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Abstract: The transcription factor, Grainyhead-like 2 (GRHL2), is involved in wound healing, epidermal integrity,
and epithelial-to-mesenchymal transition (EMT) in various biological processes; however, the biological function of
GRHL2 in non-small cell lung cancer (NSCLC) is unknown. In the current study, we investigated the effect of GRHL2
on cell growth and migration in NSCLC cell lines and clinical tissues. Immunohistochemical analysis of clinical
NSCLC specimens revealed that patients with high GRHL2 expression were associated with poor prognosis com-
pared to patients with low GRHL2 expression. GRHL2 overexpression promoted cell growth and colony formation,
and simultaneously suppressed cell migration in NSCLC cells. Furthermore, GRHL2 decreased the transcriptional
activity of RhoG by directly binding to the RhoG promoter region. These findings confirm that GRHL2 plays an impor-

tant role in regulating cell proliferation and migration in NSCLC.
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Introduction

In 2015, a total of 4,292,000 new cancer cases
and 2,814,000 cancer deaths occurred in
China. Lung cancer was the most common inci-
dent cancer and the leading cause of cancer
deaths [1]. Non-small cell lung cancer (NSCLC)
accounts for approximately 85% of lung can-
cers [2, 3] and is relatively insensitive to che-
motherapy compared to small cell carcinoma.
Several factors, such as the environment and
genetic events, are responsible for the deve-
lopment of NSCLC. Recently, a whole-genome
RNAI screen study has shown that GRHL2 is
significantly amplified in lung cancer [4].

GRHL2, a mammalian homolog of Drosophila
GRHL, was first reported in 2002 by Wilanowski
et al. [5] as a novel transcription factor. GRHL2

is not only involved in a battery of processes of
life formation [6], such as mammalian embry-
onic development, epithelial wound healing,
epidermal barrier mutation, and central ner-
vous system development, but GRHL2 is also a
direct transactivator of apical junctional com-
plex components by associating with Claudin4
(Cldn4) and E-cadherin [7]. In addition, GRHL2
is closely related to diverse neoplasms, such as
breast cancer, gastric cancer, hepatocellular
carcinoma, human oral squamous carcinoma,
and renal cell carcinoma [8-11]. The relation-
ships between GRHL2 and lung cancer have
rarely been reported.

RhoG, a member of the Rho family of small
GTPases, regulates cell shape, attachment,
and motility. RhoG is identified as a growth fac-
tor response gene [12] and is involved in cell
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Table 1. Patient

clinical characteristics of expression of

erican Type Culture Collection (ATCC) and
the SPC-A1 cell line was obtained from the

China Centre for Type Culture Collection

GRHL2
Characteristics All cases (%) P value
Age (year)
<60 40 (81.63%) 0.303
>60 26 (72.22%)
Gender
Male 51 (78.46%) 0.745
Female 15 (75.00%)
Histologic type
Squamous carcinoma 30 (81.01%) 0.505
Adenocarcinoma 36 (75.00%)
TNM stages
I+11 35 (68.62%) 0.015*
I 31 (91.18%)
Differentiation
Moderately or highly differentiation 39 (69.64%) 0.039*

Poorly differentiation 26 (89.66%)

(China). Cells were grown in RPMI-1640
medium (Gibco), supplemented with 10%
fetal bovine serum (Gibco). Human bron-
chial epithelial (HBE) cells were purchased
from Sciencell Company and grown in
bronchial epithelial cell medium (3211;
Sciencell). All cells were cultured under an
atmosphere of 5% CO, at 37°C.

Patient information and tissue specimens

A total of 66 paraffin-embedded, archived
clinical NSCLC specimens, histopathologi-
cally-diagnosed at the First Affiliated
Hospital of Nanchang University, were
used in the current study. Prior patient
consent and approval were obtained from

*p<0.05, **p<0.01.

migration, neurite outgrowth, and cell survival
[13-15]. In addition, it has been shown that the
RhoG/Cdc42 signaling pathway is necessary
for cell spreading and migration, and RhoG may
also regulate tubule length [16].

In the present study, we investigated the effect
of GRHL2 on cell proliferation and migration in
NSCLC. We showed that GRHL2 is critical for
NSCLC development and cell migration in vitro.
We also demonstrated that GRHL2 regulates
the expression of RhoG by binding to the RhoG
promoter region in NSCLC.

Materials and methods
Reagents

Mouse monoclonal B-actin antibody was pur-
chased from Proteintech (66009-1-Ig). Rabbit
polyclonal GRHL2 antibody was purchased
from Thermo Fisher (PA5-41639). Mouse mo-
noclonal RhoG was purchased from Abcam
(@b76508). Rabbit polyclonal FAK, Cdc42,
E-cadherin, and beta-catenin antibodies were
purchased from Proteintech (12636-1-AP,
10155-1-AP, 20874-1-AP, and 51067-2-AP,
respectively). Crystal violet and other analytical
grade chemicals were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

Cell culture

NSCLC cell lines (A549, NCI-H1299, NCI-H292,
and NCI-H23) were purchased from the Am-
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the Institutional Research Ethics Com-
mittee for use of these clinical materials

for research purposes. Clinical information
of the samples is summarized in Table 1. Ten

fresh human NSCLC and paired normal tissue
samples were obtained intra-operatively during
surgical procedures performed in the Depart-
ment of General Surgery of the First Affiliated
Hospital of Nanchang University. All samples
were collected with informed consent from the
patient.

DNA constructs

The promoter region of RhoG was isolated by
PCR using the gDNA library from NCI-H1299
cells. The construct was cloned into pGL3-
Enhancer vector in Hind Il and Kpn | restriction
sites and verified by sequencing.

Plasmids and siRNA

Expression vectors for GRHL2 were purchased
from ViGene. The knocking down of GRHL2 was
carried out using two distinct Stealth Select
RNAi duplexes (Life Technologies Company).
SiRNA transfection or siRNA/DNA co-transfec-
tion in cells using SuperFect in siRNA Trans-
fection Reagent (2013-100; Pufei, Shanghai,
China) and the relative knock down efficiency
was determined by Western blot with GRHL2
antibody. The knocking down of GRHL2 was
carried out using two distinct Stealth Select
RNAi duplexes (Life Technologies Company).
The target oligonucleotide sequences were as
follows: siRNA-1, CAGAAGAAGAGUGACAUCAC-
CUACU; and siRNA-2, AGUAGGUGAUGUCACU-
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Figure 1. GRHL2 is up-regulated and closely related to the poor prognosis in NSCLC. (A and B) Western blotting (B)
and real-time PCR (A) analysis of GRHL2 expression in six NSCLC cell lines; B-actin was used as a loading control. (C)
Expression of GRHL2 protein in each of the human primary NSCLC tissues (left panel) and adjacent non-cancerous
tissues (right panel) paired from different patients, as determined by IHC. (D) Kaplan-Meier overall survival curves
for patients with NSCLC showed that NSCLC patients with GRHL2"&" tumors had significantly shorter survival than

patients with GRHL2"" tumors (n=1926, P<0.001 [log-rank]).

CUUCUUCUG. Stealth RNAi negative control
duplex (Life Technologies Company) was used

as a control.

tive amount of cDNA was calculated using
the comparative Ct method with GAPDH as a
control. PCR reactions were performed in tri-
plicate.

RNA extraction and real-time quantitative PCR

Immunohistochemistry (IHC)

Total RNA was extracted using TRIzol reagent

(Invitrogen) and 1 pg of total RNA was used
to perform reverse transcription using Prime
Script RT reagent kit with gDNA eraser (TaKa-
Ra), according to the manufacturer’s instruc-
tions. Quantitative RT-PCR was performed with
SYBR Green dye (Applied Biosystems). The rela-
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Immunohistochemistry and quantification of
GRHL2 expression were performed by two
observers based on the proportion of positive-
ly-stained tumor cells and the intensity of stain-
ing. Both sets of results were combined to give
a mean score for further comparative evalua-
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tions. The IHC score was determined by com-
bining the score for the percentage of positive-
ly-stained tumor cells with the grade of the
staining intensity.

Western blotting analysis

Protein extracts were prepared using NP-40
lysis buffer containing phosphatase and prote-
ase inhibitors. The protein concentration of the
cell lysates was determined using a BCA pro-
tein assay kit. The cell lysates were then sub-
jected to SDS-PAGE, followed by immunoblot
using the indicated antibodies.

Luciferase assay

Luciferase assays were measured with Dual
Luciferase Assay kits (Promega) per the manu-
facturer’s protocol. Reporter activity was nor-
malized to Renilla luciferase values. Each graph
represents three biological replicates.

Colony formation

Five hundred cells were seeded in 6-well dishes
in RPMI-1640 with 10% FBS. After 10 days of
culture, cells were fixed with 4% formaldehyde
and stained with 2% crystal violet. The images
were obtained using a digital camera (Fujifilm).

Cell migration assay

For the scratch wound healing assay, cells were
plated in 6-well plates to create a confluent
monolayer of 90%-100% confluence, then the
monolayer was scraped in a straight line to cre-
ate a “scratch” using a 200-pl pipette tip. After
removing debris and adding fresh medium con-
taining 1% FBS, cells were photographed using
phase contrast microscopy (IX71; Olympus) at
the indicated times. The migration distance
was assessed using ImageJ software (National
Institutes of Health, http://rsb.info.nih.gov/ij/
download.html). A relative migration rate was
calculated based on the cell relative migration
area for each treatment.

The Transwell migration assay was performed
using 8-uym Transwell chambers (Corning Co-
star). A total of 10° cells in 0.2 ml of media sup-
plemented with 1% FBS were plated in the
upper chambers. The lower chamber of the
Transwell device was filled with 500 pl of RPMI-
1640 supplemented with 10% FBS. After incu-
bation at 37°C for 10 h, cells remaining on the
upper surface of the membrane were removed.

4220

The cells on the lower surface of the membrane
were fixed, stained with crystal violet, then
counted under an Olympus light phase contrast
microscope (IX71). These procedures have
been published previously [27].

Statistical analysis

All statistical analyses were carried out using
the SPSS13.0 statistical software package.
Data are presented as the means + SD. Com-
parisons between groups for statistical signifi-
cance were carried out with a two-tailed paired
Student’s t-test. P-values < 0.05 were consid-
ered statistically significant.

Results

GRHL2 is up-regulated and closely related to
the poor prognosis in NSCLC

To investigate the role of GRHL2 in the progres-
sion of NSCLC, we examined the pattern of
GRHL2 expression in NSCLC cell lines. Real-
time PCR and Western blotting analyses
showed that the levels of GRHL2 mRNA and
protein expression were remarkable up-regu-
lated in all six cell lines (Figure 1A, 1B). Fur-
thermore, GRHL2 expression was significantly
up-regulated in 66NSCLC tissues; the repre-
sentative paraffin-embedded sections were
stained by IHC (Figure 1C). Table 1 shows that
the expression of GRHL2 correlated signifi-
cantly with clinical stage (P=0.015) and differ-
entiation (P=0.039) in NSCLC. Notably, Kaplan-
Meier plotter analysis revealed that patients
with high GRHL2 expression had poorer overall
survival than patients with low GRHL2 ex-
pression (P<0.001, Figure 1D), indicating that
GRHL2 may have potential as an independent
prognostic marker in NSCLC.

GRHL2 promotes NSCLC cell growth and
colony formation

To investigate physiologic function during pa-
thogenesis of NSCLC, we used stealth select
RNAI duplexes. These siRNAs were transfected
into the indicated cell lines. After 48 h, the level
of GRHL2 protein was detected by Western
blot. As shown in Figure 2A, both siRNA-1 and
siRNA-2 efficiently knocked down GRHL2 in
select cell lines compared with control siRNA.
The role of GRHL2 in NSCLC cell proliferation
was detected by low serum and saturation den-
sity assays. As shown in Figure 2B, knocking
down GRHL2 significantly blocked the growth of

Am J Transl Res 2017;9(9):4217-4226



GRHL2 suppresses tumor metastasis in NSCLC

¥
-
\ i )
-
M_/
B H1299 H1299 A549 A549
1.54 4 1.59 44
Low serum - NC Normal serum - NC Low serum - NC Normal serum -+ NC
- medium & CON ¢ medium + SIC . medium - SIC medium = SIC
%10 ~ s % Sk ¥ 4] + sk ¥ 9 - S
@ =382 g - 82 5 -+ §l-2 o - §l-2
o © ° o 21
£ 2 £ £
5 0.54 k-] & 0.54 =
] ] [} Q44
© [4 4 [4
0.0 - T v T T \ 0.04 T T 1 T T "
0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6
Days Days Days Days

Figure 2. GRHL2 promotes NSCLC cell growth and colony formation. H1299 cells were transfected with indicated siRNAs or not transfected. A. Western blot of
GRHL2 to check the knockdown efficiency of siRNAs in the indicated cell lines; B-actin was used as a loading control. B. Growth in low serum. H1299 cells werecul-
tured in 1640 supplemented with 1% serum (low serum) or 10% serum (normal serum). After the indicated time, cells were trypsinized and counted. Data represent
the average of three independent experiments. C. Colony formation assay. After the indicated times, H1299 were fixed and stained with crystal violet. Representa-
tive Wells were photographed and shown.
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Figure 3. GRHL2 suppress cell migration and invasion in NSCLC cells. H1299 cells were transfected with indicated
siRNA or not transfected. A. Scratch wound healing assay. Cell migration rate was quantified by measuring the dif-
ference in area between the leading edge at the initiation of the experiment. The wound area was assessed by the
ImageJ software. Data represent the average of three independent experiments (mean + SD). *p<0.05, **p<0.01
vs. control siRNA. B. Transwell migration assay. Cells were trypsinized, counted, and seeded in Transwell chambers
48 h after transfection. After incubation for 10 h, cells were fixed, stained, photographed, and counted in three
random views. Data represent the average of three independent experiments (mean + SD). *p<0.05, **p<0.01 vs.

control siRNA.

A549 and H1299 cells. Similarly, knocking
down GRHL2 greatly decreased colony forma-
tion in Ab49 and H1299 (Figure 2C). Taken
together, these results indicate that GRHL2 is
essential for NSCLC cell growth and colony
formation.

GRHL2 suppress cell migration and invasion in
NSCLC cells

To further investigate the biological function of
GRHL2, we determined NSCLC cell migration
and invasiveness when GRHL2 was knocked
down. Similarly, the H1299 cells were trans-
fected with GRHL2 siRNA for scratch wound
healing and Transwell migration assays. Indeed,
knocking down GRHL2 strongly enhanced cell
migration and invasion of H1299 cells (Figure
3A, 3B). Taken together, these results suggest
that GRHL2 plays a key and dual role in NSCLC
cells.

Inverse correlation between GRHL2 and RhoG
expression in NSCLC patients

We checked the cBioPortal database (TCGA,
Nature 2012) and found that an inverse corre-
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lation existed between the expression of
GRHL2 and RhoG in 230 NSCLC patient sam-
ples, which was confirmed using Pearson’s
(-0.68) and Spearman’s correlations (-0.75;
Figure 4A). To further prove the important
signal of GRHL2 in NSCLC invasion, we detect-
ed a series of relative key regulators involved in
cell migration and invasion, such as RhoG,
E-cadherin, B-catenin, FAK, and Cdc42. Over-
expression and knockdown of GRHL2 signifi-
cantly decreased and increased the level of
E-cadherin protein expression, respectively, but
had no effects on the expression of B-catenin
and FAK (Figure 4B). We also confirmed the
inverse correlation between GRHL2 and RhoG
expression in NSCLC.

GRHL2 down-regulates the expression of
RhoG via binding to its promoter

GRHL2, as a novel transcription factor, usually
binds to the promoter of targeted genes [17-
19]. Analysis of the promoter region of RhoG
identified three putative GRHL2 binding
sequences (Figure 5A). The activity of RhoG
promoter was decreased when RGHL2 was

Am J Transl Res 2017;9(9):4217-4226
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Figure 4. Inverse correlation between GRHL2 and RhoG
expression in NSCLC patients. A. The association between
GRHL2 and RhoGamong 230 NSCLC samples from the
cBioPortal database (http://www.cbioportal.org). B. The
migration-related protein level was checked by Western
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Figure 5. GRHL2 down-regulates the expression of RhoG via binding its promoter. A. Schematic illustration
of cloned fragment of the human RhoG promoter. The promoter region was predicted as three fragments (pro-
moters 1-3). B. Transcriptional activity of GRHL2 on three RhoG promoter fragments, as indicated in H1299
cells. The luciferase activities of the promoter constructs were measured after normalization to Renilla luciferase
activity. Data represent the average of three independent experiments (mean + SD). *p<0.05, **p<0.01 vs. control

siRNA.

overexpressed, and dramatically increased
when RGHL2 was knocked down (Figure 4B),
as shown by luciferase activity assay in H1299
cells. These data highlight a new mechanism by
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which GRHL2 can regulate RhoG activity by
binding to the promotor of RhoG. Moreover, the
level of RhoG protein was up-regulated in
GRHL2 overexpression NSCLC cells and down-
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regulated in GRHL2- silenced NSCLC cells.
These results suggest that the biological
effects during the progression of NSCLC are
may exerted via binding to RhoGpromoter.

Discussion

Lung cancer is the primary cause of cancer
mortality worldwide in both males and females
[1]. There is thus an urgent need to elucidate
the molecular mechanism underlying lung can-
cer progression. The majority of evidence sug-
gests that GRHL2 plays a crucial role in de-
velopment of various carcinomas [8-11, 20].
Despite the aforementioned strong clinical rel-
evance, the detailed mechanisms by which
GRHL2 regulates oncogenesis of NSCLC are
not clear. In the present study, we demonstrat-
ed that overexpression of GRHL2 is closely
associated with poor prognosis in patients.
Silencing of GRHL2 inhibited the growth and
colony formation of NSCLC cells in vitro; how-
ever, our further study found that GRHL2 sup-
pressed cell migration and invasion in H1299
cells, which indicated a novel GRHL2 function
in lung cancer that differs from other types of
cancer.

A series of studies have reported that GRHL2
has the potential to serve as a biomarker for
predicting the survival rate in patients with
cancer [21-23]. The patients with GRHL2'"
tumors had significantly superior overall surviv-
al than patients with GRHL2"&" tumors using
KM-plotters based on TCGA data. Furthermore,
as shown by the IHC assay results in the pres-
ent study, NSCLC patients with high expression
of GRHL2 had advanced clinical stages com-
pared with NSCLC patients with low expression
of GRHL2. These data further indicate that
GRHL2 plays a vital role in NSCLC progression,
and GRHL2 may represent a novel prognostic
biomarker for survival.

GRHL2 has been reported to be amplified in
various types of tumors, such as colorectal can-
cer, oral cancer cells, and hepatocellular carci-
noma [9, 24, 25]; however, in some studies
the level of GRHL2 protein was significantly
down-regulated in gastric cancer, cervical can-
cer, claudin-low subclass breast tumors, and
basal-B subclass breast cancer cell lines [17,
26, 27]. Using a method of the GISTIC algorithm
to analyze gene copy number changes in plenti-
ful tumor samples, the copy number for GRHL2
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is consistent with significant genomic ampli-
fication [4]. Combined with the results of our
study in which GRHL2 was shown to be up-regu-
lated in NSCLC tissues and cells, we infer that
GRHL2 plays an important and complex role in
NSCLC and may be a novel prognostic marker
for NSCLC. GRHL2 directly regulates the ex-
pression of E-cadherin, which is a key prot-
ein for cancer cell invasion and metastasis.
N-cadherin, alpha-catenin, beta-catenin, fibro-
nectinl, CITED2, and ERBB3 are thought to be
the target genes for GRHL2 in breast cancer
[28]. In addition, GRHL2 builds a reciprocal
feedback loop with ZEB1 to control epithelial
versus mesenchymal phenotypes and epitheli-
al-mesenchymal transition (EMT)-driven tumor
progression [29]. To explore further mecha-
nisms underlying GRHL2 function in neoplasms,
the inverse correlation between GRHL2 and
RhoG was detected from the cBioPortal data-
base in 230 NSCLC samples. Thus, further
investigation is warranted to verify the correla-
tion and reveal the mechanism underlying
GRHL2 activity in NSCLC.

RhoG is a member of the Rho family of small
GTPases, which cycle between inactive GDP-
bound and active GTP-bound states, and act as
molecular switches in signal transduction cas-
cades. Rho proteins promote reorganization of
the actin cytoskeleton and regulate cell shape,
attachment, and motility. A study demonstrated
that VEGF activates a RhoG/Cdc42 signaling
module, which controls lateral filopodia forma-
tion that plays a crucial role in the initial stage of
the migration of tumor cells [16]. In the current
study, ectopic overexpression of GRHL2 dra-
matically increased, whereas silencing GRHL2
decreased the level of RhoG protein expression
in NSCLC cells. In addition, the levels of Cdc42
and E-cadherin protein expression, downstream
target genes of RhoG, were also regulated with
overexpression and knockdown of GRHL2,
respectively.

In summary, this study determined the level of
GRHL2 expression in NSCLC cell lines and tis-
sues, and indicates that GRHL2 may have
potential as an independent prognostic marker
in NSCLC. Additionally, these data suggest that
GRHL2 plays a key role in cell metastasis
through regulation of the RhoG/Cdc42 sig-
naling pathway in NSCLC. Additional research
is need to elucidate the detailed mechan-
ism underlying GRHL2 in the pathogenesis of
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NSCLC and the dual role of GRHL2 in NSCLC
that promotes cell proliferation while inhibiting
migration. Perhaps GRHL2 merely acts similar
to senescence-associated growth arrest genes
that are able to inhibit proliferation, while pro-
moting migration in the tissue injury repair pro-
gram, such as p16'*42 and PAI-1 [30-33].
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