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ABSTRACT
CYTL1 is a novel cytokine that was first identified in CD34+ hematopoietic cells. We previously prepared
recombinant CYTL1 and verified that it chemoattracted human monocytes via the CCR2/ERK pathway. It
has been reported that CYTL1 plays contradictory roles in neuroblastoma and lung cancer. We found
that the expression level of CYTL1 was notably decreased and it was hypermethylated in various tumors,
including breast and lung cancer, by bioinformatics analyses. After validating the expression of CYTL1 in
lung cancer, we identified that CYTL1 exerted no obvious effect on tumor cell proliferation but inhibited
their migration and invasion, and these effects were accompanied by decreasing STAT3 phosphoryla-
tion, using recombinant CYTL1 and CYTL1-overexpressing tumor cell lines. Furthermore, we constructed
experimental and spontaneous metastasis models of breast cancer in BALB/c mice and found that CYTL1
significantly inhibited tumor metastasis in vivo. In summary, CYTL1 is a cytokine with tumor-suppressing
characteristics that inhibits tumor metastasis and STAT3 phosphorylation in multiple types of tumors.
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Introduction

Cytokine-like 1 (CYTL1, also known as C17 or C4ORF4) is
a secreted protein with 136 amino acids that was first identi-
fied in human CD34+ hematopoietic cells.1 CYTL1 is abun-
dantly expressed in cartilaginous tissues, including the mouse
inner ear and human articular cartilage,2,3 and thus contri-
butes to cartilage homeostasis and the inhibition of osteoar-
thritic cartilage destruction.4,5 A previous study demonstrated
that CYTL1 prevents inflammatory arthritis and significantly
downregulates the expression of inflammatory cytokines.6 It
appears that CYTL1 performs anti-inflammatory functions,
but the mechanism remains unknown. To obtain recombinant
CYTL1 protein for functional studies, we established a stable
expression system and obtained high-quality CYTL1. In addi-
tion, we demonstrated that replacement of the native signal
peptide of CYTL1 with the Igκ signal peptide increased the
expression and secretion of CYTL1.7 The chemokine receptor
CCR2 was proposed to be a potential receptor of CYTL1
based on the hypothesis that CYTL1 could be a structural
and functional analog of CCL2 signaling.8 Using the purified
protein, we verified that CYTL1 chemoattracts human mono-
cytes via the CCR2/ERK pathway.9

It has also been reported that CYTL1 is highly expressed in
the neuroblastoma cell line SH-SY5Y, and the knockdown of
CYTL1 with siRNA inhibits the proliferation, migration and

invasion of neuroblastoma cells.10 Moreover, CYTL1 is hyper-
methylated and downregulated in human lung squamous cell
carcinomas (SCCs). DNA methylation is related to the gene
expression at the very early stage of tumorigenesis and methy-
lation at the promoter region leads to gene silencing.
Downregulation of CYTL1 in SCCs is consistent with its
hypermethylation.11 The above-mentioned studies suggest
that the cytokine CYTL1 shows different expression patterns
and functions in different types of tumors.

Mounting evidence suggests important regulatory roles
for cytokines in carcinogenesis beyond their key functions
in immune responses and inflammation.12 Notably, differ-
ent types of cytokines perform a broad spectrum of tumor-
suppressing functions. For instance, IL-24 has been proven
to suppress multiple signaling pathways in various human
cancer cells, such as melanoma, cervical cancer, lung cancer
and prostate cancer,13 and this suppressive effect leads to
tumor cell death and the inhibition of tumor angiogenesis
and metastasis.14,15 Because recombinant IL-24 shows selec-
tive cytotoxicity against cancer cells, clinical trials have
investigated the use of IL-24 for the treatment of solid
tumors.16,17 Another example is IL-37, whose intracellular
mature form markedly inhibits the migration of multiple
types of tumor cells by inhibiting Rac1 activation.18

Moreover, certain cytokines, such as IL-6, exert tumor-
promoting effects. In the tumor microenvironment, IL-6/
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STAT3 signaling performs strong promoting functions in
the growth and development of many human cancers,
including lung cancer and breast cancer, while suppressing
the anti-tumor immune response.19 Preclinical studies have
suggested that the anti-IL-6R antibody tocilizumab is effec-
tive against ovarian20 and pancreatic cancer.21 The safety
and effectiveness of tocilizumab in patients with B cell
chronic lymphocytic leukemia and in those with breast or
pancreatic cancers have been evaluated in early phase
trials.19 Clinical evaluations have shown that the STAT3
antisense oligonucleotide AZD9150 possesses activity
against treatment-refractory lymphoma and lung cancer.22

C188-9, another high-affinity STAT3 inhibitor, is currently
being evaluated in a phase I study involving patients with
advanced-stage solid tumors.23 Therefore, the identification
of novel cytokines associated with tumor development and
metastasis could be important for prognosis and treatment.

We found a notable downregulation of CYTL1 in most
types of tumors, including breast, prostate, lung and sto-
mach cancer, by an integrated bioinformatics analysis.
However, CYTL1 expression was unchanged or upregulated
in some other tumors, such as thyroid carcinoma and
kidney renal clear cell carcinoma. Our analysis also revealed
CYTL1 hypermethylation and downregulation of CYTL1
expression in various types of tumors. The results of the
bioinformatics analysis suggested that CYTL1 might play
important roles in tumor progression and development.

We mainly focused on the function of CYTL1 in tumors
with decreased CYTL1 expression. First, we experimentally
validated the downregulation of CYTL1 in lung cancer, and
then, we explored the effects of this cytokine on the pro-
liferation and migration of the lung cancer cell line A549
and several other tumor cell lines, including the breast
cancer cell line MDA-MB-231 and the prostate cancer cell
line PC3. The results showed that CYTL1 exerted broad-
spectrum inhibitory impacts on tumor cell migration and
invasion and on the phosphorylation of STAT3. These
effects were further verified in vivo using experimental
and spontaneous metastasis models of breast cancer in
BALB/c mice. In summary, we demonstrated that CYTL1
exhibits tumor-suppressing characteristics in multiple types
of carcinomas through inhibitory effects on metastasis and
STAT3 phosphorylation.

Materials and methods

Bioinformatics

All array data related to cancers from the Affymetrix human
genome U133 plus 2.0 platform were downloaded from the
Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.
gov/geo/) and the Cancer Genome Atlas (TCGA) databases
(https://cancergenome.nih.gov/). The expression profile and
methylation of CYTL1 in multiple types of cancers and cor-
responding control (normal or non-tumor) tissues were eval-
uated, and the expression levels and beta values are presented
in box plots.

Patient samples

A total of 60 patients with lung cancer who underwent sur-
gery at Peking University People’s Hospital (Beijing, China)
were enrolled in the present study. Paired tumor and adjacent
non-tumor tissues were collected, and CYTL1 expression was
assessed. All the specimens were pathologically confirmed. All
participants provided informed consent according to the
Helsinki Declaration, and the protocol used in the present
study was approved by the Ethics Committee of Peking
University People’s Hospital (Beijing, China).

Cell lines

The following cancer cell lines were used in this study: three
lung cancer cell lines (A549 cells, PC9 cells and Lewis lung
carcinoma cells (LLC1)) and the breast cancer cell line (MDA-
MB-231 cells) were maintained in our laboratory; the prostate
cancer cell line (PC3 cells) was obtained from the Department
of Urology at Peking University People’s Hospital (Beijing,
China); and the breast cancer cell line (4T1-luc cells) stably
expressing luciferase was provided by Prof. Wang Yu from
Tianjin Medical University. The A549, PC9, PC3 and MDA-
MB-231 cells were cultured routinely in RPMI1640 (HyClone,
Logan, UT, USA) containing 10% fetal bovine serum (FBS;
HyClone) supplemented with 1% penicillin/streptomycin. The
LLC1 and 4T1-luc cells were cultured routinely in DMEM
(HyClone) containing 10% FBS (HyClone) supplemented
with 1% penicillin/streptomycin. All the cells were grown at
37°C in a humidified incubator containing 5 % CO2.

Transfection and infection

The expression vectors pcDNA3.1-CYTL1-his, TG006-Native-
CYTL1, TG006-Igκ-CYTL1 and pLenti6.3/V5-Topo-Cytl1 were
constructed. pcDNA3.1-CYTL1-his, TG006-Native-CYTL1 and
TG006-Igκ-CYTL1 contain the human CYTL1 gene, and
pLenti6.3/V5-Topo-Cytl1 contains the mouse Cytl1 gene. The
lentiviral vector TG006 contains GFP, and pLenti6.3/V5-Topo
contains the blasticidin resistance fusion gene. The
pcDNA3.1-CYTL1-his plasmid was transfected into A549 cells
using VigoFect (Vigorous, Beijing, China) according to the
manufacturer’s instructions. The culture medium was replaced
8 h post-transfection with Hektor’s medium (Cell Culture
Technologies, Zurich, Switzerland) supplemented with 2% glu-
tamate (Sigma-Aldrich, St. Louis, MO, USA). The cell lysate
and supernatant were harvested 48 h after medium replace-
ment. Lentiviral particles were produced by transfecting
HEK293T cells with either (1) TG006-Native-CYTL1, TG006-
Igκ-CYTL1 or empty TG006 vector along with the psPAX2 and
pMD2.G packaging vectors or (2) pLenti6.3/V5-Topo-Cytl1
vector or empty pLenti6.3/V5-Topo vector along with the
psPAX2 and pCMV-VSV-G packaging vectors. Supernatants
containing the lentiviral particles were harvested 48 h after
transfection. The packaging vectors were purchased from
Thermo Fisher Scientific (Waltham, MA, USA). A549 cells
were infected with the TG006-Native-CYTL1 or TG006-Igκ-
CYTL1 lentiviral particles, and cells stably infected with the
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expression vector containing GFP were acquired through cell
sorting by FACS. A549 cells stably expressing CYTL1 were
designated A549-Native-CYTL1 and A549-Igκ-CYTL1, and
the control cells were designated A549-TG006. The 4T1-luc
cells were infected with the pLenti6.3/V5-Topo-Cytl1 lentiviral
particles and then subjected to 4 μg/ml blasticidin (Univ-Bio
Company, Shanghai, China) selection for 14 days. 4T1-luc-Cytl
1 cells were then constructed, and the control cells were desig-
nated 4T1-luc-Topo.

Protein extraction and western blotting

The cells were lysed in RIPA buffer (Sigma-Aldrich) containing
1% protease inhibitor cocktail and 1% PhosSTOP (Roche, Basel,
Switzerland). The protein concentrations were determined
through BCA protein assays (Pierce, Rockford, IL, USA), and
the whole cell lysates were fractionated by 12.5% SDS-PAGE and
electrotransferred onto polyvinylidene difluoride membranes
(Hybond, GE Healthcare, Buckinghamshire, UK). Western blot-
ting was performed as previously described. Rabbit anti-CYTL1
polyclonal antibody was prepared in our laboratory, and anti-
bodies against t-STAT3, p-STAT3 (Y705), t-Akt, p-Akr, t-ERK,
p-ERK, t-p65 and p-p65 were purchased from Cell Signaling
Technology (Danvers, MA, USA). Anti-β-actin antibody was
purchased from Sigma-Aldrich, and β-actin blotting was used
as a lysate loading control. The densities of the bands were
analyzed using ImageJ software (National Institutes of Health,
Bethesda, MD, USA) and normalized to those of β-actin.

PCR and qPCR

Total RNA from lung cancer tissues and cell lines was isolated
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Reverse
transcription was performed according to standard protocols
using a RevertAid™ II First-strand cDNA synthesis Kit (Thermo
Fisher Scientific Inc.,Waltham,MA, USA). Semiquantitative PCR
and qPCR (quantitative PCR) were performed as previously
described.7,24 GAPDH was amplified as an internal standard.
The following primers were used for the PCR of CYTL1:
CYTL1-F, 5ʹ-ATCACCCGCGACTTCAAC-3ʹ; and CYTL1-R, 5ʹ-
CAGCTTGTCCAGCACACAGT-3ʹ.

Cell proliferation assay

Cell proliferation was measured using a Cell Counting Kit-8
(CCK8) detection kit (Dojindo Molecular Technologies,
Japan). WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophe-
nyl)-5-(2,4- disulfophenyl)-2H-tetrazolium, monosodium
salt] in reagent produces a water-soluble formazan dye upon
reduction by dehydrogenase in mitochondria in the presence
of an electron mediator. The amount of formazan dye is
directly proportional to cell number. The cells were seeded
at a concentration of 1500 cells per well in a 96-well plate and
either treated with recombinant human CYTL1 protein (1, 10,
100, and 1000 ng/ml)7 or not treated. At the indicated time
points, 10 μl of CCK-8 solution was added to each well, and
the plate was then incubated at 37°C for 100 min. The absor-
bance values of all the wells at 450 nm were subsequently
determined.

Wound-healing assay

Wound-healing assay is performed to detect the migration
rate of tumor cells. The cells were seeded in a six-well plate,
grown to 80% confluence and then treated or not treated
with 100 ng/ml recombinant human CYTL1 protein. In the
middle of the cell monolayer, a wound was carefully
scrapped with a sterilized pipette tip. Photomicrographs
were taken 48 h after scrapping. The wound widths in the
microscopic pictures were measured at different time points
using ImageJ software. The percentage of wound healing
was calculated based on the initial wound width at 0 h.

Cell migration and invasion assay

Cell migration and invasion were analyzed using Transwell
chambers (8-μm pore size, BD Biosciences, NJ, USA). The
cells were cultured in serum-free RPMI1640 medium for
16 h and then seeded into the upper chamber at a density
of 5 × 104 cells per well in 0.25 ml of serum-free RPMI1640
medium with or without 100 ng/ml recombinant human
CYTL1 protein (100 ng/ml recombinant mouse CYTL1 pro-
tein for LLC1 cells9). The upper chamber was pre-coated
with (for the invasion assay to assess tumor cell invasion)
or without (for the Transwell assay to assess tumor cell
migration) Matrigel, and 0.5 ml of RPMI-1640 with 10%
FBS was added to the lower chamber. After incubation at
37°C in an atmosphere with 5% CO2 for 24 h (for the
Transwell assay) or 48 h (for the invasion assay), the cham-
bers were disassembled, and the membranes were fixed in
4% paraformaldehyde/PBS for 10 min and stained with 2%
crystal violet for 10 min. The number of cells was counted,
and images were obtained under a microscope (100 × magni-
fication) (IX73, Olympus, Tokyo, Japan).

Breast cancer experimental metastasis model

Five- to six-week-old female BALB/c mice were purchased
from Vital River (Beijing, China). The mice were bred and
maintained under specific pathogen-free conditions, pro-
vided sterilized food and water and housed in a barrier
facility under a 12-h light/dark cycle. The mice were ran-
domly divided into two groups and injected with 4T1-luc-
Topo cells or 4T1-luc-Cytl1 cells (n = 4). In total, 1 × 106

cells in 200 μl of PBS were injected through the vena cau-
dalis into each mouse. After 9 days, D-luciferin
(PerkinElmer, USA) was injected into the abdominal cavity
of the mice, and 12 min after the injection, tumor growth
and metastasis were monitored in vivo via fluorescence
intensity measurements using the IVIS Spectrum Imaging
System (PerkinElmer). All the mice were sacrificed on day
9, and the lungs were removed. After staining with Bouin’s
solution for 24 h, the lungs were cut into blocks and
embedded in paraffin for H&E staining. To monitor the
survival rate, 13 additional mice in each group were used
to construct the breast cancer experimental metastasis
model, and these mice were bred and maintained for
40 days.
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Breast cancer spontaneous metastasis model

Thirteen five- to six-week-old female BALB/c mice were ran-
domly divided into two groups and implanted with 4T1-luc-
Topo cells (n = 6) or 4T1-luc-Cytl1 cells (n = 7) through the
injection of 1 × 106 cells in 100 μl of PBS into the fourth
mammary fat pads (MFPs) of each mouse. After 30 days,
D-luciferin (PerkinElmer, USA) was injected into the abdom-
inal cavity of the mice, and 12 min after the injection, tumor
growth and metastasis were monitored in vivo through fluor-
escence intensity measurements using the IVIS Spectrum
Imaging System. All the mice were then sacrificed, and the
lungs were removed and stained with Bouin’s solution for
24 h. The visible disseminated nodules in the lungs were
counted. The orthotopic tumors were removed, the tumor
sizes were measured, and the tumors were fixed in 10% for-
malin. The lungs and orthotopic tumors were then subjected
to H&E staining and immunohistochemistry (IHC).

IHC

The immunohistochemical analysis was performed using for-
malin-fixed, paraffin-embedded mouse tissues as previously
described.24 Antibodies against p-STAT3 (Y705) (Cell
Signaling Technology, Danvers, MA, USA) were used as pri-
mary antibodies.

Statistical analysis

The data are expressed as the mean ± SEMs. The statistical
analyses were performed using two-tailed Student’s t-tests
(unpaired) with Prism 5.0 (GraphPad Software, San Diego,
CA, USA). The significant differences between groups are
represented by *P < 0.05, **P < 0.01, and ***P < 0.001.

Results

CYTL1 is downregulated in multiple types of tumors

To fully understand the expression pattern of CYTL1 in tumors,
we first analyzed the GEO database. The results showed that
compared with benign prostatic hyperplasia tissue, CYTL1 was
downregulated in primary tumors of human prostate cancer,
and this downregulation was more pronounced in metastatic
tumors (GDS1439/219837_s_at, Figure 1a). CYTL1 was also
downregulated in the N-methyl-N-nitrosourea-induced rat
breast cancer model (GDS1363/1375001_at, Figure 1b).
A similar result was found for the SP-C/c-raf transgenic mouse
model of lung cancer (GDS3826/1456793_at, Figure 1c). To
further assess the expression of CYTL1 in tumors, we performed
an integrated bioinformatics analysis based on a dataset from the
TCGA and GEO databases to determine the differential expres-
sion of CYTL1 across multiple cancers and corresponding con-
trol tissues (normal or non-tumor) at the mRNA level. The data
from the TCGA database (Figure 1d) and the GEO database
(Table 1) were consistent and showed that CYTL1 was generally
downregulated in most types of tumors. The results obtained
from the analysis of the GEO database showed that CYTL1 was
significantly downregulated in breast invasive carcinoma, pros-
tate adenocarcinoma, lung squamous cell carcinoma, lung

adenocarcinoma, and stomach adenocarcinoma, among other
tumors. The expression of CYTL1 was unchanged in thyroid
carcinoma and kidney renal papillary cell carcinoma and upre-
gulated in kidney renal clear cell carcinoma and liver hepatocel-
lular carcinoma. Rank-based box plots of the expression of this
gene in these tumors were generated (Figure 1e–i and
Supplementary Figure 1a-k). Because it is well known that
DNA methylation in promoters silences the corresponding
genes, the hypermethylation of CYTL1 was further analyzed
based on the TCGA database, and we found that CYTL1 was
generally hypermethylated at different methylation sites in
breast invasive carcinoma, prostate adenocarcinoma, lung squa-
mous cell carcinoma and lung adenocarcinoma (Figure 1j–m),
as well as bladder urothelial carcinoma and colon adenocarci-
noma (Supplementary Figure 1l-m).

We then analyzed the CYTL1 expression profile in human
normal tissues by qPCR and found that CYTL1 was highly
expressed in normal placenta, lung, prostate and lymph tis-
sues (Figure 2a). CYTL1 exhibited a high expression level in
the lung, and its expression was decreased in lung cancer with
high methylation. We subsequently examined the expression
of CYTL1 in paired lung cancer tissues and adjacent normal
tissues. Specifically, we analyzed CYTL1 expression in ran-
domly selected samples by PCR (4 pairs) and qPCR (8 pairs)
and found that CYTL1 expression was markedly downregu-
lated (Figure 2b–c). Furthermore, CYTL1 expression in 60
pairs of tissues was examined by western blotting.
Compared with non-tumor tissues, CYTL1 expression was
downregulated in 51 pairs of lung cancer tissues (85%). The
western blotting results obtained with polyclonal antibody
against CYTL1 showed two bands at 19 and 26 kDa, and
lung cancer tissues showed lower expression of both bands.
The protein expression level of CYTL1 was consistent with
the PCR and qPCR results obtained using randomly selected
samples. The western blotting results of six representative
paired tissues are shown in Figure 2d. In addition,
a quantitative analysis of the western blotting results of all
60 paired tissues was performed by normalizing the band
density of CYTL1 (26 kDa) to that of β-actin. The relative
CYTL1 expression levels in tumor versus paired adjacent non-
tumor tissues were calculated (Figure 2e).

Overexpression of CYTL1 inhibits the migration and
invasion of A549 cells

The downregulation of CYTL1 in lung cancer tissues and
mouse model suggested that it might play tumor-suppressive
roles. To study the function of CYTL1 in lung cancer, we
overexpressed CYTL1 in A549 cells and detected its effects on
cell proliferation and migration.

First, we transiently overexpressed CYTL1 in A549 cells
using the expression vector pcDNA3.1-CYTL1-his and per-
formed CCK-8, Transwell and wound-healing assays. The
results showed that the overexpression of CYTL1 could only
slightly inhibit the proliferation of A549 cells but led to
a marked decrease in migration (Supplementary Figure 2).

Subsequently, stable CYTL1-expressing A549 cells were
generated (Figure 3a) using the lentiviral vectors TG006-
Native-CYTL1 (CYTL1 with its native signal peptide) and
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TG006-Igκ-CYTL1 (CYTL1 with the Igκ signal peptide). We
verified that replacement of the signal peptide with the mouse
Igκ signal peptide increased the expression level of CYTL1.7

As shown in Figure 3a, the expression of CYTL1 was

increased in both the lysate and the supernatant of A549-Igκ-
CYTL1 cells compared with those of the A549-Native-CYTL1
cells. Using these two types of cells and A549 cells infected
with the TG006 lentivirus as a control group, proliferation

Figure 1. CYTL1 is downregulated in multiple types of tumors.
(a–c). Expression of CYTL1 in human prostate cancer (GDS1439/219837_s_at, a), the N-methyl-N-nitrosourea-induced rat breast cancer model (GDS1363/1375001_at,
b) and the SP-C/c-raf transgenic mouse model of lung cancer (GDS3826/1456793_at, c) based on an analysis of the GEO database. The value in the y axis represents
the expression level of CYTL1. The value within a GEO DataSet have been calculated in an equivalent manner and normalized using a wide variety of methods
according to the original submitter-supplied sample records. (d). Expression of CYTL1 in various tumors based on an analysis of the TCGA database. % represents the
proportion of tumor cases with upregulation or downregulation of CYTL1. (e–i). Expression of CYTL1 in breast invasive carcinoma (e), prostate adenocarcinoma (f),
lung squamous cell carcinoma (g), lung adenocarcinoma (h) and stomach adenocarcinoma (i) based on an analysis of the GEO database. (j–m). Hypermethylation of
CYTL in breast invasive carcinoma (j), prostate adenocarcinoma (k), lung squamous cell carcinoma (l) and lung adenocarcinoma (m) based on an analysis of the TCGA
database. The beta value in the y axis is the ratio of the methylated probe intensity and the overall intensity (sum of methylated and unmethylated probe intensities)
and represents the methylation levels.
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assessed by CCK-8 kit, migration and invasion, assessed either
using transwell or wound-healing assays, were conducted. The
absorbance of the CCK-8 reagent, which is proportional to the
number of cells, increased with time similarly in A549-Native-

CYTL1, A549-Igk-CYTL1 and control cells (Figure 3b), sug-
gesting that CYTL1 barely inhibited the proliferation of A549
cells. The decreased migrated cells of CYTL1-overexpression
groups in Transwell assays and retarded wound closures of
CYTL1-overexpression groups in wound-healing assays sug-
gested that CYTL1 significantly inhibited the migration of
A549 cells (Figure 3c–d). The decreased migrated cells of
CYTL1-overexpression groups in invasion assays suggested
the invasion inhibitory effects of CYTL1 in A549 cells
(Figure 3e). Notably, CYTL1 more strongly inhibited the
migration and invasion of A549-Igκ-CYTL1 cells, indicating
that CYTL1 exerts dose-dependent effects.

Recombinant CYTL1 inhibits migration and STAT3
phosphorylation in various tumor cells

CYTL1 is a secreted protein that is downregulated in lung,
breast and prostate cancer, as consistently demonstrated
through analyses of the GEO and TCGA databases, and this
finding was experimentally verified in lung cancer tissues. We
demonstrated that the overexpression of CYTL1 could inhibit
A549 cell migration. To further determine the function of
CYTL1, A549 cells were treated with recombinant CYTL1
protein, which was expressed and purified from CHO cells,7

and the CCK-8, Transwell, wound-healing and invasion
assays were then conducted to access the proliferation, migra-
tion and invasion of A549 cells respectively. The similar

Table 1. The expression of CYTL1 in tumors analyzed in the GEO database.

Tumor type
p value (cancer vs normal

or non tumor)

Downregulated BRCA (Breast invasive
carcinoma)

5.68E-14

PRAD (Prostate
adenocarcinoma)

1.95E-06

LUSC (Lung squamous cell
carcinoma)

6.67E-06

STAD (Stomach
adenocarcinoma)

3.18E-05

BLCA (Bladder Urothelial
Carcinoma)

7.25E-05

COAD (Colon adenocarcinoma) 0.005133182
HNSC (Head and Neck
squamous cell carcinoma)

0.006333946

LUAD (Lung adenocarcinoma) 0.007218447
READ (Rectum adenocarcinoma) 0.03125

Unchanged UCEC (Uterine corpus
endometrial carcinoma)

0.296875

THCA (Thyroid carcinoma) 0.328340042
ESCA (Esophageal carcinoma) 0.764648438
KIRP (Kidney renal papillary cell
carcinoma)

0.933870792

Upregulated KIRC (Kidney renal clear cell
carcinoma)

4.29E-09

LIHC (Liver hepatocellular
carcinoma)

0.00026157

KICH (Kidney chromophobe) 0.042150199

Figure 2. CYTL1 is frequently downregulated in lung cancer tissues. (a). The CYTL1 expression profile in human normal tissues was detected by qPCR. (b, c). The
expression of CYTL1 in tumor (T) and paired adjacent non-tumor (N) tissues was detected by PCR (b), and that in representative samples was detected by qPCR (c). In
the qPCR analysis, the CYTL1 expression level in the 1860# tumor tissue was set to 1, and GAPDH was used as an internal control. (d). CYTL1 expression was further
examined by western blotting. The results for six representative paired tissues are shown. β-actin was used as an internal standard. (e). The relative CYTL1 expression
level in all 60 patients was calculated as the tumor versus paired adjacent non-tumor tissue (T/N) values according to the western blotting results. A dot is used to
represent the value for each sample.
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absorbance curves of the CCK-8 assay showed that recombi-
nant CYTL1 exerted no obvious effect on proliferation (Figure
4a). However, compared with the control group, the cell

numbers in recombinant CYTL1-treated groups significantly
decreased in the transwell membranes treated with (Figure
4b) or without (Figure 4d) matrigel, suggesting that CYTL1

Figure 3. Overexpression of CYTL1 inhibits lung cancer cell (A549) migration and invasion. (a). The overexpression of CYTL1 by the lentiviral vectors TG006-Native-
CYTL1 and TG006-Igκ-CYTL1 was confirmed by western blotting. The empty vector (TG006) was used as a control. (b–e). CCK-8 (b), Transwell (c), wound-healing (d)
and invasion assays (e) were performed. Representative images of A549 cell migration obtained from the Transwell, invasion (magnification × 200) and wound-
healing (magnification × 100) assays are shown (right). The cell numbers obtained from the Transwell and invasion assays were counted, and the relative migration
rate obtained from the wound-healing assays was calculated by dividing the change in the distance between the scratch edges by the initial distance (left). The
results are expressed as the means±SEMs from three independent experiments conducted in triplicate. * P < 0.05, ** P < 0.01, and *** P < 0.001 compared with the
controls at each time point.
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significantly inhibited the migration (Figure 4b) and invasion
(Figure 4d) of this cell line. Moreover, the wound-healing
assays revealed that wound closure was retarded in the
CYTL1-treated A549 cells (Figure 4c). These results indicate
that recombinant CYTL1 could inhibit the migration and
invasion of A549 cells.

Subsequently, we explored the mechanism underlying
the inhibitory effect of CYTL1 on migration. We treated
A549 cells with 100 ng/ml CYTL1 and detected the activa-
tion of various signal pathways. The western blotting results
suggested that CYTL1 exerted a strong inhibitory effect on
the phosphorylation of STAT3 within 15 and 30 min but

Figure 4. Recombinant CYTL1 protein inhibits migration and STAT3 phosphorylation in various tumor cells. (a–d). A549 cells were treated with CYTL1 protein, and
the culture medium was used as a control. CCK-8 (1, 10, 100, and 1000 ng/ml CYTL1) (a), Transwell (b), wound-healing (c) and invasion (100 ng/ml CYTL1) (d) assays
were performed. e. Phosphorylation of STAT3, ERK and p65 in A549 cells treated with 100 ng/ml CYTL1 for 5, 15, or 30 min. (f). Specific effect of CYTL1 on STAT3
phosphorylation in A549 cells. FAM19A4 and Myc-his were used as controls. (g–i). CCK-8 (g), Transwell (h) and wound-healing (i) assays of MDA-MB-231 cells (100 ng/
ml CYTL1) were performed. (j–l). CCK-8 (j), Transwell (k) and wound-healing (l) assays of PC3 cells (100 ng/ml CYTL1) were performed. m. Transwell assays of LLC1
cells (100 ng/ml mouse CYTL1) were performed. Representative images of tumor cell migration obtained from the Transwell, invasion (magnification × 200) and
wound-healing (magnification × 100) assays are shown (right). The cell numbers obtained from the Transwell and invasion assays were counted, and the relative
migration rate obtained from the wound-healing assays was calculated by dividing the change in the distance between the scratch edges by the initial distance (left).
The results are expressed as the means±SEMs from three independent experiments conducted in triplicate. * P < 0.05, ** P < 0.01, and *** P < 0.001 compared with
the controls at each time point. (n). Effect of CYTL1 (100 ng/ml) on STAT3 phosphorylation in MDA-MB-231 and PC9 cells.
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had no effect on ERK and p65 (Figure 4e). To further verify
the effect of CYTL1, we treated A549 cells with the control
protein FAM19A4 (another novel cytokine identified in our
immunogenomics-based screening platform)25 or the Myc-
his peptide and found that these treatments had no effect
on STAT3 phosphorylation (Figure 4f). STAT3 is an impor-
tant transcription factor and signaling molecule involved in
tumor development and metastasis.19 CYTL1 might exert
its inhibitory effect on migration by inhibiting the phos-
phorylation of STAT3.

Our results demonstrated that CYTL1 inhibited the migra-
tion and invasion of A549 cells and that CYTL1 was signifi-
cantly downregulated in various types of tumors, such as
breast and prostate cancer. Therefore, to further explore the
inhibitory effect of CYTL1 in tumors and to study its effect on
other cancer cells, we subsequently detected the effect of
CYTL1 on the proliferation and migration of other cancer
cells by treating various cells with recombinant CYTL1 and
performing CCK-8, Transwell and wound-healing assays. The
results showed that CYTL1 exerted a similar inhibitory effect
on the migration of MDA-MB-231 cells (breast cancer cell
line; Figure 4g–i), PC3 cells (prostate cancer cell line; Figure
4j–l) and LLC1 cells (mouse Lewis lung carcinoma cell line;
Figure 4m). Hence, the results verify that CYTL1 inhibits the
migration of multiple cancer cell lines.

Due to the inhibitory function of CYTL1 in multiple
tumor cells, we also detected the phosphorylation of
STAT3 in MDA-MB-231 and PC9 cells treated with
CYTL1 protein. As shown in Figure 4n, CYTL1 could
inhibit STAT3 phosphorylation in these tumor cell lines.

We have verified that CYTL1 inhibited the migration
of multiple types of tumor cells. Both CYTL1 overexpres-
sion in tumor cells and treatment with CYTL1 protein
revealed that CYTL1 exerted a similar inhibitory effect on
migration. Therefore, CYTL1 might exert its function
through a specific receptor in tumor cells. In a previous
study, we confirmed that CYTL1 exhibited chemotactic
activity on monocytes/macrophages through CCR2.9 To
determine whether CYTL1 exerts its tumor-suppressing
effect through CCR2 in tumor cells, we first detected
CCR2 expression in A549 cells. Results in Figure 5a–
b showed a low level of CCR2 in A549 cells. Transwell
assays of A549 cells treated with CYTL1 only or com-
bined with the CCR2 antagonist RS504393 were per-
formed. The results showed that the CCR2 antagonist
did not reverse the inhibitory effect of CYTL1 (Figure
5c), indicating that CYTL1 inhibited the metastasis of
tumor cells through other receptors, which remains to
be identified. In addition, Jooyeon Kim et al demon-
strated that the promotion effect of CYTL1 on cardiac
fibrosis was completely abrogated by co-treatment with
SB-431542, an antagonist of TGF-β receptor 1.26 These
results suggested that TGF-β receptor 1 might be
a functional receptor of CYTL1. However, our western
blotting results showed that SB-431542 did not reverse
the inhibitory effect of CYTL1 on STAT3 (Figure 5d).

CYTL1 suppresses breast cancer metastasis in vivo

The bioinformatics analysis showed that CYTL1 was signifi-
cantly downregulated in multiple types of tumors, including
breast cancer. The inhibitory activities of CYTL1 in the migra-
tion of MDA-MB-231 cells were also demonstrated experi-
mentally in vitro. Subsequently, we used mouse breast cancer
models to confirm the in vivo tumor-suppressing activity of
CYTL1. We constructed 4T1-luc cells stably expressing mouse
Cytl1 (4T1-luc-Cytl1) (Supplementary Figure 3A) and exam-
ined the effect of Cytl1 on proliferation and migration
in vitro. The results of the CCK-8, Transwell and wound-
healing assays showed that Cytl1 inhibited the migration of
the constructed 4T1-luc cells but had no effect on their pro-
liferation (Supplementary Figure 3B-D).

Subsequently, we constructed a mouse breast cancer
experimental metastasis model by injecting 4T1-luc-Cytl1
cells and control 4T1-luc-Topo cells into BALB/c mice via
the tail veins. Nine days after injection, the tumors were
monitored using the IVIS Spectrum Imaging System, and
results showed that tumor growth and metastasis were inhib-
ited in the 4T1-luc-Cytl1 group (Figure 6a). Figure 6b shows
the fluorescence intensity of the two groups. The lungs were
subjected to Bouin’s and H&E staining, and as shown in
Figure 6c–d, the tumor nodules and areas in the control
group were greater than those in the Cytl1-overexpressing
group. Figure 6e shows the statistical results of the analysis
of the tumor area in the lungs. We also monitored the survival
of the mice in the two groups and found that Cytl1-
overexpression in the experimental metastasis model could
increase the survival rate of mice (Figure 6f).

We also constructed a spontaneous metastasis model of
breast cancer by injecting the same cells into the MFPs of
BALB/c mice. Thirty days later, we observed tumor growth
and metastasis using the IVIS Spectrum Imaging System
and found no significant difference in the orthotopic
tumors (Figure 7a–c), but the tumor metastasis in the 4T1-
luc-Cytl1 group was notably decreased. Figure 7b shows the
fluorescence intensity of the metastatic tumors in the two
groups. The lungs of the mice in the two groups were
subjected to Bouin’s and H&E staining, and as shown in
Figure 7d and f, the tumor nodules and areas in the Cytl1-
overexpressing group were markedly increased compared
with those in the control group. Figure 7e–g show the
statistical results of the tumor nodule numbers and areas
in the lungs, respectively.

To further explore the tumor-suppressing function and
mechanism of CYTL1 in the mouse breast cancer models,
we detected the expression of p-STAT3 and CD68 in ortho-
topic tumors and lung tissues from spontaneous metastasis
model mice by IHC. Cytl1 decreased the phosphorylation
of STAT3 in both the orthotopic tumors and lung tissues,
which was consistent with the in vitro function of CYTL1
(Figure 7h). We analyzed the infiltration of tumor asso-
ciated macrophages (TAMs) by detecting CD68 expression,
but there was no significant difference (Figure 7i).
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We have demonstrated that CYTL1 could directly inhibit
the migration of tumor cells and the significant decrease of
tumor metastasis in CYTL1 group in vivo studies was

consistent with the in vitro CYTL1 function. Therefore, we
suppose that CYTL1 acts by inhibiting the metastasis of breast
cancer in vivo according to the above-mentioned data.

Figure 5. CCR2 antagonist does not reverse the inhibitory effect of CYTL1 on migration. (a, b). CCR2 expression in A549 cells was detected by PCR (a) and FACS (b).
(c). Transwell assays of A549 cells treated with RS504393 were performed. Representative images of A549 cell migration obtained from the Transwell assay
(magnification × 200) are shown (right), and the cell numbers obtained from the Transwell assays were counted (left). The results are expressed as the means±SEMs
from three independent experiments conducted in triplicate. * P < 0.05, ** P < 0.01, and *** P < 0.001 compared with the controls. (d). Effect of CYTL1 (100 ng/ml)
on STAT3 phosphorylation in A549 cells treated with SB-431542.
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Figure 6. CYTL1 suppresses tumor metastasis and increases the survival rate in a mouse experimental metastasis model of breast cancer. (a). Tumor metastasis in the
lung was monitored using the IVIS Spectrum Imaging System. (b). The fluorescence intensity was quantified and is shown in bar graphs (n = 4). (c). The tumor
nodules in the lungs were observed by Bouin’s staining. d. The tumor nodules in the lungs were observed by H&E staining. (e). The area of the metastasizing tumors
was calculated according to the H&E staining results. (f). Survival curve of tumor-bearing mice (n = 13). * P < 0.05, ** P < 0.01, and *** P < 0.001 compared with the
controls at each time point.
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Discussion

CYTL1 is a novel cytokine that performs multiple func-
tions. To elucidate the expression and function of CYTL1
in tumors, we performed a comprehensive analysis of
CYTL1 across multiple cancers using bioinformatics
approaches. The results indicated that CYTL1 was signifi-
cantly downregulated in breast, prostate, lung and stomach
cancer, which was consistent with the hypermethylation of

CYTL1 in these tumors. Decreased mRNA and protein
expression of CYTL1 was observed in lung cancer tissues.
Our data suggested that CYTL1 played an inhibitory role in
lung, prostate and breast cancer cell migration and that this
effect was accompanied by a reduction of STAT3 phosphor-
ylation. The in vivo research also verified that CYTL1
inhibited breast cancer metastasis. In this study, we con-
firmed that CYTL1 is a tumor-suppressing cytokine. The

Figure 7. CYTL1 suppresses tumor metastasis and STAT3 phosphorylation in a mouse spontaneous metastasis model of breast cancer. (a). Tumor growth and
metastasis were monitored using the IVIS Spectrum Imaging System. (b). Metastasis was quantified through an analysis of fluorescence intensity and shown by bar
graphs (4T1-luc-Topo cells (n = 6), 4T1-luc-Cytl1 cells (n = 7)). (c). The orthotopic tumors were dissected and photographed. (d). The tumor nodules in the lungs were
observed by Bouin’s staining. (e). Disseminated nodules larger than or equal to 1 mm in diameter were counted, and the data are shown by bar graphs. (f). The
tumor nodules in the lungs were observed by H&E staining. g. The area of the metastasizing tumors was calculated according to the H&E staining results. (h, i). The
expression of p-STAT3 (h) and CD68 (i) in orthotopic tumors and lung tissues was detected by IHC. * P < 0.05, ** P < 0.01, and *** P < 0.001 compared with the
controls at each time point.
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function of CYTL1 in tumors with unchanged or upregu-
lated CYTL1 expression remains to be further studied.

The western blotting of lung cancer and normal tissues
detected two CYTL1 bands, i.e., 19 kDa and 26 kDa, and
decreased expression of both bands was observed in lung
cancer tissues, which might be due to post-translational mod-
ification of the CYTL1 protein. The study performed by Xuan
Liu detected two CYTL1 bands in lysates (19 kDa and 40 kDa)
of HEK293T cells overexpressing CYTL1 but only one specific
band in the supernatant (26 kDa),1 suggesting a modification
of secreted CYTL1. However, based on the amino acid
sequence, CYTL1 contains no potential N-glycosylation sites.
Digestion with a panel of glycosidases showed no effect on the
molecular size of CYTL1.1 The nature of the putative mod-
ification remains to be determined.

In a previous study, we confirmed that CYTL1 exhibited
chemotactic activity on monocytes/macrophages through
CCR2.9 The CCL2/CCR2 axis plays an important role in tumor-
igenesis and tumor metastasis in many types of tumors, including
lung cancer,27 breast cancer28 and prostate cancer.29 However, our
results showed that CYTL1 inhibited the metastasis of tumor cells
through other receptors instead of CCR2. We also found that
CYTL1 had no effect on recruiting TAM infiltration. In our
opinions, CYTL1 is inclined to act by inhibiting tumor cell metas-
tasis in breast cancer models. On the other hand, TGF-β receptor
1 antagonist SB-431542 did not reverse the inhibitory effect of
CYTL1 on STAT3. Further research is required to explore the
functional receptors of CYTL1 in tumor cells.

It was recently proven that IL-24 inhibits lung cancer cell
migration and invasion by disrupting the SDF-1/CXCR4 sig-
naling axis.14 IL-37 has also been demonstrated to mediate
antitumor activity through the suppression of IL-6/STAT3
signaling in human cervical cancer cells and renal carcinoma
cells.30 Cytokines belonging to the IL-6 family and ligands of
receptor tyrosine kinases, such as epidermal growth factor and
vascular endothelial growth factor, are the main activators of
STAT3 in tumors.31 These factors activate the STAT3 signal-
ing pathway by binding to specific receptors and activating
downstream signals. For example, IL-6 mediates the phos-
phorylation of a tyrosine residue (Y705) of STAT3 and reg-
ulates the proliferation, migration, apoptosis, immune
response, angiogenesis and metastasis of cancer cells by mod-
ulating the expression of downstream target genes. IL-6 exerts
its function by binding IL-6Rα (IL-6 receptor-α) and activates
downstream signals through gp130 (glycoprotein 130 or IL-
6Rβ).32,33 CYTL1 likely impacts the binding of ligands and
receptors or downstream signal transduction, thus inhibiting
STAT3. However, STAT3 also has some negative regulation
mechanisms. For example, protein-tyrosine-phosphatase
(PTP),34 the suppressors of cytokine signaling (SOCS)
family35 and the protein inhibitors of activated STAT (PIAS)
family36 can inhibit STAT3 phosphorylation, and
Oncostatin M was recently proven to suppress tumor metas-
tasis in lung adenocarcinoma by suppressing the activating
effect of STAT3-dependent signaling via PIAS3.37 It is also
possible that CYTL1 inhibits STAT3 by enhancing the nega-
tive regulation of STAT3. The mechanism through which
CYTL1 inhibits STAT3 phosphorylation requires further
research.

Many cytokines, such as IL-24 and IL-37, exert tumor-
suppressing effects and related clinical trials of tumor
treatment have been conducted.15,18 In our article, we
demonstrated that both recombinant CYTL1 and overex-
pression of CYTL1 could inhibit the migration of multiple
types of tumor cells. It is possible that the tumor-
suppressing cytokine CYTL1 might be used in tumor treat-
ment, such as lung cancer and breast cancer. In addition,
bioinformatics analyses showed that CYTL1 was downre-
gulated in multiple types of tumors and our results showed
a remarkable decrease of CYTL1 in lung caner at mRNA
and protein levels. The expression of CYTL1 might serve as
a marker for tumor diagnosis. First of all, it is necessary to
detect the concentration of CYTL1 in serum of tumor
patients. However, CYTL1 is a novel cytokine. The detec-
tion method of CYTL1 in serum or supernatant has not
been established, which needs further researches. The ana-
lysis of CYTL1 concentration in patient serum will con-
tribute to the applications for tumor diagnosis and
treatment.

Conclusions

To summarize, CYTL1 inhibits the migration of multiple
types of tumors with decreasing phosphorylation of STAT3.
CYTL1 is a tumor-suppressing cytokine.
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