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cell lung cancer
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Abstract

Background: KH-type splicing regulatory protein (KHSRP) plays an important role in cancer invasion, but the
relevant mechanism is not well known. In the present study, we investigated the function and potential molecular
mechanism of KHSRP in non-small cell lung cancer (NSCLC) metastasis and elucidated its clinical significance.

Methods: Isobaric tags for relative and absolute quantitation and the SWATH™ approach were combined with
nanoliquid chromatography-tandem mass spectrometry analysis to identify metastasis-associated nucleoproteins in
NSCLC. Real-time PCR and Western blot were used to screen for metastasis-associated candidate molecules. Gene
knockdown and overexpression were used to investigate their functions and molecular mechanisms in lung cancer
cells. Coimmunoprecipitation (Co-IP) experiments were performed to identify the interactions between candidate
molecules and their interacting proteins. Gene expression and its association with multiple clinicopathologic
characteristics were analyzed by immunohistochemistry (IHC) and Western blot in human lung cancer specimens.

Results: KHSRP was identified as a metastasis-associated candidate molecule. In NSCLC cell lines, knockdown of
KHSRP significantly reduced lung cancer cell proliferation, migration, and invasion in vitro and in vivo, whereas
overexpression of KHSRP did the opposite. Mechanistically, the protein heterogeneous nuclear ribonucleoprotein C
(C1/C2) (HNRNPC) was identified to interact with KHSRP using Co-IP experiments. In NSCLC cell lines,
overexpression of HNRNPC significantly promoted lung cancer cell proliferation, migration, and invasion in vitro and
in vivo. KHSRP and HNRNPC may induce human lung cancer cell invasion and metastasis by activating the IFN-α-
JAK-STAT1 signaling pathway. Drastically higher expression levels of KHSRP and HNRNPC were observed in lung
cancer tissues compared to those in adjacent noncancerous tissues. Increased KHSRP and HNRNPC expression was
significantly associated with advanced tumor stages and metastasis (both lymph node and distant). Kaplan-Meier
survival analysis showed that patients with high KHSRP and HNRNPC expression levels were predicted to have the
shortest survival times and to have a poor prognosis.

Conclusions: KHSRP plays an important role in NSCLC metastasis and may serve as a potential prognostic marker
and novel therapeutic target for lung cancer metastasis treatment.
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Background
According to statistical analysis, cancer is expected to
rank as the leading cause of death and as the single most
important barrier to increasing life expectancy in every
country of the world in the twenty-first century. Accord-
ing to estimates from the World Health Organization
(WHO) in 2015, cancer is the first or second leading
cause of death before age 70 in 91 of 172 countries, and
it ranks third or fourth in an additional 22 countries.
There will be an estimated 18.1 million new cancer cases
and 9.6 million cancer deaths in 2018. In both sexes
combined, lung cancer is the most commonly diagnosed
cancer and the leading cause of cancer death [1, 2]. Al-
though the early diagnosis and clinical treatment of lung
cancer have been greatly advanced, it cannot be ignored
that most lung cancer patients are diagnosed in only the
middle and late stages, the 5-year survival rate is less
than 15%, and more than 90% of lung cancer patients
die of metastasis [3]. Although scientists have conducted
many studies on lung cancer metastasis, our understand-
ing of lung cancer metastasis is still very limited, and the
molecular mechanism underlying lung cancer metastasis
is still unclear. Therefore, elucidating the molecular
mechanism of NSCLC invasion and metastasis and iden-
tifying new drug targets that interfere with lung cancer
metastasis are key scientific problems that need to be
solved in the field of lung cancer research.
Proteomics research is a high-throughput, large-scale

protein research model that uses liquid and mass spec-
trometry as the core technology. Proteomics is mainly
the study of protein-protein interactions to clarify pro-
tein functions [4]. Currently, the most effective strategies
in proteomics research are comparing the similarities
and differences in all proteins or regional organelle sub-
units expressed in cells or tissues under different physio-
logical and pathological conditions [5]. By using this
strategy, many key protein molecules of clinical signifi-
cance can be screened, and target protein molecules that
are the source of drug action can be found. This strategy
provides a new idea for the study of lung cancer metas-
tasis [6].
In the present study, we analyzed differential meta-

static potential lung cancer cells using isobaric tags for
relative and absolute quantitation (iTRAQ) and the
SWATH™ approach combined with nano liquid
chromatography-tandem mass spectrometry (NanoLC-
MS/MS) analysis. Small-sample clinical verification and
preliminary functional experiments demonstrated that
the differential expression of KHSRP (also known as far
upstream element-binding protein 2, KSRP/FBP2/
FUBP2) was the most significant protein in high and low
metastatic cells. We focused on the roles of KHSRP in
lung cancer metastasis in vitro and in vivo, identified the
protein molecules that interacted with KHSRP by using

Coimmunoprecipitation (Co-IP) and proteomic analyses,
verified the functions and effects of the interacting pro-
teins in promoting metastasis, elucidated the molecular
mechanism of metastasis, demonstrated the potential
tumor metastasis-related signaling pathway, and vali-
dated its clinical significance in a mass of lung cancer
specimens.

Methods
Cell lines and cell culture
The human NSCLC cell lines A549, NCI-H1299, NCI-
H838, NCI-H358, and NCI-H292 and human embryonic
kidney HEK-293 T cells were obtained from American
Type Culture Collection (ATCC, Manassas, VA). All cell
lines were cultured according to ATCC protocols in
medium supplemented with 10% fetal bovine serum
(Biowest, South America origin), 100 u/ml penicillin
(Sigma-Aldrich, UA), and 100 μg/ml streptomycin
(Sigma-Aldrich, UA) at 37 °C in a humidified atmos-
phere containing 5% CO2.

Nuclear protein extraction, quantification and iTRAQ
labeling
The nuclear proteins of NCI-H1299 and NCI-H358 cells
were extracted and quantified by BCA protein quantita-
tive method. iTRAQ labeling was conducted using an
iTRAQ Reagent 4-Plex kit (Applied Biosystems, Foster
City, CA) according to the manufacturer’s protocol.
Briefly, 100 μg lysate of each sample was reduced with
tris- (2-carboxyethyl) phosphine and alkylated with me-
thyl methanethiosulfonate and then digested overnight
at 37 °C with trypsin (mass spectrometry grade, Pro-
mega, Madison, WI). The ratio of trypsin to protein was
1:20. The iTRAQ labeled samples were then combined
according to the specified set and transferred into a new
EP tube, desalted with Oasis HLB cartridges (Waters,
Milford, MA) and dried in a vacuum centrifuge (Con-
centrator Plus, Eppendorf, Germany) [7].

NanoLC−MS/MS analysis
A NanoLC system (NanoLC-2D Ultra, Eksigent, Dublin,
CA) equipped with a Triple TOF 5600 mass spectrom-
eter (AB SCIEX, USA) was used for analysis. Peptides
were trapped on a NanoLC pre-column (Chromxp C18-
LC-3 μm, size 0.35 × 0.5 mm, Eksigent, Dublin, CA) and
then eluted onto an analytical column (C18-CL-120, size
0.075 × 150 mm, Eksigent, Dublin, CA). The NanoLC
gradient was 5–35% Buffer B (98% ACN, 2% H2O, 0.1%
FA) over 120 min at a flow rate of 300 nL/min. Full-scan
MS was performed in positive ion mode with a nano-ion
spray voltage of 2.2 kV. Survey scans were acquired from
350 to 1500 (m/z) with up to 40 precursors selected for
MS/MS (m/z 100–1500). The collision energy (CE) for
collision-induced dissociation was automatically
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controlled using an Information-Dependent Acquisition
CE parameter script to achieve optimum fragmentation
efficiency. The mass spectrometer was calibrated using
beta galactosidase tryptic peptides.

Protein identification and quantitation
Protein identification and iTRAQ quantitation were per-
formed with ProteinPilot 4.5 software (AB SCIEX, USA).
A strict unused confidence cutoff > 1.3 and more than
two peptides were used as the qualification criteria. The
peptide confidence level was 95%. Proteins with a fold
change larger than 1.5 or less than 0.67 with a Student’s
t-test p-value <0.05 were selected as differentially
expressed proteins. The up-regulated and down-
regulated proteins were analyzed by DAVID Bioinfor-
matics Resources 6.7 (http://david.abcc.ncifcrf.gov). The
up-regulated and down-regulated proteins were analyzed
from the three GO terms of biological processes (BP),
cellular component (CC) and molecular functions (MF),
respectively.

SWATH™ analysis and library generation
Samples were analyzed on the mass spectrometer in two
phases: data-dependent acquisition (DDA) was followed
by SWATH acquisition on the same sample with the
same gradient conditions used. The detailed parameter
setting and library generation methods could be referred
to the reference [8]. We selected proteins with at least
two peptides identified for relative quantitation analysis.
With three technical replicates for each sample, analysis
of relative quantitation was performed by t-test analysis.
The protein levels with a p-value less than 0.05 were
considered significantly different in our experiment.

RNA extraction and real-time polymerase chain reaction
assay
Total RNA was extracted from the lung cancer cells and
tissues using TRIzol Reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s protocol. cDNA was
synthesized by random primers and the PrimeScript RT
Reagent Kit (Takara, Dalian, China). The primer se-
quences for real-time PCR are shown in Additional file
1: Table S1. Real-time polymerase chain reaction (qPCR)
was performed using SYBR Premix Ex Tag (Takara, Da-
lian, China). The PCR conditions were as follows: 95 °C
for 15 s followed by 40 cycles of 95 °C for 5 s and 60 °C
for 30 s. The PCR primers used are listed in Table S1. β-
actin was used as the internal control.

Protein extraction and Western blotting
Cell and tissue proteins were extracted using T-PER®
Protein Extraction Reagent (Thermo Scientific, USA)
with a phosphatase inhibitor cocktail (Roche Applied
Science, Switzerland) and a proteinase inhibitor cocktail

(Roche Applied Science, Switzerland). The protein con-
centrations were determined using the Pierce™ BCA Pro-
tein Assay Kit (Thermo Scientific, USA). Proteins were
separated by SDS-PAGE gels and transferred to nitrocel-
lulose (NC) filter membranes (Millipore, Massachusetts,
USA) or polyvinylidene fluoride (PVDF) membranes
(Millipore, Massachusetts, USA). The membranes were
incubated with primary antibodies overnight at 4 °C and
probed with secondary antibodies at room temperature
for 1~2 h. The following antibodies were used: anti-
KHSRP (Abgent, 1:500), anti-HNRNPC (Sigma-Aldrich,
1:1000), anti-IFN-α (Santa Cruz, 1:500), anti-JAK1
(Santa Cruz, 1:500), anti-JAK2 (Santa Cruz, 1:500), anti-
p-Stat1 (Sigma-Aldrich, 1:1000), anti-Stat1 (Sigma-Al-
drich, 1:1000), anti-p-Stat3 (Sigma-Aldrich, 1:1000),
anti-p-Akt (CST, 1:1000), anti-p-Erk (CST, 1:1000) and
anti-α-Tubulin (CST, 1:1000).

Cell transient transfections
Small-interfering RNA (siRNA) oligonucleotides for
KHSRP and HNRNPC were designed and synthesized by
RiboBio (Guangzhou, China). The primer sequences for
the siRNAs are shown in Additional file 1: Table S2.
Transient transfection was performed using Lipofecta-
mine 2000 Reagent (Invitrogen, Carlsbad, USA) accord-
ing to the manufacturer’s instructions. After transfection
for 48 h, the cells were used for functional assays, includ-
ing migration, invasion, RNA extraction, and Western
blotting.

Cell viability assay
Cells were seeded in 96-well plates at 1 × 103 cells per
well and cultured in a final volume of 100 μl of culture
medium supplemented with 10% FBS. According to the
manufacturer’s instructions, 10 μl of Cell Counting Kit-8
(CCK-8, Dojindo, Kumamoto, Japan) was added to each
well, and the mixture was incubated at 37 °C for 2 h.
The absorbance was measured at 450 nm.

Cell migration and invasion assays
Cell migration and invasion assays were performed in
24-well plates with 8-μm-pore size chamber inserts (BD
Biosciences, New Jersey, USA). For the migration assays,
5 × 104 cells in 200 μl of serum-free culture medium
were seeded into each well of the upper chamber with
the noncoated membrane, and 800 μl of medium supple-
mented with 10% FBS was added to the lower chamber.
For invasion assays, 1 × 105 cells in 200 μl of serum-free
culture medium were seeded into each well of the upper
chamber with the Matrigel-coated membrane, and
800 μl of medium supplemented with 10% fetal bovine
serum (FBS) was added to the lower chamber. The cells
that migrated through the membrane were fixed with
100% methanol, stained with 0.1% crystal violet for 30

Yan et al. Journal of Experimental & Clinical Cancer Research          (2019) 38:478 Page 3 of 17

http://david.abcc.ncifcrf.gov


min, imaged and counted under a light microscope
(Olympus, Japan).

Wound-healing assays
For the wound-healing assay, cells were seeded into 24-
well plates and grown to approximately 90% confluence.
The monolayers were scratched with a 200 μl sterile pip-
ette tip. The cells were rinsed with phosphate-buffered
saline and cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) (or Roswell Park Memorial Institute
1640 medium, RPMI 1640) supplemented with 1% fetal
bovine serum. The wounded monolayers were photo-
graphed at 0 h and 24 h after the wounds were made.

In vivo tumor growth and metastasis
All animal experiments were approved by the Animal
Ethics Committee of the Shanghai Cancer Institute. Six-
to eight-week-old female BALB/c-nu/nu mice were bred
by Shanghai Cancer Institute (Shanghai, China) and
housed in specific pathogen-free (SPF) conditions in a
laboratory animal facility.
For the in vivo xenograft assays, 3 × 106 A549 cells sta-

bly expressing shKHSRP or the negative control and 2 ×
106 NCI-H292 cells stably expressing KHSRP or the len-
tiviral vector were separately subcutaneously inoculated
into the dorsal right flanks of the nude mice (6 per
group). The tumor size was measured two times every
week. The tumor volume (V) was measured by calipers
and calculated according to the following formula:
(length × width × width)/2. After eight or 10 weeks, the
mice were sacrificed, and the tumors were harvested at
necropsy and fixed in 10% neutral PB-buffered formalin.
The fixed tumors were stained with hematoxylin and
eosin (H & E).
For the in vivo metastasis assays, 3 × 106 A549 cells

stably expressing shKHSRP or the negative control (8
per group) and 2 × 106 NCI-H292 cells stably expressing
KHSRP or the lentiviral vector (10 per group) were sep-
arately injected into the lateral tail veins of nude mice.
After eight or 10 weeks, the mice were sacrificed, and
their lungs were harvested at necropsy and fixed in 10%
neutral PB-buffered formalin. The fixed lung tissues
were stained with H & E and analyzed for the presence
of metastasis.

Luciferase imaging and GFP imaging
3 × 106 A549 cells stably expressing shKHSRP or the
negative control (8 per group) were separately injected
into the lateral tail veins of nude mice. After eight or 10
weeks, the mice were sacrificed. We used a Berthold
LB983 NightOwl System (Berthold, Bad Wildbad,
Germany) to monitor the tumour lung metastasis. For
ex vivo biofluorescence imaging (ex vivo BFI), mice

lungs were excised and placed in the chamber of the
NightOwl LB 983 Molecular Light Imager and imaged.

Coimmunoprecipitation and mass spectrometry
HEK-293 T cells with Flag- and HA-tagged-KHSRP or
control were routine cultured. When the cells fullness
reached more than 90%, the cells were scraped off dir-
ectly with a cell scraper using immunoprecipitation lysis
buffer (Beyotime Institute of Biotechnology, Shanghai,
China) with protease and protein phosphatase inhibitors
(Roche Applied Science, Switzerland). Three milligrams
of protein were incubated with 30 μl of protein A/G
magnetic beads (Millipore, Massachusetts, USA) for 2 h.
The beads were removed, and 12 μl of the primary anti-
body (Flag, HA, KHSRP or HNRNPC) or isotype IgG
was added to the supernatant at 4 °C overnight with gen-
tle mixing on a rocking platform to capture the fusion
proteins. Then, 40 μl of protein A/G beads was added to
each immunoprecipitation mixture for 4 h. The magnetic
beads were collected by placing the tube in the appropri-
ate magnetic separator. The beads were washed three
times with cooled IP lysis buffer to remove the nonspe-
cifically bound proteins. The bound fusion proteins were
eluted from the beads and denatured by boiling for
Western blot analysis. The bound fusion proteins were
separated by SDS-PAGE and stained with a Silver Stain-
ing Kit (Beyotime Biotechnology, Shanghai, China). The
specific bands were identified, and the peptides were
digested with trypsin. The peptides were then analyzed
on an Orbitrap Fusion mass spectrometer (Thermo
Fisher, Waltham, USA). Protein identification was per-
formed using Protein Pilot 4.5 (AB Sciex, Texas, USA)
[9].

Human clinical specimens and tissue microarray
Fresh human non-small cell lung cancer tissues and
matched adjacent noncancerous tissues for real-time
PCR and Western blot analyses were collected from the
Department of Lung Cancer at Shanghai Chest Hospital
affiliated with Shanghai Jiao-tong University and the De-
partment of Cancer at Huashan Hospital affiliated with
Fudan University, Shanghai, China between 2011 and
2018. During the operation, human surgical specimens
were immediately frozen in liquid nitrogen and stored at
−80 °C for further investigation [10]. All of the tissue
specimens for this study were obtained with patient in-
formed consent. The study was approved by the Ethics
Committee of Shanghai Jiao-tong University and the
Ethics Committee of Fudan University.
A tissue microarray containing 75 paired NSCLC tis-

sues and matched adjacent noncancerous tissues was
purchased from Shanghai Biochip Co., Ltd. (Shanghai,
China). Immunohistochemical staining was performed
to detect the expression of KHSRP and HNRNPC in
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NSCLC tissues and matched noncancerous tissues. The
average gray value of the image was used as a quantita-
tive evaluation of the expression level using Image-Pro
Plus 6.0 software.

Statistical analysis
Differences among variables were assessed by χ2 analysis
or two-tailed Student’s t-tests. Kaplan-Meier analysis
was used to assess survival. Difference in survival were
analyzed using the log-rank test. The correlation of
KHSRP and HNRNPC expression was examined by
Spearman’s correlation test. Data are presented as the
mean ± standard deviation (SD) or the mean ± standard
error of the mean (SEM). Differences were considered
statistically significant at P < 0.05.

Results
Identification of KHSRP as a candidate tumor metastatic-
related nuclear protein in NSCLC
To discover nuclear proteins potentially associated with
cancer metastasis, we used human lung cancer high
metastatic NCI-H1299 cells and low metastatic NCI-
H358 cells as experimental materials in combination
with iTRAQ and SWATH™, two proteomics methods, to
analyze and identify differentially expressed nuclear pro-
teins. In the iTRAQ experiments, a total of 4324/4353
proteins (global FDR < 1%) were identified using Protein
Pilot 4.5 in two technical replicates. An unused protein
score > 1.3 and peptides ≥2 were used as criteria, and
3987/3896 proteins were identified; 3859/3796 proteins
were quantified. We identified 162 upregulated proteins
and 157 downregulated differentially expressed nucleo-
proteins (Fig. 1a). In the SWATH™ experiments, a total
of 1129 proteins (global FDR < 1%) were identified, and
867 proteins were quantified with peptides ≥2 and P <
0.05 in three technical replicates. We identified 180 up-
regulated and 263 downregulated differentially expressed
nucleoproteins. We observed a similar distribution pat-
tern at the protein level in the two approaches, and most
quantified proteins were distributed close to 0 and
within a ratio range of ±2 Log2 (Additional file 1: Figure
S1A). The consistency and correlation between the
quantitative iTRAQ and SWATH™ methods were good
(R2 = 0.7975) (Fig. 1b). Through bioinformatics analyses,
the experimental data for the differentially expressed nu-
clear proteins obtained by a pair of high and low meta-
static cells and two protein quantitative methods were
integrated. After the intersection, 116 lung cancer
metastasis-related differentially expressed nucleoproteins
were identified, including 52 upregulated proteins and
64 downregulated proteins (Fig. 1c, d; Additional file 1:
Table S3, Additional file 1: Table S4). Gene Ontology
(GO) analysis revealed that these proteins are mainly in-
volved in DNA metabolism, mRNA metabolism, RNA

cleavage, DNA processes, RNA processes and other
functions. The molecular functions mainly included nu-
cleotide binding, ribonucleotide binding, ATP binding,
etc. (Additional file 1: Figure S1B, C, D). The mass spec-
trometry proteomics data have been deposited to the
ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the iProX partner repository
with the dataset identifier PXD015861.
According to the literature reports, we selected the up-

regulated proteins which had been reported in metasta-
sis but not in NSCLC metastasis or reported in cancer
but not in metastasis or not reported at all in cancer. Fi-
nally, 9 potential NSCLC metastasis-associated proteins,
including SMC5, PSIP1, KHSRP, VRK1, GTF21, PTRF,
SNW1, VASP, DDX21, were selected to further validate
the mass spectrometry results (Additional file 1: Figure
S2A). In order to observe the expression of these pro-
teins, the expression levels of candidate proteins were
determined by qRT-PCR and Western blot in NCI-
H1299, A549, NCI-H358 and NCI-H292 cell lines. The
results showed that KHSRP, PSIP1 and VASP were
higher expressed in the highly metastatic potential
NSCLC cells (NCI-H1299 and A549) than in the low
metastatic potential cells (NCI-H358 and NCI-H292)
(Additional file 1: Figure S2B, C). To investigate whether
KHSRP, PSIP1 and VASP were involved in human
NSCLC metastasis progress, siRNA was used to knock
down the expression of these genes in A549 cell line
(Additional file 1: Figure S3A), and then the in vitro in-
vasion and migration abilities of cells transfected with
siRNAs were evaluated using transwell assays (Add-
itional file 1: Figure S3B). We observed that knockdown
of KHSRP genes could significantly inhibit the migratory
and invasive abilities of NSCLC cells. These results sug-
gested that the KHSRP might be crucial in the metasta-
sis of NSCLC cells.

KHSRP promoted NSCLC cell proliferation, migration and
invasion
To investigate the functional roles of KHSRP in NSCLC
cells, we first assessed the migration and invasion abil-
ities of the four human lung cancer cell lines. The result
showed that A549 and NCI-H1299 cell lines had higher
potential to metastasis than NCI-H358 and NCI-H292
cell lines (Fig. 2a) [11]. We detected the expression levels
of KHSRP in a panel of 4 NSCLC cell lines (A549, NCI-
H1299, NCI-H838 and NCI-H292) by real-time PCR
and Western blotting (Fig. 2b). The A549 cell line
showed high endogenous KHSRP expression, while the
NCI-H292 cell line showed low endogenous KHSRP ex-
pression, indicating that KHSRP expression was much
higher in the highly metastatic NSCLC cell lines than in
the NSCLC cell lines with low metastatic potential.
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Fig. 1 (See legend on next page.)
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Therefore, we selected A549 cells for KHSRP knock-
down and NCI-H292 cells for KHSRP overexpression.
We established stable models of KHSRP knockdown

in A549 cell lines and stable models of KHSRP overex-
pression in the NCI-H292 cell line (Fig. 2c). The CCK-8
assay showed that KHSRP knockdown substantially re-
duced the proliferation ability of A549 cells, whereas the
overexpression of KHSRP significantly enhanced the
proliferation ability of NCI-H292 cells (Fig. 2d). A
wound-healing assay showed that the knockdown of

KHSRP decreased A549 cell migration at the edge of ex-
posed regions, whereas the overexpression of KHSRP
enhanced NCI-H292 cell migration at the edge of ex-
posed regions (Fig. 2e). Furthermore, the migration and
Matrigel invasion assays in vitro were performed with
A549 and NCI-H292 cells. The results showed that the
knockdown of KHSRP in A549 cells significantly inhib-
ited the cell migration and invasion potential, whereas
the overexpression of KHSRP in NCI-H292 cells mark-
edly promoted the cell migration (P < 0.001, Fig. 2f) and

(See figure on previous page.)
Fig. 1 Identification of tumor metastatic-related nuclear proteins by using the iTRAQ-labeling approach and the SWATH™ approach in NSCLC. a
The volcano map shows the nuclear protein identified by using the iTRAQ-labeling approach. b Scatter plot analysis of the quantified proteins
was performed using the iTRAQ-labeling and SWATH™ approaches. c The Venn diagram shows the number of proteins intersected by two
quantitative proteomics approaches. d The heatmap shows the upregulated differential expression of nuclear proteins determined using the
SWATH™ approach

Fig. 2 KHSRP promoted NSCLC cell proliferation, migration and invasion. a The migration and invasion abilities of the four human lung cancer
cell lines were assessed by Transwell assays. b The levels of KHSRP expression in 4 human NSCLC cell lines were measured by real-time PCR and
Western blotting. c The mRNA and protein levels of KHSRP in KHSRP knockdown and negative control A549 cells as well as in KHSRP
overexpression and control NCI-H292 cells were determined by real-time PCR and Western blotting analyses, respectively. d The effect of KHSRP
on cell proliferation was evaluated by a CCK-8 assay in A549 and NCI-H292 cells. e Wound-healing assays were performed in A549 and NCI-H292
cells. f The effect of KHSRP on cell migration was assessed by Transwell migration assays in A549 and NCI-H292 cells. g The effect of KHSRP on
cell invasion was assessed by Matrigel invasion assays in A549 and NCI-H292 cells
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invasion potential (P < 0.001, Fig. 2g). These results indi-
cated that the knockdown of KHSRP significantly inhib-
ited the proliferation, migration, and invasion, whereas
the overexpression of KHSRP significantly promoted the
proliferation, migration, and invasion of NSCLC cells
in vitro.

KHSRP promoted the xenograft tumor growth and
metastatic potential of NSCLC cells in vivo
To assess whether KHSRP could impact tumorigenic
capacity in vivo, a xenograft tumor mouse model was
established by subcutaneously injecting A549-NC, A549-
shKHSRP, NCI-H292-Vector and NCI-H292-KHSRP
cells into the right dorsal flanks of nude mice. After 25
days, the tumor volume of the KHSRP interference
group was smaller than that of the negative control
group (P < 0.01), and the tumor volume of the KHSRP
overexpression group was significantly larger than that
of the control group (P < 0.01). At the end of the experi-
ments, the xenograft tumors were isolated, and their
weights were measured. The tumor weights of the
KHSRP stable interference group were smaller than
those of the negative control group (P < 0.05); in
addition, the tumor weights of the overexpression group
were higher than those of the control group (P < 0.01),
and this was consistent with the results of the tumor
volume change (Fig. 3a, b).
To evaluate whether KHSRP could promote tumor

metastatic capacity in vivo, we injected A549-NC and
A549-shKHSRP cells into the lateral tail veins of nude
mice (eight mice per group). After 8 weeks, the in vivo
imaging of animals showed that the intensity and area of
luciferase expression in the interference group were sig-
nificantly lower than those in the control group (Fig. 3c);
at the same time, the knockdown of KHSRP significantly
decreased the number of in vivo metastatic lung nodules
compared to that in the negative control group (n = 8,
P < 0.05). In contrast, the stable overexpression of
KHSRP significantly increased the number of metastatic
lung nodules (n = 10, P < 0.05). Metastatic nodules on
the surfaces of mouse lungs were confirmed by H & E
staining (Fig. 3d). Therefore, our data demonstrate that
high KHSRP expression enhanced tumor growth and
metastasis in vivo, which was consistent with our
in vitro findings.

KHSRP physically interacted with HNRNPC in NSCLC cells
To elucidate the molecular mechanism by which KHSRP
promotes metastasis in NSCLC cells, we next sought to
identify proteins that interact with KHSRP in NSCLC
cells. We performed tandem affinity purification (TAP)
followed by mass spectrometry using Flag- and HA-
tagged-KHSRP or control in HEK-293 T cells (Fig. 4a).
Mass spectrometry identified 20 potential KHSRP-

interacting proteins based on the criteria of unique pep-
tides >2 and p < 0.05 with triple repeat appearances (Fig.
4b, c). The CO-IP experiment showed that the inter-
action between HNRNPC and KHSRP could be observed
by immunoprecipitation in HEK-293 T cells with overex-
pression of KHSRP. On the contrary, the interaction be-
tween KHSRP and HNRNPC could also be observed by
immunoprecipitation in HEK-293 T cells with overex-
pression of HNRNPC. The Co-IP experiments demon-
strated that KHSRP and HNRNPC could coprecipitate
with each other in HEK-293 T cells (Fig. 4d). Further-
more, the Co-IP experiments using endogenous proteins
also demonstrated that KHSRP and HNRNPC could
interact with each other (Fig. 4e). The immunofluores-
cence staining results showed that the KHSRP protein
was colocalized and coexpressed with HNRNPC in the
nucleus (Fig. 4f). Taken together, our results were con-
sistent with the tandem affinity purification-mass spec-
trometry (TAP-MS) results. In order to further clarify
the regulatory relationship between KHSRP and
HNRNPC, we used Western blotting method to verify
their expressions. Western blotting results showed that
KHSRP could regulate the expression of HNRNPC,
while HNRNPC could not regulate the expression of
KHSRP, indicating that HNRNPC was a downstream
protein of KHSRP (Fig. 4g). To verify whether KHSRP
could stabilize the HNRNPC protein, we examined the
effect of both KHSRP depletion and overexpression on
the stability of endogenous HNRNPC protein in the
presence of the protein synthesis inhibitor cycloheximide
(CHX). The half-life of the KHSRP protein was not sig-
nificantly different in A549 KHSRP knockdown cells and
NCI-H292 KHSRP overexpression cells compared to
that in the control cells (Fig. 4h). These data collectively
suggest that KHSRP could specifically interact with
HNRNPC to form a complex in the nucleus of NSCLC
cells.

HNRNPC promoted NSCLC cell proliferation, migration
and invasion
First, we detected the expression of HNRNPC in 4 cell
lines using real-time PCR and Western blotting. The ex-
pression trend of HNRNPC was consistent with that of
KHSRP (Fig. 5a). To investigate the functional roles of
HNRNPC in lung cancer progression, the transient
knockdown of HNRNPC using siRNAs was established,
and the interference efficiencies of the three interference
fragments were over 50%. Then, we established stable
models of HNRNPC knockdown in the A549 and NCI-
H1299 cell lines as well as stable models of HNRNPC
overexpression in the NCI-H292 cell line (Fig. 5b). CCK-
8 and clone formation assays showed that HNRNPC
knockdown substantially reduced the proliferation ability
of A549 and NCI-H1299 cells, whereas the
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overexpression of HNRNPC significantly enhanced the pro-
liferation ability of NCI-H292 cells (Fig. 5c, d). Moreover,
the migration and Matrigel invasion assays showed that the
knockdown of HNRNPC in A549 and NCI-H1299 cells sig-
nificantly inhibited the cell migration (P < 0.05, Fig. 5e) and
invasion potential (P < 0.05, Fig. 5f), whereas the overex-
pression of KHSRP in NCI-H292 cells markedly in-
creased the cell migration (P < 0.001, Fig. 5e) and
invasion potential (P < 0.001, Fig. 5f). Similarly,
wound-healing assays showed the same role for
HNRNPC as that shown by the migration and Matrigel in-
vasion assays (P < 0.05, Fig. 5g). Overall, the knockdown of
HNRNPC significantly inhibited the proliferation, migra-
tion, and invasion of NSCLC cells, whereas the overexpres-
sion of HNRNPC markedly promoted the proliferation,
migration, and invasion of NSCLC cells in vitro.

KHSRP induced human lung cancer cell invasion and
metastasis by activating the IFN-α-JAK-p-STAT1 signaling
pathway
Currently, the identities of KHSRP-associated signaling
molecules that are responsible for mediating human
lung cancer cell metastasis are unclear. To further eluci-
date the molecular mechanism of KHSRP in regulating
NSCLC metastasis, a human protein array was utilized
to compare the relative levels of 18 key molecules re-
lated to tumor signaling pathways between A549 cells
with or without KHSRP knockdown. The intensities of
the spots on the array were quantified by Image J ana-
lysis. Spots with statistical significance were selected to
further validate the expression differences by Western
blotting. The results show that 9 key molecules were al-
tered, including ERK1/2, STAT1, STAT3, Akt (Thr308),

Fig. 3 KHSRP promoted the xenograft tumor growth and metastatic potential of NSCLC cells in vivo. a Representative gross photos of mice and
the subcutaneous tumor growth curves of KHSRP knockdown A549 cells and KHSRP overexpression NCI-H292 cells in nude mice are shown. b
The xenograft tumors of mice were confirmed by H&E staining. c The in vivo imaging of animals showed the intensity and area of the luciferase
expression of KHSRP in A549 cells. d Representative gross photos of mouse lungs and images of the histological inspection of mouse lungs for
the presence of microscopic lesions 8 weeks after tail vein injection are shown. Statistical analysis was performed using Student’s t-test or the χ2
test. The error bars represent S.E.M. *P < 0.05; **P < 0.01; ***P < 0.001
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Akt (Ser473), S6, PRAS40, p38 MAPK and GSK3β
(Fig. 6a), of which only STAT1 could be validated in
A549 cells. The expression of key molecules in signaling
pathway was detected by knockdown of KHSRP in A549
cells and knockdown of HNRNPC in NCI-H1299 cells.
The results showed that the key molecules of IFN-α,
JAK1, JAK2, p-STAT1 were changed obviously, but p-
STAT3, p-Akt, p-Erk had no change. The results in-
dicated that KHSRP could interact with HNRNPC
and HNRNPC may promote the metastasis of lung
cancer through IFN-α-JAK-p-STAT1 signaling path-
way (Fig. 6b).

KHSRP expression parallels that of HNRNPC and is
correlated with poor prognosis in NSCLC
To determine whether the expression of KHSRP and
HNRNPC in NSCLC is related to the prognosis of pa-
tients, we performed Western blotting analysis of 36
pairs of cancerous and noncancerous fresh tissues from
NSCLC patients. The expression levels of KHSRP and
HNRNPC in the 36 NSCLC tissue specimens were
higher than those in adjacent noncancerous tissues
(Additional file 1: Figure S4). Similar results were ob-
served from the TCGA database (Additional file 1: Fig-
ure S5A). Moreover, high KHSRP or HNRNPC protein

Fig. 4 KHSRP physically interacted with HNRNPC in NSCLC cells. a A diagram showing tandem affinity purification (TAP) and mass spectrometry
analyses of KHSRP-associated proteins. b Silver staining was used to detect immunoprecipitated Flag-HA-KHSRP-binding proteins. c A list of
representative proteins that interact with the KHSRP protein is shown. d The interaction between KHSRP and HNRNPC detected by mass
spectrometry analysis was verified by immunoprecipitation in HEK293T cells transfected with plasmids encoding KHSRP or HNRNPC. e The
interaction between endogenous KHSRP and HNRNPC was detected by immunoprecipitation in NCI-H1299 and A549 cells. f Immunofluorescence
staining was used to detect the colocalization and coexpression of the KHSRP and HNRNPC proteins in the nucleus. g The regulatory relationship
between KHSRP and HNRNPC was verified by Western blotting. h A549 cells with KHSRP knockdown and NCI-H292 cells overexpressing KHSRP
were treated with CHX (100 μg/ml) for the indicated time points. The cell lysates were examined by Western blot
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expression was associated with an advanced TNM stage
(Fig. 7a). However, we detected the expression of
KHSRP in 73 pairs of NSCLC and adjacent noncancer-
ous lung tissues using real-time PCR. The mRNA ex-
pression levels of KHSRP in the 73 NSCLC tissue
specimens were higher than those in adjacent noncan-
cerous tissues, but there was not significantly associated
with the TNM stage, lymph node and distant site metas-
tasis (P > 0.05) (data not shown). In addition, the Onco-
mine database (www.oncomine.com) showed that
KHSRP and HNRNPC were increased in particular types
of solid tumors, including breast, colorectal and sarcoma
(Additional file 1: Figure S5B). UALCAN (http://ualcan.
path.uab.edu/) showed different expression patterns of
KHSRP and HNRNPC in a variety of tumors (Additional
file 1: Figure S5C). Then, we performed immunohisto-
chemistry analysis of 75 pairs of cancerous and noncan-
cerous tissues from NSCLC patients. Statistically, the
overall expression of KHSRP and HNRNPC was much
higher in cancerous tissues than in the adjacent noncan-
cerous tissues (P < 0.001). In 75 NSCLC specimens, high

expression of KHSRP was found in 52 cases of NSCLC,
and low expression of KHSRP was found in 23 cases of
NSCLC; high expression of HNRNPC was found in 57
cases of NSCLC, and low expression of HNRNPC was
found in 18 cases of NSCLC. The protein expression
level of KHSRP was significantly associated with the
TNM stage (P < 0.05) and lymph node and distant site
metastasis (P < 0.05) but was not associated with sex,
age or tumor size (Table 1). There was no correlation
between HNRNPC expression and tumor stage or me-
tastasis (P > 0.05) (Table 2, Fig. 7b, Additional file 1: Fig-
ure S6). Importantly, KHSRP protein expression was
positively correlated with that of HNRNPC, suggesting a
potential KHSRP-HNRNPC pathway in lung cancer tis-
sues (R = 0.481, P < 0.01) (Fig. 7c). The ROC curves illus-
trated that the areas under the curve of the KHSRP- and
HNRNPC-based predictions were 0.889 and 0.970, re-
spectively, suggesting that they could both potentially be
applied for the prediction of patient survival (Fig. 7d).
To further explore the role of KHSRP and HNRNPC in
predicting cancer prognosis, we analyzed the KHSRP

Fig. 5 HNRNPC promoted NSCLC cell proliferation, migration and invasion. a The levels of HNRNPC expression in 4 human NSCLC cell lines were
measured by real-time PCR and Western blot. b The mRNA and protein levels of HNRNPC in HNRNPC knockdown and negative control A549
cells and in HNRNPC overexpression and negative control NCI-H1299 cells were determined by real-time PCR and Western blotting analyses,
respectively. c The effect of KHSRP on cell proliferation was evaluated by a CCK-8 assay in A549, NCI-H1299 and NCI-H292 cells. d The role of
KHSRP in cell proliferation was evaluated by clone formation assays in A549, NCI-H1299 and NCI-H292 cells. e The effect of HNRNPC on cell
migration was assessed by Transwell migration assays in A549, NCI-H1299 and NCI-H292 cells. f The effect of HNRNPC on cell invasion was
assessed by Matrigel invasion assays in A549, NCI-H1299 and NCI-H292 cells. g Wound-healing assays were performed in A549, NCI-H1299 and
NCI-H292 cells
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and HNRNPC mRNA expression and the corresponding
clinical data from the publicly available GEO database
(GSE30219, n = 293; GSE102287, n = 34). Kaplan-Meier
survival analysis showed that higher expression levels of
both KHSRP and HNRNPC were strongly associated
with a shorter survival time for lung cancer patients (Fig.
7e, Additional file 1: Figure S7A). Interestingly, the
shortest survival time was observed in the group with
the highest expression of both KHSRP and HNRNPC
(Fig. 7f). In addition, the Kaplan-Meier Plotter database
(www.kmplot.com) showed that the Kaplan-Meier sur-
vival analysis result was the same as the above result
(Additional file 1: Figure S7B). Taken together, these
findings indicate that KHSRP plays a critical role in lung
cancer development and metastasis and might be a po-
tential prognostic biomarker for this disease.

Discussion
KHSRP is a multifunctional nucleic acid-binding protein
belonging to the far upstream component binding pro-
tein (FUBPs) family, a single-stranded DNA-binding
family that includes three members, FUBPl, FUBP2, and
FUBP3 [12]. The gene is located on chromosome
19p13.3 and contains 711 amino acids. Its structure is

composed of three parts: the terminal domain of the
amino acid, the central domain containing four KH mo-
tifs and the terminal domain of the carboxyl group [13].
The three highly conserved domains are linked by vari-
able joining regions. There are four tyrosine-rich motifs
in the carboxyl terminal domain. The central KH do-
main is the most characteristic domain. In addition to
its direct binding with ribonucleic acid, there is a β-fold
structure outside of the KH1 and KH4 domains that can
interact with other proteins, and negative regulatory
binding sites exist in the KH2 and KH3 domains.
KHSRP can also interact with other proteins [14]. Phos-
phorylation of the KH1 domain opens its folding to es-
tablish a new protein-binding site. KHSRP binds not
only ribonucleic acid but also other proteins, which can
interact with other proteins and play a regulatory role
[12]. KHSRP plays an important role in regulating RNA
splicing, RNA transport, RNA editing, and mRNA
stabilization and degradation [15]. It is involved in the
regulation of neuromuscular disorders [16], obesity [17],
type II diabetes [18], cancer [19] and other cellular pro-
cesses [20, 21].
To date, several studies have focused on the role of

KHSRP in tumorigenesis and development. It seems that

Fig. 6 KHSRP induced human lung cancer cell invasion and metastasis by activating the JAK-STAT1 signaling pathway. a A human protein array
was used to compare the differential expression of key molecules in tumor-related signaling pathways. b Western blot analysis was used to
validate the expression differences in A549 cells upon the knockdown of KHSRP
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KHSRP plays different roles in the metastasis and inva-
sion of distinct cancers. Jian Yang et al. [22] reported
that KHSRP does not affect the proliferation of human
glioma cells, but low expression of KHSRP can promote
the formation of tumors. He Li et al. [23] reported that
low expression of KHSRP can promote the formation of
gastric cancer and is related to the prognosis of gastric
cancer patients. However, some studies have found that
KHSRP plays an opposite role in liver cancer. For ex-
ample, Mona Malz et al. [24] found that FUBP1 and
FUBP2 can promote the proliferation and invasion of
liver cancer, and Ramdzan M et al. [25] found that
FUBP1 and FUBP2 are highly expressed in liver cancer
tissues with medium and low levels of differentiation.
Gagne JP et al. [26] detected the FUBPl and FUBP2 pro-
teins in a study on human ovarian cancer cells, but they
did not further study or analyze the association between
ovarian cancer and FUBPl and FUBP2. To date, there
have been few reports describing the role of these pro-
teins in the metastasis of lung cancer [27]. Regarding the
function and role of KHSRP in lung cancer, the research
results of different scholars have not been consistent.

Chien MH et al. [28] reported that KHSRP is correlated
with a long survival rate of NSCLC patients and inhibits
the in vitro mobility and in vivo metastasis of NSCLC
cells, suggesting a tumor-suppressive role for KHSRP in
lung cancer. In contrast, Bikkavilli RK et al. [29] re-
ported that silencing KHSRP decreased cell proliferation,
reversed anchorage-independent growth, and reduced
migration/invasion, suggesting an oncogenic role for
KHSRP in lung cancer. In our study, a series of in vitro
and in vivo assays were conducted to clarify the bio-
logical functions of KHSRP in regulating NSCLC cell in-
vasion and metastasis. We found that interference with
KHSRP could inhibit the migration and invasion of lung
cancer cells in vitro and inhibit the growth and metasta-
sis of lung cancer cells in vivo. Higher expression of
KHSRP was observed in lung cancer tissues compared to
that in adjacent noncancerous tissues. Increased KHSRP
expression was significantly associated with advanced
tumor stages as well as lymph node and distant metasta-
sis. These results indicate that KHSRP is a potential
prognostic marker and therapeutic molecular target in
lung cancer.

Fig. 7 KHSRP expression paralleled that of HNRNPC and correlated with the poor prognosis of NSCLC patients. a Representative Western blot of
KHSRP and HNRNPC in lung cancer tissues and their corresponding adjacent noncancerous tissues. The association between KHSRP/HNRNPC
expression and the TNM stage in patients with lung cancer is shown. b Representative immunohistochemical staining of KHSRP and HNRNPC in
lung cancer tissues and their corresponding adjacent noncancerous tissues. The association between KHSRP/HNRNPC expression and TNM stage/
lymphatic metastasis in patients with lung cancer is shown. c The correlations between the protein levels of KHSRP and HNRNPC are shown. d
The receiver operating characteristic (ROC) curves for predicting patient survival time using KHSRP or HNRNPC expression. e Kaplan–Meier analysis
of overall survival according to KHSRP or HNRNPC expression levels. f Kaplan–Meier analysis of overall survival according to the combination of
the above two indices
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HNRNPC is an RNA-binding protein located in the nu-
cleus that belongs to the subfamily of ubiquitously
expressed heterogeneous nuclear ribonucleoproteins
(hnRNPs). HNRNPC is associated with pre-mRNAs in the
nucleus and plays multiple roles in posttranscriptional
regulation, including roles in alternative splicing [30, 31],
nuclear retention and export [32], stability [33] and trans-
lation [34]. HNRNPC is thought to be a prognostic
marker in tumors [35] and has been demonstrated to be
highly expressed in multiple tumors, including hepatocel-
lular carcinoma [36], breast cancer [37], glioblastoma [38],
and ovarian cancer [39]. However, the exact function and
molecular mechanism of HNRNPC in lung cancer are still
unclear. In this study, we demonstrated that KHSRP colo-
calized and coimmunoprecipitated with HNRNPC in lung
cancer cells, suggesting that KHSRP can specifically inter-
act with HNRNPC to form a complex in the nuclei of
NSCLC cells. We also showed that knockdown of
HNRNPC significantly inhibited the proliferation, migra-
tion, and invasion of NSCLC cells, whereas overexpression
of HNRNPC markedly promoted the proliferation,

migration, and invasion of NSCLC cells in vitro, suggest-
ing that HNRNPC has an indispensable role in lung can-
cer. It is well recognized that the prognosis of patients
with lung cancer is very poor due to distant metastasis. To
gain insight into the correlation of HNRNPC expression
and the prognosis of NSCLC patients, we used Western
blot to demonstrate that HNRNPC protein expression
was high in cancerous tissues and associated with ad-
vanced TNM stages, but no correlation with tumor stage
or metastasis was observed by immunohistochemistry
analysis. Kaplan-Meier survival analysis showed that high
expression of HNRNPC was strongly associated with a
short survival time for lung cancer patients. Moreover, the
shortest survival time was observed in the group with high
expression of both KHSRP and HNRNPC. Based on the
above results, we speculate that HNRNPC plays a critical
role in lung cancer development and metastasis.
To date, however, the molecular mechanisms by which

KHSRP promotes lung cancer cell migration and inva-
sion have not been elucidated. Previous studies have re-
ported that activation of the KHSRP-mediated nuclear

Table 1 Correlation between KHSRP levels in NSCLC patients
and their clinicopathologic characteristics

Clinical
pathology

KHSRP Levels N P Value

Low Middle High

Gender

Male 5 (12.82%) 15 (38.46%) 19 (48.72%) 39

Female 10 (27.78%) 10 (27.78%) 16 (44.44%) 36 0.2338

Age

< 60 6 (20.00%) 6 (20.00%) 18 (60.00%) 30

≥ 60 9 (20.00%) 19 (42.22%) 17 (37.78%) 45 0.2730

Tumor size (cm)

≤ 3 7 (17.07%) 13 (31.71%) 21 (51.22%) 41

> 3 8 (23.53%) 12 (35.29%) 14 (41.18%) 34 0.4663

Histological grade

I- II 2 (15.38%) 5 (38.46%) 6 (46.15%) 13

II 10 (22.73%) 15 (34.09%) 19 (43.18%) 44 0.3785

II - IV 3 (16.67%) 5 (27.78%) 10 (55.56%) 18

Clinical Stage

T1 + T2 13 (5.45%) 20 (36.36%) 22 (40.00%) 55

T3 + T4 2 (10.00%) 5 (25.00%) 13 (65.00%) 20 0.0121*

Lymph node status

Metastasis 2 (9.52%) 6 (28.57%) 13 (61.90%) 21

No metastasis 13 (24.07%) 19 (35.19%) 22 (40.74%) 54 0.0166*

Carcinoma

Primary 15 (20.00%) 25 (33.33%) 35 (46.67%) 75

Adjacent 60 (80.00%) 12 (16.00%) 3 (4.00%) 75 0.0000*

P value represents the probability from a chi-square test for tissue KHSRP
levels between variable subgroups, *P < 0.05

Table 2 Correlation between HNRNPC levels in NSCLC patients
and their clinicopathologic characteristics

Clinical
pathology

HNRNPC levels N P Value

Low Middle High

Gender

Male 5 (12.82%) 15 (38.46%) 19 (48.72%) 39

Female 10 (27.78%) 10 (27.78%) 16 (44.44%) 36 0.8181

Age

< 60 6 (20.00%) 6 (20.00%) 18 (60.00%) 30

≥ 60 9 (20.00%) 19 (42.22%) 17 (37.78%) 45 0.4617

Tumor size (cm)

≤ 3 7 (17.07%) 13 (31.71%) 21 (51.22%) 41

> 3 8 (23.53%) 12 (35.29%) 14 (41.18%) 34 0.6676

Histological grade

I- II 2 (15.38%) 5 (38.46%) 6 (46.15%) 13

II 10 (22.73%) 15 (34.09%) 19 (43.18%) 44 0.1887

II - IV 3 (16.67%) 5 (27.78%) 10 (55.56%) 18

Clinical Stage

T1 + T2 13 (5.45%) 20 (36.36%) 22 (40.00%) 55

T3 + T4 2 (10.00%) 5 (25.00%) 13 (65.00%) 20 0.7696

Lymph node status

Metastasis 2 (9.52%) 6 (28.57%) 13 (61.90%) 21

No metastasis 13 (24.07%) 19 (35.19%) 22 (40.74%) 54 0.4323

Carcinoma

Primary 15 (20.00%) 25 (33.33%) 35 (46.67%) 75

Adjacent 60 (80.00%) 12 (16.00%) 3 (4.00%) 75 0.0000*

P value represents the probability from a chi-square test for tissue HNRNPC
levels between variable subgroups, *P < 0.05
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factor-κB, PI3K/AKT or p38 signaling pathway is closely
associated with lung tumorigenesis and metastasis [16, 40,
41]. However, the detailed regulatory mechanisms remain
unclear. In this study, the expression levels of IFN-α,
JAK1, JAK2 and p-STAT1 were decreased by silencing
KHSRP or HNRNPC. We elucidated that KHSRP could
interact with HNRNPC and HNRNPC-mediated tumor
growth and metastasis could be, at least partly, attributed
to the activation of IFN-α-JAK-p-STAT1 signaling path-
way, which is critical for tumorigenesis and metastasis in
NSCLC. Therefore, the IFN-α-JAK-p-STAT1 signaling
pathway might be responsible for the oncogenic function
of KHSRP in NSCLC. Further work is needed to clarify
the mechanisms by which HNRNPC activates the JAK-
STAT1 signaling pathway in detail.

Conclusions
In summary, the present study demonstrates that
KHSRP and HNRNPC play important roles in the devel-
opment and progression of NSCLC. Meanwhile, KHSRP
and HNRNPC can interact with each other and activate
the IFN-α-JAK-p-STAT1 signaling pathway, which ul-
timately increases the invasion and metastasis of lung
cancer cells (Fig. 8). More importantly, our investigation
reveals that high expression levels of KHSRP and
HNRNPC are significantly correlated with tumor

metastasis and serve as independent prognostic factors
for the poor outcomes of NSCLC patients. Altogether,
the present study results suggest that KHSRP may serve
as a promising therapeutic target for the prevention and
treatment of NSCLC invasion and metastasis.
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