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KEY WORDS Abstract Metastasis is crucial for the mortality of non-small cell lung carcinoma (NSCLC) patients.
The epithelial—mesenchymal transition (EMT) plays a critical role in regulating tumor metastasis.

Non-small cell lun, . . [N .. . .
ung Glioma-associated oncogene 1 (Glil) is aberrantly active in a series of tumor tissues. However, the mo-

Mectaar ;1;:?&’ lecular regulatory relationships between Glil and NSCLC metastasis have not yet been identified. Herein,
Epithelial—mesenchymal we reported Glil promoted NSCLC metastasis. High Glil expression was associated with poor survival

transition; of NSCLC patients. Ectopic expression of Glil in low metastatic A549 and NCI-H460 cells enhanced
Glioma-associated their migration, invasion abilities and facilitated EMT process, whereas knock-down of Glil in high met-

oncogene 1; astatic NCI-H1299 and NCI-H1703 cells showed an opposite effect. Notably, Glil overexpression accel-
Promote; erated the lung and liver metastasis of NSCLC in the intravenously injected metastasis model. Further
Snail; research showed that Glil positively regulated Snail expression by binding to its promoter and enhancing

Protein stability;
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GANT-61

its protein stability, thereby facilitating the migration, invasion and EMT of NSCLC. In addition, admin-

istration of GANT-61, a Glil inhibitor, obviously suppressed the metastasis of NSCLC. Collectively, our
study reveals that Glil is a critical regulator for NSCLC metastasis and suggests that targeting Glil is a
prospective therapy strategy for metastatic NSCLC.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Non-small cell lung cancer (NSCLC), including adenocarcinoma
(LUAC), lung squamous cell carcinoma (LUSC) and large cell car-
cinoma subtypes, is characteristic with high incidence and poor sur-
vival rate’. The overall survival of NSCLC patient was 10%—20% or
less, with a median survival of 8—10 months. Metastasis is the leading
cause for NSCLC-related mortality. Approximately 75% NSCLC
patients show evidences of local or distant metastasis, and only about
15% metastatic NSCLC patient survive for five or more years after
diagnosis. NSCLC can spread to local or distant organs, including
lung, liver, brain and bone, either individually or simultaneously>.
Most of NSCLC patients already have distant metastasis when they
were diagnosed, which severely increase the difficulty of therapy and
reduces patient survival. And the molecular mechanisms underlying
these processes remain largely unknown. Therefore, it is urgent to
reveal the underlying mechanism and identify effective therapeutic
targets or prognostic biomarkers for metastatic NSCLC*.

NSCLC metastasis is a complex multi-step cell biological
process that involves in serial cascade events, including acquisi-
tion of mesenchymal cells abilities, dissociation from the primary
tumor and intravasate the endothelium to turn into circulating
tumor cells, surviving circulating tumor cells extravasate into the
parenchyma, adhesion, and colonization at the target site™.
Growing evidences illustrate that epithelial—mesenchymal tran-
sition (EMT), a process during which epithelial cells lose their
apical-basal polarity and then adopt a mesenchymal phenotype,
plays a key role in tumor metastasis. EMT contributes to several
processes of tumor metastasis, including cancer cells shed from
the primary tumor, intravasate into and survive in circulation, and
extravasate into the distant organ’ °. EMT also involves in the
stemness and chemoresistance of many cancer cells'’. During
EMT, the level of epithelial markers (e.g., E-cadherin and ZO1)
was decreased, whereas the level of mesenchymal markers (e.g.,
Vimentin, N-cadherin and Fibronectin) was increased. High N-
cadherin, Vimentin and low E-cadherin level in tumor tissues
often predict poor overall survival of patient''. And reversing
EMT process using certain chemotherapeutic agents or genetic
deletion has been demonstrated to attenuate the process of
NSCLC metastasis. Snail is one of most important EMT-inducing
transcriptions factors, and has been demonstrated to activate EMT
process in multiple epithelial cancer cell lines and primary
tumor’'?. All these suggest that EMT is crucial for NSCLC
metastasis, although the precise mechanisms are still unclear' ™',

Hedgehog/Glioma-associated oncogene (Hh/Gli) signaling
pathway is frequently activated in several types of tumor tissues,
including breast cancer, colorectal carcinoma, gastric cancer and
osteosarcoma'”'”. Glil is a critical effector of Hh/Glil signaling
pathway and it initiates tumor progress by continuous trans-
activation of target gene such as Hh, Glil, protein patched

homolog 1 (PTCHI1), smoothened (SMO). Glil is aberrantly
active in many tumor tissues via upstream PTCH/SMO-dependent
(classical) or PTCH/SMO-independent (non-classical) signaling
pathway'®'?. Glil overexpression is associated with the self-
renewing phenotype of cancer stem cell, drug resistance and
aggressive behavior’’. Recently, several studies revealed that Hh/
Glil was critical for NSCLC tumorigenesis and maintenance. Glil
expression was increased in adenocarcinomas and squamous cell
carcinomas. And high Glil expression may associate with
aggressive behavior of lung cancer’'**>. Moreover, Glil expres-
sion in lung cancer tissues was thought to correlate with the
expression of EMT marker. However, the role of Glil in NSCLC
metastasis and the underlying mechanism remain unclear®.

In this study, we showed that Glil level was up-regulated in
NSCLC tissues and high Glil expression indicated poor overall
survival of NSCLC patients. Glil enhanced the invasion and
metastasis of NSCLC in vitro and in vivo. Mechanistically, we
found that Snail was crucial for Glil-mediated enhancement on
the invasion and EMT of NSCLC. And Glil positively regulated
Snail expression by binding to its promoter and enhancing its
protein stability. Furthermore, targeting Glil with GANT-61
significantly suppressed the metastasis of NSCLC. Taken
together, our study provides strong evidences that Glil is a
facilitator of NSCLC metastasis and illustrates the underlying
molecular mechanism. Our study suggests that Glil might be
developed into a potential therapeutic target for NSCLC
metastasis.

2. Material and methods
2.1. Reagents and antibodies

Glil antibody (AF3455) was purchased from R&D Systems Inc
(Minneapolis, MN, USA). EMT antibody sampler kit (#9782)
(including N-cadherin, Vimentin, Snail, E-cadherin, and ZO-1),
HRP-conjugated anti-rabbit IgG antibody (#7074), glycogen
synthase kinase 38 (GSK-38) antibody (#12456), and phospho-
GSK-38 (Ser9) antibody (#9336) were acquired from cell
signaling technology (Danvers, MA, USA). Alexa Fluor 594-
conjugated donkey anti-rabbit IgG (ab150064) and Alexa Fluor
488 donkey anti-rabbit IgG (ab150073) were obtained from
Abcam (Cambridge, UK). Lipofectamine 3000 and Opti-MEM
were products of Invitrogen (Thermo Fisher Scientific, Waltham,
MA, USA). ChIP PCR kit was a product of Merck Millipore
(Billerica, MA, USA). Dual luciferase reporter gene assay kit was
obtained from Promega (Madison, WI, USA). Wide type and
mutational Snail vector and siRNA were purchased from Qingke
biotech (Wuhan, China). GANT-61, cycloheximide (CHX),
MG132 and LiCl were obtained from Shanghai Pottery Biotech-
nology (Shanghai, China) and dissolved in dimethyl sulfoxide.
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Matrigel was obtained from BD Biosciences (Franklin Lakes, NJ,
USA). p-Luciferin was obtained from Yeasen (Shanghai, China).
Other agents were purchased from Sigma—Aldrich (St Louis, MO,
USA).

2.2.  Patient species and immunohistochemical (IHC) staining

All human NSCLC tissues were collected from patients who
were diagnosed as NSCLC in the Sixth Affiliated Hospital of
Guangzhou Medical University. The clinical specimens used in
this study were empowered by Institutional Review Board
accord with the principles of the Declaration of Helsinki. And
written informed consent was received from individual partici-
pants prior to sample collection. The paraffin-embedded tissue
microarrays, containing 90 pairs NSCLC/adjacent non-
carcinoma samples were constructed by Shanghai Xinchao
Biotech (Shanghai, China). IHC was performed according to a
standard protocol. Paraffin-embedded samples were sectioned at
4-um thickness and applied to standard protocol for deparaffi-
nization and rehydration. After antigens retrieval, the sections
were blocked by 1% bovine serum albumin and incubated with
Glil antibody (1:200) at 4 °C overnight. Subsequently, the
sections were washed with PBS and incubated with HRP-
conjugated secondary antibody, and then visualized by DAB
and counterstained by hematoxylin. Five representative fields of
a section were observed and captured with a Carl Zeiss fluor-
escence microscope. The expression of Glil level was scored
semiquantitatively using the immunoreactive score as previous
described™”.

2.3.  Cell lines and cell culture

Human NSCLC cell lines including NCI-H1299, NCI-H292, NCI-
H460, NCI-H1975, NCI-H1703, NCI-H358, NCI-H1650 and
A549, and HEK-293 T cells were obtained from American Type
Culture Collection. All the NSCLC cells were cultured in RPMI/
1640 medium (Gibco) supplemented with 10% fetal bovine serum
and maintained in humidified atmosphere at 37 °C with 5% CO,.
As for the HEK-293 T cells were cultured in DMEM (Gibco).
STR Multi-Amplification Kit was used to confirm that all cells
have no cross contamination with other cell lines.

2.4.  Establishment of Glil stably transfected cell lines

The Glil knock-down and overexpressing lentivirus were packaged
and purified by GenePharma (Suzhou, China). The cells were
transfected with lentiviral vectors including LV3-NC (control for
the over expression group), LV3-Glil-homo-3216 (Glil over-
expression), LV5 (control for the knock-down group) and Glil-
shRNA (Glil knockdown group) in the presence of polybrene
(10 pg/uL). After 48 h, cells were selected by puromycin (4 pg/mL)
for 7 days to acquire the Glil stably knock-down or overexpressing
cells. RT-qPCR assay and Western blotting assay were conducted to
confirm the gene silencing or overexpression. The targeting
sequence of Glil shRNA is 5-GCAGUAAAGCCUU-
CAGCAAUG-3'.

2.5. Wound healing assay
The NSCLC cells were seeded in 6-well plate at a density of

5 x 10° cells per well and cultured until it reached approximately
100% confluence. The cells were starved with serum-free RPMI/

1640 medium for 6 h, and then the wound was created across the
monolayer using 20 pL pipette tip. The cells were incubated for
another 24 h and cell migration was ascertained by photography at
the same filed. The cells migrated to the scraped area were
analyzed using Image-Pro Plus 6.0 software (Media Cybernetics,
Rockville, MD, USA).

2.6. Transwell migration and invasion assay

The Transwell migration and invasion assay were performed with
Transwell pore polycarbonate membrane insert (8 pm) with or
without Matrigel-coated invasion chambers, respectively. Briefly,
the cells were suspended in serum-free medium and seeded into the
upper chamber at the density of 2 x 10* cells/well, and the lower
chamber were filled with 600 pL fresh complete medium. After
incubating for 24 h, the cells that adhered to the lower surface were
fixed using paraformaldehyde. The migrated or invaded cells were
captured with a microscope and analyzed using Image-Pro Plus 6.0
software after being stained with 0.1% crystal violet.

2.7.  RNA extraction and quantitative real-time polymerase
chain reaction (RT-gPCR)

Total RNA Extraction Kit (Solarbio Science & Technology, Bei-
jing, China) was used to isolate total RNA in accordance with the
manufacturer’s protocol. Total RNA was reverse-transcribed into
complementary DNA (cDNA) using SuperScript VILO cDNA
Synthesis Kit (Invitrogen). The reaction solution contains primers,
TB Green Premix Ex Taq II (TaKaRa, Japan) and cDNA tem-
plates. The qPCR analysis was conducted with LightCycler 480
Real-Time PCR System (Roche, Swiss). The conditions of cycling
parameters were as follow: 45 cycles of 95 °C for 10 s, 60 °C for
20 s and 72 °C for 20 s.

All genes were analyzed in triplicate, and relative expression
was normalized to house-keeping gene GAPDH. The primers used
in RT-gPCR assay are showed in Supporting Information Table S1.

2.8.  Immunofluorescence assay

For immunofluorescence assay, the cells grown on the 15-mm
cover glass were fixed with 4% paraformaldehyde for 30 min at
room temperature, permeabilized with Triton X-100 for 5 min and
then blocked with 5% bovine serum albumin for 1 h. After that,
the cells were incubated with the primary antibody overnight at
4 °C. The proteins were visualized by incubating with secondary
antibody conjugated to Alexa Fluor 594 for 1 h at room temper-
ature. The nuclear was recognized with DAPI staining. The im-
ages were captured with LSM 880 laser scanning confocal
microscope (Zeiss, Oberkochen, Germany). And the quantitative
analysis of immunofluorescence was using Image-Pro-Plus 6.0.

2.9.  Western blotting assay

The cells were harvested and lysed using ice-cold RIPA buffer
containing protease (BD Biosciences). BCA Protein Assay Kit
(Beyotime) was applied to detect protein concentration, and equal
amounts (40 pg) of protein were separated through SDS-PAGE and
transferred onto polyvinylidene difluoride membranes. And then the
blots were visualized through immunoblotting with indicated anti-
bodies. The membranes were probed with primary antibody over-
night at 4 °C and incubated with HRP-labeled secondary antibody
1 h at room temperature, and then visualized ECL
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chemiluminescence system (Bio-Rad). Finally, the blots were
scanned and analyzed using Amersham Imager 600 (GE, Boston,
USA).

2.10.  Snail protein half-life assay

To estimate the half-life of Snail protein in different cells, CHX
pulse-chase experiments were conducted as previously
described”. In brief, the cells were seeded at 6-well plates and
cultured overnight. The cells were treated with 2 pmol/L. CHX for
0,0.5, 1, 2, 4 and 6 h. After that, the cells were collected and lysed
using ice-cold RIPA buffer and Western blotting assay was con-
ducted to detect Snail expression. Quantitative data based on
densitometry was acquired using Image-Pro Plus 6.0 software
(NIH, NY, USA).

2.11. In vivo metastasis assay

Five-week-old Male BABL/c (nu/nu) mice were obtained from
Hua Fukang Experimental Animal Center (Beijing, China). All the
experiments involved in animals were performed according to the
Laboratory Animal Ethics Committee of Guangzhou Medical
University. The cells were collected and suspended in ice-cold
PBS. And the cells were injected into the tail with 4 x 10° cells
each mice. Metastatic lesions were monitored with biolumines-
cence imaging at sixth week. Briefly, the mice were anaesthetized
with pentobarbital sodium and intraperitoneally injected with 150
mg/kg p-luciferin. The bioluminescence was captured using an
IVIS Lumina XRMS Series III (PerkinElmer, Alameda, CA, USA)
and analyzed using Living Image Software 4.3.1. And then the
mice were sacrificed and the lung and liver were harvested for
further H&E assay. As for the anti-metastatic effect of GANT-61
in vivo, NCI-H1299"" cells were injected into the tail veins of
mice with 4 x 10° cells per mice. 15 days later, the mice were
intraperitoneal injected with 50 mg/kg GANT-61 every two days
for totally 30 days. And then the mice (10 mice in each group)
were subjected to the bioluminescence assay.

2.12.  Transient transfection of plasmid and small interfering
RNA (siRNA)

The plasmid and siRNA duplexes of Snail were supplied by
Qingke Biotechnology (Beijing, China). Cells were seeded into
6-well plate and grown to 50%—60% confluence, and then the
cells were transfected with the plasmid and siRNA using Lip-
ofectamine 3000 following the standard procedure. And the
transfection efficacy was determined with RT-qPCR and Western
blotting assay after indicated time. The targeting sequences of
Snail siRNA is 5'-CCCACUCAGAUGUCAAGAA-3'.

2.13.  Luciferase reporter assay

The HEK-293 T cells were seeded in 24-well plates and cultured
overnight, and then the cells were transfected with pGL3-Snail-
promoter” '-Luc, pGL3-Snail-promoter™"!-Luc, and pGL3-Snail-
promoter™*?-Luc using Lipofectamine 3000, respectively. And
Renilla luciferase promoter was transfected at the same time.
After 48 h, the firefly and Renilla luciferase activities were
analyzed with dual-luciferase assay kit following with the stan-
dard procedure. Firefly luciferase was normalized to the internal
Renilla luciferase control to investigate the reporter translation
efficiency.

2.14.  Chromatin immunoprecipitation (ChIP) assay

The ChIP assay was performed as previous described with some
adaption”®. Briefly, the cells were cross-linked with 1% formal-
dehyde solution and glycine solution was used to terminate the
reaction. The cells were collected and lysed, and nucleoprotein
complexs were sonicated for 10 cycles (1 cycle; 10 s on, 30 s off)
using a sonicate conductor at an intensity of 200 W. Then, the
anti-Glil and anti-IgG were coupled with Dynabeads protein A/G
at 4 °C for 1 h, and then added and incubated with the complexes
overnight at 4 °C. After that, Protein A/G magnetic beads were
added to precipitate the indicated fragments for another 4 h at
4 °C. After that, indicated DNA was purified with DNA purifi-
cation magnetic beads and eluted with DNA elution buffer.
Semiquantitative PCR was conducted to recognize the region
interacting with the Glil specific primers listed in Supporting
Information Table S2. The amount of immunoprecipitated DNA
was normalized to the input.

2.15.  Statistical analysis

Data are presented as mean + standard deviation (SD) of three
independent experiments and statistical analyses were conducted
with GraphPad Prism 7 (GraphPad, San Diego, CA, USA). Un-
paired student’s ¢ test was used to determine statistical significance
between two groups, and one-way analysis of variance (ANOVA)
was used to evaluate statistical significance among three or more
groups. P < 0.05 was considered to indicate statistical signifi-
cance. The correlation between Glil and Snail expression in tumor
tissues was analyzed by Pearson’s correlation coefficients.

3. Results

3.1.  High-level of Glil expression in NSCLC tissues is
associated with metastasis and poor survival

To gain insight into the role of Glil in NSCLC, we first detected
Glil level in paraffin-embedded tissue microarrays containing 90-
paired normal lung tissues and NSCLC tissues using immunohis-
tochemistry (IHC) assay. The results show that Glil level was
obviously higher in tumor tissues than the pair-matched normal
tissues (Fig. 1A and B and Supporting Information Fig. S1). Glil
overexpression was further confirmed in representative 16-paired
NSCLC tissues and normal tissues using RT-qPCR assay. And
Glil mRNA was significantly increased in tumor tissues than the
adjacent lung tissues (Fig. 1C). We further analyzed the relationship
between Glil level and clinical parameters of NSCLC patients. We
did not observe any significant difference in Glil expression based
on sex or age. And Glil expression was significantly positively
correlated with T stage and TNM stage of NSCLC patient (Fig. 1D
and Supporting Information Table S3). Kaplan—Meier analysis
indicated that patient with high Glil level showed a shorter overall
survival than those with low Glil expression (Fig. 1E). GEPIA
database showed that Glil was up-regulated in the tumor tissues of
LUSC patients. And LUAD patients with high Glil level had a poor
prognosis (Fig. 1F and G). We also detected Glil expression in a
series of NSCLC cell lines by Western blotting assay, and then
investigated their migration abilities using Transwell migration
assay. The results show that Glil expression might positively
correlate with the migration ability of NSCLC cells. NCI-H1299
and NCI-H1703 with relatively high Glil level had better migration
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Figure 1  Glil is up-regulated in NSCLC tissues and Glil overexpression indicates poor survival of NSCLC patients. (A, B) The Glil level in

NSCLC tissues and matched normal tissues was detected by IHC assay. The representative images were presented in (A) and the statistical data
were showed in (B), n = 90, ***P < 0.001 vs. adjacent tissues. (C) RT-qPCR assay detected Glil mRNA level in representative 16-paired

NSCLC tissues and normal tissues, n =

16, ***P < 0.001 vs. adjacent tissues. (D) High Glil expression is relevant to clinical outcomes of

NSCLC patients, n = 90, **P < 0.01 vs. T1/T2 stage or I/II stage. (E) Kaplan—Meier analysis of the over survival of NSCLC patients, n = 90.

(F) Glil expression in 486 LUSC cases based on GEPIA database, n

= 486 in tumor tissues group, n = 57 in normal tissues group. (G)

Kaplan—Meier analysis of the over survival of LUAC patient based on GEPIA database. ***P < 0.001 vs. normal tissues. (H) The Glil level in a
serial of NSCLC cell lines detected by Western blotting assay. (I, J) The migration ability of NSCLC cells was evaluated by Transwell migration
assay. n = 3, *¥*P < 0.01; ***P < 0.001 vs. A549 cells in (H) and (J). All the data are showed as mean £ SD.

ability than other cells (Fig. 1H—J). Taken together, these results
suggest that high Glil level might associate with the clinical out-
comes in NSCLC tissues and cells.

3.2
EMT

Enhanced Glil expression promotes migration, invasion,

To identify the function of Glil in NSCLC, we stably overexpressed
Glil using lentiviral vector in low metastatic A549 cells. After
confirming its transfection efficiency using Western blotting assay
and RT-qPCR assay (Fig. 2A and B), we conducted RNA sequence
analyze with AS549NC Yeer and  A549C11 veelor colls RNA-
sequencing analysis revealed that there were 270 genes obviously
up-regulated and 224 genes were down-regulated (Supporting In-
formation Fig. S2). KEGG analysis indicated that the up-regulated
genes were highly enriched in “cell migration” and “cell mobility”.

We speculated that Glil might correlate with the invasion and
metastasis of NSCLC (Fig. 2C). To confirm this hypothesis, Glil
was overexpressed in another low metastatic NCI-H460 cell, and
further verified its transfection efficacy using Western blotting assay
and RT-gPCR assay (Supporting Information Fig. S3). Wound
healing assay, Transwell migration and invasion assay were per-
formed to elucidate the biological effect of Glil. In wound healing
assay, we found that Glil overexpression obviously enhanced the
migration ability of A549 cells and NCI-H460 cells (Fig. 2D).
Transwell migration and invasion assay also demonstrated that the
migrated and invasive abilities of A549 and NCI-H460 cells were
significantly enhanced in Glil overexpression group (Fig. 2E and
F). In order to determine whether Glil overexpression promote
EMT process, we also detected epithelial and mesenchymal
markers of these cells using immunofluorescence assay and West-
ern blotting assay. Immunofluorescence assay showed that Glil
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Figure 2  Glil promotes migration, invasion, and metastasis of A549 and NCI-H460 cells. (A, B) RT-qPCR and Western blotting assay were
subjected to confirm the transfection efficiency. (C) The KEGG analyze of down-regulated genes after Glil knockdown. (D) Glil overexpression
promoted the migration ability of A549 and NCI-H460 cells detected by wound healing assay. (E, F) Glil overexpression enhanced the migration
and invasion abilities of A549 and NCI-H460 cells indicated by Transwell migration and invasion assay. The representative images are showed in
left panel and the quantitative data are presented in right panel. (G, H) Glil overexpression induced EMT detected by immunofluorescence assay
and Western blotting assay. The representative images of immunofluorescence assay and quantitative data are showed in (G). The results of
Western blotting assay are presented in (H). (I—K) Glil overexpression enhanced the metastasis of A549 and NCI-H460 cells. BABL/c (nu/nu)
mice were intravenously injected withA549NC vectorA549GH1 veetor 4 NCI-H460NC Ye“°NCI-H46011 ve<'or cells. Six week later, IVIS Lumina
II was used to detect the metastasis of the mice. And then the mice were sacrificed and applied for H&E staining to detect the nodules in the lung
and liver. There were 10 mice in each group. The representative bioluminsescence images are showed in (I). The representative of H&E staining
and the quantification of metastastic nodules were presented in (J) and (K). Scar bar: 500 um. (L) The Glil expression in the pulmonary metastasis
focuses was detected by IHC assay. Representative images and quantitative data are shown. The data are presented as mean + SD, n = 3 in
(A)—(H), n = 10 in (D—(L), ***P < 0.001 compared with the NC vector group.
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overexpression increased the level of mesenchymal marker
including N-cadherin, Vimentin, Snail, but reduced E-cadherin
(epithelial marker) expression (Fig. 2G). Similar results
were observed in Western blotting assay, Glil overexpression up-
regulated N-cadherin, Vimentin and Snail expression but reduced
E-cadherin expression (Fig. 2H). To further appraise the role of
Glil, we established a metastasis model by tail intravenous injected
with AS49NC YeeoA54QOIT vector apd NCI-H460NC “*“'*/NCI-
H46051! ¥ cells. The in vivo imaging system showed that mice
injected with A549611 veelor or NCI-H460% Yo cells have
greater bioluminescence in the lung and liver than that injected with
AS549NC veeor op NCI-H460NC Yee'°r cells (Fig. 2I). We also inves-
tigated the lung and liver nodule formation in mice using H&E
staining and found that Glil overexpression increased the metastatic
foci number in the lung and liver (Fig. 2J and K). IHC assay
demonstrated that Glil expression in pulmonary metastasis focuses
of A549C11 veclor ang NCI-H460%! ¥ group were obviously
higher than A549NC ¥“°" and NCI-H460™C Y*°“F group (Fig. 2L).
All these results indicate that Glil overexpression promoted the
migration, invasion, EMT and metastasis of NSCLC.

3.3.  Genetic depletion of Glil suppresses the migration,
invasion, EMT and metastasis of NSCLC

Glil was also silenced in two high metastatic cells NCI-H1299
and NCI-H1703 cells to confirm its metastatic potential
(Fig. 3A and B). As expected, wound healing assay showed that
the migrated cells number were reduced in NCI-H12995"¢!i!
and NCI-H1703*"S"! cells in comparison to the scramble group
(Fig. 3C). Similarly, Glil depletion also obviously reduced the
migrated and invasive cells in the Transwell migration and in-
vasion assay (Fig. 3D and E). And Glil ablation down-
regulated N-cadherin, Vimentin and Snail expression but up-
regulated E-cadherin expression in immunofluorescence assay
and Western blotting assay (Fig. 3F and G), indicating Glil
ablation attenuated the EMT process. The results of biolumi-
nescence imaging show that Glil depletion obviously sup-
pressed lung and liver nodule formation (Fig. 3H). H&E
staining indicated that NCI-H1299*"%""! and NCI-H1703"¢!!
group displayed a lower average number of lung and liver
nodules when compared with NCI-HI1299°"™N¢ and NCI-
H1703*"™C group (Fig. 31 and J). IHC assay showed Glil
expression was reduced in NCI-H1299°"9"' and NCI-
H1703*%"! group in comparison to NCI-H1299°™N® and NCI-
H1703*"™C group (Fig. 3K). These results suggest that Glil may
be a potential driver of the metastasis of NSCLC.

3.4.  Snail is necessary and sufficient for Glil-asscociated EMT
and metastasis of NSCLC

Considering that Snail is one of the most obviously up-regulated
genes among EMT markers, and a series of different expression
genes such as E-cadherin, Vimentin and MMP11 were also corre-
lated with Snail (Supporting Information Table S4), we speculated
Snail might be a critical downstream effector of Glil. To verify this
hypothesis, we overexpressed Snail in NCI-H1299*"“!i! and NCI-
H1703""! cells by transfected Snail vector and confirmed the
transfection efficacy by RT-qPCR and Western blotting assay
(Fig. 4A and B). And then wound healing assay, Transwell migra-
tion and invasion assay were carried to investigate the migratory and
invasive ability of these cells. The result shows that Snail over-
expression significantly rescued the migratory and invasive abilities

of NCI-H1299°"%"! and NCI-H1703°"%!! cells. The migratory and
invaded cell number of NCI-H1299*"“!!! and NCI-H1703*"!! cells
transfected with Snail vector were obviously increased compared to
the cells transfected with NC vector (Fig. 4C—E). Moreover, we also
found that Snail overexpression rescued the downregulation of N-
cadherin, Vimentin in NCI-H1299*"®"! and NCI-H703*"°"" cells,
but increased ZO1 and E-Cadherin expression (Fig. 4F). We also
transfected A549°""! and NCI-H460""! cells with siRNA Snail and
then evaluated their migration, invasion abilities and detected EMT
marker expression (Fig. 4G and H). We found that Snail siRNA
transfection significantly weakened the migration and invasion
abilities of A5495" °r and NCI-H460"" Y**" cells. Both the
number of migration and invasion cells was decreased in
A549611veetor 4nd NCI-H460S11Yeer cells transfected with siRNA
Snail in comparison with that transfect with siRNA NC (Fig. 4I—K).
Snail siRNA also reduced the level of N-cadherin, Vimentin,
increased ZO1 and E-cadherin expression in A549C1! vector apg
NCI-H460%"!veeor cells (Fig. 4L). We also found that Snail over-
expression obviously attenuated shGlil-mediated inhibitory effect
on Snail expression but had negligible effect on Glil expression in
NCI-H1299 and NCI-H1703 cells. SiSnail transfection significantly
reduced the Glil-medicated enhancement effect on Snail expression
but did not affect Glil expression in A549 and NCI-H460 cells
(Fig. 4M). These results indicate that Snail did not affect Glil
expression in this study. In addition, RT-qPCR assay proved that
Snail level was obviously increased in lung tumor tissues of NSCLC
patients in contrasted with that in the parental group (Fig. 4N). The
correlation assay showed that Glil level was positively correlated
with Snail level in NSCLC tissues (Fig. 40). These results suggest
that Glil facilitated the migration, invasion and EMT of NSCLC
partly dependent on Snail.

3.5.  Glil promotes snail expression by enhancing its
transcription activity and protein stability

Next, we detected Snail protein and mRNA level in several pairs of
cells using Western blotting assay and RT-qPCR assay. The results
show that Glil positively regulated Snail mRNA level. Snail
expression was obviously increased in A54991! veeor apd NCI-
HA60"! Y1 cells than AS49N " and NCI-H460™C Y*'" cells.
Inversely, Glil deletion reduced snail level in NCI-H1299 and NCI-
H1703 cells (Fig. 5A). Dual-luciferase reporter gene assay indicated
that Glil overexpression obviously enhanced Snail reporter activity,
implying that Glil might impact the transcription of Snail (Fig. 5B).
We identified two potential Glil-binding sites in the promoter re-
gion of Snail using the JASPAR database, from —381 to —370 bp
and from —42 to —8 bp of the snail promoter (Supporting Infor-
mation Table S2), and the binding site is 5'-GACCACCCA-3". We
mutated the binding site “1” (to CAGGAGCGGQG) to generate pGL3-
Snail-promoterMut1-Luc and “2” (to CAGGAGCTG) to generate
pGL3-Snail-promoterMut2-Luc. And dual-luciferase assay proved
that the luciferase activity was obviously reduced in cells trans-
fected with pGL3-Snail-promoter™™!-Luc (POWT), pGL3-Snail-
promoter™'®-Luc  (POM2), and pGL3-Snail-promoter™"'-Luc
combined with pGL3-Snail-promoter™"*-Luc (POM1+M2) when
compared with that transfected pGL3-Snail-promoter” -Luc
(POWT) (Fig. 5C). ChIP-gPCR analysis was performed in NCI-
H1299 cells by using an anti-Glil and anti-IgG antibody. The re-
sults show that relative enrichment of Snail promoter in anti-Glil
group were significant increased than the anti-IgG group
(Fig. 5D). All these results suggest that Glil regulated Snail mRNA
by binding to its promoter. Considering Snail was a highly labile
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Figure 3  Glil silence suppresses migration, invasion and metastasis of NCI-H1299 and NCI-H1703 cells. (A, B) Glil shRNA transfection
obviously reduced Glil level in NCI-H1299 and NCI-H1703 cells detected by RT-qPCR and Western blotting assay. (C) Glil knockdown reduced
the horizontal migration of NCI-H1299 and NCI-H1703 cells in wound healing assay. (D, E) Glil depletion suppressed the migration and invasion
abilities of NCI-H1299 and NCI-H1703 cells detected by Transwell migration and invasion assay. (F, G) Glil silence inhibited the EMT of NCI-
H1299 and NCI-H1703 cells indicated by immunofluorescence assay (F) and Western blotting assay (G). (H—J) Glil overexpression enhanced the
metastasis of A549 and NCI-H460 cells. The mice were intravenously injected with NCI-H1299°"N/NCI-H1299**?""! and NCI-H1703*"™/NCI-
H1703%"11Six week later, IVIS Lumina II (H) and H&E staining (I) were applied to detect the nodules in the lung and liver, Scar bar: 500 pm.
There were 10 mice in each group. Quantitative data of lung and liver metastases were showed in (J). (K) The Glil level in the pulmonary
metastasis focuses was detected by IHC assay. Representative images and quantitative data are showed. The data are presented as mean + SD,
n = three in (A)—(G), n = 10 in (H)—(K), ***P < 0.001 compared with the shNC group.

protein®’, we also evaluated whether Glil affect Snail protein sta- undetected level within 4 h in A549NC Y€ apd NCI-H460NC Yector
bility. The stable Glil overexpression or knock-down cells were cells, but Snail protein level can be detected at 6 h in A549C11 veeter
stimulated with serum in the presence of CHX, an inhibitor of and NCI-H460%"! et cells. Conversely, we found that Glil
protein biosynthesis, and then detected Snail expression at different knock-down accelerated Snail degradation in NCI-H1299 and NCI-
time. The results show that Snail protein rapidly degraded to an 1703 cells (Fig. 5E). We also investigated whether Glil affected
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recovered the migration and invasion abilities of NCI-H1299*"!"! and NCI-H1703"! cells. NCI-H1299*"“!! and NCI-H1703""! cells were

transfected with NC vector or Snail vector, and then the cells were applied
(F) Snail overexpression reversed EMT process in NCI-H1299"!! and

for wound healing assay (C), Transwell migration (D) and invasion assay (E).
NCI-H1703"91 (G, H) A5495%1 veeor and NCI-H460CH! Ye<t©r cells were

transfected with siRNA NC or siRNA Snail and then confirmed the transfection efficiency using Western blotting assay (G) and RT-qPCR assay (H).
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presented as mean £ SD, n

Snail degradation process. We pretreated the NCI-H1299 and NCI-
H1703 cells with MG132, a proteasome inhibitor, and found that
MG132 abolished GANT-61-mediated inhibitory effect on Snail
expression (Fig. 5F). This result suggest that Glil might also affect
the degradation of Snail. Given that Snail is phosphorylated by
GSK-38 and subsequent proteasomal degradation®®”’, thus we
detected the level of GSK-3( and its Ser9-phosphorylation, which

= three in (A)—(M), n = 16 in (N) and (O).

can auto-inhibit the activity of GSK-36”%. We found that Glil
overexpression decreased GSK-33 expression in A549 and NCI-
H460 cells but increased its p-GSK-385" level. And Glil silence
had appositive effect on the expression of GSK-33 and p-GSK-
365 in NCI-H1299 and NCI-H1703 cells (Fig. 5 G). Moreover,
Glil inhibitor GANT-61 significantly reduced Snail level, and LiCl
(inhibitor of GSK-383) obviously attenuated GANT-61 mediated
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Figure 5  Glil regulates Snail by binding to its promoter and enhance its protein stability. (A) Glil positively regulated the Snail mRNA level.

**%P < 0.001 compared with the NC vector or shRNA NC group. (B)

Glil overexpression significantly increased Snail reporter activity. (C) Dual

luciferase reporter assay certificated that Glil regulated Snail mRNA by binding to its promoter. ***P < 0.001 compared with the wide type
group. (D) The result of ChIP-PCR assay. (E) The effect of Glil on the protein stability of Snail. The cells were treated with 2 pmol/L. CHX for
series of periods and subjected to Western blotting assay, and $-actin was set as internal reference. The densitometries of blots were measured
with ImageJ software. (F) The effect of Glil on the degradation of Snail. The cells were pre-treated with 5 pmol/L MG132 and then treated with
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61-mediated inhibitory effect on Snail expression is presented in (H).
n = 3.

inhibitory effect on Snail (Fig. 5H). All these suggest that Glil
might enhance Snail protein stability by restraining GSK-34-
mediated Snail degradation. Based on these results, we conclude
that Glil promoted the EMT and metastasis of NSCLC by directly
binding to the promoter of Snail and enhanced its protein stability,
and then accelerated the EMT and metastasis of NSCLC.

B-Actin was set as loading control. The data are presented as mean + SD,

3.6.  Pharmacological inhibition of Glil suppresses the
migration, invasion and metastasis of NSCLC

Next, we evaluated whether GANT-61 could suppress the metas-
tasis of NSCLC. Wound healing assay demonstrated that GANT-
61 (10, 20 and 30 pmol/L, which has on significant effect on the
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cell proliferation) obviously inhibited the horizontal migration of
NCI-H1299 cells (Fig. 6A and B). Transwell migration and in-
vasion assay also confirmed that GANT-61 treatment caused
prominent decrease number of migrated and invaded cells in a
dose-dependent manner (Fig. 6C—F). Western blotting and RT-
gPCR assay showed that GANT-61 treatment reduced N-cad-
herin, Vimentin, Snail and Slug expression, increased E-cadherin
and ZO1 expression (Fig. 6G and H). For in vivo metastasis assay,
bioluminescence imaging revealed GANT-61 treatment sup-
pressed the metastatic colonization of NCI-H1299 cells into the
lung and liver (Fig. 61). And H&E staining also showed that after
GANT-61 treatment, the metastatic nodes in the lung and liver
were obviously reduced (Fig. 6] and K). In addition, GANT-61
treatment also reduced Glil level in pulmonary metastasis fo-
cuses (Fig. 6L). H&E staining demonstrated that GANTI-61 had
negligible effect on the major organs of the mice including liver,
heart, spleen and kidney (Supporting Information Fig. S4).
Collectively, these data suggest that targeting Glil was potential to
be a therapeutic strategy for NSCLC metastasis.

4. Discussion

NSCLC is one of the most common malignant tumors and dis-
plays high incidence of metastasis. Most of patients were diag-
nosed at late stages with metastasis, which often leads to the
failure of therapy. Still now, the underlying mechanism mediated
NSCLC metastasis has not yet been elucidated. Thus, it’s urgent to
indentify and study novel metastasis driver of NSCLC metas-
tasis®’. In this study, we identified Glil as a novel EMT and
metastasis driver of NSCLC, and reveled that Glil positively
regulated the transcription activity and enhanced Snail protein
stability by suppressing GSK-38-mediated Snail degradation.
Further research showed that pharmacological inhibition Glil
using GANT-61 significantly reversed EMT and suppressed
metastasis in vivo. Our study provides new insight into the un-
derlying molecular mechanism of metastatic NSCLC and facili-
tates Glil as a novel therapeutic target for metastatic NSCLC.
Hh signaling pathway is active during embryogenesis and
plays a crucial role in organogenesis, stem cell maintenance, and
the upkeep and repair of adult tissues'>. As a critical effector of
Hh signaling pathway, Glil plays multi-functional regulator in
multiple cancers including breast cancer, glioblastoma, prostate
cancer, and cervical cancer’’. Accumulating evidences indicated
that Glil was critical for NSCLC progression. Glil was overex-
pressed in lung squamous cell carcinoma and Glil blockade
enhanced the anti-tumor effect of PI3K inhibitor’'. Suppression of
Glil could inhibit cell proliferation, attenuate stemness and induce
apoptosis in LUAC™. Our previous study also demonstrated that
suppressing Glil attenuated tumor growth and angiogenesis in
NSCLC?*. All these suggest that Glil is promising to be devel-
oped into a therapy target for NSCLC. Recently, Glil has been
demonstrated to involve in the metastasis of breast cancer and
gastric cancer’**. However, whether Glil expression is associated
with NSCLC metastasis and the underlying mechanism are still
unclear. In this study, we recognized Glil as a promoter of
NSCLC metastasis. Glil expression was increased in NSCLC
tissues and high Glil expression often indicated poor patient
survival. Further research manifested that Glil enhanced EMT and
metastasis of NSCLC by positively regulating the transcription
activity and protein stability of Snail. These results provide

assertive evidence for the role of Glil in NSCLC metastasis and
indicate the therapeutic potential of Glil for NSCLC metastasis.

Experimental evidences showed that Shh/Glil signaling
pathway has complicated crosstalk with EMT. The activation of
Shh/Glil signaling pathway contributed to EMT in gastric cancer,
breast cancer and lung cancer’>°. EMT cells increased mesen-
chymal features and aggressive properties of non-EMT cells in
partly by non-cell autonomous activation of Glil in breast cancer,
and Glil inhibitor GANT-61 treatment blocks this effect’’. Glil
could also induce EMT by inhibiting E-cadherin expression in
human esophageal squamous cell cancer™. Conversely, Glil has
been demonstrated to an important positive regulator of epithelial
differentiation and RNAi-mediated knock-down of Glil promoted
EMT in pancreatic cancer cells’”. And Glil expression in lung
cancer tissues was inversely correlated with E-cadherin expres-
sion, indicating Glil may involve in EMT process in lung can-
cer”. However, the underlying mechanism and their correlation in
NSCLC remain largely unclear. In the present study, we demon-
strate that Glil promoted EMT process in NSCLC. Glil over-
expression enhanced the migration, invasion and EMT of NSCLC
cells, genetic depletion and pharmacological inhibition of Glil
attenuated the migration, invasion abilities of NSCLC cells and
reversed its EMT process. Further research revealed that Glil
promoted EMT in a Snail-dependent manner. Here, our study
provides strong evidences for the relationship of Glil and EMT in
NSCLC.

Most of studies showed that Glil active through canonical Hh
signaling pathway and non-cannoical Hh signaling pathway. In
canonical Hh signaling pathway, Glil activation occurs at PTCH1
and depresses SMO. In non-canonical Hh signaling pathway, Glil
activation did not dependent on Hh ligands and SMO'****'. And
Glil has been demonstrated to activate non-canonically by
MAPK/ERK signaling pathway, leading to tumor growth and
stemness features in lung adenocarcinoma’”. In the present study,
we found that GANT-61 but not cyclopamine (SMO inhibitor)
prevented EMT process in NCI-H1299 cells (Fig. 6D and Sup-
porting Information Fig. S5). Thus, we speculate that Glil regu-
late Snail expression mainly in a non-canonical Hh Signaling
pathway. And Glil non-canonical activation promoted Snail
transcriptional activity and enhanced its protein stability. Our
study provides strong evidences that non-canonical Glil activation
is crucial for the EMT and metastasis of NSCLC. As for the un-
derlying mechanism that mediates non-canonical Glil activation
we will explore in the future study.

Snail, a zinc finger transcription factor, functions as an
important factor for EMT and is overexpressed in many malignant
tumors. Snail induces EMT process by directly inhibiting E-cad-
herin transcription and activating transcriptions of a series of
mesenchymal genes contribute to invasive properties, leading to
the enhancement of cell migration ability and tumor metastasis™.
And elevated endogenous Snail often suggest increased metastasis
potential’”**. Snail is an extremely unstable protein, and its pro-
tein stability is mainly regulated by ubiquitin—proteasome
pathway. GSK-3(-dependent Snail phosphorylation has been
recognized as a critical factor that regulating Snail degrada-
tion***. Although several researches verified that Glil might
contribute to Snail expression in basal cell carcinoma, esophageal
squamous cell cancer and esophageal adenocarcinoma. However,
the underlying mechanism which Glil regulates Snail expression
and the relationship of Glil and Snail in NSCLC are still largely
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Figure 6 GANT-61 restrains the metastasis of NCI-H1299 cells in vitro and in vivo. (A—F) GANT-61 restrained the migration and invasion
abilities of NCI-H1299 cells. After treated with indicated concentrations of GANT-61, NCI-H1299 cells were applied for wound healing assay (A,
B), Transwell migration and invasion assay (C—F). (G, H) GANT-61 suppressed EMT of NCI-H1299 cells. The cells were treated with different
concentration of GANT-61, and then the cells were collected and applied for Western blotting assay (G) and RT-qPCR assay (H) to measure the
expression of several EMT markers. (I—K) GANT-61 suppressed the lung and liver metastasis of NCI-H1299 cells. NCI-H1299" cells were
intravenously injected into the mice and then intraperitoneal injected vehicle or GANT-61 (50 mg/kg) every two days for totally 30 days. IVIS
Lumina II (I) and H&E staining (J) were applied to detect the nodules in the lung and liver. The statistical data of metastasis foci number in lung
and liver is presented in (K). There were 10 mice in each group. Scar bar: 500 pm. (L) The Glil level in the lung metastasis focuses was detected
by IHC assay. Representative images and quantitative data are shown. The data are presented as mean £ SD, n = three in (A)—(H), n = 10 in
OH—(@L). *P < 0.05, **P < 0.01 and ***P < 0.001 compared with the vehicle group.

unclear’®*®*’ Herein, we showed that Snail was associated with remains largely unclear. Herein, we proved that GANT-61
in Glil-mediated enhanced effect on EMT and metastasis of restrained the migration, invasion and reversed EMT in NCI-
NSCLC. Further research manifested that Glil positively regu- H1299 cells. Additionally, GANT-61 administration obviously

lated Snail level by promoting its transcription activity and sup- reduced metastatic foci in lung and liver. In this regard, our study
pressed GSK-38-mediated Snail degradation, thereby promoting gives a clue that GANT-61 may be developed into an anti-
cancer invasiveness and metastasis. In addition, our study also metastatic agent for NSCLC.

demonstrated that Glil expression was positively correlated with

Snail level in NSCLC patient tissues. Thus, our study provides 5. Conclusions

new evidences for revealing the relationship of Glil and Snail in

NSCLC. Our study also gives a hint for uncovering the underlying We demonstrated that Glil was a promoter of NSCLC metastasis.

mechanism regulated Snail transcription and stability. Further research showed that Glil drove NSCLC metastasis by

GANT-61 is a Glil/Gli2 inhibitor, and has been demonstrated promoting Snail transcription and enhancing its protein stability.
to restrain cell proliferation, induce cell autophagy and apoptosis And Glil overexpression indicated poor patent survival. Our study
in glioblastoma, cervical cancer, breast cancer’***°. Moreover, not only suggests that targeting Glil is a promising therapeutic

GANT-61 has been validated to attenuate TGF-betal-mediated approach for aggressive and metastasized NSCLC patient but also
EMT and cell migration of A549 cells”. However, whether extend our understanding of the mechanisms mediated NSCLC
GANT-61 suppresses the invasion and metastasis of NSCLC metastasis.
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