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Abstract
Cancer-associated fibroblasts (CAFs) have been proved to facilitate colorectal cancer (CRC) development, either with boost-
ing chemo-resistance by communicating with CRC cells in the tumor microenvironment. However, the underlying molecular 
mechanisms remain largely unclear. Relative expressions of FOSL1 and ITGB4, either with their correlations in CRC tissues, 
were assessed using qRT-PCR analysis. Also, Kaplan–Meier survival analysis was employed for evaluating the prognosis. 
Identification of CAFs was determined by the detection of specific makers (α-SMA, FAP, and FSP1) using western blot 
and immunofluorescence staining. Cell proliferation, self-renewal capacity, and cell apoptosis were estimated by CCK-8, 
sphere-formation, and flow cytometry assays. Transcriptional regulation of FOSL1 on integrin β4 (ITGB4) was confirmed 
using ChIP and dual-luciferase reporter assays. Increased FOSL1 and ITGB4 in CRC tissues were both positively correlated 
with the poor prognosis of CRC patients. Interestingly, FOSL1 was enriched in the CAFs isolated from CRC stroma, instead 
of ITGB4. CRC cells under a co-culture system with CAFs-conditioned medium (CAFs-CM) exhibited increased FOSL1, 
promotive cell proliferation, and reduced apoptosis, while these effects could be blocked by exosome inhibitor (GW4869). 
Moreover, CAFs-derived exosomal FOSL1 was validated to enhance proliferative ability and oxaliplatin resistance of CRC 
cells. Our results uncovered that CAFs-derived exosomes could transfer FOSL1 to CRC cells, thereby promoting CRC cell 
proliferation, stemness, and oxaliplatin resistance by transcriptionally activating ITGB4.
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Introduction

Colorectal cancer (CRC) has currently become the third 
most common malignancy and the fourth primary cause of 
tumor-related death in the world [1]. The mortality rate of 
CRC patients is declining due to advances in early screening, 
surgery, radiotherapy, and adjuvant therapy; however, more 
than 40% of CRC patients still die from tumor metastasis and 
recurrence [2, 3]. Acquisition of resistance to chemothera-
peutic drugs is one of the main causes of CRC treatment 

failure [2, 4]. Thus, it is necessary to further explore the 
molecular mechanism of CRC drug resistance to lay a foun-
dation for developing novel therapeutic strategies.

During tumor pathology, the formation of tumor micro-
environment (TEM), based on cancer cells, extracellular 
matrix, and stromal cells, either with other non-cellular 
components, is well known to be crucial for tumorigenesis 
[5]. Accordingly, the cellular communications among these 
different types of cells through several growth factors, hor-
mones, and cytokines, exert a great impact on the prolif-
eration, metastasis, and differentiation of tumor cells [6]. 
Cancer-associated fibroblasts (CAFs) are one of the most 
common tumor stromal cells in TEM, showing completely 
different biological characteristics from normal fibroblasts 
(NFs) [7]. CAFs not only provide nutritional support for 
tumor growth, but also promote tumor progression by regu-
lating a series of intracellular responses, such as metabolic 
and immune responses [7, 8]. In addition, CAFs have also 
been proved to affect tumor cell behaviors by transferring 
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active factors into tumor cells via exosomes [9]. As an 
important extracellular vesicle secreted by various cells, 
exosome is believed to act as a message transmitter for cel-
lular communication, mainly responsible for the delivery of 
proteins, molecules, lipids, and so on [10]. Nevertheless, the 
roles and mechanisms of exosomes derived from CAFs in 
regulating chemo-resistance and stemness of CRC have not 
been fully understood yet.

Fos-like antigen 1 (FOSL1) is an oncogenic transcription 
factor that has been reported to play a key role in regulating 
tumor progression by regulating tumor-related gene expres-
sion [11]. The elevation of FOSL1 expression has been 
observed in various human tumor tissues, such as CRC, 
gastric cancer, breast cancer, and hepatocellular carcinoma 
[12–15]. High expression of FOSL1 is correlated with a poor 
prognosis in CRC patients [14]. However, why FOSL1 is 
overexpressed in CRC and how it affects CRC progression 
and chemo-resistance remain undetermined. Since a recent 
study suggested that loss of miR-4516 in CAFs promoted 
breast cancer progression by increasing FOSL1 expression 
[16], we boldly speculated that FOSL1 might be overex-
pressed in CAFs and can be transferred into tumor cells 
through exosomes.

Herein, by detecting the mRNA and protein expression 
of FOSL1 and integrin β4 (ITGB4) in the collected clini-
cal CRC samples, we showed that FOSL1 and ITGB4 were 
abnormally elevated in CRC, and their elevation was associ-
ated with a poor prognosis of CRC patients. Interestingly, 
the different distribution of FOSL1 and ITGB4 in CRC tis-
sues was found, and the former was detected both in tumor 
cells and the stroma, while the latter was mostly found in 
tumor cells. Accordingly, FOSL1 was significantly enriched 
in CAFs isolated from CRC tissues, which could also be 
transferred from CAFs to CRC cells through exosomes, 
thereby promoting CRC cell proliferation and oxaliplatin 
resistance. Mechanistically, we showed that FOSL1 pro-
moted the expression of ITGB4 by directly binding to its 
promoter region. Thus, our findings suggested that exosomal 
FOSL1 derived from CAFs might be a potential valuable 
target for CRC therapy.

Materials and methods

Study subjects

Thirty-nine CRC tissues and corresponding noncancerous 
tissues were gathered from patients diagnosed with CRC 
without previous radiotherapy or adjuvant chemotherapy 
during surgery at Zhongshan City People's Hospital (Zhong-
shan, China) between December 2013 and December 2018. 
Patients’ informed consents were obtained from all par-
ticipants prior to enrollment, and all experimental methods 

conducted in this work were approved by the Ethics Com-
mittee of Zhongshan City People's Hospital.

Cell culture

CRC cell lines, HCT116 and SW480, purchased from Amer-
ican Type Culture Collection (ATCC, USA), were culture in 
DMEM (Gibco, USA) culture medium plus 10% fetal bovine 
serum (FBS) as well as 100U/mL penicillin/streptomycin 
(Gibco by Life Technologies, Grand Island, NY, USA), kept 
at 37 °C in a humidified atmosphere with 5%  CO2.

Isolation of NFs and CAFs

Human CAFs and NFs were isolated from CRC and cor-
responding noncancerous tissues as described previously 
[17]. The indicated tissues were chopped into small chunks 
after washing with sterile PBS, then, digested the chunks 
with collagenase I (0.1%, Sigma-Aldrich, Germany). The 
digested solution was centrifuged and re-suspended in 
DMEM (Gibco) to discard tissue debris. After two days of 
culture in DMEM containing 10% FBS, the suspending cells 
and tissues were removed. The most of the remaining cells 
were fibroblasts, epithelial, and macrophages. Epithelial and 
macrophages would undergo apoptosis after 5 days of cul-
ture with the fibroblasts saved. The isolated CAFs and NFs 
were identified by the detection of specific markers, includ-
ing α-SMA, FAP, and FSP1, using immunofluorescence.

Plasmid construction and transfection

The short-hairpin RNA (shRNA) targets FOSL1 (sh-FOSL1) 
was constructed by inserting FOSL1 sequence into a lentivi-
rus vector (pGLVH1, GenePharma, Shanghai, China). The 
re-constructed lentiviral vector was then transmitted into 
HEK293T cells, and puromycin (2 μg/mL) was applied to 
screen cells with stable expression. FOSL1 sequence was 
inserted into pcDNA3.1 vector (GenePharma, China) to 
build FOSL1 overexpression plasmid (FOSL1-OE). The 
silent or overexpression plasmids were transfected into CRC 
cells using a Lipofectamine 2000 reagent (Thermo Fisher 
Scientific, USA), according to the manufacturer’s instruc-
tions. After 48 h, the transfection efficiency was determined 
using qRT-PCR.

Quantitative real‑time PCR (qRT‑PCR) analysis

TRIzol reagent (Invitrogen, USA) was applied to extract 
RNAs from tissues and cells, and the quality of the isolated 
RNA was tested before cDNA synthesis using a PrimeScript 
RT Kit (Takara, Japan). PCR process was conducted on a 
Real-Time System (ABI 7500, Applied Biosystems, USA) 
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by utilizing a YBR Green kit (Roche, USA). Sequences of 
the primers used in this study were listed below.

GAPDH: (Forward: 5’-GTC TCC TCT GAC TTC AAC 
AGCG-3’ and Reverse: 5’-ACC ACC CTG TTG CTG TAG 
CCAA-3’);

FOSL1: (Forward: 5’-GGA GGA AGG AAC TGA CCG 
ACTT-3’ and Reverse: 5’-CTC TAG GCG CTC CTT CTG 
CTTC-3’);

ITGB4: (Forward: 5’-TCT CTC AGA GTG AGC TGG CAG-
3’ and Reverse: 5’-TTC AGC AGC TGG TAC TCC AC-3’).

Immunofluorescence (IF) analysis

CAFs and NFs were plated on the coverslip and cultured 
overnight under 37 °C, and then fixed in 4% paraformalde-
hyde for 30 min. Cells were incubated with 5% BSA for 1 h 
after three times of washes. Primary antibodies targeting 
α-SMA (1:200, Cell Signaling Tech., #19245S, USA), FAP 
(1:500, Abcam, #ab28244, USA) and FSP1 (1:250, Abcam, 
#ab197896) were used. After incubation with indicated pri-
mary antibodies overnight, Alexa Fluor 488 or 546-labeled 
secondary antibodies (1:200, Abcam) were used to probe 
primary antibodies for 2 h.

Immunohistochemical analysis

CRC tissues were dewaxed, hydrated, and incubated with 
Tris–EDTA (10 mM, pH 9.0) for 30 min at 95 °C. Endoge-
nous peroxidase was subsequently blocked by  H2O2 (3%) for 
15 min. Afterwards, the slices were incubated overnight with 
primary antibodies against FOSL1 (1:200, sc376148, Santa 
Cruz, SC, USA) or ITGB4 (1:100, ab168386, Abcam, USA). 
Next, the slices were incubated with Dako streptabidin-HRP 
conjugate (1:300, SC) for 30 min, followed by the incubation 
with DAB peroxidase substrate for 5 min.

Western blot analysis

Cells were lysed using RIPA buffer (Thermo Fisher, USA), 
and then proteins were isolated. After the determination of 
protein concentration, 50 µg sample was separated by SDS-
PAGE and then transferred to nitrocellulose membranes. The 
membranes were incubated in a sequential order with low-
fat milk (5%, 2 h), primary antibodies (overnight) against 
α-SMA (1:1000, Cell Signaling Tech., #19245S, USA), 
FAP (1:2000, Abcam, #ab28244, USA), and FSP1 (1:1000, 
Abcam, #ab197896), FOSL1 (1:2000, #sc376148, Santa 
Cruz, SC, USA) or ITGB4 (1:2000, #ab168386, Abcam, 
USA), and indicated secondary antibodies for 2 h. Signals 
were detected using an enhanced chemiluminescence rea-
gent (EMD Millipore, USA).

Extraction and identification of exosomes

CAFs and NFs were cultured in six-well plates containing 
3 mL serum-free DMEM until the confluence reached to 
90%. Then, the exosomes were collected from the culture 
medium via filtration using a filter (0.22 µm size), followed 
by ultracentrifugation (100,000 g, 90 min). The concentrated 
precipitates underwent centrifugation (4 °C, 100,000 g, 
60 min).The precipitates are re-suspended in PBS and stored 
at − 20 °C until use. The morphology of isolated exosomes 
was detected using a transmission electron microscopy 
(TEM, JEOL 2100F, Japan).

Dynamic light scattering (DLS)

The distribution of isolated exosomes was determined via 
DLS by Zetasizer Nano ZS (Malvern Instrument, UK) 
using the following setting: fixed angle—173°, tempera-
ture—25 °C, refractive index—1.450. Data were then ana-
lyzed by the program supplied by the manufacturer.

Co‑culture of CAFs‑derived exosomes and CRC cells

CRC cells were inoculated in six-well plates with DMEM 
culture medium supplemented with 5% FBS at a density 
of 5 ×  105 cells per well. After cultured overnight at 37 °C, 
isolated exosomes were added into the culture medium and 
allowed for another 24 h incubation.

CCK‑8 assay

CAFs and NFs were collected after treatment and seeded 
into 96-well plates containing DMEM (150 µL), making the 
final concentration of 1 ×  105 cells/mL. After overnight of 
culture at 37 °C, 10 µl CCK-8 reagent (Dojindo, Japan) was 
added into each well and incubated at 37 °C for another 2 h. 
Absorbance was measured at 450 nm by a microplate reader 
(BioRad, USA).

Sphere‑formation assay

Treated CRC cells were collected and seeded in non-
adherent dishes (Costar, USA) containing serum-free cul-
ture medium with epidermal growth factor (10 ng/ mL, 
Rocky Hill, USA), 0.5% BSA (Sigma-Aldrich), and 2% 
B27 (Gibco). Cells were cultured in a cell incubator for two 
weeks, and then cells were photographed using a microscope 
(Nikon, Japan) and counted manually.

PKH67 staining and exosome internalization

A PKH67 (Green) Fluorescence kit (Sigma, USA) was 
adopted to label the lipid bilayer. In brief, the extracted 
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exosomes were re-suspended by diluent C (100 µl), followed 
by the incubation with PKH67 dye solution for 10 min. The 
labeling was stopped by placing 500 µl serum. The labeled 
exosomes were then rinsed by PBS for three times and 
incubated with HCT116 and SW480 cells for 12 h before 
imaging.

Cell apoptosis analysis

Cells suspension was fixed overnight using 70% pre-cold 
ethanol at low temperature. Then, cells were washed with 
PBS, followed by the incubation with propidium/Annexin 
V-FITC (Sigma-Aldrich) for 20 min. Afterwards, a flow 
cytometer (Gallios, China) was utilized to evaluate cell 
apoptosis.

Chromatin immunoprecipitation (ChIP) assay

The enrichment of FOSL1 in ITGB4 promoter area was 
determined by a ChIP kit (Merck Millipore, USA) follow-
ing the protocol provided by the manufacturer. Primers were 
designed based on the sequence of ITGB4 promoter and 
synthetized by Invitrogen (Shanghai, China).

Luciferase reporter assay

The luciferase reporter plasmid containing TGB4 promoter 
sequence into the pGL3 vector was obtained from Gene-
chem (Shanghai, China). Cells were seeded in 24-well plates 
and cultured for 48 h before transfection. The recombinant 
luciferase reporter plasmid was co-transfected into cells 
with FOSL1 overexpression plasmid or shFOSPL1 using 
lipofectamine 2000 reagent (Invitrogen, USA). Luciferase 
activity was determined using the luciferase reporter assay 
kit (Promega, USA) 48 h after transfection.

Statistical analysis

Data were organized as mean ± standard deviation (SD) from 
at least three independent experiments in this study. Graph-
pad Prism (Version 7.0, USA) was employed in data analysis 
using a two-tailed Student’s t test or one-way ANOVA. P 
value less than 0.05 was considered significant.

Results

Correlation among FOSL1 and ITGB4 in CRC tissues

To investigate whether FOSL1 and ITGB4 play a role in 
CRC tumorigenesis, we firstly detected the mRNA expres-
sion levels of FOSL1 and ITGB4 in CRC tissues. As illus-
trated in Fig. 1A and C, obvious elevated FOSL1 and ITBG4 

were observed in CRC tissues, compared to noncancerous 
tissues. Interestingly, our results were consistent with the 
public data from The Cancer Genome Atlas (TCGA) data-
base referring to the exact expression of FOSL1 and ITGB4 
in CRC samples (Fig. 1F and G). Moreover, the data from 
Kaplan–Meier survival analysis also validated that CRC 
patients with relatively high expression of FOSL1 or ITGB4 
both exhibited worse prognosis, compare to those with 
relatively low expression of FOSL1 and ITGB4 (Fig. 1B 
and D). Subsequently, Spearman’s correlation analysis dis-
covered a significant positive correlation between FOSL1 
expression and ITGB4 expression in CRC tissues (Fig. 1E). 
Hence, these findings suggested that FOSL1 and ITGB4 
may both serve as functional roles to be involved in CRC 
tumorigenesis.

The enhanced expression of FOSL1 was observed 
in CAFs isolated from CRC stroma

Taking CAFs serving as the crucial elements of surrounding 
cancer stroma in the microenvironment of tumors into con-
sideration, we subsequently paid our attention to uncover the 
detailed role of FOSL1 or ITGB4 in CAFs involved in CRC 
tumorigenesis. First, CAFs from CRC tissues and normal 
fibroblasts (NFs) from noncancerous tissues were success-
fully isolated for subsequent experimental preparation. NFs 
and CAFs elicited fibroblasts characteristics with long fusi-
form marker morphology, and positive expression patterns 
of the specific markers, including α-SMA, FAP, and FSP1. 
As shown in Fig. 2A and B, the expression of α-SMA, FAP, 
and FSP1 were dramatically increased in CAFs, compared 
to NFs. In addition, in randomly selected samples of 12 
pairs, the expression of FOSL1 mRNA level was also found 
to be significantly increased in the CAFs compared to NFs 
(Fig. 2C). Interestingly, subsequent western blot analysis for 
determining the protein levels of FOSL1 and ITGB4 from 
random four paired tissues was performed and the data pre-
sented that FOSL1 protein level was significantly increased 
in CAFs compared to NFs, while ITGB4 protein was rarely 
expressed in NFs, as well as in CAFs (Fig. 2D). These may 
remind us that FOSL1 could be a main mediator in CAFs.

CAFs‑conditional medium accounts 
for the increased cell proliferation and decreased 
apoptosis of CRC cells

Evidence has shown that CAFs could promote the pro-
gression and metastasis of CRC by secreting exosomes 
to surrounding CRC cells [18]. Thus, we wanted to know 
whether FOSL1 could be released by CAFs exosome and 
transferred to CRC cells. We incubated HCT116 and 
SW480 cells with nothing (blank control), NFs-condi-
tional medium (NFs-CM), or CAFs-conditional medium 
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(CAFs-CM). Compared to blank control and NFs-CM 
groups, treatment with CAFs-CM strikingly increased the 
expression of FOSL1 mRNA in HCT116 and SW480 cells 
(Fig. 3A). Effects of NFs-CM and CAFs-CM treatments 
on cell viability, self-renewal capacity, and apoptosis were 
then evaluated by CCK-8, sphere-formation, and flow 
cytometry assays. As Fig. 3B shown, NFs-CM treatment 
had no obvious effect on cell viability in comparison with 
blank control group, while CAFs-CM treatment greatly 

increased the cell viability compared to NFs-CM group. 
CAFs-CM treatment was also revealed to increase the 
number of tumor spheres formed by CRC cells, while NFs-
CM treatment had no significant effect on sphere forma-
tion (Fig. 3C). Moreover, the apoptosis rate of CRC cells 
treated with CAFs-CM was significantly decreased com-
pared to NFs-CM treatment, while the apoptosis of CRC 
cells treated with NFs-CM was not affected (Fig. 3D).

Fig. 1  Correlation among FOSL1 and ITGB4 in CRC tissues. (A) 
Relative FOSL1 mRNA expression was tested by qRT-PCR in 
39 CRC tissues and paired noncancerous tissues. (B) Correlation 
between FOSL1 expression (low expression, n = 18; high expression, 
n = 21) and five-year survival rate of 39 CRC patients. (C) Relative 
ITGB4 mRNA expression was tested by qRT-PCR in 39 CRC tis-
sues and paired noncancerous tissues. (D) The five-year survival rate 
of 39 CRC patients with low (n = 18) or high (n = 21) expression of 

ITGB4. (E) The correlation between FOSL1 and ITGB4 expression 
in 39 pairs of CRC tissues was analyzed by Spearman correlation 
test. Experiments were performed in triplicate, and error bars repre-
sent SD of a triplicate set of experiments. (F and G) Analysis of the 
expression levels of FOSL1 and ITGB4 in CRC samples from TCGA 
database. Data are shown as mean ± SD. *P, < 0.05, **P, < 0.01, 
***P, < 0.001
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CAFs‑derived exosomes may participate 
in the enhanced expression of FOSL1, proliferation, 
and oxaliplatin resistance of CRC cells

To confirm the effects of CAFs-derived exosomes, 
we treated CRC cells with NFs-CM, CAFs-CM, or 

CAFs-CM + GW4869 (an inhibitor of exosome). As 
expected, the increased expression of FOSL1 observed in 
CAFs-CM treated HCT116 and SW480 cells was abolished 
by the treatment with GW4869 (Fig. 4A). The promotive 
effects of CAFs-CM treatment on cell viability of HCT116 
and SW480 cells were also reversed by the treatment with 

Fig. 2  The enhanced expression of FOSL1 was observed in CAFs 
isolated from CRC stroma. (A and B) The expression levels of 
CAFs-specific genes, including α-SMA, FAP, and FSP1, in CAFs 
and NFs isolated from CRC and paired noncancerous tissues were 
detected by western blot (A) and immunofluorescence staining (B). 

(C) Relative FOSL1 mRNA expression in CAFs and NFs was tested 
by qRT-PCR. (D) Western blot analysis of FOSL1 and ITGB4 in 
CAFs and NFs. Experiments were performed in triplicate and error 
bars represent SD of a triplicate set of experiments. Data are shown 
as mean ± SD. *P, < 0.05, **P, < 0.01, ***P, < 0.001
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GW4869 (Fig. 4B). Moreover, CAFs-CM treatment was 
found to increase the resistance of HCT116 and SW480 cells 
to oxaliplatin, while this phenomenon was also blocked by 
GW4869 treatment (Fig. 4C). By using flow cytometry anal-
ysis, we found that oxaliplatin-induced apoptosis of SW480 
cells was significantly decreased by CAFs-CM treatment; 
however, CAFs-CM + GW4869 treatment failed to decrease 
oxaliplatin-induced apoptosis of SW480 cells (Fig. 4D). 
Additionally, NFs-CM treatment had no significant effect 
on ITGB4 expression of HCT116 and SW480 cells, while 
CAFs-CM treatment strikingly increased the expression 
of ITGB4 (Fig. 4F). And the CAFs-CM-induced elevation 
of ITGB4 expression in HCT116 and SW480 cells was 
reversed by GW4869 treatment (Fig. 4E). These findings 
suggested that CAFs-derived exosomes might contribute to 
the increased expression of FOSL1, cell proliferation, and 
oxaliplatin resistance of CRC cells.

CAFs‑derived exosomes transferring FOSL1 
to CRC cells thereby boosting cell proliferation 
and oxaliplatin resistance

To further confirm the role of CAFs-derived exosomes in 
CRC tumorigenesis, we isolated exosomes from both NFs 
and CAFs (NFs-exo and CAFs-exo), and the morphology 
of exosomes was observed. The data from Fig. 5A and B 
revealed that the morphology of exosomes isolated from NFs 
and CAFs was spherical with a diameter of about 110 nm. 
Western blot analysis suggested that the isolated exosomes 
expressed exosomal surface markers, CD63 and TSG101, 
and that they poorly expressed negative marker GM130 
(Fig.  5C). To confirm the internalization of exosomes 
into HCT116 and SW480 cells, exosomes labeled with 
PKH67 green fluorescence were measured under a fluo-
rescence microscope, and the images suggested that green 

Fig. 3  CAFs-conditional medium accounts for the increased cell pro-
liferation and decreased apoptosis of CRC cells. (A) Relative FOSL1 
mRNA expression in HCT116 and SW480 cells treated with nothing 
(blank control), NFs-CM or CAFs-CM. (B) The viability of HCT116 
and SW480 cells from each group was evaluated via CCK-8 assay. 
(C) The self-renewal ability of HCT116 and SW480 cells from each 

group was assessed by sphere-formation assay. (D) The apoptosis rate 
of HCT116 and SW480 cells was detected after treatment with noth-
ing, NFs-CM or CAFs-CM. Experiments were performed in triplicate 
and error bars represent SD of a triplicate set of experiments. Data 
are shown as mean ± SD. **P, < 0.01, ***P, < 0.001
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Fig. 4  CAF-derived exosomes may participate in the enhanced 
expression of FOSL1, proliferation, and oxaliplatin resistance of CRC 
cells. (A) Relative FOSL1 mRNA expression in HCT116 and SW480 
cells treated with NFs-CM, CAFs-CM, or CAFs-CM plus GW4869 
(exosome inhibitor). (B) The viability of HCT116 and SW480 cells 
was measured after treatment with NFs-CM, CAFs-CM, or CAFs-
CM plus GW4869. (C) The resistance of HCT116 and SW480 cells 
to oxaliplatin was assessed after treatment with NFs-CM, CAFs-CM, 

or CAFs-CM plus GW4869 in the presence of oxaliplatin (0, 1, 2, 4, 
8, 16 µM). (D) The apoptosis rate of HCT116 and SW480 cells was 
detected after treatment with NFs-CM, CAFs-CM, or CAFs-CM plus 
GW4869. (E) Relative ITGB4 mRNA expression in HCT116 and 
SW480 cells treated with nothing, NFs-CM, CAFs-CM, or CAFs-CM 
plus GW4869. Experiments were performed in triplicate, and error 
bars represent SD of a triplicate set of experiments. Data are shown 
as mean ± SD. *P, < 0.05, **P, < 0.01, ***P, < 0.001
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Fig. 5  CAFs-derived exosomes transferring FOSL1 to CRC cells 
thereby boosting cell proliferation and oxaliplatin resistance. (A) 
TEM observation of exosomes isolated from NFs-CM and CAFs-CM. 
(B) Particle size analysis of exosomes isolated from NFs-CM (NFs-
exo) and CAFs-CM (CAFs-exo). (C) Protein expression of CD63, 
TSG101, and GM130 in NFs, NFs-exo, CAFs, and CAFs-exo. (D) 
The internalization of exosomes that labeled with fluorescent PKH67 
to HCT116 and SW480 cells was observed by immunofluorescence 
microscopy. (E) Relative FOSL1 mRNA expression in PBS, NFs-exo, 
and CAFs-exo. (F) Relative FOSL1 mRNA expression in HCT116 
and SW480 cells treated with PBS, NFs-exo, or CAFs-exo. (G) The 

viability of HCT116 and SW480 cells was tested after treatment with 
PBS, NFs-exo, or CAFs-exo. (H) Effects of PBS, NFs-exo, or CAFs-
exo treatment on self-renewal ability of HCT116 and SW480 cells 
were estimated by sphere-formation assay. (I) The oxaliplatin resist-
ance of HCT116 and SW480 cells was analyzed using CCK-8 assay 
after treatment with PBS, NFs-exo, or CAFs-exo. (J) Relative ITGB4 
mRNA expression in HCT116 and SW480 cells treated with PBS, 
NFs-exo, and CAFs-exo. Experiments were performed in triplicate 
and error bars represent SD of a triplicate set of experiments. Data 
are shown as mean ± SD. *P, < 0.05, **P, < 0.01, ***P, < 0.001
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fluorescence was both detected in HCT116 and SW480 cells 
(Fig. 5D), indicating the internalization of exosomes by CRC 
cells. The expression of FOSL1 in NFs-exo and CAFs-exo 
was detected by qRT-PCR. Compared to PBS group, FOSL1 
expression was no significant change in NFs-exo, while it 
was significantly increased in CAFs-exo (Fig. 5E). To inves-
tigate whether FOSL1 could be transferred to CRC cells by 
exosomes, we treated HCT116 and SW480 cells with NFs-
exo and CAFs-exo. The results indicated that FOSL1 expres-
sion was markedly increased in HCT116 and SW480 cells 
treated with CAFs-exo, while NFs-exo treatment had no 
effect on FOSL1 expression (Fig. 5F). In functional assays, 
we found that CAFs-exo treatment dramatically increased 
the cell viability (Fig. 5G), the renewal capacity (Fig. 5H), 
and the resistance to oxaliplatin (Fig. 5I) of CRC cells, while 
NFs-exo had no significant effect on cell viability, renewal 
capacity, and resistance to oxaliplatin. In addition, CAFs-
exo, but no NFs-exo, treatment was revealed to increase the 
expression of ITGB4 in HCT116 and SW480 cells (Fig. 5J). 
These findings suggested that CAFs might contribute to the 
CRC cell proliferation and oxaliplatin resistance by transfer-
ring FOSL1 to CRC cells trough exosomes.

Correlation among FOSL1 and ITGB4 in CRC tissues

Since FOSL1 could be transferred to CRC cells from CAFs 
by exosomes, and CAFs-exo treatment could increase the 
expression of ITGB4 (Fig. 5J), therefore, we speculated that 
the increased ITGB4 in CRC cells might be caused by exo-
somal FOSL1. Thus, we designed an overexpression plas-
mid and a shRNA to overexpress and knockdown FOSL1 
expression in HCT116 and SW480 cells. Results from qRT-
PCR suggested that, in HCT116 and SW480 cells, FOSL1 
overexpression plasmid significantly increased the expres-
sion of FOSL1, and sh-FOSL1 transfection successfully 
decreased the expression of FOSL1 (Fig. 6A). Overexpres-
sion of FOSL1 remarkably increases ITGB4 expression and 
knockdown of FOSL1 markedly decreases ITGB4 expres-
sion in HCT116 and SW480 cells (Fig. 6B), indicating that 
FOSL1 positively regulated the expression of ITGB4. With 
the prediction of the JASPAR, FOSL1 was revealed to har-
bor-binding site on the promoter area of ITGB4 (Fig. 6C). 
To confirm the binding relationship between FOSL1 and 
ITGB4 promoter, a ChIP assay was conducted. The results 
revealed an obvious occupancy of FOSL1 at the promoter 
region of ITGB4  (Fig.  6D). Next, the FOSL1-binding 
sequence of ITGB4 promoter was constructed into the 
luciferase reporter plasmids to perform luciferase reporter 
assay. The data presented that FOSL1 overexpression led to 
a significant increase of luciferase activity, while knockdown 
of FOSL1 resulted in a remarkable decrease of luciferase 
activity (Fig. 6E and F). These results indicated that FOSL1 

could promote ITGB4 expression by directly binding to its 
promoter.

Discussion

CAFs have been proved to be functionally heterogene-
ous with even completely opposite impacts on tumor pro-
gression [9]. CAFs display tumor-facilitating functions 
in most cases, however, in some occasions anti-tumor-
igenic functions have been reported [9]. Evidence has 
shown that CAFs play a pivotal role in modulating tumor 
cell metastasis, drug resistance, invasion, angiogenesis, 
and immune evasion by communicating with other cells 
within the TME [19]. Communication between CAFs 
and tumor cells can be reached through direct cell-to-
cell contact or indirect communication. The release of 
exosomes is a critical indirect communication way of 
CAFs to affect tumor cell behavior [20, 21]. Abnormal 
expression of molecules contained in exosomes derived 
from CAFs can lead to dysregulation of signaling path-
ways in cancer cells after uptake by cancer cells [22, 
23]. Emerging evidences have shown that CAFs are key 
determinants in regulating growth, metastasis, invasion, 
and drug resistance of CRC through exosomes-mediated 
cellular communication [24]; however, the underlying 
mechanisms remain to be further explored. Most of the 
studies suggested that non-coding RNAs, such as micro-
RNAs (miRNAs), long non-coding RNAs (lncRNAs), 
and circular RNAs (circRNAs), are one of the most com-
monly transferred molecules by exosomes to CRC cells 
[17, 18, 25, 26]. However, whether other molecules, such 
as transcription factors, can be transferred from CAFs 
to CRC cells through exosomes-mediated way remains 
undetermined.

As an important transcription factor, FOSL1 has been 
found to be elevated in numerous of human cancers and 
is associated with lymphatic infiltration, clinical TNM 
stage, and poor prognosis [27–29]. It was also reported 
to be increased in CRC, and knockdown of FOSL1 could 
reduce the growth, metastasis, and angiogenesis of CRC 
cells, suggesting that FOSL1 may be a potential thera-
peutic target for CRC [14]. However, the expression of 
FOSL1 in CAFs surrounding CRC cells remain undeter-
mined. Herein, we revealed that FOSL1 was elevated in 
both CRC tissues and CAFs isolated from CRC tissues. 
These results indicated that the increased FOSL1 in CRC 
may be derived from the surrounding CAFs. In the follow-
ing assays, we demonstrated that exosomes derived from 
CAFs contributed to the transfer of FOSL1 from CAFs to 
CRC cells. Unfortunately, we are unable to provide direct 
evidence that the changes in FOSL1 and ITGB4 in CRC 
cells after exosome treatment were caused by exosome 
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Fig. 6  Correlation among FOSL1 and ITGB4 in CRC tissues. (A) 
The overexpression or knockdown efficiency of FOSL1 overexpres-
sion plasmid or sh-FOSL1 was verified by qRT-PCR. (B) Effects of 
FOSL1 overexpression or knockdown on the expression of ITGB4 in 
HCT116 and SW480 cells were tested by qRT-PCR. (C) The predic-
tion of FOSL1-binding sites within the promoter area of ITGB4 pro-

vided by JASPAR database. (D) ChIP was performed to validate the 
binding capacity of FOSL1 to the promoter of ITGB4. (E) The inter-
action between FOSL1 and ITGB4 was tested by luciferase reporter 
assay in HCT116 and SW480 cells. Experiments were performed 
in triplicate and error bars represent SD of a triplicate set of experi-
ments. Data are shown as mean ± SD. *P, < 0.05, ***P, < 0.001
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FOSL1 transport based on the existing data and findings. 
Because there are many kinds of substances in the exo-
some, including mRNA, non-coding RNAs, and even 
proteins. The change of FOSL1 expression in CRC after 
exosome treatment could also be caused by the transport 
of specific non-coding RNAs. This could be a direction 
for our future research, we will try to answer this question 
in a new project.

ITGB4 has been identified to be a novel promising 
serum diagnostic biomarker and a potential therapeu-
tic target for CRC [30–32]. However, the association 
between ITGB4 and CAFs in CRC has not been reported. 
Interestingly, a previous study revealed that ITGB4 was 
elevated in triple-negative breast cancer cells; moreover, 
the increased ITGB4 in TNBC cells could be transferred 
to CAFs by exosomes [33]. Similarly, ITGB4 was found 
predominantly expressed in hepatocellular carcinoma 
cells but not in infiltrating stromal cells [34]. In our study, 
we found that ITGB4 was increased in CRC but not in 
surrounding CAFs. Interestingly, we found that FOSL1 
promoted the expression of ITGB4 by binding to its pro-
moter, suggesting that CAFs contributed to the elevation 
of ITGB4 indirectly by transferring FOSL1 to CRC cell 
through exosomes.

In conclusion, our findings suggested that exosomes 
derived from CAFs transferred FOSL1 to CRC cells, there-
fore, promoting CRC progression and oxaliplatin resist-
ance by increasing the expression of ITGB4. Our findings 
suggested that FOSL1 in CAFs may be a therapeutic target 
for CRC. Nevertheless, there are many shortcomings, such 
as the precise distribution of FOSL1 and ITGB4 in clinical 
samples, and whether this regulatory pattern could be also 
suitable for in vivo studies, which is urgent to be further 
investigated. Herein, our study was only at the step con-
ducted in vitro and needs to be further verified in vivo, 
which will be a key in our follow-up study.
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