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a b s t r a c t

Bone metastasis occurs in approximately 30e40% patients with advanced non-small cell lung cancer
(NSCLC), but the mechanism underlying this bone metastasis remains poorly understood. The chemokine
super family is believed to play an important role in tumor metastasis in lung cancer. The chemokine
receptor XCR1 has been identified to promote cell proliferation and migration in oral cancer and ovarian
carcinoma, but the role of XCR1 in lung cancer has not been reported. In this study, we demonstrated for
the first time that XCR1 was overexpressed in lung cancer bone metastasis as compared with that in
patients with primary lung cancer. In addition, the XCR1 ligand XCL1 promoted the proliferation and
migration of lung cancer cells markedly, and knockdown of XCR1 by siRNA abolished the effect of XCL1 in
cell proliferation and migration. Furthermore, we identified JAK2/STAT3 as a novel downstream pathway
of XCR1, while XCL1/XCR1 increased the mRNA level of the downstream of JAK2/STAT3 including PIM1,
JunB, TTP, MMP2 and MMP9. These results indicate that XCR1 is a new potential therapeutic target for
the treatment of lung cancer bone metastasis.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Primary lung cancer is one of the most common malignancies,
accounting for the leading cause of cancer-related death inmen and
the second leading cause in women [1]. Approximately 85% lung
cancer cases are non-small cell lung cancer (NSCLC), whose histo-
pathological types are typically composed of adenocarcinoma,
squamous cell carcinoma and large cell carcinoma [2]. Bone
metastasis is reported to occur in about 30e40% patients with
advanced NSCLC, leading to regional pain, pathologic fracture and
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spinal cord compression [3,4]. The mean survival of patients after
diagnosis of metastatic lung cancer to the bone is usually less than 6
months [5]. But there is no effective treatment that can prevent
skeletal metastatic morbidity in lung cancer patients. And the
mechanism underlying bonemetastasis in lung cancer still remains
unclear.

The chemokine super family has been reported to play an
important role in tumor metastasis. C-X-C motif chemokine 12
(CXCL12) from neighboring stromal cells and other distant organs
primarily binds to the chemokine receptor 4 (CXCR4) on tumor cells
and subsequently induces intracellular signaling through several
divergent pathways, which are involved in the progression and
metastasis of several tumor types [6,7]. Lymphotactin receptor
(XCR1) is also one of the members of the chemokine receptor
family. Previous studies [8e10] showed that XCR1 was overex-
pressed in ovarian carcinoma, oral cancer and breast cancer. Acti-
vation of XCR1 by its ligand XCL1 could promote cancer cell
proliferation, adhesion, migration and invasion [8,9,11]. Meanwhile,
the XCL1/XCR1 axis also contributes to the progression of various
diseases, including rheumatoid arthritis [12], Crohn's disease [13]
and AIDS [14]. However, the role of XCL1/XCR1 in lung cancer has
not been reported before, and the downstream pathway of XCR1
remains poorly understood.
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In this study, we detected the level of XCR1 mRNA and protein
expression in clinical samples of lung cancer bone metastasis and
primary lung cancer, and found that XCR1 was overexpressed in
lung cancer bone metastasis compared with that in primary lung
cancer. We also evaluated the role of XCL1/XCR1 in lung cancer cell
proliferation and migration, and further attempted to explore the
possible downstream of XCL1/XCR1 in lung cancer.

2. Materials and methods

2.1. Clinical samples

Five primary NSCLC tissue specimens and five lung cancer bone
metastasis tissue specimens were collected from patients who
underwent surgical resection in our hospital. The tissue specimens
were snap-frozen and stored in liquid nitrogen within 2 h after
surgical excision. This studywas approved by the Ethnic Committee
of Changzheng Hospital of the Second Military Medical University
(Shanghai, China), and written informed consent was obtained
from all participants.

2.2. Cell lines and culture

The lung cancer cell lines A549 and PC9 were used in this study.
A549 was cultured in DMEM (GIBCO) supplemented with 10% fetal
bovine serum (FBS, GIBCO) in the cell incubator (37 �C, 5% CO2). PC9
was maintained in RPMI-1640 (GIBCO) supplemented with 10%
FBS.

2.3. qRT-PCR for mRNA analysis

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
primers are listed in Supplemental Table 1.

2.4. Western blot assay

Samples were resolved on SDSePAGE gel. Proteins were trans-
ferred onto a PVDF membrane (Millipore, Germany) by conven-
tional methods. The antibodies against XCR1 (sc-82428), JAK2 (sc-
294), p-JAK2 (21870), STAT3 (sc-482) and p-STAT3 (sc-8059) were
all purchased from Santa (Santa Cruz, USA). Western Blot was
probed with indicated antibodies and the immunoreactive protein
was visualized by using EasySee Western Blot Kit (TransGen
Biotech, China).

2.5. Immunohistochemistry

Both the primary NSCLC and bone metastasis tissue specimens
were sliced into 4-mm sections and paraffin-embedded. Endoge-
nous peroxidase was blocked using 2% hydrogen peroxide in
methanol and the sections were treated in citrate buffer (pH 6.0) in
amicrowave oven for 12min for antigen retrieval before incubation
with XCR1 antibody (sc-82428). Secondary antibody and avi-
dinebiotin complex (ABC) provided with a Vectastain Elite ABC kit
(Vector Labs, Burlingame, USA) were used in accordance with the
manufacturer's instructions. The sections were then counterstained
with haematoxylin, dehydrated, and mounted in DPX.

2.6. siRNA transfection

XCR1 siRNA(sc-76931) and siRNA control (sc-37007) were pur-
chased from Santa. A total of 2 � 105 cells were plated in 6-well
plates, allowed adhering for 24 h, and transfected using the
HiPerFect Transfection Reagent (Qiagen, Germany) according to the
manufacturer's instructions.

2.7. Cell proliferation assay

A total of 5 � 103 cells was plated in 96-well plates and cultured
for 24 h. Then XCL1 protein (Peprotech, America) was added into
themedium. After 48 h, cell-titer aqueous one proliferation reagent
(Promega, America) was added to each well and the absorbance
was recorded at 492 nm. All assays were performed in triplicate and
a standard curve was constructed for each, enabling the cell num-
ber to be determined.

2.8. Cell migration assay

Chemotaxis assays were performed using Transwell insert pol-
ycarbonate membranes (8 mm pore size; Corning, The Netherlands)
in 24-well plates. Generally, 1Х105 cells were suspended in 200 mL
serum free medium and seeded into the upper chamber. The lower
chamber was filled with medium containing 10% FBS with or
without XCL1. After 24-h incubation in a humidified incubator, non-
migratory cells on the upper membrane surface were removed, and
those on the bottom surface were fixed with 4% polyoxymethylene
and stained with 0.1% crystal violet for 15 min. The acetic acid
elutionwas next done and the absorbance was recorded at 570 nm.

2.9. Statistic analysis

SPSS 19.0 statistical software (SPSS Inc., Chicago, IL) was used for
statistical analysis. All 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
experiments were repeated at least three times, and representative
experiments are shown. P values of <0.05 were considered statis-
tically significant.

3. Results

3.1. XCR1 overexpression is correlated with lung cancer bone
metastasis

Previous studies [8,9] showed that XCR1 was overexpressed in
oral cancer and ovarian carcinoma and enhanced the proliferation
and migration of tumor cells. However, there is no study reporting
the expression of XCR1 in NSCLC. In this study, we used qRT-PCR to
detect the XCR1 mRNA level in five primary NSCLC and five bone
metastasis tissue specimens, and found that the XCR1 mRNA level
was evaluated significantly in the lung cancer bone metastasis
tissue specimens as compared with that in primary NSCLC tissue
specimens (Fig. 1A), while there was no significant difference in
XCL1 mRNA level between them (Fig. 1B). We further usedWestern
blot to detect the expression of XCR1 and found a similar change
with the XCR1 mRNA level (Fig. 1C). The results of immunohisto-
chemistry staining also showed the overexpression of XCR1 in the
lung cancer bone metastasis tissue specimens as compared with
primary lung cancer (Fig. 1D). We further detected the mRNA level
of XCL1 in various organs of themice, and found that the expression
level of XCL1 was relatively high in the bone (Fig. 1E).

3.2. XCL1/XCR1 significantly increases lung cancer cell proliferation

XCR1 is reported to be the only receptor of XCL1 [11]. To explore
the role of XCR1 in lung cancer cells, we stimulated A549 and PC9
cells with different concentrations of XCL1 (0, 5, 10 and 20 nmol/L)
for 48 h and detected the cell proliferation rates by using the MTS



Fig. 1. XCR1 is overexpressed in lung cancer bone metastasis. (A) qRT-PCR assay of mRNA level of XCR1 in primary lung cancer tissues and lung cancer bone metastases tissues. (B)
qRT-PCR assay of mRNA level of XCL1 in clinical samples. (C) Western blot assay of XCR1 expression in primary lung cancer tissues and lung cancer bone metastases tissues. (D)
Immunohistochemistry staining of XCR1 in clinical samples. (E) qRT-PCR assay of mRNA level of XCL1 in various mouse organs.
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assay (Fig. 2A). The results showed that XCL1 obviously increased
the proliferation of A549 (Fig. 2B) and PC9 (Fig. 2C) cells in a dose-
dependent manner. To further study whether XCL1 regulated cell
proliferation through XCR1, we knocked down the expression of
XCR1 by siRNA in both A549 and PC9 cells and cultured the cells
with 20 nmol/L XCL1. The results showed that knockdown of XCR1
significantly decreased the proliferation rate of A549 and PC9 cells
(Fig. 2D, E). These results indicated that XCL1 binding to XCR1 could
significantly increase lung cancer cell proliferation.



Fig. 2. XCL1/XCR1 promotes lung cancer cell proliferation. (A) The field of A549 cells under a light microscope (�40) after XCL1 stimulation. (B) MTS assay of the proliferation rate of
A549 cells. (C) MTS assay of the proliferation rate of PC9 cells. (D) A549 cells were transfected with XCR1 siRNA and siRNA control and then stimulated with 20 nmol/L XCL1 for 48 h.
The cells were observed under light microscopic (�40). (E) MTS assay of A549 and PC9 cells after transfection with XCR1 siRNA and siRNA control. * mean p < 0.05.
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3.3. XCL1/XCR1 obviously increases lung cancer cell migration

To examine the role of XCR1 in lung cancer cell migration, we
seeded A549 and PC9 cells on the upper membrane surface of the
Transwell and stimulated them with different concentrations of
XCL1 (0, 5, 10 and 20 nmol/L) for 24 h. The number of migrating
cells was counted by crystal violet staining (Fig. 3A). The results
showed that XCL1 significantly increased themigration of A549 and
PC9 cells in a dose-dependent manner (Fig. 3B). In addition, the
results of acetic acid elution and absorbance detection showed a
similar fluctuation in the number of migrating cells (Fig. 3C).
Meanwhile, knockdown of XCR1 expression using XCR1 siRNA in
A549 and PC9 cells blocked XCR1 and abolished the role of XCL1 in
cell migration (Fig. 3D, E). These results showed that XCL1 could
promote lung cancer cell migration by activating XCR1.
3.4. XCL1/XCR1 activates JAK2/STAT3 pathway

Although several studies [8,9] have reported the role of XCR1 in
cancer cell proliferation and migration, the downstream of XCR1 in
tumors remains poorly understood. By using a pair of microarray
assays, we found that a series of the downstream of signal trans-
ducer and activator of transcription 3 (STAT3) was markedly up-
regulated in A549 cells after the transfection of plasmid carried
XCL1 gene, including phosphatidylinositol mannoside 1 (PIM1),
JunB and tristetraprolin (TTP, also named as ZFP36) (Supplemental
Table 2). Through the qRT-PCR assay, we found that the mRNA level
of PIM1, JUNB and TTP was significantly up-regulated after XCL1
stimulation with a dose dependent manner, while knockdown of
XCR1 by siRNA decreased the mRNA level of PIM1, JunB and TTP
(Fig. 4AeC). Further study showed that JAK2 mRNA level was
slightly evaluated after XCL1 stimulation (Fig. 4D), while the mRNA
level of STAT3 exhibited no obvious fluctuation (Fig. 4E).



Fig. 3. XCL1/XCR1 promotes lung cancer cell migration. (A)Crystal violet staining of A549 migrating cells under a light microscope (�100) after XCL1 stimulation. (B) The number of
A549 and PC9 migrating cells. (C) The absorbance of A549 and PC9 cells at 570 nm after acetic acid elution. (D, E) Knockdown of XCR1 by siRNA decreased the number of A549 and
PC9 migrating cells. (F) The absorbance of A549 and PC9 cells after XCR1 siRNA transfection. * mean p < 0.05. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Meanwhile, activation of XCR1 was reported to increase the
expression of matrix metalloproteinase 2 (MMP2) and MMP9 in
oral cancer cells [9], which were also regulated by STAT3 [15,16].
We detected the role of XCL1/XCR1 in regulating MMP2 and MMP9
in lung cancer by qRT-PCR, and found that XCL1 up-regulated the
mRNA level of MMP2 and MMP9 in a dose-dependent manner.
Meanwhile, knockdown of XCR1 by siRNA obviously abolished the
effect of XCL1 in regulating MMP2 and MMP9 (Fig. 4F, G).

By using the western blot assay, we further detected the protein
level of JAK2, p-JAK2, STAT3 and p-STAT3 in both A549 and PC9
cells after XCL1 stimulation or knockdown of XCR1 by siRNA
(Fig. 4H). The results showed that no significant fluctuation was
observed in the expression of JAK2 and STAT3 after XCL1 stimula-
tion. However, we found that XCL1 significantly promoted the
phosphorylation of JAK2 and STAT3, while knockdown of XCR1
obviously decreased the expression of p-JAK2 and p-STAT3. These
results suggested that JAK2/STAT3 was a possible downstream
pathway of XCL1/XCR1.
4. Discussion

The XCL1-XCR1 axis was reported to play a key role in the im-
mune system, including the regulation of the dendritic-cell-
mediated cytotoxic immune response, the thymic establishment
of self-tolerance and the generation of regulatory T cells [17].
Recent studies [8e11] also demonstrated the importance of XCL1/
XCR1 in cancer cell proliferation, migration and invasion. However,
the role of XCL1/XCR1 in lung cancer remains unknown. In this



Fig. 4. Study of the possible downstream of XCR1. A549 and PC9 cells were cultured with the medium containing 0, 10 or 20 nmol/L XCL1 for 48 h, or knocked down of XCR1 and
cultured with 20 nmol/L XCL1. (A) qRT-PCR assay of mRNA level of PIM1. (B) qRT-PCR assay of mRNA level of JunB. (C) qRT-PCR assay of mRNA level of TTP. (D) qRT-PCR assay of
mRNA level of JAK2. (E) qRT-PCR assay of mRNA level of STAT3. (F) qRT-PCR assay of mRNA level of MMP2. (G) qRT-PCR assay of mRNA level of MMP9. (H) Western blot assay of
JAK2, p-JAK2, STAT3, p-STAT3 in A549 and PC9 cells.
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study, we demonstrated that XCR1 was overexpressed in lung
cancer bonemetastasis compared with primary NSCLC. Meanwhile,
XCL1, the ligand of XCR1, was confirmed to be expressed in bone
marrow cells [18]. In this study, we also found that the mRNA level
of XCL1 was relatively highly expressed in the mouse bone tissue.
Furthermore, the result of our in vitro experiment showed that
XCL1 significantly promoted the proliferation andmigration of lung
cancer cells by activating XCR1. These results suggested a possible
procedure in NSCLC bone metastasis that XCL1 in bone tissue
activating XCR1 in cancer cells promoted tumor progression.
However, this procedure still need further study. Our data indicated
that the XCL1/XCR1 axis has the propensity to contribute to the
progression of lung cancer by enhancing proliferation and facili-
tating migration and might play an important role in bone
metastasis.

Though some studies showed the role of XCL1/XCR1 in cancer
cell proliferation and migration, the mechanism of XCL1/XCR1 in
tumors still remain poorly understood. The reported downstream
of XCL1/XCR1 in cancer cells included ERK1/2 and MMPs [9]. In this
study, we found that JAK2/STAT3 pathway was a novel possible
downstream of XCL1/XCR1, for that XCL1/XCR1 could significantly
up-regulate the expression of p-JAK2 and p-STAT3 and the mRNA
level of the targets of JAK2/STAT3, including PIM1, JunB and TTP.
JAK2/STAT3 pathwaywas known to bemarkedly activated in NSCLC
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and promote cancer cell proliferation, invasion and metastasis
[19,20]. Meanwhile, the overexpression of p-STAT3 was showed to
be a strong predictor of poor prognosis among patients with NSCLC
[21].

PIM1, JunB and TTP were reported as the direct targets of STAT3
[22]. PIM1 was known as an oncogene that could stimulate cancer
cell proliferation, migration and invasion [23]. By targeting PRAS40,
PIM1 also induced radioresistance of NSCLC [24]. JunBwas reported
to be overexpressed in lung cancer and promoted cell proliferation
and cancer metastasis [25]. Meanwhile, TTP was also known as an
oncogene that could promoted A549 cell proliferation [26]. In this
study, we found that XCL1 could up-regulate PIM1, JunB and TTP
while knockdown of XCR1 abolished the regulation role of XCL1 in
these oncogenes, which indicated that XCL1/XCR1 might promote
NSCLC progression by the regulation of PIM1, JunB and TTP.

MMPs were recognized to be derived from a number of cellular
sources in the tumorebone microenvironment, in particular the
main cellular players involved in the vicious cycle, including met-
astatic cancer cells, osteoblasts and osteoclasts [27e29]. MMP2 and
MMP9 were reported as the activators of osteoclast differentiation
and tumor cell invasion [28,29]. Meanwhile, the overexpression of
MMP2 and MMP9 in lung cancer has been confirmed previously
[30]. Khurram et al. [9] reported that activation of the XCL1-XCR1
pathway could promote the expression of MMP2 and MMP9 in oral
cancer cells. Furthermore, MMP2 and MMP9 were also considered
as the downstream of JAK2/STAT3 pathway [15,16]. However, no
correlation of XCL1/XCR1 and MMPs in lung cancer has been re-
ported. In this study, we found that XCL1/XCR1 could possible
activate JAK2/STAT3 pathway, which might explain the regulation
role of XCR1 in MMP2 and MMP9 expression. In addition, the
regulation of MMP2 andMMP9might also partly explain the role of
overexpressed XCR1 in lung cancer bone metastasis.

In conclusion, our study demonstrated for the first time that
XCR1 was overexpressed in lung cancer bone metastasis compared
with primary lung cancer. XCR1 activation significantly promoted
the proliferation and migration of lung cancer cells. In addition, we
identified the JAK2/STAT3 as a novel downstream pathway of XCR1,
while XCL1/XCR1 increased the mRNA level of the downstream of
JAK2/STAT3 including PIM1, JunB, TTP, MMP2 and MMP9. These
results indicate that XCR1 is a novel potential therapeutic target for
the treatment of lung cancer bone metastasis.
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