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NOVA1 promotes NSCLC proliferation 2

and invasion by activating Wnt/B-catenin
signaling
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Abstract

Background: Neuro-oncological ventral antigen 1 (NOVA1) is a neuron-specific RNA-binding protein which regulates
alternative splicing in the developing nervous system. Recent research has found that NOVAT1 plays a significant role
in carcinogenesis. In this paper, we examine the role of NOVA1 in non-small cell lung cancer (NSCLC) and its underly-
ing molecular mechanisms.

Methods: The expression of NOVAT in NSCLC was detected by immunohistochemistry and correlations between
NOVAT1 expression and clinicopathological factors were analyzed by chi-square tests. Kaplan—Meier survival analysis
and the Cox regression model were used to evaluate the predictive effect of prognostic factors. Western blotting, Cell
Counting Kit-8, colony formation, apoptosis, migration and invasion assays were used to detect the effects of silenc-
ing (s)NOVA1 RNA on Wnt/B-catenin signaling and biological behavior in NSCLC cell lines.

Results: Our study showed that expression of NOVAT was up-regulated and significantly correlated with poor dif-
ferentiation (p=0.020), advanced TNM stage (P=0.001), T stage (P=0.001) and lymph node metastasis (P=0.000)
as well as the expression of B-catenin (P=0.012) in NSCLC. The down-regulation of NSCLC by siRNA significantly
inhibited proliferation, migration and invasion and promoted apoptosis in NSCLC cells. Expression of Wnt signaling
molecules, including 3-catenin, activated 3-catenin, cyclin D1, matrix metalloproteinase (MMP)-2 and MMP-7, was
also significantly reduced by siNOVAT. The inhibition of Wnt/B-catenin signaling in A549 and H1299 cells by siNOVA1
was reversed after treatment with a 3-catenin expression plasmid.

Conclusion: The present study suggests that NOVAT may serve as a potential prognosis biomarker in NSCLC. High
NOVAT1 expression was associated with poor survival rate. Finally, in vitro experiments verified that NOVA1 promotes
NSCLC cell proliferation and invasion by regulating Wnt/{3-catenin signaling.
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Background

Lung cancer is one of the cancers with the highest inci-

dence and represents a leading cause of cancer-related

deaths worldwide [1]. Although many efforts have been

made to study its pathogenesis and treatment, the over-
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of new biomarkers and therapeutic agents is urgently
needed [3].

Neuro-oncological ventral antigen (Nova) was first
identified as an antigen in a rare neurological disor-
der [4]. It functions as a sequence-specific RNA bind-
ing protein in the brain and contains a YCAY motif
(where Y represents either U or C) [5]. Nova was also
the first mammalian tissue-specific splicing factor to
be identified [6]. The Nova family consists of NOVA1
and Nova2 subtypes. Previous research revealed that
there are~700 NOVA1l/Nova2 alternatively spliced
exons [7]. NOVAL is a brain-specific splicing factor
predominantly expressed in the ventral spinal cord
and midbrain [8]. In addition to its neuronal functions,
NOVAL has other biological roles. Increasing evidence
has demonstrated that NOVAL is involved in numerous
pathological processes including cancer. Overexpres-
sion of NOVA1 was associated with lower survival rate
and increased recurrence in hepatocellular carcinoma
patients [9]. Up-regulation of NOVA1 may also play a
role in the development of natural killer cell and T-cell
lymphomas [10]. It is a candidate biomarker predict-
ing poor prognosis of gastric cancer patients [11]. High
levels of NOVA1 were also associated with poor sur-
vival outcomes in astrocytoma [12]. Previous research
found that NOVA1 knockdown reduces lung cancer
cell growth phenotypes [13]. However, the relation-
ship between NOVA1 expression and clinicopathologi-
cal features of patients and the underlying molecular
mechanisms need to be explored.

The Wnt signaling pathway is essential for both nor-
mal embryonic development and cell differentiation
[14]. B-catenin acts as a transcriptional activator of the
Wnt signaling pathway. The dephosphorylated form
of B-catenin is activated and contributes to aberrant
nuclear overexpression of the pathway [15]. Previous
studies revealed that aberrant [-catenin expression
was an independent prognostic marker of non-small
cell lung cancer (NSCLC) [16]. As a member of a novel
family of RNA-binding proteins, we hypothesize that
NOVAL may play a role in regulating the expression
and phosphorylation of -catenin and thereby impact
tumor progression of NSCLC.

In this study, we first examined the expression of
NOVAL in NSCLC tissues and analyzed its correla-
tion with clinicopathological factors. Subsequently, we
explored the impacts of NOVA1 on cell proliferation,
apoptosis, migration and invasion after NOVA1 RNA
interference. Finally, we demonstrated that NOVA1
regulates the proliferative and invasive abilities of
NSCLC cells by promoting activation of the Wnt/p-
catenin signaling pathway.
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Methods

Immunohistochemistry

Paired cancer and adjacent noncancer paraffin tissue
sections used for IHC staining were purchased from
Outdo Biotech Co., Ltd. (Shanghai, China). The non-
biotin amplification complex method (EliVision™ Super,
Maixin, Fuzhou, China) was used for immunohistochem-
ical staining. The sections were deparaffinized in xylene
and rehydrated in graded alcohols. Antigen retrieval was
performed using heat-mediated antigen retrieval in Tris—
EDTA pH 9.0 for 30 min. Endogenous peroxidase activity
was blocked using 0.3% H,O, for 10 min at room temper-
ature, followed by incubation with normal goat serum to
reduce non-specific binding. The sections were incubated
with anti-NOVAL rabbit polyclonal antibody (ab183024),
anti-pB-catenin(ab32572) (1:150; Abcam, Cambridge,
MA, USA) at 4 °C overnight, then allowed to return to
room temperature for 30 min. The Elivision"~ Super HRP
(Mouse/Rabbit) IHC Kit was used. Visualization was per-
formed using DAB-2031 (MaiXin). A semi-quantitative
scoring system was used to evaluate NOVAL1 staining
intensity. Nuclear staining was scored as 0 (no staining),
1 (weak), 2 (moderate) or 3 (strong). Percentage scores
for the number of cell nuclei stained were assigned as 1
(1-10%), 2 (10-50%) and 3 (51-100%). The scores from
each tumor sample were multiplied to give a final score of
9, and the tumors were categorized based on their scores,
with<3 and>3, indicating low and high expression,
respectively. The percentage scores of [-catenin were
assigned as 1(0-25% of tumor cells,2(25-75% of tumor
cells)and 3(more than 75% of the tumor cells. The inten-
sity of B-catenin in every single case was categorized 1, 2,
or 3 (weak, moderate, or strong). The total immunostain-
ing score from each tumor sample were multiplied to
give a final score of 9. This score was subdivided into low
expression (<4),and high expression (> 4).

Cell culture and transfection

The normal human bronchial epithelial cell line HBE
and the human lung cancer cell lines H1650 and H827
were maintained in RPMI-1640 medium with 10% fetal
bovine serum (FBS; Biological Industries, Kibbutz Beit-
Haemek, Israel). A549 and H1299 cell lines were main-
tained in DMEM/Ham’s F12 medium 1:1 (Biological
Industries, Xiaopeng, Shanghai) with 10% FBS. PC12
cell lines were maintained in DMEM medium with 10%
FBS. All cells were cultured in a 37 °C incubator with
a humidified atmosphere containing 5% CO,. The cells
were grown in sterile T25 cell culture flasks (Corning,
Corning, NY, USA) and were passaged every 2—-3 days
using 0.25% trypsin (Biological Industries) when 90%
cell density was reached. For transfections, cells were
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seeded in a 6-well plate 24 h before the experiment.
The pCMV6 plasmid vector (PS100001), pCMV6-f3-
catenin plasmid, (RC208947), siRNA negative control
(NC) (SR30004) and siNOVAIl#1 (SR303213) were
all purchased from Origene (Rockville, MD, USA).
siNOVA1#2 was synthesized by GenePharma Co.
(Shanghai, China). The plasmids or siRNAs were trans-
fected into cells using Lipofectamine 3000 (Invitrogen,
Carlsbad, CA, USA), according to the manufacturer’s
instructions. After transfection, cells were incubated
for 48 h before further testing.

Western blotting
Western blotting was performed as described previ-
ously [17].Total protein from cell lines was extracted and
denatured in lysis buffer (Cat. 78,510, Thermo Fisher Sci-
entific, Waltham, MA, USA), then SDS-PAGE protein
loading buffer was added. Samples were analyzed using
SDS-PAGE and then transferred to a PVDF membrane
(Millipore, Billerica, MA, USA). After blocking in 5%
non-fat milk, the membranes were incubated overnight
at 4 °C. The antibodies used were as follows: NOVA1
(ab183024, 1:1000; Abcam, Cambridge, MA, USA),
B-catenin (393,501, 1:100; Santa Cruz Biotechnology,
Dallas, TX, USA), active 3-catenin (8814) and E-cadherin
(3915S, both 1:500; Cell Signaling Technology, Dan-
vers, MA, USA), cyclin Bl (4135S), cyclin D1 (2978S),
matrix metalloproteinase (MMP)2 (40994S) and MMP-7
(3801S) all diluted 1:1000; Cell Signaling Technology),
and GAPDH (AF7021, 1:3000; Affinity Biosciences, Bei-
jing, China). After primary antibody incubation, the
membranes were further incubated with secondary anti-
body anti-HRP-rabbit IgG (1:5000; Multi Sciences Bio-
tech, Hangzhou, China) at 37 °C for 1 h. Protein bands
were visualized with an ECL detection system (Bio-Rad,
Hercules, CA, USA. Relative density was quantified using
Image Lab" software (Bio-Rad). In order to reduce the
operation error, the blots cut prior to hybridisation with
antibodies or prior to chemoluminescence.

The images of replicate blots performed or fuller-
length, original, unprocessed blot performed were pro-
vided in supplementary material.

RNA isolation and Real-time PCR

Total RNA was isolated according to the manufacturer’s
instructions using TRIzol reagent (Invitrogen). Real-time
PCR was performed using SoFast’ EvaGreen® Super-
mix (Bio-Rad) in a total volume of 20 pl on the Light
Cycler®480 II (Roche) as follows: 95 °C for 30 s, followed
by 40 cycles of 95 °C for 5 s and 60 °C for 20 s. The primer
sequences are listed in Table 1.

Page 3 of 13

Table 1 Primer sequences of gRT-PCR

Genes Primer sequences

NOVA1-F AGGACCAATACGGGCGAAGACG
NOVA1-R CACTCGCTCAGTAGTACCTGG
B-catenin-F AAAGCGGCTGTTAGTCACTGG
[3-catenin-R CGAGTCATTGCATACTGTCCAT
GAPDH-F ACAACTTTGGTATCGTGGAAGG
GAPDH -R GCCATCACGCCACAGTTTC

Cell apoptosis experiments

After transfection with siRNA for 48 h, the A549 and
H1299 cells were collected and washed with phosphate-
buffered saline twice.

The washed cells were stained using an Annexin
V-FITC and PI Apoptosis Detection Kit (Multi Sciences
Biotech) according to the manufacturer’s instructions.
Apoptosis was analyzed by flow cytometry using Flow
Cytometer (BD C6 Plus)and the percentage of cell apop-
tosis was analyzed using BD Accuri' software.

Cell Counting Kit-8 (CCK-8) assays

Cells were plated 24 h post-transfection in 96-well plates.
After 48 h of treatment, 10 ul of Cell Counting Kit-8®
solution (Dojindo, Kumamoto, Japan) was added and
incubated at 37 °C and 5% CO?2 for 2 h. The absorbance
was taken at 450 nm using a photospectrometer (Thermo
Fisher Scientific, Waltham, MA, USA).

Matrigel invasion assay

We used Matrigel (BD Biosciences, San Jose, CA, USA)
and 24-well Transwell chambers with a pore size of 8 mm
(Costar, Cambridge, MA, USA) to assess the invasive
ability of transfected cells according to the manufactur-
ers’ instructions. DMEM/Ham’s F12 medium (1:1; Bio-
logical Industries) in a volume of 700 pl with 15% serum
was added to the lower chamber. Cells were trypsinized
in 100 pl of serum-free medium and 2 x 10°cells were
transferred to the upper chamber after transfection for
48 h. The cells located on the lower surfaces of the mem-
brane were fixed with 4% paraformaldehyde and then
stained with 0.1% crystal violet (Solarbio, Beijing, China).
Cells were counted in ten randomly selected high-power
fields under the microscope.

Colony formation assay

Colony formation assays were performed to examine the
biological effect of Noval on tumor cell survival. Cells
transfected with siNC or siNoval were plated in six-well
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plates at a density of 1 x 10° cells/well. Cell colonies were
photographed and counted after staining with crystal
violet 14 days after plating.

Wound healing assay

After transfection for 48 h, A549 and H1299 cells were
seeded in 6-well plates until confluence reached 90%.
A sterile 200-uL pipette tip was used to make a sin-
gle scratch across the well surface. The cells were then
cultured with serum-free medium and the plates were
photographed by a digital camera under an inverted
microscope (Nikon, Tokyo, Japan) at the same position at
0 and 24 h. Image-Pro Plus 6.0 software (Media Cyber-
netics, Inc., Silver Springs, MD, USA) was used for quan-
titative analysis.

Statistical analysis

All statistical analyses were performed using SPSS 26.0
software (IBM, Armonk, NY, USA). The Chi-square-
test was used to examine possible correlations between
NOVA1 expression and clinicopathological factors.
Kaplan—Meier survival analysis was used to evaluate
the prognostic value of NOVA1l. A Cox-proportional
risk regression model was employed to test the mixed
effect of variables for those most closely correlated with
the expression levels of NOVA1. Other results were
analyzed using Student’s ¢-test. P<0.05 was considered
a statistically significant result. Data are shown as the
means =+ standard deviation (SD).

Results

NOVAT1 expression was correlated with clinical features
and prognosis in NSCLC

We analyzed the expression of NOVAL in 145 NSCLC
specimens and 30 adjacent normal lung tissue speci-
mens. NOVA1 was mainly expressed in the nuclei of can-
cer cells. In corresponding normal lung tissues, NOVA1
was neither expressed in alveolar cells (Fig. 1A) nor in
21 cases (70.00%) of bronchial epithelial cells (Fig. 1B),
and only nine cases (27.00%) of normal bronchial epithe-
lial cells showed some expression of NOVAL1 (Fig. 1C).
In contrast, high expression of NOVA1 was observed in
51.03% of lung cancer tissues (74/145; Fig. 1D-I).

As listed in Table 2, expression of NOVA1l was not
related to age (p=0.597), gender (p=0.154) or histol-
ogy type of lung cancer (p=0.714). The high expression
of NOVAL1 correlated significantly with poor differen-
tiation (p=0.020), advanced TNM stage (P=0.001), T
stage (P=0.001) and lymph node metastasis (P=0.000)
of lung cancer. Analysis of Kaplan—Meier survival curves
showed that the median survival time of patients with
positive NOVA1 expression (32.86242.991 months)
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was significantly shorter than in those without NOVA1
expression (74.737 +5.898 months, P=0.000; Fig. 1]).

A total of eight variables including age, gender, histol-
ogy type, differentiation, TNM stage, T stage, lymph
node metastasis and NOVA1 were included in multi-
ple regression analysis. The results demonstrated that
advanced TNM stage (p = 0.022), high T stage expression
(p = 0.002) and high NOVA1 expression (p = 0.004) were
independent predictors of reduced survival (Table 3).

We also examined the relation between the NOVA1
protein expression and [-catenin status in NSCLC.
We found that [B-catenin was expressed in the cell
membrane and cytoplasmic. A significant correlation
between NOVA1 and f-catenin was observed (p = 0.012)
(Fig. 2 and Table 2)

NOVA1 promoted proliferation and inhibited apoptosis

in NSCLC cells

We first used the PC12 cell line as a positive control to
detect the specificity of NOVAI antibody (Fig. 3A). We
examined the expression of Noval in four lung cancer cell
lines and in a normal bronchial epithelial cell line (HBE).
We found that A549 and H1299 cells showed high Noval
expression, H1650 and H827 cells showed lower Noval
expression, and the HBE cell line showed no expression
of Noval (Fig. 3B). We down-regulated the expression
of Noval by transfecting Noval silencing (si)RNA into
A549 and H1299 cells. Compared with the same cells
transfected with negative control siRNA (siNC), the
siNoval groups had significantly lower mRNA and pro-
tein expression levels of Noval (Fig. 3C-D). The results of
Cell Counting Kit-8 and colony formation assays revealed
that down-regulation of Noval produced a remarkable
inhibition in the proliferation rate of cancer cells (Fig. 3E-
F). Flow cytometry analysis indicated that knockdown of
Noval also significantly enhanced the apoptosis rate of
A549 and H1299 cell lines (Fig. 3G).

NOVA1 promoted migration and invasion in NSCLC Cells
Cell migration ability was detected by wound healing
assays. Compared with the controls, NOVA1 siRNA sig-
nificantly inhibited wound healing of A549 and H1299
cells (Fig. 4A). Similarly, using a Transwell Matrigel assay,
we also observed that the knockdown of NOVAL signifi-
cantly inhibited cell invasive capacity compared to the
NC groups of A549 and H1299 cells (Fig. 4B).

NOVA1 promoted activation of the Wnt/f-catenin

signaling pathway

To elucidate the underlying mechanism by which
NOVA1 promoted the proliferation and invasion of
NSCLC cells, we investigated the effects of NOVAl
on the expression of key proteins in the Wnt signaling
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Fig.1 Positive NOVA1 expression correlated with clinical significance and malignant prognosis of NSCLC. A Negative expression of NOVAT in
normal alveolar cells. B Negative expression of NOVAT1 in normal bronchial epithelium. C Weak positive expression of NOVA1 in normal bronchial
epithelium. D Negative expression of NOVA1 in lung squamous cell carcinoma. E Weak positive expression of NOVA1 in lung squamous cell
carcinoma. F Strong positive expression of NOVA1 in lung squamous cell carcinoma. G Negative expression of NOVAT in lung adenocarcinoma.
H Weak positive expression of NOVA1 in lung adenocarcinoma. I Strong positive expression of NOVA1 in lung adenocarcinoma. J Kaplan-Meier
survival curves of patients with or without NOVAT1 expression
. J

pathway. Western blotting analysis revealed that knock-
down of NOVA1 significantly down-regulated the
expression of P-catenin, a key molecule in the Wnt
pathway. Concomitantly, the expression levels of tar-
get genes of the Wnt signaling pathway, such as matrix
metalloproteinase (MMP)-2, MMP-7 and cyclin D1
were also significantly reduced (p <0.05). However, the

expression levels of cyclin B and E-cadherin were not
markedly changed (Fig. 5).

Overexpression of B-catenin reversed the effect of NOVA1
knockdown in NSCLC cells

To further confirm whether NOVA1 regulation of cell
proliferation and invasion were mediated via the activity



Qu etal. BMC Cancer  (2022) 22:1091 Page 6 of 13
Table 2 Correlations between NOVAT expression and clinicopathological factors in lung cancers
N NOVAT1 Negative NOVAT1 Positive P-value
Age
<60 48 25 (52.1%)) 23 (47.9%)) 0.597
>060 97 46 (47 .4%) 51 (52.6%)
Gender
Male 100 45 (45.0%) 55(55.0%) 0.154
Female 45 26(57.8%) 19(42.2%)
Histological type
Adenocarcinoma 90 43(47.8%) 47(52.2%) 0.714
Squamous cell carcinoma 55 28(50.9%) 27(49.1%)
Differentiation
Well-moderate 108 59(54.6%) 49(45.4%) 0.020
Poor 37 12(32.4%) 25(67.6%)
TNM stages
I-1I 93 55(59.1%) 38(40.9%) 0.001
-V 52 16(30.8%) 36(69.2%)
T stage
T 24 19(79.2%) 5(20.8%) 0.001
T2-T4 121 52(43.0%) 69(57.0%)
Lymph node metastasis
Negative 76 49(64.5%) 27(35.5%) 0.000
Positive 69 22(31.9%) 47(68.1%)
[B-catenin status
Negative 43 28(65.1%) 15(34.9%) 0.012
Positive 102 43(42.2%) 59(57.8%)

Table 3 Multiple regression analysis of the relationship between
NOVAT and lung cancer

Variables P value OR (odds 959%Cl for OR
ratio) value
Lower  Upper

Age 0.137 1.018 0.994 1.043
Gender 0.235 1351 0.822 2219
Histological type 0.703 0.908 0.555 1.488
Differentiation 0423 0.820 0.505 1332
TNM stages 0.022 1.959 1.102 3484
T stage 0.002 4.070 1.691 9.793
Lymph node metastasis ~ 0.875 0.955 0.539 1.693
NOVA1 0.004 2.024 1.252 3.270

of B-catenin, we again knocked down NOVA1 and found
that the mRNA level of -catenin was down-regulated
after 48 h transfection with NOVA1 siRNA (Fig. 6A).
Also attenuated were activated P-catenin protein lev-
els and total B-catenin protein (Fig. 6B). Finally, we
employed a B-catenin expression plasmid to evaluate the
molecular effects of NOVA1 (Fig. 6C). Knockdown of
NOVAL1 inhibited proliferation; however, cotransfection

with siNOVAL1 and -catenin plasmids restored prolifera-
tive ability (Fig. 6D). Matrigel invasion assays also showed
that the inhibitory effects of siNOVAL1 on invasive capac-
ity were reversed by the B-catenin plasmid (Fig. 6E).

Discussion

NOVAL is a well-defined splicing factor responsible
for synapse formation [18], which regulates alternative
splicing in the developing nervous system [19]. Altered
NOVAL splicing activity is associated with neurologi-
cal disorders as well as cancer biology [9, 20]. Reports of
NOVA1 in NSCLC have been rare [13]; therefore, inves-
tigating the functions and underlying mechanisms of
NOVAL1 in NSCLC may help to provide novel therapeutic
targets.

Previous studies have found that high expression of
Noval is closely associated with poor survival in small
cell lung cancer patients and has served as a promising
predictive factor for prognosis in this disease [21]. In
the present study, we found that Nova 1 is expressed
in the nucleus, which is consistent with previous stud-
ies of astrocytoma, head and neck squamous cell car-
cinoma [12, 22], but is not consistent with studies in
liver cancer and melanoma [9, 23], in which NOVA1
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Fig. 2 Immunohistochemical staining for NOVA1 and 3-catenin in two representative NSCLC samples. A Strong expression of NOVAT. B Strong
expression of B-catenin. C Weak expression of NOVA1. D Weak expression of 3-catenin

was only detected in the cytoplasm of liver cancer and
melanoma cells. This may mean that NOVA1 has differ-
ent mechanisms in diverse types of cancer.

We also demonstrated that the expression of NOVA1 was
significantly increased in NSCLC tissues compared to nor-
mal lung tissues, and that it was correlated with the poor
differentiation, TNM stage, T stage and lymph node metas-
tasis of NSCLC. Through univariate analysis, we found
that NSCLC patients with high expression of NOVA1l
had shorter survival times compared to patients with
low expression. COX regression analysis of intratumoral
NOVAL found that NOVA1 was an independent prog-
nostic factor for NSCLC. In addition, we also found that
advanced TNM stage and T stage were both strong risk fac-
tors for shorter survival time of lung cancer patients. The
survival analysis in the present study is consistent with pre-
vious studies of SCLC as well as hepatocellular carcinoma
and colorectal cancer, which identified NOVA1 expression
as associated with unfavorable clinical outcome in both dis-
eases [9, 21, 24]. To the best of our knowledge, this is the
first report concerning the expression pattern and clinical
significance of NOVA1 in NSCLC.

Next, we investigated the functional role of NOVA1
in NSCLC cell lines. First, our data showed that NOVA1

was highly expressed in four NSCLC cell lines, but no
expression of NOVA1l was detected in HBE cells. By
transfecting with NOVAL1 siRNA, we found that NOVA1
knockdown suppressed the proliferation, migration and
invasion of NSCLC cells and promoted their apoptosis.
Recently, NOVA1 had been reported to serve as down-
stream target gene for a series of microRNAs and was
demonstrated to be responsible for the regulation of cel-
lular biological behavior in cancer [25-28]. The inhibi-
tory effect of microRNA miR-193a-5p on the PTEN/PI3k/
AKT pathway can be abrogated by NOVALI in glioblas-
toma [29]. In PC12 cells, NOVA1 was linked to resistance
to hypoxia-induced apoptosis via the Bax/Bcl-2/caspase-3
pathway [30]. NOVAL1 enhanced IL-6/JAK2/STAT3 sign-
aling in turn to up-regulate MMPs in colorectal can-
cer [24]. However, the pathway underlying the effect of
NOVAL in lung cancer requires further study.
Wnt/B-catenin signaling is critical in NSCLC, which
substantially impacts NSCLC tumorigenesis, prognosis
and resistance to therapy [31]. In the present study, we
showed that down-regulation of NOVA1 reduced the
expression and activation of B-catenin, as well as the
expression of Wnt target genes such as cyclin D1, MMP-2
and MMP-7. B-catenin is a pivotal target molecule

(See figure on next page.)

Fig. 3 NOVA1 promoted proliferation and inhibited apoptosis in NSCLC cells. A The expression of NOVA1 was detected by western blotting in

A549 and PC12 cells B The expression of NOVAT was detected by western blotting in human bronchial epithelial cell line (HBE) and NSCLC cell lines
(A549,H1299, H1650 and H827). C The mRNA levels of NOVAT in A549 and H1299 cells transfected with siRNA negative control(siNC) and siNOVATs,
**P<0.01. D The protein levels of NOVAT in A549 and H1299 cells transfected with siNC and siNOVATs. E Cell viability was detected in A549 and
H1299 cells transfected with siRNA negative control(siNC) and siNOVATs. F The images of the colony formation assay in A549 and H1299 cells with
or without siNOVA1s.The number of colonies formed by each group is shown in the histogram, **P <0 .01. G The apoptosis of A549 and H1299 cells
with or without sINOVATs were examined by flow cytometer, **P <0 .01; ***P <0 .001
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Fig.4 Altered NOVAT expression modulates the wound healing and invasion of NSCLC cells. A A549 and H1299 cells were transfected with or
without siNOVA1s and a wound healing assay was undertaken, **P<0.01. B The invasion of A549 and H1299 cells transfected with or without
SINOVATs, **P<0 .01
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Fig. 5 The expression of proteins relevant to Wnt signaling pathway in lung cancer cells after NOVA1 knockdown. Western blotting analysis for
NOVAT, MMP-2, MMP-7, Cyclin D1, Cyclin B, 3-catenin and E-cadherin in A549 and H1299 cells after transfecting with or without siNOVA1, GAPDH
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in the Wnt pathway. The active form of B-catenin is
dephosphorylated B-catenin, which can translocate to
the nucleus and stimulate the expression of Wnt target
molecules such as cyclin D1 and MMP-7. p-catenin-
positive patients have significantly shorter survivals than
[-catenin-negative patients in NSCLC [16, 32]. Overex-
pression of cyclin D1 has been observed in NSCLC and
was shown to be a key driver of malignant transformation
[33]. MMP-2 and MMP-7 belong to the family of matrix
metalloproteinases which plays crucial roles in NSCLC
by degrading various protein components of the extracel-
lular matrix [34]. Thus, NOVAL acts as an oncogene in
lung cancers by activating the Wnt signaling pathway.
Expression of NOVAL1 in lung cancer cells shifts human tel-
omerase (WTERT) splicing [13].It has been demonstrated that

NOVAL is a B-catenin RNA-binding protein that enhances
the stability of 3-catenin mRNA in breast cancer cells [35]. In
our study, we found that down-regulation of NOVA1 reduced
the expression of P-catenin mRNA. The expression of
[-catenin and activity of 3-catenin were both reduced, which
indicates that NOVA1 may decrease the activity of B-catenin
through a pre-transcriptional mechanism.

To confirm the relationship between NOVAI and
[-catenin, we employed a P-catenin expression plasmid. We
found siNOVAL inhibited the proliferation rate and inva-
sive capacity of lung cancer cells, which was reversed by the
[-catenin plasmid. These results further confirm the corre-
lation between NOVA1 and B-catenin in tissue. Therefore,
NOVALI may regulate the biological behavior of NSCLC by
activating the Wnt/(-catenin signaling pathway.

(See figure on next page.)

Fig. 6 Overexpression of 3-catenin can reverse the inhibitory effects of siNOVA1 in lung cancer cells. A The mRNA levels of 3-catenin in A549 and
H1299 cells transfected with siRNA negative siNC and siNOVA1#1, **P<0.01. B The protein levels of B-catenin and activity of 3-catenin in A549 and
H1299 cells transfected with siNC and siNOVAT1#1. C The protein levels of B-catenin in A549 and H1299 cells transfected with B-catenin plasmid. D
The growth curves of A549 and H1299 cells transfected with siNC, siNOVA1#1 and siNOVA1 + 3-catenin plasmid. E The invasion of A549 and H1299
cells transfected with siNC, sINOVAT#1 and siNOVA1 + 3-catenin plasmid, **P<0.01; ***P<0.001
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This study has some limitations that should be men-
tioned. There were no experiments to examine all of the
upstream and downstream proteins associated with cell
proliferation and invasion, as well as the signaling path-
ways associated with cell apoptosis and migration. Fur-
thermore, in vivo xenograft tumor experiments should
be utilized to verify the relationship between NOVA1
expression and cell biological behavior.

Conclusions

Taken together, our findings indicate that Noval is a
novel oncogene which is commonly up-regulated in
NSCLC. High Noval expression is associated with a
poor survival rate. In vitro experiments demonstrated
that NOVA1 promotes NSCLC cell proliferation and
invasion. Our study also suggested that the Wnt/p-
catenin signaling axis may play a crucial role in regulat-
ing NOVA1-induced malignant behavior of NSCLC cells.
These studies thus provide a new perspective on the role
of NOVAL1 proteins in cancer initiation and progres-
sion and shed light on the potential diagnostic value of
NOVAL in NSCLC.
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