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Abstract: Distant metastasis is the main cause of death for non-small cell lung cancer (NSCLC) patients, with the
bone as a more frequent metastatic site. The expression of various chemokines and their receptors may contribute
to the predilection of organ specific metastasis. In this study, we demonstrated that CC chemokine ligand 7 (CCL7)
and its receptors CCR1, CCR2 and CCR3 were up-regulated markedly in lung cancer bone metastasis. In addition,
CCL7 promoted migration and invasion of lung cancer cells in a dose-dependent pattern but played an insignificant
role in cell proliferation mainly through CCR3. Finally, we identified a cohort of critical downstream genes of CCL7
related to cancer metastasis using lllumina deep mMRNA sequencing. These findings may help better understand
the molecular aspects of bone metastasis in lung cancer, and prefigure a potential clinical value for the prevention

of bone recurrences.
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Introduction

Lung cancer is one of the most common malig-
nant tumors and the leading cause of cancer-
related death. The 5-year survival of lung can-
cer patients is about 16.6% [1, 2]. Approximate
85% lung cancer cases are non-small cell lung
cancer (NSCLC), whose histopathological types
typically consist of adenocarcinoma, squamous
cell carcinoma and large cell carcinoma [3].
Bone metastasis occurs in more than 40%
NSCLC patients, causing serious consequenc-
es in terms of mobility and mortality [4].
Patients with bone metastasis often experi-
ence severe pain, pathologic bone fracture, spi-
nal cord compression, and hypercalcemia,
which entail poor quality of life, decrease the
survival rate, and increase health care costs
substantially [5]. However, the pathological
mechanism underlying bone metastasis in lung
cancer remains poorly understood.

Chemokine ligands (CCLs) belong to the sm-
all molecular-weight chemoattractive cytokine
family and have been shown to play an impor-
tant role in tumor biology by affecting tumor
growth, invasion and metastasis [6-8]. Ac-
cording to the location of the first two cysteine
residues, CCLs are mainly classified as C-C
motif (CC) and C-X-C motif (CXC) subfamilies.
Chemokine C-C motif ligand 7 (CCL7) is a mem-
ber of the CC chemokine ligand family. It has
been shown to be highly expressed in advanced
breast, renal, gastric and colorectal cancers
and squamous cells and may play a key regula-
tory role in cancer invasiveness and migration
[7-11]. Meanwhile, CCL7 also has a wide spec-
trum of activities on different immune cells,
including monocytes, T cells, NK cells, baso-
phils, eosinophils, and neutrophils [10, 12, 13].
However, the role of CCL7 in lung cancer has
been rarely reported before, and the down-
stream pathway of CCL7 remains unclear.
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The aim of the present study was to detect
mRNA and protein levels of CCL7 and its recep-
tors CCR1, CCR2 and CCR3 in clinical samples
of lung cancer bone metastasis and primary
lung cancer, in an attempt to clarify the role of
CCL7 in lung cancer cell proliferation, migration
and invasion, and further explore the possible
downstream of CCL7 in lung cancer cells using
Illumina deep MRNA sequencing.

Materials and methods
Patients and specimens

Forty normal lung tissue specimens, 40 prima-
ry NSCLC tissue specimens and 40 lung cancer
bone metastasis tissue specimens were col-
lected from lung cancer patients who received
surgical resection in Changzheng Hospital of
the Second Military Medical University (Shang-
hai, China). Written informed consent was ob-
tained before sample collection. The study pro-
tocol was approved by the Institutional Review
Board of the said university. The tissue speci-
mens were divided into two: one was snap-fro-
zen and stored in liquid nitrogen, and the other
was fixed in formalin and paraffin embedded.
All the sample treatment procedures were com-
pleted within 2 hours after surgical excision.

Cell lines and culture

Human lung cancer cell lines PC9 and A549
were maintained in RPMI-1640 (Gibco, USA)
and DMEM (Gibco) respectively, and both sup-
plemented with 10% fetal bovine serum (FBS,
Gibco). Cells were maintained in a humid atmo-
sphere with 5% CO, at 37°C.

RNA extraction and quantitative reverse tran-
scription PCR (qRT-PCR)

Total RNA was extracted using Trizol reagent
(Life Technologies, USA), and the first strand
cDNA was generated by the Reverse Tran-
scription System (Promega, USA). qRT-PCR for
mRNA was performed by TransStart Top Green
qPCRSuperMix (TransGen Biotech, China) on
7900HT Fast Real-Time PCR System (Life
Technologies Corporation, USA). All PCR prim-

ers are listed in Supplementary Table 1.

Tissue microarray and immunohistochemistry
(IHC)

The collected specimens were made into tissue
microarray and stained by IHC using an indirect
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immunoperoxidase technique, with the anti-
bodies against CCL7 (AVO7048, Sigma, USA),
CCR1 (DF2710, Affinity, USA), CCR2 (DF7507,
Affinity) and CCR3 (DF10205, Affinity). The IHC
stains were assessed independently by three
observers who were blind about the specimen
characteristics. The expression was recorded
after evaluating the staining intensity of posi-
tive cells. Results were analyzed by standard
light microscopy.

Cell proliferation assay

Cells were seeded in 96-well plates at an initial
density of 5 x 102 cells/well. After 12 h, CCL7
protein (Peprotech, USA) was added into the
medium and marked as time O h. After 12, 24,
48 and 72 h, cell-titer agueous one prolifera-
tion reagent (Bimake, USA) was added to each
well and the absorbance was recorded at 450
nm and a standard curve was constructed for
each, enabling the cell number to be deter-
mined. All the experiments were performed in
triplicates.

Cell invasion assay

Cells (1 x 10%/well) were suspended in 150 pl
FBS free medium and placed in the upper tran-
swell chamber (8 mm pore size with matrigel;
354480, Corning, the Netherlands). The upper
chamber was placed in a 24-well culture dish
containing 500 pl medium containing 10% FBS
with or without CCL7. After 24-h incubation at
37°C, non-migrated cells on the upper mem-
brane were removed with a cotton swab.
Migrated cells on the bottom surface were fixed
with 4% polyoxymethylene and stained with
0.1% crystal violet. The number of migrated
cells was counted. Then the crystal violet was
dissolved by acetic acid elution and the absor-
bance was recorded at 570 nm. All the experi-
ments were performed in triplicates.

Western blot

Whole-cell lysates from PC9 and A549 cells
were prepared and 50 pg protein was separat-
ed using 10% SDS-PAGE gel. After blocking
with TBST containing 3% bovine serum albu-
min (BSA, Sigma, St. Louis, MO), blots were
incubated at 4°C overnight with the primary
antibodies against human CCR1 (1:1000), CC-
R2 (1:12000), CCR3 (1:1000), EPCAM (1:1000,
21050-1-AP, Proteintech, USA), VIM (1:1000,
AF0292, Affinity), CD324 (1:1000, AF0131,
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inical outcome of non-small cell lung cancer (NSCLC)

patients. A. Immunohistochemical detection of CCL7 expression in NSCLC bone metastasis, primary NSCLC and

normal lung tissues (n = 40). B. Statistics of all samples asso
level of CCL7 in NSCLC bone metastasis, primary NSCLC and

ciated with CCL7 staining. C. gRT-PCR assay of mRNA
normal lung tissues. D. gRT-PCR assay of mMRNA level

of CCL7 in various lung cancer cell lines. E, F. High CCL7 mRNA expression is positively correlated with poor overall
survival (0S) and progression-free survival (FPS) in NSCLC patients. *: P < 0.05.

Affinity), SNAIL (1:1000, AF6032, Affinity),
TWIST (1:1000, AF4009, Affinity) and B-actin
(1:2000, AF7018, Affinity) respectively. A horse-
radish peroxidase conjugated I1gG was used as
secondary antibody according to manufactur-
er's instruction. The density of the band of
interest was measured using densitometric
measurement with Image J (NIH) and normal-
ized to B-actin.

ShRNA transfection

CCR3 shRNA and shRNA control plasmids were
purchased from GeneChem (Shanghai, China).
A total of 2 x 10° cells were plated in 6-well
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plates, and transfected using DNA Transfection
Reagent (biotool, USA) when they grew to 60%
confluence according to the instructions.

Bioluminescence imaging

In vivo distant-organ metastasis was monitor-
ed by bioluminescent imaging (Caliper Life
Sciences, Hopkinton, MA). Briefly, to detect me-
tastasis of A549 cancer cells stably expressing
luciferase and infected with a control vector or
sh-CCR3 lentivirus at indicated days, D-luciferin
potassium salt (AOK Chem, Shanghai) was
injected intraperitoneally into the anesthetized
mice at a dose of 150 mg/kg. After 10 min, the
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Figure 2. Expression of possible target chemokine receptors of CCL7 in primary NSCLC and bone metastasis tis-
sues. A-C. IHC detection of CCR1, CCR2 and CCR3 expression in primary NSCLC and bone metastasis tissues. CCR1,
CCR2 and CCR3 were mainly expressed on the cell membrane and in cytoplasm (arrow). D. qRT-PCR measurement
of mRNA levels of CCR1, CCR2, CCR3 in primary NSCLC and bone metastasis tissues. *: P < 0.05.

mice were placed into the IVIS Imaging System.
Imagines were recorded with an exposure time
of 5 min. Bioluminescence was assayed and
photons per second were quantified using soft-
ware (Living Image 3.2, Caliper).

lllumina deep mMRNA sequencing

PCO9 cells were harvested after 48-h treatment
with recombinant CCL7 (100 nmol/L) and the
untreated PCO cells were used as control. Total
RNA was extracted from the cells using TRIzol®
Reagent according the manufacturer’s instruc-
tions (Invitrogen), and subjected to Illumina
deep mRNA sequencing using a service from
LC Sciences (Houston, TX, USA). The sequence
results were obtained as the FPKM (fragment
per kilobase of exons per million reads) for
each transcript.

Statistic analysis

SPSS 19.0 statistical software (SPSS Inc.,
Chicago, IL) was used for statistical analysis. All
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data are presented as mean * standard error
of the mean (SEM). Statistics were assessed
using both Student t test and ANOVA, assuming
double-sided independent variance. All experi-
ments were repeated at least three times, and
representative experiments are shown. P val-
ues of < 0.05 were considered statistically
significant.

Results

CCL7 is overexpressed in lung cancer bone
metastasis and negatively correlated with the
clinical outcome of NSCLC patients

Recent data have shown that chemokines such
as CCL7 support the metastasis of colorectal
cancer to the liver. However, there is no study
reporting the expression of CCL7 in NSCLC. In
this study, we identified the protein level of
CCL7 in normal lung tissue, primary NSCLC and
bone metastasis tissue specimens by IHC
staining. The results showed that the expres-
sion of CCL7 showed no clear fluctuation
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Figure 3. CCL7 promotes migration and invasion of NSCLC cells. A, B. Representative images and statistical analysis
of wound healing assay of A549 and PC9 cells incubated with recombinant CCL7 (100 ng/ml, 200 ng/ml) at 24 and
48 h. C. Pictures and bar graphs of transwell invasion assay showing increased invasion of A549 and PC9 cells after
treatment with recombinant CCL7 (100 ng/ml, 200 ng/ml). *: P < 0.05; **: P < 0.001.

between normal lung and primary NSCLC tis-
sues, but CCL7 was obviously overexpressed in
bone metastasis specimens compared with the
other two groups (Figure 1A and 1B). The mRNA
level of CCL7 was examined by gRT-PCR in 12
normal lung tissue, 12 primary NSCLC and 12
bone metastasis tissue specimens. The result
showed a similar change in protein level in lung
cancer bone metastasis (Figure 1C). Further
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analysis of qRT-PCR assay exhibited that com-
pared with normal lung fibroblast cells (WI38),
the mRNA level of CCL7 was evaluated in squa-
mous carcinoma cells (SK-MES-1), adenocarci-
noma cells (PC9, A549, H1299, H522) and
large cell lung cancer cells (H460), but not in
small cell lung cancer cells (SBC-5) (Figure 1D).
To further elucidate the relationship between
CCL7 and the clinical outcome of NSCLC
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patients, we analyzed CCL7 mRNA expression
level and the first progression (FP) and overall
survival (0S) of NSCLC patients from 2437 lung
tumor samples using publicly available datas-
ets (http://kmplot.com). The Kaplan-Meier an-
alyses demonstrated that high CCL7 mRNA
expression had a significantly positive correla-
tion with poor OS and FP in NSCLC patients
(Figure 1E, 1F).

The expression of CCR1, CCR2 and CCR3 is
up-regulated in bone metastasis compared
with primary lung cancer

CCLY is known to act through specific receptors
CCR1, CCR2 and CCR3. Thus, IHC staining and
gRT-PCR were used to analyze the expression
and mRNA levels of CCR1, CCR2 and CCR3 in
primary NSCLC and bone metastasis speci-
mens. The results revealed that all the expres-
sions of CCR1, CCR2 and CCR3 in bone metas-
tasis tissues were significantly higher than
those in the primary NSCLC tissues, while the
MRNA levels of CCR1, CCR2 and CCR3 were
also up-regulated in NSCLC bone metastasis
(Figure 2). By using publicly available datasets
(http://kmplot.com), we found that low mRNA
level of CCR2 and CCR3 slightly increased the
OS rate and obviously improved free surviva
I(FS) of NSCLC patients, but CCR1 mRNA level
showed a weak positive correlation with OS and
no clear correlation with FS (Supplementary

Figure 1A-F).

CCL7 plays an insignificant role in lung cancer
cell proliferation

To examine the role of CCL7 in lung cancer
cells, we stimulated PC9 and A549 cells with
different concentrations of recombinant CCL7
(0, 100 and 200 nmol/L) for 72 h and detected
the cell proliferation rate by using the CCK8
assay. The results showed that there was no
significant difference in absorbance between
the three concentration groups at any desig-
nated time point (0, 12, 24, 48 and 72 h)
(Supplementary Figure 2A and 2B), indicating
that CCL7 did little to enhance the growth in
either PC9 or A549 cells.

CCL7 significantly increases migration and
invasion of lung cancer cells

To further explore the function of CCL7 in lung
cancer, we analyzed the cell migration by using

447

scratch assay and stimulated PC9 cells with
different concentrations of recombinant CCL7
(0, 100 and 200 nmol/L) for 48 h. The results
showed that the cell migration ability of both
PC9 and A549 was significantly enhanced and
had a positive correlation with the amount of
CCL7 (Figure 3A and 3B). Transwell assay was
performed to examine the role of CCL7 in lung
cancer cell invasion. The result showed that
CCL7 significantly increased the migration of
PC9 and A549 cells in a dose-dependent man-
ner. Meanwhile, the results of acetic acid elu-
tion and absorbance detection showed a simi-
lar fluctuation in the number of migrating cells
(Figure 3C).

CCL7 promotes migration and invasion of
A549 and PC9 cells via CCR3

Migration and invasion are important steps in
cancer cell metastasis. To further explore the
role of CCL7 in NSCLC invasiveness, we stimu-
lated A549 and PC9 cells with various concen-
trations of recombinant CCL7 (O, 100 and 200
ng/mL) for 48 h. Western blot analysis revealed
that only the expression of CCR3 increased in a
dose dependent manner (Figure 4A). Then we
conducted wound healing assay and invasion
assay by treating A549 and PC9 cells with
recombinant CCL7 200 ng/mL with or without
400 nmol/L CCR2 inhibitor (ab120812, Ab-
cam, CA, USA) and 20 nmol/L CCR3 inhibitor
(691992, Sigma, Saint Louis, USA). Interestingly,
the metastasis ability of NSCLC cells induced
by CCL7 was markedly reduced in cells added
with the CCR3 inhibitor. There was no signifi-
cant difference between cells with CCR2 inhibi-
tor and cells with CCL7 only samples (Figure
4B-D). We also knocked down CCR3 by shRNAs
and obtained the similar result in transwell
invasion assay (Supplementary Figure 3).
Knowing that the epithelial-to-mesenchymal
transition (EMT) process is important in cancer
metastasis, we analyzed the protein expres-
sion levels of characteristic epithelial and mes-
enchymal markers such as CD324, EPCAM,
VIM and master EMT transcription factors su-
ch as SNAIL and TWIST. As anticipated, CCL7
reduced the expression of CD324 and EPCAM,
and increased the expression of VIM, SNAIL
and TWIST (Figure 4E). These changes could
also be blocked by CCR3 inhibitor. In addition,
Bioluminescence imaging assay showed that
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Figure 4. CCL7 induces EMT in A549 and PC9 cells via interacting with CCR3. A. Protein expression of CCR1, CCR2
and CCR3 in A549 and PC9 cells with different doses of recombinant CCL7 (100 ng/ml, 200 ng/ml); the result
showed that CCL7 had no effect on the expression of CCR. B-D. Wound healing assay and transwell invasion assay
of AB49 and PC9 cells after co-incubation with recombinant CCL7 and CCR inhibitors respectively; interestingly, in-
hibition of CCR3 significantly suppressed cell invasion. E. CCL7 increased the expression of mesenchymal markers
and decreased the expression of epithelial markers in A549 and PC9 cells via CCR3. F. Bioluminescence imaging
showed that CCR3 knockdown inhibited A549 cell metastasis in vivo. *: P < 0.05; **: P < 0.001.

CCR3 knockdown also inhibited A549 cell CCL7 in inducing cell invasion and migration,
metastasis (Figure 4F). These data demon- the major characteristics of EMT in NSCLC
strated that CCR3 was a major activator of cells.
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Figure 5. RNA-seq profiling of PC9 cells after incubation with recombinant CCL7. A. Heatmap differentially expressed
genes in PCY cells treated with recombinant CCL7 and negative control. B. List of genes that were involved in multi
organ metastasis and underwent significant alterations after treatment with recombinant CCL7. C-H. gRT-PCR mea-
surement to confirm the effect of CCL7 with or without co-incubation with CCR3 inhibitor. *: P < 0.05; **: P < 0.001.

Analysis of CCL7 relevant downstream genes

To further investigate the mechanism by which
CCL7 induced NSCLC progression, we per-
formed deep mRNA sequencing to find genes
that were responsive to CCL7 stimulation. The
results showed that 1607 genes were up-regu-
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lated and 1655 genes were down-regulated
after treatment of PC9 cells with CCL7 (Figure
5A; Supplementary Table 2). The fold change of
part of the genes involved in multi organ metas-
tasis features of NSCLC in mRNA sequencing
are listed in Figure 5B. In addition, we per-
formed gRT-PCR to validate the mRNA sequenc-
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ing results. The results were consistent with the
RNA-seq data in all the six selected genes
(Figure 5C-H).

Discussion

CCL7 is one of the most pluripotent chemo-
Kines, playing an important role in adhesion,
trafficking, homing and angiogenesis of immune
cells [14, 15]. CCL7 was reported to have an
antitumor effect by reducing tumorigenicity
and inhibiting tumor growth [16]. Some recent
studies demonstrated that CCL7 expression
was up-regulated in multiple metastatic can-
cers [7, 9, 10]. In addition, the increased ex-
pression of CCR2 in tumor cells was also
reported to correlate with enhanced metasta-
sis and shorter clinical survival time [17-20].
However, few studies have reported the role of
CCL7 in NSCLC. Our study demonstrated that
CCL7 and its receptors CCR1, CCR2 and CCR3
were significantly over-expressed in lung can-
cer bone metastasis compared with primary
NSCLC. In addition, there was a negative corre-
lation between CCL7 expression and the clini-
cal outcome of lung cancer patients, suggest-
ing that CCL7 may play an additional role in
NSCLC progression.

The direct effect of CCL7 in different tumor cell
lines is not consistent between studies. Hu et
al [16] reported that ectopic expression of CCL7
could retard tumor growth and inhibit tumor
metastasis in colorectal cancer cells. How-
ever, Jung et al 7 demonstrated that CCL7 pro-
moted the invasion and migration of oral squa-
mous cell carcinoma. In this study, we found
that stimulation of lung adenocarcinoma cell
line PC9 and A549 by CCL7 could promote cell
migration but not proliferation in vitro. Che-
mokine mediated organ-specific cancer metas-
tasis is a most recently ascribed mechanism
[24]. Our results suggest that lung cancer cells
may generate bone specific metastasis by
autocrine and paracrine secretion of CCL7.

EMT is the key step in metastasis. The result of
our study suggests that CCL7 may provoke
NSCLC cell metastasis via the EMT process,
mainly through CCR3. Inhibition of CCR3 could
markedly decrease the EMT process and
metastasis ability in PC9 and A549 cells, sug-
gesting that suppressing communication be-
tween CCL7 and CCR3 may be a potential ther-
apeutic strategy for preventing NSCLC bone
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metastasis. A recent study also demonstrated
that the crosstalk between CCL7 and CCR3 pro-
moted colon cell growth and metastasis [22].

At present, there is no convincing explanation
about the mechanism and pathway that medi-
ate lung cancer metastasis. To investigate the
molecular basis of CCL7-mediated metastasis,
we examined changes in CCL7 activated gene
expression in lung tumor cells and found that a
cohort of genes were significantly up-regulated
in stimulated cells compared with control ce-
lls. Many genes (MBD1, DDR2, AREG, IL1B,
S100A8, HMGA2, TRAF4, DUSP6, CD22, GAB1,
GRK5, WNT11, ETS1 and RBX1) were reported
to promote tumor migration and metastasis
[23-33]. In addition, we found that DDR2,
S100A8, IL1B and TRAF4 were involved in the
NF-kB signaling pathway, which is believed to
be strongly correlated with bone metastasis
[34-36]. In addition, CYP11A1 was also report-
ed to be associated with the regulation of bone
metabolism [37]. These gene sets are consis-
tent with the high expression level of CCL7 in
bone metastatic tumor tissues. Another nota-
ble thing is that CCL7 could activate genes bo-
th positive (GRK5, WNT11, S100A8, CYP1B1,
IDH1, RBX1) and negative (PRKCD, FLCN,
DUSP®6) regulate cell proliferation in lung can-
cer cell line [27, 30, 31, 33, 35, 37-40]. This
may partly explain the different effects of CCL7
in different types of tumors. However, further
investigations are required to validate the func-
tion of CCL7 in lung cancer bone metastasis.

In conclusion, our study demonstrated for the
first time that CCL7 was over-expressed in lung
cancer bone metastasis compared with prima-
ry lung cancer, and played an unfavorable role
in the survival of NSCLC patients. As a CC che-
mokine, CCL7 significantly promoted migration
of lung cancer cells in vitro via CCR3. In addi-
tion, we identified that CCL7 increased the
MRNA level of a large number of genes associ-
ated with metastasis and bone dissolution.
These results indicate that CCL7 is a novel tar-
get in bone metastasis of NSCLC and may have
a potential clinical value for the prevention of
lung cancer bone metastasis.
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Supplementary Table 1. PCR primers used in this experiment

Name

Forward primer sequence (5’ to 3’)

Reverse primer sequence (5’ to 3’)

CCL7
CCR1
CCR2
CCR3
IL1B
FLCN
CD22
DUSP6
KSR1

CAGAAGGACCACCAGTAG
GATTCTGTGTTGATGTAGGAG
CTGGTCGTCCTCATCTTA
TCGTTCTCCCTCTGCTCG
ATCTCCGACCACCACTAC
CGTTGGAATCGCTGAAGA
CCTCATCCTGGCAATCTG
TTGAGAACGCAGGAGAGT
CTGCCTACTTCATTCATCATAG

CYP1B1 ATGCCTCATTATGTCAACCA

TCTGAGAAAGGACAGGGT
GGTAGTGGAAGTGTAGGTAAT
CTTCTTTCTGGCATTTAGT
AGATGCTTGCTCCGCTCA
CACCACTTGTTGCTCCAT
ATACTGAGTCGGACCTGTT
AGTTCGTGGTATGTTCATCT
GCATAAGGTAAGCCACAGT
CATCGTCTTCTGCCTCTG
TGATTACTCCAGCCTCCAA
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Supplementary Figure 1. The clinical features of CCR1, CCR2, and CCR3 in NSCLC patients, and the Kaplan-Meier plots were generated by Kaplan-Meier Plotter
(http://www.kmplot.com) A-C: The effect of CCR1, CCR2 and CCR3 mRNA expression on overall survival (OS) in 1926 NSCLC patients. D-F: The effect of CCR1, CCR2
and CCR3 mRNA expression level on FS in 982 NSCLC patients.
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Supplementary Figure 2. CCL7 induces migration and invasion but not proliferation of lung cancer cells. A, B. CCK8
assay of the proliferation rate of A549 and PC9 cells at O, 12, 24, 48 and 72 h with different doses of recombinant
CCL7 (100 ng/ml, 200 ng/ml).
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Supplementary Figure 3. Knockdown of CCR3 by shRNA suppresses lung cancer cell metastasis in vitro. A, B: Rela-
tive CCR3 expression levels in cells treated with CCR3 shRNAs. C, D: Wound healing and transwell migration assays
showed that CCR3 knockdown inhibited the migratory properties caused by CCL7.



