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Abstract

This study aimed to explore the mechanism of lung metastases of colorectal cancer. The expression
of CXCR4, CXCR7, and CXCLI2 in colorectal cancer and lung metastases was analyzed by the
immunohistochemical (IHC) method. Further, the study aimed at getting new insights into the role
of CXCLI12 in lung metastasis. A total of 41 patients who underwent surgical resections for both
colorectal cancer and lung metastasis were retrospectively selected for this study. Also, 41 patients
who underwent lung resection for benign lung disease were selected as the control group. In the in
vivo experiment, the mice were injected with exosomes isolated from CT26. The mice with and
without injection were sacrificed 3 weeks later. The lung tissue was analyzed by the IHC method and
quantitative real-time PCR. The expression of CXCR7 and CXCL12 was significantly higher in lung
metastases than in paired primary lesions. The expression of CXCL12 was significantly higher in the
noncancerous lung tissue of patients with CRC than in patients with benign lung disease. Also, the
expression of CXCL12 in the lung was higher in mice with exosome education. The results inferred
that the expression of CXCR7 and CXCLI12 was significantly higher in lung metastases than in
primary tumors. Their combination could promote colorectal cancer lung metastasis. The
expression of CXCLI2 was elevated before metastasis. And this effect was induced by exosomes.
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Introduction

In recent years, colorectal cancer (CRC) has
become the fifth most common malignant tumors in
China [1]. With the continuous development of
medicine, the mortality rate of CRC has decreased by
about 35% in the last 20 years [2]. However, tumor
recurrence and metastasis are still common causes of
treatment failure. Approximately 50% of patients with
CRC after radical surgery of the primary lesion show
tumor metastasis [3, 4]. The most common metastatic
sites of CRC are the liver and the lung. About
10%-25% of patients with CRC have lung metastasis
[5]. Therefore, a better understanding of the
mechanism of CRC metastasis may provide new
means of cancer treatment.

Chemokine is a class of chemoattractive cyto-
kines. After binding to corresponding receptors, they

are critically involved in various physiological or
pathological processes of angiogenesis, inflammation,
tumor development, and so on [6]. CXCR4 and
CXCR7 were both found to be expressed in CRC cells.
Both were receptors of CXCL12, which was expressed
in the most common sites of metastasis, such as lymph
node, lung, and liver. In 2014, Yamada found that the
expression of CXCR4 was higher in liver metastases
than in primary tumors, and the prognosis was worse
in patients with the expression of CXCR4 [7]. Miao
found that CXCR7 promoted the growth of breast and
lung cancers and tumor metastasis of lung [8].
However, which chemokine is important in the lung
metastasis of CRC needs further exploration.
Exosomes with size ranging from 30 to 100 nm in
diameter are shed by cells in the processes of cellular
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housekeeping and communication [9]. Exosomes can
be secreted by both tumor and normal cells. In recent
years, increasing evidence validated that exosomes
could promote tumor development and metastasis
[10]. Given the importance of CXCL12 in tumor
metastasis, strong connections might exist between
exosomes and CXCL12 expressed in the target organ.

This study analyzed the expression of CXCR4,
CXCR7, and CXCL12 in CRC and lung metastases by
the immunohistochemical (IHC) method to explore
the mechanism of lung metastases of CRC. Further,
the study aimed at getting new insights into the role
of CXCL12 in lung metastasis.

Materials and Methods

Patients

A total of 41 patients who underwent surgical
resections for both CRC and lung metastasis were
retrospectively selected for this study. Their clinical
and pathological characteristics are summarized in
Table 1. Further, 41 patients who underwent lung
resection for benign lung disease were selected as the
control group; normal lung tissue samples were
taken. All cases were confirmed by two senior patho-
logists. Formalin-fixed paraffin-embedded (FFPE)
tissues from primary tumors and paired metastatic
tumor specimens were taken from the Department of
Pathology, West China Hospital, Sichuan University.

Immunohistochemistry

First, all slides were reviewed by two senior
pathologists to confirm diagnosis, following which
the expression of CXCR4, CXCR7, and CXCL12 was
analyzed by the IHC method on FFPE tissue blocks.
For CXCR4 (1:100 dilution, ab2074, rabbit anti-human,
Abcam, Cambridge, UK), and CXCR7 (1:50 dilution,
MAB42273 mouse monoclonal anti-Hu-CXCR7
[11G8], R&D system), and CXCL12 (1:50 dilution,
MAB 350 mouse monoclonal anti-Hu-CXCL12
[79018], R&D system), heat-induced epitope retrieval
was performed.

The image system comprised a camera
(Olympus BX51, Japan). The expression of CXCR?,
CXCR4, and CXCL12 was identified by the digital
image analysis using the Image-Pro Plus 6.0 software
(Image-Pro plus 6.0, Media Cybernetics Inc). The
relative protein expression was quantified and
defined as follows: density mean = density sum/area
sum.

Cell culture

The BALB/c-derived CT26 mouse colon
adenocarcinoma cell line was purchased from the cell
bank of the Chinese Academy of Science (Shanghai,
China). CT26 cells were cultured in RPMI 1640 at 37°C

in a humidified atmosphere of 5% CO>. The complete
medium contained 10% fetal bovine serum, 100 U/mL
penicillin, and 100 pg/mL streptomycin. For
subsequent isolation of exosomes, cancer cells were
cultured until 80% confluence and then the culture
media were changed to serum-free RPMI 1640 after
washing with phosphate-buffered saline (PBS) three
times.

Table 1. Characteristics of the study population (n = 41)

Variable No. of patients
Gender

Male 29
Female 12
Age, year

Median 62
Range 46-70
Primary tumor size, cm

Median 4
Range 2.5-8
Differentiation

Moderate 35
Poorly 6
Pathologic T stage

T2 4

T3 15
T4a 19
T4b 3
Pathologic N stage

NO 9
Nla 4
N1b 4
N1ic 7
N2a 17
TNM stage

1IA/B/C 9
mB/C 28
IVA 4
Location

Colon 22
Rectum 19
DFI (month)

Median 24
Range 1-39
LVI

Positive 9
Negative 32
Number of LM

1 30

2 11
LM maximum size, cm 2.5 (0.5-7)

DFI, Disease-free interval (time between colorectal cancer surgery and pulmonary
metastasectomy); LM, lung metastasis.

Exosome isolation and characterization

Exosomes from the culture medium were
isolated using the ExoQuick-TC Exosome Precipita-
tion Solution (System Biosciences, CA, USA)
according to the manufacturer’s protocol. Briefly, the
culture media were centrifuged (3000g) for 15 min to
eliminate cells and large cell debris. The supernatant
and ExoQuick-TC were mixed in a 5:1 ratio. Following
overnight incubation at 4°C, the exosomes were
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pelleted by centrifugation at 1500¢ for 30 min and
resuspended in PBS. Transmission electron
microscopy (TEM) of the exosomes was performed as
previously published (11). Total proteins were
quantified using a Nanodrop 2000/2000c spectropho-
tometer (Thermo-Fisher Scientific, MA, USA).

In vivo study

BALB/c female mice (aged 6-8 weeks) were
used for animal experiments. The mice were housed
in a specific pathogen-free environment on a 12-h
light and 12-h dark schedule with food and water.
They were acclimated for at least 1 week prior to
initiating in vivo studies. Ten mice were equally
divided into two groups. For education experiments,
five mice received 5 pg of exosomes every other day,
three times a week. Five micrograms of exosomes
were injected into the retro-orbital venous sinus in a
total volume of 50 pL of PBS. Five mice received PBS
as a control. The mice with and without education
were sacrificed 3 weeks later. The lung tissue was
analyzed. The animal experiment for this study was
designed and carried out according to the standard
guideline of the Institutional Animal Care and Use
Committee. The study was approved by the
Institutional Animal Care and Use Committee.

Quantitative real-time PCR

Total RNA was extracted from the frozen lung
tissue of mouse using TRIzol (Invitrogen, USA). A
PrimeScript RT Reagent Kit (TaKaRa, Japan) was used
for generating cDNA. A SYBR Premix Ex Taq II Kit
(TaKaRa) was used for RT-polymerase chain reaction
(PCR). The primer pairs for the genes were designed
using Primer Premier6. The oligonucleotide primer
sequences were as follows: 5-GAAGATCAAGATCA
TTGCTCCT-3' (sense) and 5'-TACTCCTGCTTGCTG
ATCCA-3' (antisense) for P-actin; 5-ACCTCGGTG
TCCTCTTGCTGTCCA-3' (sense) and 5'-GCTTGACG
TTGGCTCTGGCGATGT-3' (antisense) for CXCL12.
B-actin was used as an endogenous reference. The
gene expression levels were calculated as 2-**Ct
values.

Statistical analysis

The rank-sum test was used to analyze the
differences in the expression of markers. The
statistical analysis was performed using SPSS version
21. Statistical significance was stated as two tailed P
<0.05.

Results

Expression of CXCR7, CXCR4, and CXCL12

As shown in Figure 1, CXCR7 and CXCL12 were
expressed mainly in the cytoplasm of tumor cells.

They were expressed in both primary colorectal
tumors and lung metastasis. However, their
expression was significantly higher in lung metastases
than in primary tumors. The difference was
statistically significant. As shown in Figure 1, CXCR4
was expressed mainly in the cytoplasm of tumor cells.
It was expressed in both primary colorectal tumors
and lung metastasis. However, the expression of
CXCR4 in the two sites had no statistically significant
difference (P = 0.306).

Expression of CXCL12 was significantly higher
in noncancerous lung tissue of CRC

The expression of CXCL12 in the nontumor lung
tissue of patients with CRC was evaluated by IHC,
using benign lung disease as a control, to further
investigate the role of CXCL12 in lung metastasis. The
expression of CXCL12 was significantly higher in the
noncancerous lung tissues of patients with CRC than
in patients with benign lung disease (Fig. 2; P < 0.05).

Exosome identification

Two different techniques were applied to
identify the exosomes: TEM and dynamic light
scattering. The diameters of exosomes derived from
the culture media ranged from 30 to 100 nm under
TEM (Fig. 3).

CT26-derived exosomes increased the
expression of CXCL12 in the lung

BALB/c female mice (aged 6-8 weeks) were
educated with exosomes isolated from CT26 to
evaluate whether CT26-derived exosomes could
increase the expression of CXCL12 in the lung before
tumor metastasis. The mice with and without
education were sacrificed 3 weeks later. The lung
tissue was analyzed by the IHC method. Negative
controls were run simultaneously. Interestingly, the
expression of CXCL12 was found to be higher in
educated mice (Fig. 4; P < 0.05).

Quantitative real-time PCR was performed to
confirm the results. The expression of CXCL12 was
evaluated in the lung tissue from mice with and
without exosome education. The expression was
significantly higher in the lung tissue of mice with
exosome education (Fig. 5; P <0.01).

Discussion and Conclusion

Metastasis occurs when the tumor cells leave the
primary tumor and move to other organs and tissues.
It means that tumor progression has reached its peak.
It is also the leading cause of treatment failure [12].
Therefore, a better understanding of the mechanism
of CRC metastasis may provide the new means of
cancer treatment.
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Figure 1. Expression of CXCR7, CXCL12, and CXCR4 in colorectal cancer and lung metastasis. Staining for three markers was located mainly in the
cytoplasm of tumor cells. (A), (C), and (E) show the expression of CXCR4, CXCR7, and CXCLI2 in primary tumors, respectively. (B), (D), and (F) show the
expression of CXCR4, CXCR?7, and CXCLI12 in lung metastasis, respectively. The expression of CXCR7 and CXCL12 was significantly higher in lung metastases than
in primary tumors. However, the expression of CXCR4 in the two sites had no statistically significant difference. (G) Relative expression of CXCR7, CXCR4, and
CXCLI2 protein was calculated using the density mean.

P4

Figure 2. Expression of CXCL12 in noncancerous lung tissues of patients with CRC and benign lung disease. Detection of the expression of CXCL12
protein assessed by immunohistochemical staining in lung tissues of patients with CRC (B) and lung tissues of patients with benign lung disease (A). CXCLI2 was
mainly located in the cytoplasm of alveolar epithelial cells. Noncancerous lung tissues of patients with CRC (B) had higher expression of CXCL12 compared with
normal lung tissues of benign lung disease used as controls (A). (C) Relative expression of CXCL12 protein in lung tissues derived from patients with CRC and benign

lung disease was calculated using the density mean.

The main function of chemokines is to direct
leukocytes to the sites of injury, which is quite similar
to the process of tumor metastasis. Many studies
showed that chemokines could promote tumor
metastasis. Muller et al. first reported that human
breast cancer cells expressed a higher level of
chemokine receptor CXCR4 compared with normal
mammary ductal cells. The most common sites of
metastasis, such as lymph node, lung, and liver,
expressed its ligand CXCL12 (also known as
stromal-derived factor-1 or SDF-1). A combination of
CXCR4 and CXCL12 could promote tumor metastasis
[13]. In this study, the expression of CXCR4, CXCR?,
and CXCL12 in CRC and lung metastasis was
analyzed by the IHC method. The expression of
CXCR?7 and CXCL12 was found to be higher in lung

metastasis than in the primary site. However, the
expression of CXCR4 in the two sites had no
statistically significant difference. It was different
from their effect in liver metastasis. Former studies
reported that the expression of CXCR4 was higher in
liver metastases than in primary tumors [7, 14].
Therefore, it was believed that the mechanism of liver
and lung metastases was different. This was
consistent with the findings of other studies. By an in
vivo experiment, Guillemot et al. proved that the
expression of CXCR7 on tumor might promote the
growth of CRC within the lung but not within the
liver [15].

This study also found that the expression of
CXCL12 was significantly higher in the noncancerous
lung tissue of patients with CRC than in a benign lung
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disease. It was hypothesized that the expression of
CXCL12 increased before tumor metastasis. This was
confirmed by further analyzing the causes of the
increased expression of CXCL12.

Increasing evidence validated that exosomes
could promote tumor development and metastasis
(16). A previous study showed that tumor-derived
exosomes could induce liver pre-metastatic niche
formation and increase liver metastatic burden (17).
However, whether the expression of CXCL12 in the
lung could be increased by exosomes was not clear.
This was confirmed through an in vivo experiment.
The expression of CXCL12 was found to be higher in
mice injected with tumor-induced exosomes for 3
weeks. It showed that the expression of CXCL12 was
probably elevated before metastasis. This effect could
be induced by exosomes. This conclusion was
consistent with the concept of the pre-metastatic niche
that was widely accepted to help create
microenvironments suitable for colonization by
metastasizing tumor cells (18). CXCL12 was another
important component in the pre-metastatic niche.

In conclusion, the expression of CXCR7 and

Ly

SN LG S
; A

%
AW

P S k:(
AELAS
Figure 4. Expression of CXCLI12 in lung tissues of mice. Detection of the expression of CXCLI2 protein assessed by immunohistochemical staining in lung

tissues of mice with exosome education (B) and mice without exosome education (A). Expression of CXCL12 in the lung was higher in mice with exosome education
(B) than in mice without exosome education (A).

CXCL12 was significantly higher in lung metastases
than in primary tumors. Their combination could
promote CRC lung metastasis. Moreover, the
expression of CXCL12 was probably elevated before
metastasis. This effect could be induced by exosomes.

Figure 3. Identification of exosomes. Transmission electron microscopy
image of CT26-derived exosomes. Arrow indicates exosomes (defined as
round-shaped membrane vesicles) (size 30—100 nm).
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Figure 5. Expression of CXCL12 in the lung tissue of mice with and
without exosome education. RT-PCR analysis of CXCLI12 in CT26 cells
after exosome education. The expression of CXCLI12 was significantly higher in
the lung tissue of mice with exosome education than in those without exosome
education (P < 0.01).
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