine ditartrate and verapamil were purchased

from Meilun Company (Da Lian, China). The recombinant IGF2

protein was purchased from Jinan Company (Shanghai, China).

MK-2206 and OSI-906 were purchased from MedChemExpress

(NJ, USA).

2.4 | Flow cytometry

It has been reported that CD90 was a marker for CAF.15 There-

fore, to detect the percent of CAF in lung cancer tumor samples,

anti-CD90 human antibody (APC, eBioseicence, USA) was added

to the cell suspension which was obtained from chemo-resistant

and chemo-sensitive lung cancer patients’ tissues. After incubating

for 30 minutes at room temperature, samples were detected

with a BD Accuri C6 (USA) the isotype was stained as a negative

control.

For the doxorubicin uptake experiment, 5 9 104 A549 cells pre-

co-cultured with CAF, IGF2, OSI-906, verapamil or not were seeded

into a 6-well plate, followed by the doxorubicin treatment (1 lg/mL).

Then cells were harvested at different time points (1, 2, 4 and

8 hours) to detect the intracellular doxorubicin fluorescence intensity

by flow cytometry (BD Accuri C6).16

2.5 | Viability tests

All the cell viability in this study was measured by MTT assay.

Briefly, 2 9 104 A549 or LCP1 cells pre-co-cultured with CAF, IGF2

(50 ng/mL), OSI-906, MK-2206, siSox2, verapamil (50 nmol/L) or

not were seeded into a 96-well plate; 24 hours later, the cells were

treated with cisplatin (400 nmol/L), etoposide (150 lmol/L) and

vinorelbine ditartrate (800 nmol/L). At the appropriate time points,

the media was replaced by PBS containing MTT (0.5 mg/mL; Sigma-

Aldrich; Merck Millipore) at 37°C for 4 hours, followed by the

replacement with 150 lL dimethyl sulfoxide and then was shaken

for 10 minutes to dissolve the crystals. The cell survival rates were

estimated by the MTT assay at 620 nm with a microplate reader

(Tecan, M€annedorf, Switzerland).
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2.6 | Real-time PCR

Total RNA was isolated from cells using TRIZOL (Invitrogen) and

cDNA was synthesized using a Transcriptor First Strand cDNA Syn-

thesis Kit (Toyobo, Osaka, Japan). A total of 2 lg cDNA was used as

the template to perform the quantitative real-time PCR for the

detection of the target genes (SYBR Green real-time PCR master

mixes, ThermoFisher Scientific, USA). The GAPDH was used as the

internal control and 3 independent experiments were performed for

each sample. The relative expression was quantified by normalizing

the target gene level to the GAPDH using the DDCt method. The

primer pairs used are listed in Table S1.

2.7 | Drug retention assay

For the drug retention assay, 2 9 104 A549 cells pre-co-cultured

with CAF, IGF2, OSI-906, verapamil or not were seeded on 6-well

chamber slides per well and treated with doxorubicin (1 lg/mL) for

8 hours. The cells were then fixed, permeabilized and stained with

DAPI (Jingrong Company, Shanghai, China). Since the doxorubicin

has the spontaneous fluorescence, the drug retention in nucleus was

visualized using an FV1000 (Leica) laser scanning confocal micro-

scope.

2.8 | Drug efflux assay

The amount of doxorubicin released from A549 cells pre-co-cultured

with CAF, IGF2, OSI-906 or not was detected by HPLC. The super-

natants were harvested at different time points (1, 3, 6 and

12 hours) in this culture system to perform the HPLC. The HPLC

system consisted of a 1525 Binary HPLC Pump, a 717 Plus

Autosampler and a 2475 Multi-Wavelength Fluorescence Detector

(Waters Corporation, Milford, CT, USA). Chromatography was per-

formed on a column (4.6250 mm2, particle size 5 mm). The effluents

were monitored at an excitation wave length of 480 nm and an

emission wave length of 560 nm at 35°C. Detection and integration

of chromatographic peaks was performed using Empower 2 software

(Waters Corporation).

2.9 | Immunofluorescence staining and
immunohistochemistry

To examine the expression of Sox2 following CAF co-culturing,

A549 cells pre-treated with or without CAF were fixed and perme-

abilized. Then the cells were labeled with rabbit anti-Sox2 mAb

(Abcam) and amplified with FITC goat anti-rabbit antibodies followed

by Alexa 488 goat anti-FITC antibodies (Abcam). Nuclei were labeled

with DAPI. To ensure the specificity of IF staining, primary antibod-

ies were substituted with isotype-matched non-specific IgG in the

experiment. All immunofluorescent images were captured using an

FV1000 (Leica) laser scanning confocal microscope.

To examine the expression of a-SMA and IGF2 in tumor tissues,

immunohistochemistry was performed in tumor tissues from chemo-

sensitive and chemo-resistance patients. The tumor tissues were

kept in 4% PFA overnight, then processed, embedded in paraffin,

and sectioned at 4 lm. Then the sections were blocked with 5%

BSA in PBS and incubated with a-SMA (1:200, Abcam) or IGF2

(1:100, Abcam) at 4°C overnight, followed by signal amplification

using an ABC HRP Kit (Thermo, USA) and counter-staining with

hematoxylin, dehydration with series of graded ethanol, and cleaning

with xylene. A microscope (Leica, German) was used to visualize the

sections.

2.10 | Western blotting

Protein was extracted from A549 cells with CAF, IGF2, anti-IGF2,

MK-2206, siSox2 treatment or not by RIPA Lysis Buffer (Beyotime,

Shanghai, China) containing protease plus phosphatase inhibitor

cocktail. Western blot was performed by loading 20 lg of protein

lysates. Gradient 10%-15% gels were used to separate the elec-

trophoretic protein in mono-dimension (Bio-Rad, CA, USA), and were

then transferred onto a PVDF membrane (Millipore, Bedford, USA)

by using the Trans-Blot Turbo Transfer System (Bio-Rad). Blots were

blocked in 5% BSA in TBST for 1 hour at room temperature, and

then were incubated overnight with the primary antibody of phos-

pho-AKT (Thr308) (D25E6) (Cell Signaling Technology), total AKT

(pan) (C67E7) (Cell Signaling Technology), Sox2 (D6D9) (Cell Signal-

ing Technology), anti-P glycoprotein (P-GP) (ab129450) (Abcam) and

b-actin (8H10D10) (Cell Signaling Technology) at 4°C After washing,

blots were incubated for 1 hour with a suitable secondary antibody

(Auragene, Changsha, China). Proteins were visualized by ECL Wes-

tern Blotting Substrate (Themo Pierce, Rockford, IL). b-actin antibody

was used as a control (ab8226, Abcam, UK).

2.11 | RNA interference

Human siRNA against Sox2 (siRNA1:50-AAGGAGCACCC-30 and

siRNA2:50-GGATTATAAA-30) and control siRNA were purchased

from Shanghai GenePharma. The transfection reagent and the siRNA

complex were added to the A549 cells and incubated for 36 hours,

followed by 24-hour IGF2 treatment. The cells were collected for

further study.

2.12 | Animal assay

Female nude mice (4-5 weeks) were purchased from the SLAC Labo-

ratory Animal Center (Shanghai, China) and kept under specific

pathogen-free conditions. Tumors were established by the subcuta-

neous injection of 2 9 106 A549 cells into the mice. Mice were ran-

domly divided into 4 groups (6 mice in each group). Mice were

treated with PBS, cisplatin, etoposide, vinorelbine ditartrate or OSI-

906 once daily for 2 weeks, during which time tumor volume grew

to 5 9 5 mm. Tumor volume was measured and calculated using the

following equation: V = (length 9 width2)/2. For survival curves, the

death date of mice was recorded. The animal studies were con-

ducted in accordance with the Public Health Service Policy and
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approved by the Animal Care and Use Committee of the First Affili-

ated Hospital of Zhengzhou University. All the animal experiments

complied with the WHO guidelines for the humane use and care of

animals.

2.13 | Statistical analysis

All data were presented as mean � SEM. Graph Pad Prism 6.0 was

used for data analysis (P < .05). Student t-test was used to analyze

the difference between groups. Survival analysis was performed by

Kaplan–Meier method and evaluated using the log-rank test. P < .05

was considered significant.

3 | RESULTS

3.1 | Cancer-associated fibroblast result in the
acquisition of chemo-resistance in non-small cell lung
cancer

The tumor microenvironment comprises immune cells, capillaries,

fibroblasts and extracellular matrix. As a heterogeneous population

of the tumor microenvironment, CAF enhance tumorigenesis of can-

cer cells.12,17 To investigate whether CAF are involved in the NSCLC

cell resistance to chemotherapeutic drugs, we analyzed the propor-

tion of fibroblasts in chemo-sensitive and chemo-resistant NSCLC

patients’ tumor tissues (Figure S1A). We found that the chemo-resis-

tant patients have increased fibroblasts compared to chemo-sensitive

patients (Figure 1A,B). Based on this point, we hypothesize that the

accumulation of CAF in lung cancer tissues may confer the

resistance of cancer cells to chemotherapy drugs. This was sup-

ported by the MTT assay, showing that pre-co-culturing with CAF

(Figure S1B) from either chemo-sensitive (CS) or chemo-resistant

(CR) samples increased the cell viability in the A549 lung cancer cells

with cisplatin, etoposide and vinorelbine ditartrate treatment com-

pared with monoculture (Figure 1C). Furthermore, we tested the pri-

mary tumor cells which were isolated from clinical NSCLC lung

cancer patients’ tumor tissue (labeled as LCP1 in Figure S1B) and

found that pre-co-culturing with CAF from either chemo-sensitive

(CS) or chemo-resistant (CR) samples could elevate the cell viability

in LCP1 cells with cisplatin, etoposide and vinorelbine diatrate treat-

ment (Figure 1D). These results suggest that CAF may participated

in the acquisition of chemotherapeutic drugs resistance in NSCLC.

3.2 | Cancer-associated fibroblasts induce the
acquired chemo-resistance through the insulin-like
growth factor 2/insulin-like growth factor receptor-1
paracrine pathway

Next, we questioned how the CAF induced the chemo-resistance in

NSCLC. It has been reported that CAF could secret cytokines or

other proteins to communicate with the surrounding cells for cell

growth, differentiation or migration.18-20 Based on this concept, we

added the conditioned medium from fibroblasts culturing with tumor

cells to the A549 and LCP1 cells followed by chemotherapy drugs

treatment, respectively. The MTT assay showed that the conditioned

medium significantly increased the cell viability in A549 and LCP1

cells with cisplatin, etoposide and vinorelbine diatrate treatment (Fig-

ure 2A,B). This data suggests that the CAF may produce soluble

F IGURE 1 Cancer-associated fibroblasts result in the acquisition of chemo-resistance in lung cancer. A, Quantification of the cancer-
associated fibroblasts (CAF, CD90+ cells) in chemo-sensitive (CS, n = 10) and chemo-resistant (CR, n = 10) lung cancer patients by flow
cytometry. B, a-SMA expression in CS and CR samples by immunohistochemistry staining. Scale bar is 50 lm. C, MTT assay of A549 cells
treated by different concentrations of cisplatin, etoposide and vinorelbine detartrate, respectively, with or without CS or CR CAF pre-co-
cultured (n = 3). D, The MTT assay of the primary lung cancer patient cells (LCP1) treated with different concentrations of cisplatin, etoposide
and vinorelbine detartrate, respectively, with or without CS or CR CAF pre-co-cultured (n = 3). The data are presented as the means � SEM
from 3 independent experiments. *P < .05; **P < .01; ***P < .001; ns, not statistically significant
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factors in the medium to promote NSCLC cell survival under stress

of chemotherapy drugs. To further determine the key factors in the

CAF-secreted cytokines involved in NSCLC drug resistance, we

screened the expression of IGF2,21 SDF-1,22 HGF,23 VEGFa,24 FGF,25

EGF,26 PDGF,27 CTGF,28 Tenascin,29 TSP-130 and Fibronectin31 in the

CAF pre-co-cultured with or without LCP1 cells and found that

IGF2, VEGFa and EGF were significantly upregulated, especially the

IGF2 (Figure 2C). Moreover, we used the recombinant IGF2 to pre-

F IGURE 2 Cancer-associated
fibroblasts (CAF) induce the acquired
chemo-resistance through a insulin-like
growth factor 2 (IGF2)/insulin-like growth
factor receptor-1 (IGF-1R) paracrine
pathway. A, MTT assay of A549 cells
treated with 400 nmol/L cisplatin (Cis),
150lmol/L etoposide (Eto) and 800 nmol/
L vinorelbine ditartrate (VD), respectively,
with or without CAF medium (CM)
pretreated (n = 3). B, MTT assay of LCP1
cells treated with Cis, Eto and VD,
respectively, with or without CAF medium
(CM) pretreated (n = 3). C, mRNA
expression of IGF2, SDF-1, HGF, VEGFa,
FGF, EGF, PDGF, CTGF, tenascin, TSP-1
and fibronectin in CAF cells co-culturing
with or without LCP1 cells (n = 3). D, MTT
assay of LCP1 cells treated with Cis, Eto
and VD, respectively, with or without IGF2
pretreated (n = 3). E, MTT assay of LCP1
cells treated with Cis, Eto and VD,
respectively, with or without CAF pre-co-
cultured in the presence or absence of
anti-IGF2 (n = 3). F, mRNA expression of
IGF-1R, VEGFR, PDGFR, HGFR, CXCR4,
EGFR, SDF-1R and CTGFR in LCP1 cells
with or without CAF co-cultured (n = 3).
G, MTT assay of LCP1 cells treated by Cis,
Eto and VD, respectively, with or without
IGF2 pretreated in the presence or
absence of OSI-906 (n = 3). H, A549 cells
were isolated from A549-bearing nude
mice with CAF, IGF2, CAF and anti-IGF2
treatment for 1 wk; the cell viability was
analyzed in the addition of Cis, Eto or VD
by MTT assay (n = 3). The data are
presented as the means � SEM from 3
independent experiments. *P < .05;
**P < .01; ***P < .001; ns, not statistically
significant
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treat LCP1 and A549 cells, followed by cisplatin, etoposide and

vinorelbine diatrate treatment. We found that IGF2 could elevate

the cell viability (Figures 2D and S2A). It was further demon-

strated in the fibroblast and tumor cell co-culturing system that

the cell viability was decreased with the application of anti-IGF2

antibody (Figures 2E and S2B). Consistently, we found that the

expression of IGF2 in chemo-resistant samples was significantly

higher than in chemo-sensitive samples, as evidenced by immuno-

histochemistry staining (Figure S2C). The above data indicated that

IGF2, indeed, could induce the drug resistance in NSCLC cells.

Numerous reports have shown that cytokines function through

binding theirs corresponding receptors.32,33 Thus, we screened for

the expression of IGF-1R, VEGFR, PDGFR, HGFR, CXCR4, EGFR,

SDF-1R and CTGFR in LCP1 cells pre-co-cultured with or without

CAF. Consistent with the ligand expression, IGF-1R was highly

expressed in LCP1 cells with CAF co-culturing (Figure 2F). Further-

more, we used OSI-906, the inhibitor of IGF-1R, to treat the

IGF2-pretreated LCP1 and A549 cells, and found that the IGF2

induced LCP1 and that A549 drug resistance was blocked (Fig-

ures 2G and S2D). This indicates that drug resistance in NSCLC

cells induced by IGF2 is IGF-1R-dependent. In addition, we

addressed the effects of chemotherapy on CAF and/or LCP1 cells.

We found that cisplatin, etoposide and vinorelbine diatrate

increased the secretion of IGF2 by CAF only in the presence of

LCP1 cells and upregulated IGF-1R in LCP1 cells only with CAF

that were co-cultured (Figure S2E,F). To further demonstrate that

the IGF2 was secreted by CAF and examine the effects of CAF

and IGF2 in NSCLC drug resistance, we isolated tumor cells from

A549-bearing nude mice treated with CAF, IGF2 and CAF com-

bined with IGF2 neutralizing antibody treatment and analyzed the

cytotoxicity of chemotherapeutic drugs ex vivo. Consistent with

the above data, CAF or IGF2 could effectively enhance the cell

viability of A549 cells in vivo, while the blockade of IGF2 could

reverse the drug resistance induced by CAF (Figure 2H). We con-

clude that CAF could mediate the drug resistance of NSCLC cells

through the IGF2/IGF-1R paracine pathway.

3.3 | The insulin-like growth factor 2/insulin-like
growth factor receptor-1 signal triggers the AKT/
Sox2 pathway to induce the acquired chemo-
resistance

As a classic downstream molecule of the insulin-like growth factor

(IGF) signaling axis, AKT is involved in cell survival, cell cycle,

metabolism and drug resistance.34,35 In addition, many studies

have reported that AKT is correlated to drug resistance in hepato-

cellular carcinoma and prostate cancer models;36,37 therefore, we

evaluated the phosphorylation of AKT in A549 cells pre-co-cul-

tured with CAF/recombinant IGF2 or not. We found that the

expression of phospho-AKT was increased in the CAF/recombinant

IGF2-treated A549 cells (Figure 3A), while adding anti-IGF2 signifi-

cantly reduced the phospho-AKT level (Figure 3B). Furthermore,

adding MK-220638 (an inhibitor for AKT) effectively reversed the

resistance of IGF2-treated A549 cells to the cisplatin, etoposide

and vinorelbine diatrate (Figure 3C). These results suggested that

AKT may work as the downstream in the IGF2/IGF-1R axis in the

acquisition of drug resistance in NSCLC cells.

It has been reported that Nanog, Oct4 and Sox2 are the main

transcriptional factors in activating the AKT signaling pathway.39-41

Thus, we analyzed the expression of Nanog, Oct4 and Sox2 in

CAF-treated A549 and LCP1 cells, and we found that only the

Sox2 was significantly upregulated in both A549 and LCP1 NSCLC

cells after co-culturing with CAF (Figure 3D,E). Correspondingly,

the inducible expression of Sox2 by CAF and/or recombinant

IGF2 was verified using western blot (Figure 3F) and immunofluo-

rescence (Figure 3G), The data indicated that CAF and/or IGF2

could induce the high expression of Sox2 and its nuclear translo-

cation. In addition, adding anti-IGF2 reversed the inducible expres-

sion of Sox2 by CAF (Figure 3H). Furthermore, MK-2206 also

markedly decreased the expression of Sox2, which was induced

by IGF2 (Figure 3I). These data suggest that the inducible expres-

sion of Sox2 may work as the downstream of IGF2/AKT pathway

in the acquired drug resistance with CAF. Moreover, silencing of

Sox2 liberated IGF2 also resulted in the cisplatin, etoposide and

vinorelbine diatrate resistance (Figure 3J), which is in line with

previous results. Taken together, we conclude that AKT/Sox2 is

involved in the IGF2/IGF-1R-induced drug resistance in NSCLC

cells.

3.4 | Insulin-like growth factor 2 triggers the AKT/
Sox2 pathway to elevate P glycoprotein expression

We have demonstrated that AKT/Sox2 was involved in CAF induc-

ing the acquired chemo-resistance, but we wondered how those

signals participated in the NSCLC cells survival from chemotherapy.

It has been reported that ATPase binding cassette (ABC) trans-

porters mainly participate in drug efflux of cancer cells, leading to

reduced cytotoxicity and drug resistance. Thus, we hypothesized

that Sox2 might play a role in ABC gene transcription. Using the

JASPAR database, we predicted that Sox2 had most putative bind-

ing sites in ABCB1 promoter (Figure 4A). We also screen the

expressions of ABC transporters, ABCA2, ABCB1, ABCB4, ABCB11,

ABCC1, ABCC2 and ABCG2, and found that the gene expression of

ABCB1, which encodes P-GP, has the highest upregulation (nearly

274-fold) in A549 cells pre-co-cultured with CAF compared with

control cells (Figure 4B). Moreover, the protein expression of P-GP

was elevated in A549 cells with recombinant IGF2 treatment, and

this upregulation was blocked when Sox2 was silenced (Figure 4C).

These data indicated that Sox2 may mediate the P-GP expression

in IGF2 induced the chemo-resistance of NSCLC cells. Furthermore,

both CAF and recombinant IGF2 treatment elevated the expression

of P-GP in A549 cells compared with control cells (Figure 4D),

while adding anti-IGF2 or MK-2206 depressed the elevation (Fig-

ure 4E,F). These results indicate that P-GP participates in the drug-

resistance process in NSCLC cells, which is induced by AKT/Sox2

signal pathway.
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3.5 | Cancer-associated fibroblasts regulate chemo-
resistance through P-GP to decrease drug retention
and increase drug efflux

Because we have found that P-GP was upregulated in CAF and

induced NSCLC chemo-resistance, we questioned the function of P-

GP in this process. Strong evidence has been reported that P-GP

may contribute to drug resistance in cancer by reducing drug uptake

and enhancing drug efflux.5,42 To investigate whether accumulated

CAF-induced chemo-resistance in NSCLC tissue was associated with

the drug accumulation, doxorubicin was employed for its strong fluo-

rescence in the assessment of intracellular drug content by

immunofluorescence or flow cytometry. Our data showed that pre-

co-culturing with CAF decreased the doxorubicin retention in the

nucleus of A549 cells (Figure 5A) compared with monoculture. Cor-

respondingly, we found that monoculture A549 cells absorbed dox-

orubicin in a time-dependent manner, while cells pre-co-cultured

with CAF had less absorption over time (Figure 5B). In line with the

data, we observed that the drug efflux in A549 cells pre-co-cultured

with CAF was higher than control A549 cells at every time point

(Figure 5C). These results indicated that CAF may decrease drug

retention and increase drug efflux, leading to the anti-doxorubicin

ability of A549 cells. Our previous data showed that adding recombi-

nant IGF2 remarkably enhanced the chemo-resistance of A549 cells.

To further verify, we pre-treated A549 cells with recombinant IGF2,

followed by doxorubicin treatment. And we found that rhIGF2 pre-

treatment reduced doxorubicin aggregation in the nucleus of A549

cells. However, adding OSI-906, an IGF-1R inhibitor, reversed the

F IGURE 3 The insulin-like growth factor 2 (IGF2)/insulin-like growth factor receptor-1 (IGF-1R) signal triggers the AKT/Sox2 pathway to
induce the acquired chemo-resistance. A, Western blotting of p-AKT, total AKT and b-actin in A549 cells with or without CAF co-cultured or
IGF2 treated. B, Western blotting of p-AKT, total AKT and b-actin in A549 cells with or without CAF co-cultured in the presence or absence
of anti-IGF2. C, The MTT assay of A549 cells treated with Cis, Eto and VD with or without IGF2 pretreated in the presence or absence of
MK-2206 (n = 3). D, The mRNA expression of Nanog, Oct4 and Sox2 in A549 cells with or without CAF co-cultured (n = 3). E, mRNA
expression of Nanog, Oct4 and Sox2 in LCP1 cells with or without CAF co-cultured (n = 3). F, Western blotting of Sox2 and b-actin in A549
cells with or without CAF co-cultured or IGF2 treated. G, Immunofluorescence of Sox2 in A549 cells with or without CAF co-cultured. Red,
Sox2; blue, DAPI; scale bar, 10 lm. H, Western blotting of Sox2 and b-actin in A549 cells with or without CAF co-cultured in the presence
and absence of anti-IGF2. I, Western blotting of Sox2 and b-actin in A549 cells with or without IGF2 treated in the presence or absence of
MK-2206. J, MTT assay in negative control (NC) or siSox2-transfected A549 cells treated with Cis, Eto and VD with or without IGF2
pretreated (n = 3). The data was presented as the means � SEM from 3 independent experiments. *P < .05; **P < .01; ***P < .001; ns, not
statistically significant
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doxorubicin accumulation (Figure 5D). Similarly, we found that the

doxorubicin absorption was damped but the efflux was increased in

A549 cells in a time-dependent manner with IGF2 pretreatment, and

the addition of IGF-1R inhibitor reversed the doxorubicin distribution

(Figure 5E,F). Next, to further verify whether P-GP was involved in

the drug efflux, we used verapamil, an inhibitor of P-GP, to treat

A549 cells pre-co-cultured with CAF, and followed with doxorubicin

treatment; we found that the doxorubicin retention in the nucleus

was recorded again (Figure 5G). Furthermore, the cell death rate was

significantly elevated in CAF co-cultured A549 cells when verapamil

was added (Figure 5H). Taken together, we conclude that CAF

induced chemo-resistance by P-GP to decrease drug retention and

increase drug efflux.

3.6 | Blockade insulin-like growth factor 2/insulin-
like growth factor receptor-1 signal relieves
chemotherapy drug resistance in non-small cell lung
cancer in vivo

To evaluate the CAF-induced drug resistance in vivo, we generated

a xenograft mouse model using A549 cells injected subcutaneously

and treated with OSI-906, cisplatin, etoposide or vinorelbine ditar-

trate. Tumor volume data showed that single OSI-906 or cisplatin

treatment slightly inhibited tumor growth, while the combination sig-

nificantly reduced the tumor volume compared with the PBS

treatment (Figure 6A upper). In line with the data, injections with

single OSI-906 or cisplatin failed to prolong the survival time of

tumor-bearing mice, while combining treatment significantly

extended the life of mice (Figure 6A, bottom), indicating that block-

ing IGF2/IGF-1R signals effectively reduced the drug resistance in

NSCLC. Similar results were achieved when employing etoposide

and vinorelbine ditartrate (Figure 6B,C). Overall, these results sug-

gest the therapeutic potential of combining chemotherapy drugs

with IGF2/IGF-1R inhibitors in NSCLC treatment.

4 | DISCUSSION

In our study, we found the CAF plays a crucial role in the develop-

ment and maintenance of NSCLC cells’ multi-drug resistance. These

CAF isolated from tumor tissues with high chemotherapy resistance

facilitate NSCLC cell drug resistance. The cancer cells would not be

able to maintain the phenotype without the help of CAF feeders.

Previous research revealed that CAF could participate in different

stages of tumor progression, including EMT,43,44 tumor stemness

maintenance45 and metastasis,6 through secretion of several cytoki-

nes or components that activated important signaling pathways. Our

studies indicate that CAF regulate the NSCLC cell drug resistance in

a paracrine manner through secretion of IGF2 and the activation of

AKT/Sox2/P-GP signals in cancer cells. The IGF2 produced by CAF

F IGURE 4 Insulin-like growth factor 2 (IGF2) triggers the AKT/Sox2 pathway to elevate P-GP expression. A, Sox2 putative binding sites in
ABCB1 promoter were acquired from the JASPAR database. B, mRNA expression of ABCA2, ABCB1, ABCB4, ABCB11, ABCC1, ABCC2 and
ABCG2 in A549 cells with or without CAF co-cultured (n = 3). C, Western blotting of P-GP and b-actin in negative control (NC) or siSox2
transfected A549 cells with or without IGF2 treated. D, Western blotting of P-GP and b-actin in A549 cells with or without CAF co-cultured
or IGF2 treated. E, Western blotting of P-GP and b-actin in A549 cells with or without CAF co-cultured in the presence or absence of anti-
IGF2. F, Western blotting of P-GP and b-actin in A549 cells with or without IGF2 treated in the presence or absence of MK-2206. The data
are presented as the means � SEM from 3 independent experiments. *P < .05; **P < .01; ***P < .001; ns, not statistically significant
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activates the AKT pathways by binding to the membrane receptor

IGF-1R in NSCLC cells to activate AKT. Then the phosphorylated

AKT triggers transcription factor Sox2 nucleus translocation to bind

the promoter region of the ABCB1 gene. Finally, the P-GP expres-

sion is upregulated, resulting in the development of drug resistance

(Figure 6D).

Various crucial features are believed to result in the development

of multi-drug resistance, including ATP-binding cassette (ABC) trans-

porter protein overexpression, upregulation of anti-apoptotic pro-

teins such as BCL-XL and BCL-2, enhanced DNA damage repair and

cytokines in the tumor microenvironment.5 It was demonstrated that

the tumor microenvironment plays a crucial role in tumor

F IGURE 5 Cancer-associated fibroblasts (CAF) regulate chemo-resistance through P-GP to decrease drug retention and increase drug
efflux. A, The fluorescence of doxorubicin (Dox) in A549 cells with or without CAF pre-co-cultured. Red, Dox; blue, DAPI; scale bar, 10 lm. B,
Mean fluorescence intensity (MFI) of Dox in A549 cells with or without CAF pre-co-cultured at different time points (n = 4). C, Released Dox
in the supernatants of A549 cells with or without CAF pre-co-cultured at different time points (n = 3). D, Fluorescence of Dox in A549 cells
with or without IGF2 pretreated in the presence or absence of OSI-906. Red, Dox; blue, DAPI; scale bar, 10 lm. E, MFI of Dox in A549 cells
with or without IGF2 pretreated in the presence or absence of OSI-906 at different time points (n = 3). F, Released Dox in the supernatants
of A549 cells with or without IGF2 pretreated in the presence or absence of OSI-906 at different time points (n = 3). G, Fluorescence of Dox
in A549 cells with or without CAF pre-co-cultured in the presence or absence of verapamil. H, MTT assay of A549 cells treated with Cis, Eto
and VD with or without CAF pre-co-cultured in the presence or absence of verapamil (n = 3). The data are presented as the means � SEM
from 3 independent experiments. *P < .05; **P < .01; ***P < .001; ns, not statistically significant
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progression,6,46 which tumor cells depend on for sustained growth,

metastasis and invasion. Furthermore, several studies have demon-

strated that the microenvironment is capable of regulating cancer

cell stemness or drug resistance through signaling pathway activa-

tion.47,48 However, traditional cancer treatments focus on inhibiting

tumor cell growth but ignoring the tumor microenvironment ele-

ments.49-51 Many studies have attempted to reverse drug resistance

through various strategies, including the combination of 2 or more

anticancer therapeutic agents,52,53 inhibitors of ABC trans-

porters,54,55 or application of chemosensitizers,56 which has been

proven to be able to reverse drug resistance and inhibit tumor

growth in the early stages. However, recent research revealed that

the tumor microenvironment could induce drug resistance develop-

ment of normal cancer cells and tumor tissues could reacquire the

drug resistance under the appropriate microenvironment after

chemotherapy.5,57 Thus, solely directly targeting cancer cells may not

be sufficient to reverse the cancer drug resistance; instead, blocking

the interaction between CAF and cancer cells could serve as the

basis of an innovative treatment to reverse the cancer drug resis-

tance.

F IGURE 6 Blockade insulin-like growth factor 2 (IGF2)/insulin-like growth factor receptor-1 (IGF-1R) signal relieves chemotherapy drug
resistance in lung cancer. A, Mean tumor volume of subcutaneous A549 implants in PBS, Cis, OSI-906 or Cis combining OSI-906-treated nod-
scid mice (top, n = 6); the long-term survival of tumor-bearing mice treated with PBS, Cis, OSI-906 or Cis combining OSI-906 (bottom, n = 20).
B, Mean tumor volume of subcutaneous A549 implants in PBS, Eto, OSI-906 or Eto combining OSI-906-treated nod-scid mice (top, n = 6); the
long-term survival of tumor bearing mice treated with PBS, Eto, OSI-906 or Eto combining OSI-906 (bottom, n = 20). C, Mean tumor volume
of subcutaneous A549 implants in PBS, VD, OSI-906 or VD combining OSI-906 treated nod-scid mice (top, n = 6); the long-term survival of
tumor-bearing mice treated with PBS, VD, OSI-906 or VD combining OSI-906 (bottom, n = 20). D, Cancer-associated fibroblasts (CAF)
produce IGF2 to bind IGF-1R in lung cancer cells (LCC) and activate the AKT/Sox2 pathways. Along with the Sox2 nucleus translocation, the
transcription of ABCB1 gene is enhanced and the expression of P-GP is evaluated to pump out the chemotherapy drug. Using OSI-906 to
block IGF2/IGF-1R signal and combining with chemotherapy drug could reverse the drug resistance of lung cancer cells. The data was
presented as the means � SEM from 3 independent experiments. *P < .05; **P < .01; ***P < .001; ns, not statistically significant
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It was reported that CAF in lung cancer microenvironment are

associated with cancer stemness maintenance, cell proliferation and

cancer metastasis.12,58,59 However, the specific relationship between

CAF and cancer cell behavior remains unclear. In our study, we fur-

ther examined the precipitating factors of chemotherapy failure in

NSCLC patients, and found that a mass of CAF in tumor tissues

would induce the development of cancer cell drug resistance via an

IGF2/IGF-1R paracrine pathway. Hence, OSI-906, an inhibitor of

IGF-1R, could serve as a potential agent to block the IGF2/IGF-1R

paracrine pathway induced by CAF and be combined with multiple

chemotherapeutic agents to effectively reverse the drug resistance

and inhibit NSCLC progression.

In summary, our data described a novel role of CAF in resistance

to multiple chemotherapeutic drugs in NSCLC. In addition, CAF regu-

late the drug resistance in a paracrine manner through the IGF2/

IGF-1R/Sox2/P-GP pathway. The combination of a selective small-

molecule inhibitor to IGF-1R with chemotherapeutic agents will be

explored as a potential therapeutic strategy for anticancer therapy.
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