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LATS?2 inhibits cell proliferation and metastasis through
the Hippo signaling pathway in glioma
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Abstract. As a core kinase in the Hippo pathway, large tumor
suppressor kinase 2 (LATS2) regulates cell proliferation,
migration and invasion through numerous signaling pathways.
However, its functions on cell proliferation, migration and
invasion in glioma have yet to be elucidated. The present study
revealed that LATS2 was downregulated in glioma tissues
and cells, as determined by reverse transcription-quantitative
polymerase chain reaction and immunohistochemistry. In
addition, Cell Counting Kit-8, scratch wound healing and
Transwell assays revealed that overexpression of LATS2 in
U-372 MG cells inhibited cell proliferation, migration and
invasion. Furthermore, western blot analysis indicated that the
expression levels of phosphorylated (p)-yes-associated protein
and p-tafazzin were increased in cells with LATS2 overex-
pression. These results indicated that LATS2 is a potential
tumor suppressor, and downregulation of LATS2 in glioma
may contribute to cancer progression.

Introduction

Gliomas are the most common tumors in the central nervous
system (CNS), which are associated with a poor prognosis. Due
to the ability of gliomas to locally invade the surrounding brain
parenchyma, the median survival time is only 12-21 months,
even in patients that have received appropriate diagnosis and
treatment, such as surgery, radiation and chemotherapy (1,2).
Although considerable effort and progress has been made to
coordinate effective therapies, the heterogeneity of gliomas,
with regards to cytology and gene expression, makes it a
complex task (3,4). Therefore, understanding the molecular
mechanism and identifying specific glioma-associated
genes as pharmacological targets for treatment is critically
important.
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It has previously been reported that the evolutionarily
conserved Hippo pathway serves an important role in cellular
proliferation, transformation and tumorigenesis. The core of
the Hippo pathway is a kinase cascade involving the macro-
phage-stimulating (MST)1/2 kinases (also known as serine
threonine kinase 4/3) of the STE-20 family, and their down-
stream kinases, large tumor suppressor kinase (LATS)1/2 of
the AGC family (5). Inhibition of the Hippo pathway results in
hyperactivation of the main downstream effector yes-associ-
ated protein (YAP)/tafazzin (TAZ)/TEA domain transcription
factor (TEAD), which in turn promotes the expression of cell
proliferation-, epithelial-mesenchymal transition (EMT)-
and anti-apoptosis-associated genes, leading to accelerated
tumor development and malignancy (6). Therefore, in cancer,
various signaling cascades that suppress the Hippo pathway
and activate YAP/TAZ/TEAD have been described. Notably,
dysregulation of the Hippo pathway has been revealed to
participate in various types of cancers, including liver, lung,
colorectal, ovarian and prostate cancers (7). In glioma,
previous studies have reported that YAP and TAZ are highly
expressed, thus increasing tumor initiation and invasion (8,9).
Gene Expression Omnibus (GSE15824) data revealed the
downregulation of LATS2 in glioma (10); however, whether
downregulation of LATS2 mediates tumorigenesis through
activation of YAP/TAZ in glioma remains unknown.

The present study confirmed that LATS2 expression was
downregulated in glioma clinical specimens. Notably, in vitro
overexpression of LATS2 suppressed proliferation, migration
and invasion of U-372 MG cells, via increasing the levels of
phosphorylated (p)-YAP/TAZ, resulting in their cytoplasmic
retention. Taken together, these findings indicated the role
of LATS2-mediated phosphorylation of YAP/TAZ in glioma
tumorigenesis.

Materials and methods

Tissue specimens and clinical data. The present study was
approved by the Ethics Committee of The Second Hospital
of Hebei Medical University (Shijiazhuang, China), and all
patients provided written informed consent. The patients
included 40 men and 28 women, with a mean age of 39.5 years
(age range, 8-73 years), who were recruited to the study between
January 2016 and December 2017. A total of 80 tissue samples
(19 astrocytoma, 24 oligodendroglioma, 25 glioblastoma
samples and 12 normal samples) were obtained from the
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Department of Pathology of The Second Hospital of Hebei
Medical University, and were used in accordance with the
guidelines approved by The Second Hospital of Hebei Medical
University Ethics Committee. No patients underwent radia-
tion or chemotherapy prior to surgery. The 12 normal cortex
tissue specimens were obtained from individuals who died in
traffic accidents; their families provided informed consent for
the use of these tissues. The use of these 12 normal cortex
tissue specimens was also approved by the Ethics Committee
of The Second Hospital of Hebei Medical University.

Cell culture. The U-372 MG (TPBTO001265C; Tongpai
Biological Technology, Shanghai, China), LN-229
(BNCC341218; BeNa Culture Collection, Kunshan, China),
U-251 MG (CBP60300; BeNa Culture Collection) and A172
human glioma cell lines (CRL-1620; American Type Culture
Collection, Manassas, VA, USA), and the HEB human normal
glial cell line (BeNa Culture Collection) were cultured in
Dulbecco's modified Eagle's medium with high glucose
(cat. no. 11965-092; Gibco; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) supplemented with glutamine, peni-
cillin/streptomycin (cat. no. 15070063; Gibco; Thermo Fisher
Scientific, Inc.) and 10% fetal bovine serum (cat. no. 12483020;
Gibco; Thermo Fisher Scientific, Inc.) at 37°C in an incubator
containing 5% CO,. Plasmids (3 pg/10° cells) or small inter-
fering (si)RNA (30 pmol/10° cells) were transfected into cells
using Lipofectamine® 3000 (cat. no. L3000015; Invitrogen;
Thermo Fisher Scientific, Inc.) or Lipofectamine® RNAIMAX
(cat. no. 13778150; Invitrogen; Thermo Fisher Scientific, Inc.)
respectively, according to the manufacturer's protocols. Cells
were cultured for another 48 h, or for the indicated durations,
prior to further analysis.

Plasmids and siRNA. The entire human LATS2
(Gene 1D, 26524; size, 3,267 bp) and YAP (Gene 1D, 10413;
size, 1,515 bp) genes were amplified by polymerase chain
reaction (PCR) using KOD DNA polymerase (Toyobo Life
Science, Osaka, Japan), according to the manufacturer's
protocol. The fragments were then cloned into pcDNA3.1
plasmids (cat. no. V79020; Invitrogen; Thermo Fisher
Scientific, Inc.) by restriction enzyme cutting and ligation, and
were sequenced by GENEWIZ, Inc. (Suzhou, China) through
Sanger sequencing for validation; the empty pcDNA3.1 vector
was used as a control plasmid. The primers used for PCR are
listed in Table I, and restriction enzyme recognition sites are
underlined. Site-directed mutagenesis for YAP S127A was
introduced using the Site-Directed Mutagenesis kit (Beijing
SBS Genetech Co., Ltd., Beijing, China), according to the
manufacturer's protocol. The sequences of LATS2 siRNA and
scramble siRNA, which was used as a negative control, are
described in a previous study (11) and were purchased from
Invitrogen; Thermo Fisher Scientific, Inc.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was isolated using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.), and the concen-
tration of total RNA was measured using NanoDrop 2000
(NanoDrop; Thermo Fisher Scientific, Inc., Wilmington, DE,
USA). Subsequently, RNA (1 pg) was reverse transcribed
using the PrimeScript™ RT reagent kit with gDNA Eraser
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Table I. Polymerase chain reaction primers and siRNA
sequences.

Primers/siRNAs Sequences (5'-3")

LATS2-forward CGGGATCCATGAGGCCAAAGACTTTT
CCTGCC
CCGCTCGAGCTACACGTACACAGGCT
GGCAGCC

CGGAATTCATGGATCCCGGGCAGCAG
CGTICTAGACTATAACCATGTAAGAAA
GCTTTCTTTATCTAGC
UACCAUAAAUACAAUCUUCTT
UUCUCCGAACGUGUCACGUTT

LATS2-reverse

YAP-forward
YAP-reverse

siLAST?2
Scramble

Restriction enzyme recognition sites (BamHI in LATS2-forward
primer and Xhol in LATS2-reverse primer; EcoRI in YAP-forward
primer and Xbal in YAP-reverse primer) are underlined. LATS2,
large tumor suppressor kinase 2; si/siRNA, small interfering RNA;
YAP, yes-associated protein.

(Takara Biotechnology Co., Ltd., Dalian, China), according
to the manufacturer's protocol. RT-qPCR was conducted
using SYBR Premix Ex Taq (Takara Biotechnology Co.,
Ltd.) on an Applied Biosystems 7500 Real-Time PCR System
(Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham,
MA, USA). The thermal cycling conditions were as follows:
Pre-denaturation at 95°C for 30 sec, followed by 40 cycles at
95°C for 5 sec and 60°C for 30 sec. Nucleotide sequences of
the primers used for RT-qPCR were as follows (5'-3'): LATS2,
forward TGGCACCTACTCCCACAG, and reverse CCAAGG
GCTTTCTTCATCT; GAPDH, forward TCATGGGTGTGA
ACCATGAGAA; and reverse GGCATGGACTGTGGTCAT
GAG. The relative mRNA expression levels of LATS2 were
normalized to GAPDH and were calculated as 224 as described
in previous study, where ACq=Cq; ars> - Cqgappn (12).

Immunohistochemistry. Tissues were fixed in 10% neutral
formalin for <24 h at 25°C, and were then embedded in
paraffin. Paraffin-embedded tissue sections (4 ym) were cut,
and were then dewaxed in xylene and rehydrated in graded
ethanol. After rinsing with water, the sections were heated in
antigen retrieval solution (cat. no. POO81; Beyotime Institute of
Biotechnology, Shanghai, China) for 10 min, incubated with 3%
hydrogen peroxide for 5 min at 25°C to inactivate endogenous
peroxidase and blocked with 3% bovine serum albumin (BSA;
cat. no. ST023-200g; Beyotime Institute of Biotechnology)
at 25°C for 30 min. Subsequently, samples were incubated
with LATS2 antibody (1:100; cat. no. ab110780; Abcam,
Cambridge, MA, USA) at 4°C overnight. After three 5-min
washes in Tris-buffered saline-0.1% Tween-20 (TBST), the
sections were incubated with biotin-conjugated goat anti-rabbit
immunoglobulin G (IgG) (1:500; cat. no. SAO0004-2; Wuhan
Sanying Biotechnology, Wuhan, Hubei, China) at 25°C for
45 min, and were subsequently incubated with streptav-
idin-biotin complex containing horseradish peroxidase (HRP)
(cat. no. PO603; Beyotime Institute of Biotechnology) at 25°C



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

for 30 min. Finally, sections were incubated with DAB until
color developed and images were captured under a bright
field microscope. Finally, a semi-quantitative assessment of
LATS2 relative expression was conducted using ImagelJ soft-
ware (ImageJ bundled with 64-bit Java 1.8.0_112; National
Institutes of Health, Bethesda, MD, USA). Briefly, 10 visual
fields were randomly observed and 200 cells were counted in
each field. The positively stained cells were calculated for each
section.

Western blot analysis. Cells were collected and lysed in
radioimmunoprecipitation assay buffer (cat. no. 9806; Cell
Signaling Technology, Inc., Danvers, MA, USA), and total
protein concentration was determined using the bicinchoninic
acid assay. Protein samples (20 ug) were loaded, separated by
10% SDS-PAGE and transferred to polyvinylidene difluoride
membranes. Blots were blocked in 5% (w/v) dry skimmed milk
at 25°C for 60 min and were then incubated with the following
primary antibodies: Anti-LATS2 (1:1,000; cat. no. ab110780;
Abcam), anti-YAP (1:5,000; cat. no. ab52771; Abcam),
anti-p-YAP S127 (1:5,000; cat. no. ab76252; Abcam), anti-TAZ
(1:1,000; cat. no. ab84927; Abcam), anti-p-TAZ Ser89 (1:1,000;
cat. no. 75275; Cell Signaling Technology, Inc.), anti-Cyclin D1
(1:200; cat. no. abl6663; Abcam), anti-cyclin-dependent
kinase (CDK)4 (1:1,000; cat. no. abl108357; Abcam),
anti-CDK®6 (1:5,000; cat. no. ab124821; Abcam) anti-B-actin
(1:5,000; cat. no. ab8226; Abcam) at 4°C overnight. After
washing three times in TBST (10 min/wash), blots were incu-
bated with HRP-conjugated goat anti-mouse IgG (1:5,000;
cat. no. SA0O0001-1; Wuhan Sanying Biotechnology) or goat
anti-rabbit IgG (1:5,000; cat. no. SA00001-2; Wuhan Sanying
Biotechnology) for 45 min at room temperature. The blots
were then developed using enhanced chemiluminescence
substrate (cat. no. 32209; Pierce; Thermo Fisher Scientific,
Inc.), according to the manufacturer's protocol.

Cell proliferation analysis. Cell growth curves were plotted
using the Cell Counting Kit-8 (CCK-8) assay (Dojindo
Molecular Technologies, Inc., Kumamoto, Japan), according to
the manufacturer's protocol. A total of 10* cells were seeded in
96-well plates with six replicates for each condition. Following
incubation with the CCK-8 reagent, absorbance was measured
at 450 nm. Each experiment was performed in triplicate.

Cell cycle analysis. Cells were collected, washed twice in cold
PBS and fixed with 75% ethanol at -20°C. A total of 5x10°
fixed cells were then incubated with propidium iodide (PI)
staining solution containing 0.5% Triton X-100, 20 ug/ml PI
(cat. no. p4170; Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) and 0.2 mg/ml RNase A (Sigma-Aldrich;
Merck KGaA) in PBS at 4°C for 30 min. Cells were analyzed
by FACSCalibur flow cytometry (BD Biosciences, Franklin
Lakes, NJ, USA), and the DNA content of labeled cells was
calculated. Each experiment was performed in triplicate.

Scratch wound healing assay. Cells were cultured on
35-mm glass base dishes as ~90% confluent monolayers.
Subsequently, the cells were scraped with a 200-ul pipette
tip and the cells were washed twice with PBS to remove cell
debris. To analyze scratch wound closure, optical images
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were captured at O and 24 h time points using a microscope
(Olympus IX71 microscope; Olympus Corporation, Tokyo,
Japan) and were analyzed with ImageJ (ImageJ bundled with
64-bit Java 1.8.0_112; National Institutes of Health).

Invasion assay. In vitro invasion assay was performed in
transwell inserts (pore size, 8-um pore; Costar; Corning
Incorporated, Corning, NY, USA). Cell suspensions
(1x109 cells/ml; 200 ul) were seeded on fibronectin-coated
polycarbonate membranes precoated with 50 ul Matrigel
(1 mg/ml; BD Biosciences). After 18 h, the cells on the lower
side of the membrane were fixed with pre-chilled 100%
methanol at 4°C for 30 min and stained with Giemsa at 25°C
for 10 min. The stained cells were captured under a micro-
scope (Olympus IX71 microscope; Olympus Corporation)
at x200 magnification and were counted. Experiments were
performed in triplicate.

Immunofluorescence. Cells transfected with LATS2 plasmids
were grown on glass coverslips. After gentle washing with
PBS, cells were fixed in pre-chilled 4% paraformaldehyde
for 30 min at 4°C. Subsequently, fixed cells were permea-
bilized with 0.05% NP-40 in PBS containing 1% BSA for
30 min at 4°C, and blocked in 3% BSA and 10% normal goat
serum (cat. no. C0265; Beyotime Institute of Biotechnology)
for 30 min at 25°C. Cells were incubated with anti-YAP
(1:200; cat. no. ab52771; Abcam) and anti-TAZ (1:200;
cat. no. ab84927; Abcam) at 4°C overnight. After washing
three times in 0.1% PBS-Tween-20 (3 min/wash), the cover-
slips were incubated with Alexa Fluor® 488-conjugated goat
anti-rabbit IgG (1:500; cat. no. ab150077; Abcam) for 30 min
at room temperature. Subsequently, slides were incubated with
DAPI (cat. no. C1005; Beyotime Institute of Biotechnology)
for 5 min at 25°C and were washed three times in PBS
(5 min/wash). Fluorescence was examined under an Olympus
fluorescence microscope (Olympus Corporation).

Statistical analyses. All statistical analyses were performed
using SPSS 17.0 (SPSS, Inc., Chicago, IL, USA) software. Data
are presented as the means + standard error of the mean, and
differences between groups were evaluated using Student's
t-test for two groups, or one-way analysis of variance followed
by Tukey's multiple comparisons test for three or more groups.
P<0.05 was considered to indicate a statistically significant
difference.

Results

LATS?2 is downregulated in glioma. To investigate the function
of LATS2 in glioma, the present study determined whether
the relative expression levels of LATS2 were altered in glioma
tissues (astrocytomas, oligodendrogliomas and glioblastomas)
compared with in normal tissue samples using RT-qPCR. The
results revealed that the mRNA expression levels of LATS2
were significantly reduced in astrocytomas, oligodendro-
gliomas and glioblastomas compared with in normal tissue
samples (Fig. 1A). For further validation, immunohistochem-
istry was performed to examine the expression levels of LATS2
in clinical specimens. Consistent with the RT-qPCR results, a
lower signal was detected in glioma samples compared with
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Figure 1. LATS2 was downregulated in glioma. (A) Expression levels of LATS2 were significantly lower in astrocytomas, oligodendrogliomas and glioblas-
tomas compared with in normal tissues, as detected by reverse transcription-quantitative polymerase chain reaction. (B) Representative immunohistochemistry
images (magnification, x200) of LATS2 in astrocytomas, oligodendrogliomas and primary glioblastomas. (C) Number of positive cells in immunohistochem-
istry was calculated. (D) mRNA expression levels of LATS?2 in glioma cell lines (U-372 MG, LN-229, U-251 MG and A172) were lower than in the normal glial
cell line (HEB); U-372 MG cells had the lowest expression of LATS2. Data are presented as the means + standard deviation. “P<0.01; ““P<0.001 compared

with the normal group or HEB cells. LATS2, large tumor suppressor kinase 2.

in normal tissues (Fig. 1B and C). These findings suggested
that LATS?2 is downregulated in glioma, and prompted further
investigation into the biological functions of LATS2 in glioma.
In order to assess the function of LATS2 in vitro, the expres-
sion levels of LATS2 were analyzed in a panel of glioma cell
lines, including U-372 MG, LN-229, U-251 MG and A172, and
a normal glial cell line (HEB). Of all the glioma cell lines,
U-372 MG had the lowest LATS2 expression, as revealed using
RT-qPCR analysis; this cell line was chosen for subsequent
functional analysis (Fig. 1D).

LATS2 suppresses cell proliferation, migration and invasion
in vitro. Since LATS2 functions as a core kinase in the Hippo
pathway regulating cell proliferation and EMT, the present
study assessed whether manipulating the expression levels of
LATS2, by plasmid or siRNA transfection, affected cell prolif-
eration, migration and invasion of U-372 MG cells. Initially, the
transfection efficiency of LATS2 plasmids and LATS2 siRNA
was confirmed. The mRNA and protein expression levels of
LATS2 were significantly upregulated in cells transfected with

LATS2 plasmids and were downregulated in cells transfected
with siLATS2,compared with in cells transfected with an empty
vector or scramble siRNA (Fig. 2A). To determine the effects
of LATS2 on cell proliferation, cell growth was measured
using a CCK-8 assay. The growth curves revealed that LATS2
overexpression significantly inhibited cell growth, whereas
LATS2 knockdown resulted in opposite effects (Fig. 2B).
Subsequently, the effects of LATS2 on cell cycle progression
were determined through flow cytometry using PI staining.
As shown in Fig. 2C, overexpression of LATS2 increased the
number of cells in the G, phase and decreased the number of
cells in the S phase, whereas LATS2 knockdown exhibited the
opposite effect; neither of them had any effect on the number
of cells in the G,/M phase (Fig. 2C). These results indicated
that expression of LATS2 delayed cell cycle progression in
the G, phase. Given the known functions of cyclin D1, CDK4
and CDK®6 in G,/S transition, the present study measured the
expression levels of these proteins by western blotting. Notably,
overexpression of LATS2 decreased the expression levels of
cyclin D1, CDK4 and CDK6, where LATS2 knockdown had
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Figure 2. Overexpression of LATS2 suppresses cell proliferation by delaying G,/S transition in U-372 MG cells. (A) Efficiency of LATS2 plasmid and siLATS2
transfection was validated in U-372 MG cells. The mRNA and protein expression levels of LATS2 were significantly upregulated or downregulated in cells
transfected with plasmids or siRNA, respectively. Empty vector or NC siRNA were used as controls. (B) Effects of LATS2 on cell growth were determined by Cell
Counting Kit-8 assay. OD,, was measured at 0, 24, 48 and 72 h post-transfection. Overexpression of LATS2 decreased cell growth (left), whereas LATS2 knock-
down increased cell growth (right). (C) Effects of LATS?2 on cell cycle progression were measured by flow cytometry using propidium iodide. Overexpression
of LATS?2 increased the percentage of cells in the G, phase and decreased the number of cells in the S phase compared with the control, whereas knockdown of
LATS?2 had the opposite effects; G,/M phase was not affected. (D) Protein expression levels of cyclin D, CDK4 and CDK6 were determined by western blotting
and fB-actin was used as an internal reference. Expression levels of these proteins were decreased in LATS2-overexpressed cells and were increased in LATS2
knockdown cells. All data are presented as the means + standard deviation (n=3). "P<0.05; “P<0.01; ““P<0.001 compared with control or siNC groups. CDK,
cyclin-dependent kinase; LATS2, large tumor suppressor kinase 2; OD, optical density; NC, negative control; si/siRNA, small interfering RNA.

the opposite effect; these proteins are required for progression
through the G, phase of the cell cycle (Fig. 2D).

Since increased cell migration and invasion are features
of glioma, the present study investigated the effects of LATS2
expression on cell migration and invasion using scratch wound
healing and transwell invasion assays, respectively. A U-372
MG cell monolayer was used for the wound healing assay. The

results revealed that cells with LATS2 overexpression exhibited
significantly slower wound repair, whereas in cells with LATS2
knockdown, cell migration was increased compared with the
control group after 24 h (Fig. 3A and B). Furthermore, transwell
invasion assay revealed a reduction in the number of invasive
cells when LATS2 was overexpressed compared with cells trans-
fected with an empty vector. Consistently, LATS2 knockdown
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Figure 3. LATS2 suppressed cell migration and invasion. (A) Scratch wound healing assay was performed in U-372 MG cells transfected with LATS2 (left) or
siLATS2 (right) for 24 h. Wound repair rate was inversely related to the expression levels of LATS2. Representative images (magnification, x200) of wound
closure at 0 and 24 h are shown. Black dotted lines indicate initial injury at O h and injury closure at 24 h. (B) Cell migration was quantified as a percentage
of the healed area. (C) Transwell invasion assay was performed in U-372 MG cells transfected with LATS2 (left) or siLATS2 (right). Representative images
(magnification, x400) of invasive cells are shown. The number of invasive cells was counted and was inversely related to the expression levels of LATS2. All
data are presented as the means + standard deviation (n=3). “P<0.01; "“P<0.001 compared with control or siNC groups. Each assay was performed in triplicate.
LATS?2, large tumor suppressor kinase 2; NC, negative control; si/siRNA, small interfering RNA.

elevated the number of invasive cells (Fig. 3C). Taken together,
these results indicated that LATS2 dysregulation may affect
growth, migration and invasion of U-372 MG cells in vitro.

LATS?2 regulates phosphorylation of YAP and TAZ, and
their subcellular localization. Since YAP and TAZ are well
recognized as downstream effectors of the Hippo pathway, the
present study aimed to determine whether LATS2 functions
through phosphorylating YAP and TAZ in U-372 MG cells.
The phosphorylated and total protein expression levels of
YAP and TAZ were detected in cells transfected with LATS2
plasmids or LATS2 siRNA. Notably, although alterations in
LATS2 expression had no effect on the total expression levels
of YAP and TAZ, p-YAP and p-TAZ were increased in cells
transfected with LATS2 plasmids and decreased in cells trans-
fected with LATS2 siRNA (Fig. 4A). These findings indicated
that expression of LATS2 may regulate the phosphorylation of
YAP and TAZ. Since it has been reported that YAP and TAZ
phosphorylation promotes their translocation from the nucleus
to the cytoplasm (13), this study also investigated whether
LATS2-induced YAP and TAZ phosphorylation altered their
subcellular localization. Immunostaining revealed that overex-
pression of LATS?2 induced nuclear to cytoplasm translocation
of p-YAP and p-TAZ (Fig. 4B).

YAP S127A mutant abolishes the inhibitory effects of LATS2
on cell proliferation, migration and invasion. Although
YAP and TAZ are the main effectors of the Hippo pathway,
LATS?2 can operate through other signaling pathways, such
as Wnt signaling (14). In order to confirm that LATS2 inhib-
ited cell proliferation, migration and invasion through the
YAP/TAZ signaling pathway, a YAP S127A mutant, which
lacks the phosphorylation site recognized by LATS2 (15),
was transfected into cells, which were analyzed by CCK-8,
scratch wound healing and transwell invasion assays. These
studies aimed to investigate whether disrupting YAP phos-
phorylation abolished the inhibitory effects of LATS2 on cell
proliferation, migration and invasion. Initially, the present
study validated that YAP S127A transfection increased the
total protein expression levels of YAP, but not p-YAP in U-372
MG cells (Fig. 5A). Compared with transfection with LATS2
alone, cotransfection with YAP S127A and LATS?2 decreased
the expression levels of p-YAP (Fig. 5B). The results of
CCK-8, scratch wound healing and transwell invasion assays
consistently revealed that YAP S127A relieved the suppres-
sive effects of LATS2 on cell proliferation, migration and
invasion (Fig. 5C-E). These findings are consistent with the
hypothesis that LATS2 regulated cell proliferation, migration
and invasion via YAP/TAZ signaling.
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Figure 4. LATS2 regulates YAP and TAZ by phosphorylation and subcellular localization. (A) Levels of p- and total YAP and TAZ were determined by
western blotting; B-actin was used as an internal reference. Overexpression (left) increased the phosphorylation of YAP and TAZ, whereas knockdown (right)
of LATS2 decreased the phosphorylation of YAP and TAZ; no effects were detected on total protein levels. (B) Subcellular localization of YAP and TAZ was
determined by immunofluorescence (magnification, x800). YAP and TAZ [Alexa Fluor® 488-conjugated secondary antibody (top)], nuclei [DAPI (middle)] and
merged images (bottom) are presented. YAP and TAZ were translocated from the nucleus to the cytoplasm in cells with LATS2 overexpression. LATS2, large
tumor suppressor kinase 2; NC, negative control; p, phosphorylated; si/siRNA, small interfering RNA; TAZ, tafazzin; YAP, yes-associated protein.

Discussion

The present study revealed the LATS2 was downregulated
in glioma samples compared with in normal tissue samples,
as determined by RT-qPCR and immunohistochemistry.
Subsequently, the effects of LATS2 on cell proliferation,
migration and invasion were detected in vitro using U-372 MG
glioma cells. The results indicated that LATS2 suppressed
cell proliferation, likely by decreasing the expression levels
of cyclin D1, CDK4 and CDK6, which are necessary for
G,/S transition. This result supported previous findings by
Li et al, which reported that LATS2 suppressed cell prolif-
eration by inhibiting G,/S transition through downregulating
cyclin E/CDK2 kinase in NIH3T3/v-ras cells (16). Notably,
dysregulation of the aforementioned proteins have also been
implicated in other types of human cancer (17), thus suggesting
that LATS2 may inhibit cell proliferation through several path-
ways. Increased cell migration and invasion are two important
features in development and oncogenic transformation, which
may be associated with the high invasive ability of gliomas.
The present study demonstrated using scratch wound healing
and transwell invasion assays, that LATS2 also suppressed
cell migration and invasion of U-372 MG cells. Therefore,

reduced LATS2 expression in glioma samples may explain the
increased cell migration and invasiveness.

The present study aimed to determine the underlying
pathway that mediates the effects of LATS2 on cell prolifera-
tion, migration and invasion. The Hippo pathway has been well
recognized as a key player in cellular proliferation, transforma-
tion and tumorigenesis (18), and YAP/TAZ act as downstream
effectors. The present results revealed that LATS2 knockdown
decreased the expression levels of p-YAP/TAZ. This finding
is consistent with other findings, which reported that down-
regulation of LATS?2 alters phosphorylation of YAP/TAZ, and
in turn increases YAP and TAZ nuclear accumulation; these
proteins are pervasively activated in human malignancies (6).
These findings suggested that LATS2 may act as a tumor
suppressor in glioma, as well as in other cancers (14,19).

Glioma is a frequent primary CNS tumor, with an
average annual age-adjusted incidence rate of 6.0/100,000
in the United States (20). Due to its highly invasive ability, it
is considered an intractable disease in the clinic with a very
short median survival time (20). Therefore, there is an urgent
requirement to further study the mechanism of tumorigenesis
and develop novel treatment strategies. Targeted therapy that
inhibits oncogenic signaling pathways and tumor-associated
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Figure 5. YAP S127A mutant abolished the effects of LATS2 on cell proliferation, migration and invasion. (A) Expression levels of p- and total YAP were determined
in wild-type YAP- and YAP S127A-transfected cells by western blotting. 3-actin was used as an internal reference. Total levels of YAP were increased in both
wild-type YAP- and YAP S127A-transfected cells compared with the control; however, p-YAP was only increased in wild-type YAP-transfected cells. (B) YAP
S127A abolished LATS2-induced p-YAP upregulation. Expression levels of LATS2, total YAP and p-YAP were determined by western blotting. 3-actin was used as
an internal reference. (C) YAP S127A abolished LATS2-induced suppression of cell proliferation. Growth curves were plotted with the results of the Cell Counting
Kit-8 assay, and OD,s, was measured at 24,48 and 72 h. Cell growth was restored by cotransfection of cells with LATS2 and YAP S127A. (D) YAP S127A restored
the migration of the LATS2-transfected cells. Cell migration in each group was determined using the scratch wound healing assay; representative images (magni-
fication, x200) are shown. Following cotransfection with YAP S127A and LATS2, cells had a similar wound repair rate to the control group, whereas transfection
with LATS2 alone resulted in a significantly lower repair rate compared with cells cotransfected with LATS2 and YAP S127A. (E) Overexpression of YAP S127A
restored the invasive ability of LATS2-transfected cells. Cell invasion in each group was determined by transwell invasion assay and the number of invasive cells
was counted (magnification, x800). Cells cotransfected with YAP S127A and LATS2 had a similar number of invasive cells to the control group, whereas transfection
with LATS?2 alone resulted in significantly fewer invasive cells compared with the control group. All data are presented as the means + standard deviation (n=3).
“"P<0.001 compared with cells cotransfected with LATS2 and YAP S127A. Each assay was performed in triplicate. LATS2, large tumor suppressor kinase 2; p,
phosphorylated; si/siRNA, small interfering RNA; YAP, yes-associated protein.

angiogenesis exerts impressive effects in the clinic (21). It
has previously been reported that dysregulation of the Hippo
pathway is heavily involved in the initiation and progres-
sion of various types of cancer (22). The Hippo pathway
is an evolutionarily conserved mechanism, which serves a
crucial role in cell proliferation, apoptosis, differentiation
and development. The core component of the mammalian
Hippo pathway is the MST1/2 and LATS1/2 kinase cascade.
Activation of the kinase cascade induces translocation
of YAP and TAZ from the nucleus to the cytoplasm and
degradation, which suppresses the expression of genes that
promote proliferation and inhibit apoptosis. Therefore,
LATS2 is a potential tumor suppressor that may be able
to regulate several oncogenes. Low expression of LATS2,
or LATS2 copy number loss has been identified in breast,
ovarian, hepatocellular and lung cancer (23). The present
study confirmed the downregulation of LATS2 expression
in glioma. The functions and downregulation of LATS2 in
various cancers indicates that it may serve an important

role in glioma formation and progression. Notably, studies
also revealed that low expression of LATS2 predicts a better
outcome for patients with cancer (24,25). One possible reason
for the contradictory function of LATS2 may be the cross-
talk of LATS2 with other signaling pathways. The roles of
LATS?2 in tumorigenesis remain unclear; LATS2 may poten-
tially function as a tumor suppressor, not only by regulating
YAP and TAZ phosphorylation as indicated in this study,
but also by suppressing oncogenic Wnt signaling through
disrupting B-catenin/B cell CLL/lymphoma 9 interaction,
as shown in a previous study (12); conversely, LATS2 has
been reported to promote the stability of p53 via inactiva-
tion of MDM2 proto-oncogene (26). However, pS3 mutations
have been detected in the majority of cancers; in this case,
lower expression of LATS2 may decrease the transcriptional
activity of mutant p53 and further decrease the proliferation,
invasion and migration of the cancer cells. Therefore, hetero-
geneity in cytology and gene expression should be taken into
account when exploring tumorigenic mechanisms.
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The present results confirmed that LATS2 was downregu-
lated in glioma samples. It was also revealed that overexpression
of LATS2 suppressed proliferation, migration and invasion of
U-372 MG cells by altering YAP/TAZ phosphorylation and
nuclear translocation. These results highlight the potential
function of LATS2 as a tumor suppressor in glioma, and its
reduced expression in glioma may be a contributing factor to
cancer progression.
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