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Abstract: Metastatic non-small-cell lung carcinoma (NSCLC) is typically incurable. The development of anti-metastat- 
ic therapies is hampered because the mechanisms regulating metastasis in NSCLC are not well known. Currently, 
there is no effective treatment for NSCLC once it has progressed to the metastatic stage. Therefore, further eluci-
dation of the molecular mechanisms underlying the metastasis of NSCLC cells is urgently required for improving 
NSCLC treatment. Here, we report that the zinc finger RNA-binding protein (ZFR) is over-expressed in NSCLC cells 
and demonstrate that ZFR is a promising therapeutic target in metastatic NSCLC. The use of shRNA to knockdown 
ZFR impaired cell proliferation in vitro and tumor growth in vivo. Moreover, silencing of ZFR inhibited metastasis 
almost completely. In contrast, over-expression of ZFR in cells significantly enhanced NSCLC cell growth and metas-
tasis. Finally, ZFR increased the metastatic potential of NSCLC cells in a Notch1-dependent manner. Collectively, 
our study reveals a critical role of ZFR in NSCLC tumor growth and metastasis, suggesting ZFR as a novel target for 
the treatment of NSCLC.
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Introduction

Non-small-cell lung carcinoma (NSCLC) is the 
deadliest lung cancer and has a steadily in- 
creasing incidence rate [1]. NSCLCs account  
for about 85-90% of lung cancer cases, which 
encompass lung adenocarcinomas, lung squa-
mous cell carcinomas, and large cell carcino-
mas [2]. Tumorigenesis of NSCLC is induced by 
acquired driver mutations, for example, in the 
Neuroblastoma RAS Viral Oncogene Homolog 
(NRAS) or B-Raf Proto-Oncogene (BRAF) loci 
[3]. Moreover, genes known to regulate metas-
tasis of NSCLC cells have been associated with 
the prognosis of patients with NSCLC [4]. 
NSCLC aggressiveness is based on the highly 
metastatic potential of cancer cells, but these 
cells still cannot be efficiently targeted despite 
recent progresses in NSCLC therapies [5]. Tu- 
mor metastasis to regional lymph nodes, as 
detected by analysis of sentinel lymph nodes, 
frequently represents the first step of NSCLC 
dissemination and serves as an important 
prognostic indicator. Metastasis is considered 

critical for the migration of tumor cells from an 
initial location to another soft tissue [6]. This 
was proven to be one of the trademarks of can-
cer and is the real risk factor of NSCLC. Thus, 
identification of new therapeutic targets for 
metastatic NSCLC is crucial. 

In order to identify genes involved in the metas-
tasis of NSCLC cells, we transfected H1975 
human NSCLC cells with a specifically designed 
retroviral vector, pDisrup 8, which randomly dis-
rupts genes in the genome. The vector-bearing 
cell clones were selected using blasticidin and 
then screened by a wound healing assay to 
determine their migration potential. Cell clones 
with increased or decreased migratory poten-
tial were subjected to 3’ RACE to identify genes 
involved in the metastasis of NSCLC cells [7]. 
As a result, we found that the zinc finger RNA-
binding protein (ZFR) is involved in the metasta-
sis of NSCLC. Zinc finger proteins, encoded by 
zinc finger RNA-binding (ZFR) gene, were report-
ed to play an important role in DNA-binding and 
regulation of growth and development. ZFR is 
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an ancient chromosome-associated protein 
that is highly conserved from nematodes to 
mammals. The murine ZFR protein was identi-
fied in a screen for RNA-binding proteins expre- 
ssed during spermatogenesis. The human ZFR 
appears to be involved in the regulation of alter-
native pre-mRNA splicing and was identified in 
a screen for factors that interact with the pre-
mRNA splicing activator RNPS1 [8]. Transcript 
levels of ZFR were determined in various human 
tissues but were undetectable in skeletal mus-
cle. The knockdown of ZFR by RNA interference 
in neurons relocated the Staufen 2 (62) isoform 
to the nucleus, which suggests that ZFR is criti-
cal for Staufen 2 isoform-specific nucleocyto-
plasmic shuttling in neurons and likely has key 
functions during the early steps of RNA trans-
port and localization [9]. TDP-43 was shown to 
be a major disease-associated protein in most 
cases of amyotrophic lateral sclerosis (ALS), 
tau-negative frontotemporal lobar degenera-
tion (FTLD), and inclusion body myopathy. Mass 
spectrometry identified ZFR as one of the TDP-
43-interacting proteins. In addition, ZFR was 
demonstrated to direct the targeted chromo-
somal integration of a plasmid at specific rec-
ognition sites, distributed throughout human 
genomes, in several cell types. Despite recent 
obtained advances in understanding the bio-
logical functions of ZFR, little is known about 
the effects of ZFR on NSCLC diagnosis and 
prognosis.

In the present study, we demonstrated using 
insertional mutagenesis, that ZFR is involved in 
the metastasis of H1975 NSCLC cells. We dem-
onstrated that ZFR disruption impairs metasta-
sis of H1975 cells. The requirement of ZFR for 
the migration of NSCLC cells was further con-
firmed by gene silencing using shRNA in vitro. In 
line with this result, over-expression of ZFR  
significantly promoted the migratory ability of 
H1975 cells. Moreover, down-regulation of ZFR 
expression in H1975 cells strikingly inhibited 
their cellular metastasis in vivo. ZFR inhibition 
in H1975 cells by shRNA suppressed tumor 
growth in nude mice. Conversely, NSCLC-spe- 
cific ZFR over-expression enhanced tumorige-
nicity and growth of NSCLC cells in vivo. Finally, 
we found that ZFR promoted H1975 cell migra-
tion and invasion via the Notch1 signaling path-
way. In conclusion, our findings suggest a novel 
mechanism underlying the metastasis of NS- 
CLC that may serve as a new intervention tar-
get for the treatment of NSCLC.

Materials and methods

Cell culture and patients specimens

NSCLC H1975, A549, HCC827, H1299, H1650 
and normal lung cell line LO2 were obtained 
from the Chinese Academy of Sciences Cell 
Bank of Type Culture Collection (CBTCCCAS, 
Shanghai, China). The cancer cell lines were 
cultured as monolayers in RPMI 1640 culture 
media or DMEM supplemented with 10% fetal 
bovine serum (Wisent, Quebec, Canada), 100 
μg/mL penicillin, and 100 μg/mL streptomycin 
maintained in an incubator with a humidified 
atmosphere of 95% air and 5% CO2 at 37°C. 
Specific inhibitor for Notch (FLI-06) was ob- 
tained from Selleck (USA). Lipofectamine 2000 
was purchased from Invitrogen (USA). 18 tu- 
mor tissues which, were used for immunohisto-
chemical analysis, were obtained from the Ale- 
nabio (BC04021, Xian, China). All tissues were 
collected immediately upon resection of the 
tumors in the operation theater, transported in 
liquid nitrogen, and then stored at -80°C. Tumor 
staging was based on the 6th edition of the 
tumor-node-metastasis (TNM) classification of 
the International Union against Cancer. This 
study was approved by the Research Ethics 
Committee of Xiangya Hospital of Centre-south 
University.

MTT assays

The cell viability was determined by CellTiter 
96® AQueous One Solution cell proliferation 
assay (Promega, Madison, WI, USA). Briefly, 
cells were seeded in 96-well cell culture plates. 
After incubation for indicated time period, 20 
μL of One Solution reagent were added to each 
well and incubation was continued for addition-
al 4 h. The absorbance was measured at 490 
nm using Synergy™ HT Multi-Mode Microplate 
Reader (Bio-Tek, Winooski, VT, USA) [10].

Plasmids and DNA constructs

The pDisrup retroviral vector was constructed 
based upon MMLV retroviral vector pLNCX as 
backbone. The splicing donor and acceptor 
were designed according to human adenovirus 
type 2 major late mRNA intron sequence. For 
pDisrup clone selections, cells were selected 
with Blasticidin S. HCl at 25 µg/ml (Invitrogen, 
USA). The short small interfering RNA (shRNA) 
was constructed with sequence specifically tar-
geted to ZFR was obtained from Santa Cruz 
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(Santa Cruz Biotechnology, USA). The Myc-tag- 
ged pCLEN-Notch1 (Plasmids # 17704, Add- 
gene, Cambridge, MA) was deposited by Dr. 
Nicholas Gaiano. Oligonucleotides for human 
Notch1 siRNA kit were purchased from OriGene 
(Rockville, MD, USA). The kit contains three 
predesigned duplexes targeting a specific gene 
of interest, and we used a pool of three target 
siRNAs to ensure work efficiency. Transient 
transfection was performed using the Lipo- 
fectamine RNAi MAX reagent (Invitrogen) and 
following the manufacturer’s instructions.

Oncomine analysis

The expression level of ZFR genes in the NSC- 
LC was analyzed using Oncomine. For this, we 
compared clinical specimens of cancer vs. nor-
mal patient from the in Weiss Lung database 
and Hou Lung database. In order to reduce our 
false discovery rate, we selected P < 0.01 as a 
threshold. We analyzed the results for their 
p-values and fold change.

Western blot

After washing with PBS (3.2 mM Na2HPO4, 0.5 
mM KH2PO4, 1.3 mM KCl and 140 mM NaCl, 
pH 7.4) twice, cells were extracted with cold 
lysis buffer (20 mM Tris, 100 mM NaCl, 5 mM 
EDTA, 1 mM EGTA, 5 mM MgCl2, 1% Triton 
X-100, 2.5 mM sodium pyrophosphate, 1 mM 
b-glycerolphosphate, 1 mM Na3VO4, 1 mM 
PMSF, and Roche complete protease inhibi-
tors) and centrifuged at 15,000 g for 15 min at 
4°C. Protein concentration of the supernatants 
was determined with Bradford assay (Biorad, 
USA). 30 µg of samples was separated by elec-
trophoresis on 10% SDS-PAGE and transferred 
to Polyvinylidene fluoride membrane (Millipore, 
USA). After blocking with 5% skimmed milk for 
1 h, membranes were incubated with different 
specific primary antibodies in either 5% skim- 
med milk or 5% bovine serum albumin (BSA) 
(anti-ZFR, anti-Ntoch1, anti-PI3K phospho-PI- 
3K, AKT, phospho-AKT, mTOR, phospho-mTOR, 
p70 S6, phospho-p70 S6 from Cell Signaling 
Technology) [11]. After washing with PBST for 
30 min, the membranes were further incubat-
ed with corresponding HRP-conjugated sec-
ondary antibodies and developed with Pierce’s 
West Pico chemiluminescence substrate (Milli- 
pore, USA). All results were obtained from 3 
independent experiments.

Wound healing assay

Wound healing assay was performed as previ-
ously described. Briefly, H1975 cells were seed-
ed in 60 mm dishes and cultured at 37°C over-
night to produce a confluent monolayer. After 
starvation in serum-free medium for 24 hours, 
a wound was created by scratching the mono-
layer with a 200 µl yellow sterile pipette tip. The 
wounded monolayer was then washed twice to 
remove cell debris and incubated with fresh 
normal medium. The area of cell-free scratch 
was photographed at 0 h and 24 h after scratch-
ing respectively. The wound healing effect was 
determined by measuring the percentage of 
the remaining cell-free area compared with the 
area of the initial wound [12].

Colony formation assay

Cells were seeded in triplicate at 500 cells/6-
cm dish in complete medium. After 3 weeks of 
growth, cells were fixed and stained with 0.1% 
crystal violet, and visible colonies were counted 
according to the number of cells in each colony. 
All experiments were repeated at least three 
times. Plating efficiency was determined as the 
number of colonies formed divided by the total 
number of cells plated [13].

In vitro invasion assay

Invasion of NSCLC cells was determined by  
BD BioCoat™ Matrigel™ Invasion Chamber (BD 
Biosciences, USA) assay in vitro according to 
the manufacturer’s instructions. In brief, 1 × 
105 cells with 500 µl in serum-free medium 
were added into the upper chamber and 750 µl 
1640-medium was added into the lower cham-
ber, serving as chemo-attractant. After incuba-
tion in humidified tissue culture incubator, 
37°C, 5% CO2 atmosphere for 24 h, the non-
invasive cells in the upper surface of the mem-
brane were removed by “scrubbing” with cotton 
tipped swab and the invasive cells migrating to 
the lower surface of the membrane were fixed 
and stained with 0.1% crystal violet for 30 min-
utes. Cell counting was then carried out by pho-
tographing the membrane through the micro-
scope. 5 random fields under microscope at 
20X magnification are taken [14]. 

Immunocytochemistry

After cells on glass coverslips were treated by 
indicated agents, they were fixed by pre-cold 
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acetone, then rinsed three times with PBS. The 
cells were permeabilized in 0.1% Triton X-100 
and incubated with 1% BSA/PBS to block non-
specific binding. Subsequently, the cells were 
immunostained by incubating with rabbit mono-
clonal antibody against ZFR (diluted 1:500, 
Epitomics) overnight at 4°C. After being wash- 
ed with PBS, cells were incubated with FITC-
conjugated goat anti-rabbit secondary antibody 
(diluted 1:60, Boster Biotechnology, Wuhan, 
China). Nuclei were counterstained with DAPI 
(Biotime Biotech, Haimen, China). Images were 
taken and analyzed using the ZEN 2011 imag-
ing software on a Zeiss invert microscope 
(CarlZeiss, Hallbergnoos, Germany) under 400-
fold magnification [15].

Experimental metastasis assay

Female C57BL/6J mice at 6-8 weeks old (15-
20 g) were purchased from the laboratory 
Shanghai Slack Laboratory Animal Co., LTD. 
Mice were maintained at dark/light cycles of 
12 h duration with food and water available  
ad libitum. 24 animals were randomly divided 
into four experiment groups. For experimental 
metastasis analysis, the mice were injected at 
the lateral tail vein with (5 × 105) B16F10 cells 
carrying control, ZFR OE, or ZFR shRNA plas-
mids. Mice were sacrificed 2 weeks after inocu-
lation and all organs were examined for the 
presence of macroscopic metastases. Lung 
and liver metastatic nodules were determined 
under a dissecting microscope [16]. Animal 
handling and experimental procedures were 
approved by the Institutional Animal Care and 
Use Committee (IACUC) of Xiangya Hospital of 
Centre-south University.

Quantitative real-time PCR

Total RNA was extracted using the RNEasy kit 
(Qiagen). Reverse transcription reactions were 
performed on 1 μg of RNA with the QuantiTect 
Reverse Transcription kit (Qiagen). The primers 
used for PCR were as follows (sense and anti-
sense, respectively): GAPDH: Forward: 5’-CTC- 
ACCGGATGCACCAATGTT-3’, Reverse: 5’-CGCG- 
TTGCTCACAATGTTCAT-3’; Notch1: Forward: 5’- 
GAGGCGTGGCAGACTATGC-3’, Reverse: 5’-CTT- 
GTACTCCGTCAGCGTGA-3’. PCR amplifications 
were performed with the MESA GREEN qPCR 
MasterMix (Eurogentec) on an ABI Prism 7500 
thermal cycler. The gene screening was con-
ducted with the RT2 Profiler PCR EMT Array 
(Qiagen).

Xenograft models and immunohistochemistry 
detections

3 × 106 H1975 cells were subcutaneously im- 
planted into female, BALB/c nude mice to build 
NSCLC xenograft. On the seventh day, mice 
with appropriate size (150-300 mm3) of tumors 
were divided randomly into five groups. Tumor 
volume and mice body weight were measured 
every 3 days. Tumor volume was calculated as 
mm3 = 0.5 × length (mm) × width (mm)2. After 
sacrificing mice on day 21, deparaffinized tu- 
mor sections were stained with specific anti-
body for ZFR. Detection was done with avidin-
biotin-HRP complex (Thermo scientific) and 
diaminobenzidine as chromogen. Nuclei were 
counterstained with hematoxylin [17]. Animal 
handling and experimental procedures were 
approved by the Institutional Animal Care and 
Use Committee (IACUC) of Xiangya Hospital of 
Centre-south University.

Statistical analysis

The data were presented as mean ± SD. 
Differences in the results of two groups were 
evaluated using either two-tailed Student’s t 
test or one-way ANOVA followed by post hoc 
Dunnett’s test. The differences with P < 0.05 
were considered statistically significant.

Results

ZFR is a novel regulator of NSCLC metastasis 

The tumor cell line H1975 is a commonly uti-
lized model system to determine the movement 
and invasion of NSCLC due to its highly meta-
static potential. To identify vital genes partici-
pating in the movement and invasiveness of 
NSCLC cells, the pDisrup vector was transfect-
ed into H1975 cells; this vector unsystemati-
cally integrates into the genomic DNA and con-
tains a blasticidin resistance gene that allows 
selection of H1975 cells containing the mutat-
ed genes. The migration potential of the select-
ed mutant H1975 clones was verified by the 
Transwell assay. Subsequently, clones exhibit-
ing higher or lower migration ability compared 
to controls were further analyzed by RT-PCR 
and 3’ RACE to identify genes that were mutat-
ed by the pDisrup vector. Many prospective 
genes were detected, including ZFR. The clone 
exhibiting a lowered movement capacity was 
named ZFRmut. To determine whether ZFR was 
actually mutated in the H1975 NSCLC cells, 
both Western Blot and cell immunofluores-
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cence assays were performed. As indicated in 
Figure 1A and 1B, ZFR protein expression was 
considerably inhibited in ZFRmut cells compared 
to that in the control cells. Quantitative real-
time polymerase chain reaction (qRT-PCR) 
analysis demonstrated that ZFR was expressed 
in wild-type cells but not in ZFRmut H1975 cells 
(Supplementary Figure 1). To examine the func-
tion of ZFR in H1975 metastasis, we conducted 
a wound healing analysis and a Transwell inva-
sion assay to assess cell mobility. As described 
in Figure 1C, control cells fully recovered the 
scratched area within 24 h; however, the ZFRmut 
cells were 20% slower and unable to close the 
wound before the endpoint. Consistently, com-
pared to the wild-type cells, fewer ZFRmut cells 
migrated across the Matrigel membrane of the 
Transwell (Figure 1D). In short, interruption by 
ZFR protein inhibition reduces H1975 cancer 
cell migration and invasion in vitro.

ZFR is over-expressed in NSCLC

To investigate whether ZFR is involved in tumor 
progression, we first extracted data of tran-
script expression for ZFR from the publicly 
accessible Oncomine microarray database for 
lung. In two independent clinical data sets con-
taining ZFR information, ZFR expression was 
markedly increased in neoplastic skin tissues 
compared to that in normal skin tissues (Figure 

2A). The correlation between ZFR levels and 
the clinical outcomes of a NSCLC patient was 
further examined using the online biomarker 
validation tool, KM-plotter (http://kmplot.com/
analysis). This platform derives risk groups and 
Kaplan-Meier curves with different expression 
levels. Statistical analysis (Figure 2B) revealed 
that up-regulation of ZFR correlated with a de- 
creased overall survival (P = 0.0027). Immuno- 
histochemical labeling of ZFR in clinical NSCLC 
biopsies (n = 18) further confirmed ZFR protein 
expression in NSCLC cells (Figure 2C). The 
association between cancer progression and 
increased expression was also confirmed in a 
panel of cell lines. ZFR was expressed in rela-
tively high levels in the invasive cell lines 
H1975, A549, HCC827, H1299 and H1650, but 
was markedly reduced in untransformed hu- 
man lung cells LO2 (Figure 2D). This ZFR over-
expression was partially due to an increase in 
ZFR mRNA levels, as shown by qRT-PCR (Fig- 
ure 2E). Together with the results of the sys-
temic analysis, these results suggest that over-
expression of ZFR is a prognostic biomarker for 
poor survival rate in NSCLC.

Endogenous ZFR regulates NSCLC cell metas-
tasis

To confirm that ZFR down-regulation is respon-
sible for the declined metastasis of NSCLC ce- 

Figure 1. Identification of a novel role of ZFR in the metastasis of NSCLC cells. A. ZFRmut cells and wild type H1975 
cell were subjected to western blot for measuring protein level of ZFR. B. Cells were fixed and incubated with pri-
mary antibodies against ZFR and then were immunostained with anti-rabbit FITC-conjugated secondary antibody 
and then stained with DAPI. The specimens were visualized and photographed using a fluorescence microscope. 
Scale bar represents 50 μm. C. Wound healing assay of wild-type cells and ZFRmut cells was performed. The amount 
of cell movement was calculated. The data shown were represented as the mean ± SD. For indicated comparison, 
**P < 0.01 compared to wild type cells. Scale bar represents 200 μm. D. The cell invasion potency was evaluated 
by Transwell invasion assay. Representative picture was generated post staining with crystal violet. The data shown 
were represented as the mean ± SD. For indicated comparison, **P < 0.01 compared to wild type cells. Scale bar 
represents 100 μm.
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Figure 2. ZFR is over-expression in NSCLC. A. Box plots show increased levels of ZFR in NSCLC (right) compared with normal skin tissues (left) in two microarray data 
sets. **P < 0.01 compared with normal lung tissues. B. Expression level of ZFR was associated to prognosis in patients with NSCLC. Kaplan-Meier survival curve 
showing the survival of NSCLC patients with high or low ZFR expression. High and low expressions were represented in red and black, respectively. C. Immunohisto-
chemical staining of ZFR in l human NSCLC tissue (n = 18) and normal tissues (n = 18). The intensity of ZFR staining was quantified using ImageJ Plus and shown 
in the box plot below. Scale bars represent 50 μm. **P < 0.01, compared with normal skin tissues. Scale bar represents 50 μm. D. Immunoblotting analysis of ZFR 
protein in the NSCLC cell resections and human normal lung cells LO2. ZFR protein expressions were up-regulated in all NSCLC cell lines examined compared with 
that in LO2. E. Total RNAs were extracted from a series of NSCLC cell lines. ZFR mRNA level was determined by means of quantitative real-time PCR and normalized 
to the level of GAPDH mRNA. The fold changes of mRNA expression of indicated genes were compared as a ratio to the LO2. The data are shown as mean ± SD of 
triplicates experiments. *P < 0.05, **P < 0.01 compared with the LO2. 
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lls, we transferred H1975 cells with ZFR shRNA 
to stably establish the H1975-shZFR cell line 

with shRNA specific for ZFR (Figure 3A and  
3B). We next investigated whether decreased 

Figure 3. The effect of shZFR on NSCLC cells metastasis. A. The levels of ZFR in H1975 parental cells and cells 
stably expressing scramble control or shZFR were examined by qRT-PCR (upper panel) and western blotting (lower 
panel), respectively. B. H1975 cells were transfected with ZFR shRNA or control scramble. After for 48 h post trans-
fections, cells were fixed and incubated with primary antibodies against ZFR and then were immunostained with 
anti-rabbit FITC-conjugated secondary antibody and then stained with DAPI. The specimens were visualized and 
photographed using a fluorescence microscope (Scale bar represents 50 μm). C. H1975 cells were plated in 6 cm 
dishes. A wound healing assay was performed to determine the metastatic potential of cells and representative 
pictures of the wound distance were taken at 0 h and 24 h post scratching as indicated. Scale bar represents 200 
μm. D. H1975 cells transfected with either control scratched or ZFR targeted shRNA were subjected to a Transwell 
invasion assay. The invasive cells were stained and quantified. Data was collected from three individual studies and 
were mean ± SD. values **P < 0.01, compared to control cells. Scale bar represents 100 μm.
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H1975 cell metastasis could be imitated by 
gene silencing with shRNA specifically for ZFR. 

In the wound healing assay, shZFR H1975 cells 
exhibited declined migration potency compared 

Figure 4. Confirmation of the Role of ZFR in NSCLC metastasis by overexpression. A. qRT-PCR analysis of ZFR 
expression in vector-control and ZFR-overexpressing H1975 cells (upper panel). The levels of ZFR protein in vector-
control and ZFR-overexpressing H1975 cells were examined by western blotting (lower panel). B. Plasmid mediated 
ZFR protein overexpression was validated by immunofluorescence assay. Scale bar represents 50 μm. C. ZFR was 
cloned into vector and transfected into NSCLC H1975 cells. The cells transfected with an empty vector were used 
as control. The cell motility was determined by wound healing assay 24 h post scratching and the percentage of 
wound closure was quantified. Scale bar represents 200 μm. D. The cell invasion was evaluated by Transwell inva-
sion assay. E. Representative images of lungs from mice were taken after 2 weeks of injection with B16F10 control 
cells, with shZFR or ZFR overexpressing B16F10 cells. Numbers of lung metastasis were quantified and showed by 
each point. **P < 0.01, compared to control cells; ##P < 0.01, compared to vector. Scale bar represents 100 μm.
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to control cells. The control cells showed a 
markedly faster wound closure (Figure 3C). 
H1975-shZFR cells also displayed a significant-
ly decelerated cell invasion profile in a Transwell 
invasion examination. As anticipated, ZFR silen- 
cing reduced the invasion (Figure 3D). Matrix 
metalloproteinases (MMPs) are a multi-gene 
group of zinc-based ECM-degrading endopep- 
tidases involved in pathological phenomena 
such as carcinogenesis. Hence, we investigat-
ed the effect of ZFR knockdown on the activi- 
ty of MMP-2/9. The activity of MMP-2/9 was 
remarkably reduced after a decrease of ZFR 
(Supplementary Figure 2). To confirm the bio-
logical role of ZFR up-regulation in NSCLC cell 
metastasis, H1975 cell lines that stably expre- 
ssed ZFR were established (Figure 4A and 4B). 
Ectopic expression of ZFR in H1975 cells dra-
matically increased metastasis, as evidenced 
by accelerated cell migration and invasion (Fi- 
gure 4C, 4D). Furthermore, overexpression of 
ZFR could also enhance the activity of MMP-
2/9 (Supplementary Figure 3). Finally, to deter-
mine whether ZFR knockdown also results in 
an increase in tumor cells metastasis in vivo, 
the NSCLC cells B16F10 control, ZFR-OE (over-
expression), or shZFR cells were injected intra-
venously into nude mice and lung metastasis 
was examined 12 weeks later. As shown in 
Figure 4E, there was a significant increase in 
the number of metastatic lesions produced by 
ZFR-OE cells compared to those produced by 
control cells. Conversely, transduction of B16- 
F10 cells with shZFR resulted in a reduction of 
the number of lung metastatic foci. Collectively, 
these results suggest that ZFR up-regulation 
promotes aggressiveness of NSCLC cells in 
vitro. These observations offer strong evidence 
for the role of ZFR in the promotion of meta-
static potential in NSCLC.

The Notch1 pathway is involved in ZFR-
mediated NSCLC cell metastasis

In order to unravel the cellular pathways invol- 
ved in ZFR-mediated migration and invasion, 
we performed gene expression analysis in con-
trol and ZFR-depleted NSCLC cells. We select-
ed a panel of 23 genes involved in the regula-
tion of migration and invasion (Figure 5A). The 
most down-regulated gene was Notch1, which 
encodes the Notch1 protein, one of the canoni-
cal ligands for the Notch receptor family [22]. 
We confirmed that ZFR knockdown down-regu-
lated both Notch1 mRNA and protein (Figure 

5B). Notch1 regulates multiple cancer-associ-
ated processes including proliferation, survival, 
EMT, metastasis, and angiogenesis. We there-
fore evaluated the migration and invasion of 
H1975 cells after Notch1 depletion (Supple- 
mentary Figure 4). Notch1 knockdown signifi-
cantly reduced both the migration and invasion 
potencies of H1975 cells (Figure 5C, 5D). We 
then hypothesized that ZFR regulates NSCLC 
cell migration and invasion through Notch1 sig-
naling. To confirm the role of Notch1 in ZFR-
mediated NSCLC cell metastasis, a constitu-
tively active form of Notch1 (pCLEN-Notch1) 
was introduced into ZFR-silenced cells. The 
expression of Notch1 was confirmed by Western 
Blot analysis using anti-Myc and anti-Notch1 
antibodies (Figure 6A). Cell metastasis was 
then examined by wound healing and Transwell 
assays. As expected, active Notch1 largely 
restored the impaired migration and invasion of 
ZFR-silenced H1975 cells (Figure 6B, 6C). 
These results identify Notch1 as a ZFR target 
that regulates NSCLC cell migration and inva-
sion. Furthermore, FLI-06, a Notch1 inhibitor, 
was employed to determine the role of Notch1 
signaling in cell migration. As shown in Figure 
6D, over-expression of Notch1 mediated by ZFR 
was completely blocked by FLI-06. In addition, 
ZFR-promoted migration and invasion in H1975 
cells was abolished by FLI-06, as shown by 
wound healing and Transwell assays (Figure 
6E, 6F). In conclusion, these data indicate that 
ZFR/Notch1 signaling is involved in metastasis 
of NSCLC cells.

NSCLC cell-intrinsic ZFR promotes tumor 
growth

We next examined whether NSCLC-specific ZFR 
shRNA or over-expression affects NSCLC cell 
growth in vitro, using an established culture 
system designed for the study of tumorigenic 
minority populations. ZFR shRNA impaired and 
ZFR-OE promoted cell proliferation in vitro com-
pared to their respective controls (Figure 7A). 
Moreover, ZFR shRNA blocked and ZFR-OE pro-
moted colony formation in vitro in comparison 
to their respective controls (Figure 7B). Becau- 
se PI3K/AKT signaling in tumor cells modulates 
several downstream pathways, such as PI3K/
AKT and mTOR signaling, which also serve criti-
cal roles in NSCLC-genesis, we next examined 
NSCLC ZFR-specific changes in phospho (p)-
AKT, and p-S6 ribosomal protein levels. ZFR 
shRNA reduced and ZFR-OE increased phos-
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Figure 5. ZFR regulated Notch1 pathway in NSCLC cells. A. ZFR down-regulated the expression of pro-metastasis 
factors in shZFR cells. Gene expression analysis was executed by qRT-PCR contrasting control H1975 cells. Differen-
tially modulated genes were selected and examined by hierarchical clustering. B. Notch1 mRNA (upper panel) and 
protein (low panel) expression were measured in H1975 cells 48 h after transfection with the indicated shRNA. C. 
Migration assay was conducted with scramble or siNotch1-depleted H1975 cells (right panel). Bars show means ± 
SD of three independent experiments. Data were from three independent experiments and were Mean ± SD. values. 
Scale bar represents 200 μm. D. Invasion assay was conducted with scrambled siRNA- or siNothc1-depleted H1975 
cells. Bars show means ± SD of three independent experiments. Data were from three independent experiments 
and were Mean ± SD. values. The following symbols were used to indicate significant differences: **P < 0.01. Scale 
bar represents 100 μm.
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Figure 6. ZFR facilities the invasion and migration of NSCLC cells via Ntoch1 pathway. A. Expression of Notch1 was assessed by western blot with an antibody 
against Myc-tag and Notch1, and GAPDH was implemented as a loading control. B. Wound healing assay was executed to identify the cells motility co-transfected 
using ZFR silencing plasmid and pCLEN-Notch1 plasmid. Data were from three independent experiments and were Mean ± SD. values. **P < 0.01 compared to 
control cells, ##P < 0.01 compared to cells transfected with shZFR. Scale bar represents 200 μm. C. Invasion test was executed to identify the invasion of cells 
co-transfected with ZFR silencing plasmid and pCLEN-Notch1 plasmid. Data were from three independent experiments and were Mean ± SD. values. **P < 0.01 
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compared to control cells, ##P < 0.01 compared to cells transfected with shZFR. Scale bar represents 100 μm. D. In the presence of FLI-06 (100 nM), cells were 
incubated for 1 h, protein extracts were analyzed by western blot with antibodies against Notch1. E. In the presence of FLI-06 (100 nM), wound healing assay was 
conducted to evaluate the cell motility after transfection. Data were from three independent experiments and were Mean ± SD. values. **P < 0.01 compared to cells 
transfected with vector, ##P < 0.01 compared to cells transfected with ZFR. Scale bar represents 200 μm. F. In the presence of FLI-06 (100 nM), Transwell invasion 
assay was conducted to evaluate the cell invasiveness after transfection. Data were from three independent experiments and were Mean ± SD. values. **P < 0.01 
compared to cells transfected with vector, ##P < 0.01 compared to cells transfected with ZFR. Scale bar represents 100 μm.
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Figure 7. The effect of sHRNA ZFR on the tumor growth in vivo. A. MTT analysis of ZFR down-expression or over-expressing H1975 cells. B. Mean number of tumor 
spheres ± SD in ZFR-shRNA versus control (upper panel) and ZFR-OE versus vector-control H1975 NSCLC variants (low panel). Results were representative of three 
independent experiments. **P < 0.01 compared to cells transfected with control cell. C. Immunoblot analysis of phosphorylated (p) and total PI3K, AKT, mTOR, and 
S6 in ZFR-shRNA versus control (upper panel) and ZFR-OE versus vector-control H1975 NSCLC variants (low panel). D. Tumor growth kinetics (mean ± SD) of ZFR-
shRNA versus control H1975 NSCLCs in nude mice (n = 6 each). E. ZFR mRNA and protein expression (mean ± SD) determined by qRT-PCR and western blotting 
(upper panel). Representative immunohistochemical images of ZFR protein expression of H1975 NSCLCs harvested 21 days post inoculation of ZFR-shRNA versus 
control H1975 NSCLC cells to nude mice, respectively. Size bars, 50 μm. F. Tumor growth kinetics (mean ± SD) of ZFR-OE versus vector control H1975 NSCLCs in 
mice (n = 6 each). G. ZFR mRNA and protein expression (mean ± SD) determined by qRT-PCR and western blotting (upper panel). Representative immunohistochemi-
cal images of ZFR protein expression of H1975 NSCLCs harvested 21 days post inoculation o ZFR-OE- versus vector control-transduced H1975 NSCLC cells to nude 
mice, respectively. Size bars, 50 μm.
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phorylation of the mTOR effector molecule, S6, 
compared to that in control H1975 NSCLC cells 
(Figure 7C), indicating NSCLC-intrinsic, ZFR-
mediated induction of protumorigenic mTOR 
pathway activity. To determine the potential 
role of NSCLC-expressed ZFR in experimental 
tumor growth, we next characterized ZFR ex- 
pression in established NSCLC cell line growth 
in vitro and in vivo. ZFR shRNA and ZFR-OE 
H1975 NSCLC cells were inoculated subcuta-
neously into nude mice. Melanoma-specific 
ZFR shRNA and ZFR-OE resulted in decreased 
and increased H1975 NSCLC growth in nude 
mice, respectively, compared to that in the vec-
tor controls (Figure 7D and 7F). ZFR shRNA 
NSCLC grafts demonstrated diminished ZFR 
mRNA and protein expression, while ZFR-OE 
NSCLCs exhibited significantly enhanced ex- 
pression compared to that in control tumors at 
the experimental endpoint (Figure 7E and 7G). 
Together, these in vitro findings suggest lym-
phocyte-independent, cancer cell-intrinsic fun- 
ctions of NSCLC-expressed ZFR in tumor gro- 
wth.

Our results may provide a new therapeutic tar-
get that could improve NSCLC treatment.

ZFR is becoming increasingly recognized as a 
key player in malignant cancers [20]. It was 
recently shown that human pancreatic cancer 
tumor cells with elevated ZFR metastasize 
more efficiently than control cells. ZFR over-
expression plays an important role in malignant 
progression and metastasis in various cancer 
types [9]. In breast cancer, ECM proteomic 
analyses revealed up-regulation of ZFR in met-
astatic cancer cell lines and in tumor tissues. In 
addition, ZFR was up-regulated in numerous 
invasive tumors, including prostate, colorectal, 
breast, pancreatic, testicular, and oral squa-
mous cancers. This plays a role in cancer pro-
gression and malicious expansion [21]. ZFR is 
up-regulated by ERK signal transduction and 
develops covalent complexes with its protea- 
se substrate in the ECM following secretion. 
Overall, these investigations unravel the com-
plicated function of ZFR during tumorigenesis. 
Until now, no research described the role of 
ZFR in NSCLC metastasis. In the current study, 

Figure 8. Proposed model by which ZFR promotes NSCLC growth and tumor 
metastasis.

Discussion

Malignant NSCLC is the 
skin cancer with the high-
est risk of death because 
of its highly metastatic po- 
tential [18]. Both inciden- 
ce and mortality rate have 
continued to increase dur-
ing the recent years. Tumor 
metastasis is a systematic 
procedure that uses com-
plicated and optimally co- 
ordinated connections bet- 
ween a host microenviron-
ment and tumor cells [19]. 
However, there is currently 
no effective treatment for 
metastatic NSCLC, in part 
because of the complicat-
ed mechanism underlying 
its metastasis. In the pres-
ent study, we identified a 
novel role for ZFR in the 
metastasis of murine NS- 
CLC cells. We found that 
ZFR promotes the metasta-
sis of murine NSCLC cells in 
vitro and in vivo through the 
Notch1 signaling pathway. 
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we found that ZFR is a novel player involved in 
the metastasis of NSCLC cells. 

In this work, we first reported a novel role for 
ZFR in the metastasis of NSCLC cells. We found 
that the metastasis of H1975 murine NSCLC 
cells was significantly inhibited when ZFR was 
disrupted by insertional mutagenesis. Further 
investigations showed that gene silencing of 
ZFR significantly decreased metastasis of NS- 
CLC cells, as revealed by wound healing and 
migration assays, and that this effect is speci- 
fic to skin cancer cells. In contrast, the over-
expression of ZFR in H1975 NSCLC cells greatly 
enhanced the migration of these cells. Most 
convincingly, ZFR silencing markedly impaired 
lung metastasis of murine NSCLC B16F10 cells 
in vivo. The underlying molecular mechanism 
for ZFR-regulated NSCLC metastasis was iden-
tified as being associated to the Notch1 signal-
ing pathway. Our results showed that over-
expression of ZFR in H1975 murine NSCLC 
cells induced up-regulation of Notch1 levels, 
and ZFR silencing led to reduced Notch1 ex- 
pression. Furthermore, restoration of Notch1 
expression by an active form of Notch1 could 
rescue the impaired migration of H1975 cells 
induced by ZFR silencing. In the presence of 
FLI-06, a specific inhibitor of the Notch signal-
ing pathway, cell migration and invasion pro-
moted by ZFR over-expression were significant-
ly inhibited, as revealed by the Transwell migra-
tion and invasion assay. Owing to its important 
role in the metastasis of NSCLC H1975 cells, 
ZFR may serve as an attractive target for can-
cer therapy. In future studies, it would be worth-
while to elucidate the precise role of ZFR in the 
regulation of Notch1 signaling that mediates 
metastasis in NSCLC cells (Figure 8).
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Supplementary materials

Quantitative real-time PCR

Total RNA (0.5 μg) was isolated from cultured cells using TRIzol reagent (Invitrogen, USA). First-strand 
cDNA was synthesized with 1 μg total RNA using a PrimeScript RT reagent kit (TakaraBio, Japan). 
Quantitative real-time PCR was performed using iQTM SYBR® Green Supermix and the iQ5 real-time 
detection system (Bio-Rad Laboratories, CA). The comparative cycle threshold (Ct) method was applied 
to quantify the expression levels through calculating the 2(-∆∆Ct) method. The primer pairs used for 
PCR were as follows (sense and antisense, respectively): GAPDH (forward, 5’-GGAGCGAGATCCCTC- 
CAAAAT-3’; reverse, 5’-GGCTGTTGTCATACTTCTCATGG-3’) was used as an internal control; ZFR (forward, 
5’-TGGTGATGAGATACGGCGTAA-3’; reverse, 5’-GTTAGCCACTGTCACAATGTCTT-3’). cDNAs amplification 
and relative expression values were obtained from three independent experiments.

MMP-2/9 activity assay

The activity of MMP-2/9 was determined by QuickZyme Mouse MMP-2/9 activity assay (QucikZy- 
meBioSciences, Netherlands) according to the manufacturer’s instructions. Briefly, after transfection 
for 48 h, cells were washed with fresh medium and replaced with serum-free medium. After additional 
24 h, the medium was collected and centrifuged at 10,000 g for 10 min. Respective supernatant was 
added to the 96-well strip coated with MMP-2/9 antibody and incubated at 4°C overnight. After washing 
with wash buffer for 4 times, 50 µl assay buffer was added into the well, followed by adding 50 µl detec-
tion reagent. After incubation at 37°C for 1 h, OD405 was measured with Tecan (Männedorf, Switzerland).

Supplementary Figure 1. qRT-PCR was performed to evaluate the mRNA level of ZFR in indicated H1975 cells. His-
tograms reporting the levels of ZFR mRNA (normalized to the GAPDH mRNA) as assessed in indicated cancer cell 
lines. Mean ± SD of three independent experiments. For indicated comparisons, **P < 0.01.
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Supplementary Figure 4. Immunoblot validates Notch1 depletion in H1975 48 h after transfection with the indi-
cated siRNAs.

Supplementary Figure 2. H1975 cells were transfected with either control scramble or ZFR targeted shRNA. Activity 
of MMP-2/9 in indicated cells was determined by MMP-2/9 activity assay. Data are from three independent experi-
ments and are average ± SD. values. **P < 0.01, compared to control cells.

Supplementary Figure 3. ZFR was cloned into vector and transfected into H1975 cells. Activity of MMP-2/9 in 
control and ZFR-overexpression cells was determined by MMP-2/9 activity assay. Data are from three independent 
experiments and are average ± SD. values. **P < 0.01, compared to control cells.


