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The non-small cell lung cancer is a common malignancy with high metastasis capacity. The brain is
the primary site for non-small cell lung cancer patients with unclear mechanism. Here, in this study,
we hypothesized an innovative signaling cascade for the disorder and systematically investigated the
underlying mechanism. Their differentially gene expression analysis was based on 13 conventional non-
small cell lung cancer and 15 non-small cell lung cancer brain metastasis patients respectively. The non-
small cell lung cancer cell line, adenocarcinomic human alveolar basal epithelial cells-A549 and human
bronchial epithelial cell line-BEAS-2B were established for in vitro study. The syngeneic mouse tumor
models injected with 5x10° cells of control, C-C motif ligand 21 overexpressing, C-C motif chemokine
receptor 7 overexpressing A549 cells were generated for in vivo analysis. Compared with conventional
non-small cell lung cancer patients, the non-small cell lung cancer brain metastasis patients showed 352
differentially expressed genes, as 212 down-regulated ones and 140 up-regulated ones. Moreover, the
C-C motif ligand 21 and C-C motif chemokine receptor 7 were prominently inhibited in non-small cell
lung cancer brain metastasis patients. In AS49 cells, C-C motif ligand 21 overexpressing could inhibit
epithelial-mesenchymal transition progression. C-C motif ligand 21 modulated epithelial-mesenchymal
transition and migration plus invasion ability but not proliferation capacity of non-small cell lung cancer
cells through C-C motif chemokine receptor 7 dependent signaling pathway, as Janus kinase 2/signal
transducer and activator of transcription 3 was a potential downstream signaling pathway. Moreover, C-C
motif ligand 21/C-C motif chemokine receptor 7 signaling axis could modulate tumor growth and survival
time in vivo. Collectively, these data initiated a C-C motif ligand 21/C-C motif chemokine receptor 7-Janus
kinase 2/signal transducer and activator of transcription 3 signaling for non-small cell lung cancer patients
with brain metastasis, which shed various beneficial insights for future study.
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lung cancer has become a global

cessation so far is still the primary risk factor for lung

problem and public health issue, which bring severe
economic burden for various countries. Lung cancer
1s considered as the third most abundant cancer,
just behind breast and prostate cancer. However,
lung cancer represents the largest proportion of all
cancer-related deaths, which is 22 % estimated!'.
As reported, the worldwide incidence and mortality
for lung cancer is about 1.82 and 1.6 million cases
annually®®. As a single etiologic agent, smoking
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cancer progression®], yet, a substantial minority of
patients with lung cancer have never smoked before.
In the United States (US) alone, there are about 17
000-26 000 lung cancer-related deaths annually are
never smokers, which is suggested as the seventh
leading cause for cancer mortality!. Clinically, lung
cancer is classified into different histologic subtypes,
including adenocarcinoma, squamous carcinoma,
small cell lung cancer and large cell carcinoma
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(commonly referred to as Non-Small Cell Lung
Cancer, NSCLC) as a major form which contribute
to more than 80 % of all lung cancer cases®™. Even
with decades of efforts, the incidence rate did not
start declining and the managements of NSCLC are
still restricted. As reported, majority of lung cancer-
associated deaths were caused by metastasis!®. With
unclear underlying mechanism, the brain is approved
to be the primary site for NSCLC metastasis, which
is responsible for approximately 50 % of all brain
metastases”®. The 5 y survival rate of NSCLC
patients with brain metastasis is far from satisfaction,
with a median survival rate less than 6 mo?. So far,
the molecular mechanism behind NSCLC patients
with brain metastasis is still poorly understood. One
of the central explanation for this is the existence of
Blood-Brain Barrier (BBB), which greatly hampers
the accessibility of chemical therapeutic agents to
the brain parenchymat?.

Metastasis is an extremely complicated process,
which might be the key point in solving the stubborn
disease. An intact metastasis requires the following
progressions-Evading of local tumor immunobiology
host defense and spreading of tumor cells from
primary sites to surrounding structures; invasion into
vessels as well as circulatory system; extravasation
into the appropriate secondary sitel'!l. For the starting
and ending point, the communications between tumor
cells and surrounding tumor microenvironment play
key roles in establishment of the tumor metastasis.
Accumulating evidences have suggested that the
tumor microenvironment is maintained by multiple
hormones, paracrine secreted soluble factors,
cytokines and chemokines!!?.,

Chemokines represent a large protein family of
chemotactic cytokines, which is functional as
secreted extracellular ligands (CCL, short for
C-C motif Ligand). Upon binding to the C-C
motif Chemokine Receptor (CCR, also a classical
G-protein coupled receptor), CCL could stimulate
substantial downstream signaling cascades including
Janus Kinase 2/Signal Transducer and Activator of
Transcription 3 (JAK/STAT) pathways, Mitogen-
Activated Protein Kinase (MAPK), etc!'3l. The CCL
dependent signaling axis has been demonstrated
to be closely connected to diverse progressions of
tumorgenesis, which acts as a central regulatory
factor in tumor immunobiology via autocrine,
paracrine or endocrine pattern'*. As a fundamental
member of CCL family, C-C motif Ligand 21
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(CCL21) recruits C-C motif Chemokine Receptor 7
(CCR7) Dendritic Cells (DC) and T cells to enhance
local immune defense. CCL21/CCR?7 signaling was
deeply studied in the patients of Rheumatoid Arthritis
(RA) based on the facts that the synovial tissue of
RA patients generate excessive amounts of CCL21
from fibroblasts and macrophages to further initiate
angiogenesis!'”. In clinical trials, some innovative
strategies start to deliver CCL21 in cancer patients
and aim to reactivate the downregulated immune
defense in the tumor microenvironment. However,
the connections between CCL21/CCR7 and NSCLC
especially the patients with brain metastasis remain
unclear. Here, using Differentially Expressed Gene
(DEG) analysis from clinical specimen as a starting
point, we systematically investigated the functions
of CCL21/CCR7 for NSCLC patients with brain
metastasis. It could be found that the NSCLC patients
with low expression level of CCL21 as well as CCR7.
In lung cancer cell line, this signaling axis inhibited
cell invasion, migration and Epithelial-Mesenchymal
Transition (EMT) progression via JAK2/STAT3
signaling pathway, which was also verified in a
syngeneic mouse tumor model. Collectively, all the
outcomes will aim in the development of effective
immunotherapy for NSCLC patients.

MATERIALS AND METHODS
Data source:

The DEG analysis was based on the chip obtained
from Gene Expression Omnibus (GEO) database,
numbering Genomic Spatial Event (GSE) 161116.
The chip contained 28 tissues from primary and brain
metastases of NSCLC (13 from conventional NSCLC
and 15 from NSCLC brain metastasis patients
respectively). The whole genome expression profiles
of the chip were performed by GeneSeed company
(Guangdong, China). The expression analysis was
conducted using the Affymetrix GeneChip Pico kit
and hybridized to Affymetrix Clariom S arrays as
described by the manufacturer (Affymetrix, USA).
The Robust Multi-array Average (RMA) method was
used to normalize the original data measured by the
chip. Meanwhile, the edgeR package in R language
was utilized to analyze DEGs. Finally, the values of
Log2 Fold Change (FC)>1 and p-value<0.05 were
considered as a significant different expression.

Cell lines:

The NSCLC cell lines, like Adenocarcinomic
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Human Alveolar Basal Epithelial Cells (A549)
were purchased from Tongpai Biotechnology Co.,
Ltd (Shanghai, China). The Kaighn's Modification
of Ham's F-12K Medium (Hyclone, United States
of America (USA)) supplemented with 10 % Fetal
Bovine Serum (FBS, Gibco, USA) was used for the
cell culturing. The regular lung epithelial cell line
like Human Bronchial Epithelial cell line (BEAS-
2B) was purchased from Tongpai Biotechnology
Co., Ltd (Shanghai, China), culturing in Bronchial
Epithelial Cell Growth Medium (BEGM) (Hyclone,
USA) supplemented with 10 % FBS (Gibco, USA).
The CCL21, CCR7 small interfering Ribonucleic
Acids (siRNAs) and corresponding Negative
Control siRNAs (NC siRNA) were constructed by
Genewiz Corporation Co. Ltd. (Tianjin, China).
The Lipofectamine™ 3000 was used for plasmid
transfection.

Functional experiments of A549 cells:

The functional experiments of A549 cells followed
the procedures previously established!®). The A549
cells were treated with F-12K medium with 100 ng/
ml CCL21 (PeproTech, Rocky Hill, NJ) to achieve
CCL21 Over-Expression (CCL21-OE). For the
migration capacity of tumor cells, a scratch was
made after the cells became confluent monolayer.
The wound healing areas were measured by Image
J software. For the matrigel invasion assay, the
basement matrigel membrane was purchased
from BD Biosciences and established to precoat
the transwell chamber with a filter of 8 pum pores
(Corning, New York). 2x10° A549 cells, suspending
in an FBS-free medium, were seeded on the upper
of the chamber. The medium in the lower chamber
contained 10 % FBS. After 48 h of incubation, the
medium was aspirated and the cells on the upper
chamber were wiped away. The remaining cells
on the lower surface were then examined based on
the crystal violet staining. For the cell proliferation
assay, the experiments were established according
to the instruction of Cell Counting Kit-8 (CCK-8)
purchased from MCE company. At the same time,
the Annexin V-Fluorescein Isothiocyanate (FITC)/
Propidium Iodide (PI) double staining of flow
cytometry was performed to measure the apoptotic
cells.

Western blotting:

The total proteins of A549 cells were collected
and concentration was determined using the
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Bicinchoninic Acid (BCA) method. 50 pg proteins
each was subjected to Sodium Dodecyl-Sulfate
Polyacrylamide Gel Electrophoresis (SDS-PAGE).
The membranes were transferred on semidry transfer
apparatus, blocked with 5 % nonfat dry milk powder
at37°for 1.5 h. The corresponding primary antibodies
(1:1000 dilution) were added, the membrane was
then incubated overnight at 4°, following was
washed extensively with Phosphate Buffered Saline
(PBS) containing 0.1 % Tween-20 three times for
10 min each. The horseradish peroxidase labeled
secondary antibodies (1:10 000 dilution) were
incubated at room temperature for 1 h, the membrane
was washed extensively, then developed by adding
Enhanced Chemiluminescence (ECL) developer
and photographed by ultrasensitive multifunctional
imager (Carl Zeiss meditec, Hilden, Germany). The
N-cadherin, E-cadherin, vimentin, Glyceraldehyde-
3-Phosphate Dehydrogenase (GAPDH), JAK2,
phosphorylated-JAK (p-JAK), STAT3, as well as
p-STAT3 antibodies were obtained from Jackson
Laboratory.

Mouse tumor model and tumor harvest:

The mouse model was established as previously
reported by Kang et al.l'. 5x10° cells of control,
CCL21-OE, CCL21 Low Expressing (CCL21-LE)
A549 cells in PBS were injected subcutaneously into
age-matched (6-8 w) B6 mice. The tumor sizes were
measured at the indicated time points and calculated
using the following formula: 1/2 (LengthxWidth?).
When the tumors were larger than 2000 mm? in size,
the mice was considered as dead.

Statistical analysis:

The Statistical Analysis Software (SAS) 11.0 was
developed for data collection and analysis in this
study. The student t-test was used to compare the
differences between groups, as p-value less than
0.05 was considered statistically significant. The
data presented in the figures were mean+Standard
deviation (SD), *p<0.05; **p<0.01; ***p<0.001;
NS: Not Statistically Significant.

RESULTS AND DISCUSSION

CCL21/CCR7 signaling axis was specifically
inhibited in NSCLC patients with brain metastasis as
shown in fig. 1. The specimens we analyzed contained
whole genome information for 13 conventional
NSCLC patients and 15 NSCLC brain metastasis
patients respectively. Compared with conventional
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NSCLC patients, the NSCLC brain metastasis
patients showed 352 DEGs, as 212 down-regulated
ones and 140 up-regulated ones. The volcano map
of DEGs was shown in fig. 1A. The horizontal axis
indicates the multiple of differential expression
(Log2FC), the vertical axis indicates -logl0 ((False
Discovery Rate (FDR)), while the blue dot represents
down-regulated genes and the red dot represents up-
regulated genes respectively (fig. 1A). Moreover,
the CCL21 and CCR7 were prominently inhibited
in NSCLC brain metastasis patients (indicated in
red dots of fig. 1A). The CCR7 was suggested as a
potential ligand receptor for CCL21. Here, by using
the method of Co-Immunoprecipitation (Co-IP), we
could confirm the direct interaction between CCL21
and CCR7 (fig. 1B). Taken the NSCLC cell line
A549 as well as the regular lung epithelial cell line
BEAS-2B as read-out, compared with it in BEAS-
2B cells, the expression level of CCL21 in A549
cells was significantly repressed, based on Reverse
Transcription-Polymerase Chain Reaction (RT-PCR)
measurement, which was consistent with the DEG
analysis (fig. 1C). Similarly, the expression level
of CCR7 was also dramatically reduced in A549
cells compared to BEAS-2B cells (fig. 1D). All of
these indicated that CCL21/CCR7 was a potential
antitumor signaling cascade.

CCL21/CCR7 signaling axis blocked EMT and
migration as well as invasion ability of NSCLC
cells as shown in fig. 2. The A549 cells were treated
with 100 ng/ml CCL21 for 24 h to obtain CCL21-
OE. The Western blotting data demonstrated that the
EMT biomarkers, such as loss of E-cadherin, gain of
vimentin and N-cadherin, were significantly reduced
in CCL21-0OE, suggesting that the CCL21 treatment
blocked EMT in NSCLC cells (fig. 2A). For the
functional in vivo experiments, neither CCL21-OE
nor CCL21-LE, (CCL21 siRNA transfected), CCR7-
LE (CCR7 siRNA transfected) could change the
relative proliferation rate compared with NC. The
CCK-8 assay demonstrated the relative proliferation
rate of A549 cells with different treatments (fig. 2B).
However, CCL21-OE could significantly repress the
cell migration ability while, both CCL21-LE and
CCR7-LE treatments enhanced the cell migration
capacities. The decreased migration level initiated
by CCL21-OE could be abolished by co-transfection
of CCR7 siRNA (fig. 2C). The matrigel invasion
assay was performed to examine invasion ability of
A549 cells with different treatments. At the same
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time, CCL21-OE could obviously reduce the cell
invasion, while, both CCL21-LE and CCR7-LE
treatments accelerated the cell invasion capacities.
The decreased invasion activity caused by CCL21-
OE could be abolished by co-transfection of CCR7
siRNA. The Student's t test was conducted for the
differences between different treatments and NC (fig.
2D). Results are representative of three independent
experiments. All of these suggested that CCL21
modulated EMT and migration as well as invasion
ability but not proliferation capacity of NSCLC cells
via CCR7 dependent signaling pathway.

CCL21/CCR7signaling axis induced tumor properties
of NSCLC cells by activating the JAK2/STAT3
signaling pathway as shown in fig. 3. Based on the
Western blotting analysis, it could be demonstrated
that CCL21-OE cells displayed remarkably enhanced
p-JAK2 and p-STAT3, while the expression levels of
total JAK2 and STAT3 were unchanged (fig. 3A). The
JAK2/STAT3 signaling pathway specific inhibitor
AG490 was utilized to confirm if the activation of
the p-JAK2 and p-STAT3 participated in tumor
properties caused by CCL21/CCR7 signaling axis.
The cell proliferation levels were unchanged for
CCL21-0OE, AG490 or a combination of CCL21-OE
and AG490 (fig. 3B). The Matrigel invasion assay
was performed to examine invasion ability of A549
cells with different treatments. AG490 co-treatment
could abolish the effects of CCL21-OE for A549
cells migration inhibition as well as invasion capacity
blocking, suggesting JAK2/STAT3 was a potential
downstream signaling pathway for CCL21/CCR7
(fig. 3C and fig. 3D). Results are representative of
three independent experiments.

CCL21/CCR?7 signaling axis altered tumor growth
and survival time in vivo as shown in fig. 4. As
previously reported"”, control, CCL21-OE as well
as CCL21-LE syngeneic mouse tumor models were
established age-matched (6-8 w) B6 mice. Compared
with control (A549 cells injected alone), CCL21-OE
mice demonstrated remarkably prolonged survival
time and reduced tumor growth. On the other hand,
CCL21-LE mice displayed short survival time and
increased tumor growth (fig. 4A and fig. 4B). The
Student’s t test was conducted for the differences
between different treatments and NC. These results
indicated that CCL21/CCR7 signaling axis could
manipulate tumor growth and survival time in vivo.
Results are representative of three independent
experiments.
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Fig. 1: CCL21/CCRY7 signaling axis was specifically inhibited in NSCLC patients with brain metastasis

Note: (A) The volcano map of DEGs, ( @) Down-regulated genes; ( () No change and ( @) Up-regulated genes; (B) The Co-IP for the interaction
between CCL21 and CCR7 and (C, D) RT-PCR measurements of CCL21 and CCR7 between A549 cells and BEAS-2B cells, *p<0.05 and **p<0.01
compared with BEAS-2B cells
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Fig. 2: CCL21/CCRY7 signaling axis blocked EMT and migration as well as invasion ability of NSCLC cells
Note: (A) Western blotting technique; (B) The CCK-8 assay; (C) Quantification of the migration area and (D) Matrigel invasion assay. Data are
presented as mean+SD, *p<0.05; **p<0.01; ***p<0.001 and NS: Not Statistically Significant
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Fig. 3: CCL21/CCRY7 signaling axis induced tumor properties of NSCLC cells by activating the JAK2/STATS3 signaling pathway
Note: (A) Western blotting technique; (B) The CCK-8 assay; (C) Quantification of the migration area; (D) Matrigel invasion assay. Data are pre-
sented as mean£SD, *p<0.05; **p<0.01; ***p<0.001 and NS: Not Statistically Significant
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Fig. 4: CCL21/CCRY7 signaling axis altered tumor growth and survival time in vivo
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Currently, the morbidity and mortality of lung
cancer keep in a high level, resulted from the tumor
metastasis. To this end, rebuilding the host immune
defense of NSCLC patients has become an attractive
approach. CCL21, also called Secondary Lymphoid
Chemokine (SLC), was abundantly expressed in DC
of lung cancer microenvironment and played a pivotal
role in maintaining the communications between
tumor cells and surrounding microenvironment.
At the same time, CCL21 was also found to be
constitutively expressed in lymphnodes and lymphatic
vessels and stromal cells in various tissues!'®l. Upon
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) CCL3-LE and (—— ) CCL3-LE. Data are presented as mean+SD. *p<0.05; **p<0.01; ***p<0.001 and NS: Not

solely binding to CCR7, CCL21 was activated to
modulate the recruitment and colocalization of naive
lymphocytes and antigen stimulated DC into T cell
zones, following the facilitation of T-cell activation.
Based on its critical functions, intratumoral injection
of CCL21 gene-modified autologous DC has
been utilized in a phase I clinical trial for NSCLC
patients. The patients with strategy demonstrated
individual immune enhancement, tumor shrinkage as
well as reveal tolerability. Like every coin has two
sides, it could also be suggested that the immune-
tolerant tumor microenvironment stimulated local
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immune evasion. To this end, better understanding
the downstream signaling axis and searching a
combined approach might program durable antitumor
immune responses. For instance, in the CCL21
clinical trial, Lee and his colleagues found that a
combination treatment of CCL21 and Programmed
Cell Death Protein 1 (PD-1, also known as Cluster
of Differentiation 279 (CD279)) could effectively
enhance antitumor immune responses and capture
more NSCLC patients to be responsive to PD-1
checkpoint blockade therapy!'”.

Here, we focused on the NSCLC patients with brain
metastasis. For the metastasis, there are two existing
hypotheses, “the hemodynamic or mechanical
hypothesis”, suggesting that a successful evading of
tumor cells into the lymphatic system or circulating
system is the central step for the complicate
procedure”; “seed-and-soil hypothesis”, suggesting
that primary lung tumor cells are considered as
“seed” while permissive secondary tissues are
characterized as a “soil”?!. As reported, brain
metastasis contributes to more than 50 % of NSCLC
patients with metastasis. If the first hypothesis is true,
other tissues except brain should demonstrate equal
level of metastasis since they accept similar blood
invasion, however, the case is not such. Switching
to the second hypothesis, primary lung tumor cells
(seeds), permissive secondary tissue (soil) as well as
tumor microenvironment (may be called as fertilizer)
composed of CCLs and other chemokines are the
prerequisite for metastasis in NSCLC patients.

To date, various CCLs show both antitumor and
pro-tumor behaviors which are context dependent
highlighting the complexity of the underlying
interrelated signaling cascades””. For example,
CCL3, another key member of chemokine family,
is upregulated in tumor cells-derived chemokine-
containing microvesicles to promote tumor-
promoting microenvironment on one side*!, while
on the other side, CCL3 is also found to enhance
intratumoral  antitumor  immunity  including
infiltration of regulatory T cells (Tregs), Tumor-
Associated Macrophages (TAMs), and Myeloid-
Derived Suppressor Cells (MDSCs)?4?%. Previously,
Chen et al. claimed that CCL21 and its associated
binding receptor CCR7 were abnormally abundant
in Oral Squamous Cell Carcinoma (OSCC) tissues,
and closely associated with the poor prognosis of
disorder!'?). Furthermore, with exogenous CCL21
stimulation, EMT was enhanced in OSCC cells and
cancer stem cell-related markers CD133, CD44,
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B cell-specific Moloney murine leukemia virus
integration site 1 (BMI1), Aldehyde Dehydrogenase
1A1 (ALDH1AT1) and Octamer-binding transcription
factor 4 (Oct4) increased. The migration, invasion,
tumorsphere formation and colony formation abilities
of OSCC cells were also increased, indicating that
the stemness of OSCC cells was also improved.
All of these together suggested that CCL21/CCR7
signaling axis was functional as a pro-tumor in
OSCC development, while in this study, we observed
the opposite pattern. Both CCL21 and CCR7 were
inhibited in NSCLC patients with brain metastasis.
CCL21/CCR?7 signaling cascade inhibited EMT of
NSCLC cell line A549, blocked the cell migration
and invasion. Moreover, the critical functions of
CCL21 for tumor cell metastasis were achieved
through JAK2/STAT3 signaling pathways. These
outcomes suggested that the behaviors (antitumor
or pro-tumor) of CCL21/CCR7 might be tissue-
dependent.

Some limitations have to be acknowledged in this
study. It is universal for the functional redundancy
of the chemokine family. For example, in an
unbiased screen of chemokines, Hirth ef al. claimed
that CCL21 and CXCL10 worked as co-proteins
to enhance migration of pancreatic cancer cells
toward sensory neurons. While, inhibition of these
chemokines or their receptors could effectively reduce
hypersensitivity in mice with orthotopic tumors and
patients with pancreatic ductal adenocarcinoma
as well as increase frequency of cancer-associated
paint?¢),

In this study, CCL21 and CCR7 demonstrated
prominent differential expression pattern for NSCLC
patients with brain metastasis, so that we did not
recruit other CCLs which might be interesting
directions for future study. Except to direct targeting
antitumor immunity, CCLs were also found to
associate with other regulatory factors. In NSCLC,
based on multiplex profiling of immune-related
proteins in Fine-Needle Aspirate (FNA) samples
of thoracic lesions from patients with NSCLC,
Programmed Death-Ligand 1 (PD-L1) was implied
to function with multiple key immune signaling
components (including CD73, granzyme A and
chemokines CCL3 as well as CCL21)?. At the
same time, co-expression of cytokines Interleukin-7
(IL-7) and CCL21 were crucial to boost cell
recruitment, survival and proliferation in Chimeric
Antigen Receptor (CAR) T cells therapy for solid
tumors approaches, serving as a promising therapy
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strategy!?®l.

To this end, it would be beneficial to enroll PD-L1
or other immune checkpoints for metastasis in next
steps. Collectively, our study suggested CCL21/
CCR?7 as a key signaling axis for NSCLC especially
patients with brain metastasis and initiated a JAK2/
STAT3 dependent downstream signaling pathway of
CCL for EMT as well as various tumor-associated
behaviors, which shed numerous insights for future
caner study, not limiting in metastasis of NSCLC.
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