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LMO4 promotes the invasion and proliferation of gastric
cancer by activating PI3BK-Akt-mTOR signaling
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Abstract: This study assessed the biological functions of LIM-domain-only 4 (LMO4) in gastric cancer (GC) and
investigated the underlying molecular mechanisms. It was found that the expression of LMO4 was significantly
upregulated in GC tissues and closely associated with clinicopathological factors, overall survival and disease-free
survival of patients. After knockdown of LMO4 in MGC-803 and SGC-7901 cells, invasion and proliferation were
obviously suppressed. Furthermore, LMO4 knockdown suppressed the phosphorylation of phosphatidylinositol 3-ki-
nase (PI3K), Akt and mammalian target of rapamycin (mTOR). Miltefosine, the inhibitor of PI3K/Akt, and dactolisib,
the inhibitor of mTOR, abrogated recombinant LMO4-induced GC cell invasion and proliferation. These results sug-
gest that LMO4 promotes GC cell invasion and proliferation mainly through PI3K-Akt-mTOR signaling. LMO4 may
serve as a potential therapeutic target for GC in the future.
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Introduction

Gastric cancer (GC) is the second most com-
mon type of malignancy worldwide. In devel-
oped Western countries, the five-year survival
rate for GC is as low as 10-19% [1]. In China, GC
is the most common type of malignancy accord-
ing to the number of cases diagnosed annually
[2]. It is currently elusive what factors contrib-
ute to the development, progression and me-
tastasis of GC in geographic areas with high
prevalence, including certain cities in North-
west China [3, 4]. GC includes two distinct mor-
phological subtypes: gastric intestinal-type ad-
enocarcinoma and diffuse gastric adenocarci-
noma [5-7]. In addition to tumor protein 53
mutations, studies have reported frequent ina-
ctivating mutations in genes associated with
cell adhesion and chromatin remodeling [8, 9].
Although certain essential factors that may
serve as therapeutic targets have been identi-
fied in recent years, effective methods to treat
GC or monitor disease progression in the clinic
are still lacking [10-13].

LMO4 is a member of the LIM-only family
of proteins (LMO). The main members include

LMO1, LMO2, LMO3 and LMO4 [14]. It has
been reported that overexpression of LMO1 or
LMO2 was associated with T cell leukemia and
was considered an oncogene in T cell leukemia
[15-17]. LMO3 has been reported to be onco-
genic in human neuroblastoma [18, 19]. LMO4
was demonstrated to be an oncogene in T cell
leukemia [20]. Additionally, LMO4 was associ-
ated with the malignant phenotype of pancre-
atic cancer, non-small-cell lung cancer, head
and neck cancer, and other tumors [21-23].
Moreover, overexpression of LMO4 suppressed
the differentiation of mammary epithelial cells
and promoted the initiation and development
of breast cancer [24-26]. However, the role of
LMO4 and its related mechanism in GC remain
unclear.

The present study reports that LMO4 expres-
sion was significantly upregulated in GC tissues
and was closely associated with clinicopatho-
logical characteristics and patient prognosis.
Knockdown of LMO4 significantly suppressed
the invasion and proliferation of GC cells. Fur-
thermore, the effects of LMO4 on the invasion
and proliferation of GC cells were dependent
on PI3K-Akt-mTOR signaling.
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Materials and methods
Cell culture

Human GC cell lines, including AGS, BGC-823,
HGC-27, MGC-803, MKN-45 and SGC-7901,
were purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai,
China). BGC-823, MGC-803, MKN-45 and SGC-
7901 cells were cultured in RPMI-1640 medi-
um (Gibco, Thermo Fisher Scientific, MA, USA)
supplemented with 10% (v/v) fetal calf serum
(FCS) (Gibco, Thermo Fisher Scientific) and 1%
antibiotics. AGS was cultured in DMEM F-12
(Gibco, Thermo Fisher Scientific) supplemented
with 10% FCS and 1% antibiotics. HGC-27 was
cultured in RPMI-1640 medium supplemented
with 20% FCS and 1% antibiotics. All of the GC
cells were cultured at 37°C in a humidified
atmosphere containing 5% CO.,.

Clinical samples

Human gastric tumor (n = 15) and normal tis-
sues (n = 10), in which 10 gastric tumor and
normal tissues were paired, were obtained
from patients who were admitted at the De-
partment of Gastroenterology, Shijiazhuang
First Hospital. All of the patients provided writ-
ten informed consent prior to enrollment, and
the study was approved by the Research Eth-
ics Committee of Shijiazhuang First Hospital.
In addition, a human tissue microarray, which
was also obtained from the Department of
Gastroenterology, Shijiazhuang First Hospital,
was used, which contained GC samples and
paired normal tissues from 164 cases.

Reverse transcription-quantitative polymerase
chain reaction (RT-gPCR)

Total RNA was extracted using TRIzol (Takara
Bio, Otsu, Japan) and reverse-transcribed with
a PrimeScript RT-PCR kit (Takara Bio). Real-
time gPCR analyses were performed with SY-
BR Premix Ex Taq (Takara Bio) on a 7500 real-
time PCR system (Thermo Fisher Scientific, MA,
USA) at the recommended thermal cycling set-
tings: one initial cycle at 95°C for 30 sec, fol-
lowed by 40 cycles of 5 sec at 95°C and 31 sec
at 60°C. The results were quantified using the
2881 method [27]. The primer sequences used
were as follows: LMO4, forward 5'-GGACAGTC-
GATTCCTGCGAG-3’ and reverse 5-TGTAGTGA-
AACCGATCTCCCG-3’; and B-actin, forward 5'-
CTCCATCCTGGCCTCGCTGT-3’ and reverse 5-
GCTGTCACCTTCACCGTTCC-3'.
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Western blot analysis

Cells were lysed in lysis buffer (50 mM Tris-HCI;
150 mM NaCl; 1% Triton-X 100; 1 mM each of
MgCI2; MnCIQ, CaCI2, and 1 mM phenylmethyl-
sulfonyl fluoride; and 10 mM sodium fluoride;
Sangon, Shanghai, China). The protein concen-
tration was determined using the BCA method.
A total of 20 ug protein was loaded per lane,
and proteins were separated by 6-12% SDS-
PAGE under reducing conditions and trans-
ferred onto a nitrocellulose membrane (Thermo
Fisher Scientific). The membrane was blocked
in PBS/Tween-20 containing 5% bovine serum
albumin (Sangon, Shanghai, China), followed
by incubation with the antibodies for LMO4
(1:1,000, Abcam, MA, USA), phospho-PI3K p85
(1:2,000), total PI3BK (1:2,000), phospho-Akt
(1:2,000), total Akt (1:2,000), phospho-mTOR
(1:2,000), total mTOR (1:2,000; all from Cell
Signaling Technology, MA, USA) and GAPDH
(1:1,000, Sigma-Aldrich, Darmstadt, Germany)
at 4°C overnight. Subsequently, the membrane
was washed and incubated with IRDye® 680
LT Goat anti-Rabbit IgG (H+L, 1:10,000) or
IRDye® 800CW goat anti-mouse IgG (H+L,
1:10,000, LI-COR Biosciences, NE, USA) at
room temperature for 1 h. The fluorescently
labeled secondary antibodies were directly
detected with the Odyssey imaging system
(LI-COR Biosciences).

Small interfering (si) RNA transfection

siRNA duplexes for LMO4 were produced by
Genepharma (Abcam, MA, USA). The LMO4
siRNA and scrambled siRNA were purchased
from Abnova (Abnova, Taiwan, China). Transfe-
ction steps were performed according to the
manufacturer’s protocol for the X-tremeGE-
NE siRNA transfection reagent (Sigma-Aldrich,
Darmstadt, Germany).

Recombinant (r) LMO4 protein and inhibitors

rLMO4 protein was purchased from Abcam.
The inhibitor of PI3K/Akt (miltefosine) and the
inhibitor of mTOR (dactolisib) were purchased
from Selleck Chemicals (TX, USA). rLMO4 pro-
tein was added to BGC-823 and HGC-27 cells,
and miltefosine or dactolisib was added to the
above cells 2 h later. All cells were incubated at
37°C.

Invasion assay

MGC-803, SGC-7901, BGC-823 or HGC-27
cells were detached, resuspended in serum-
free RPMI-1640 medium, and seeded at 2 x
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10* cells per well in 100 pl in 8-um Transwell
inserts (EMD Millipore, MA, USA) with mem-
branes coated in Matrigel (BD Biosciences, NJ,
USA) on top of the wells of a 24-well plate.
RPMI-1640 medium containing 5% FBS was
added to the bottom chamber. Cells were incu-
bated at 37°C for 48 h. Subsequently, filters
were fixed and stained with 0.1% (w/v) crystal
violet at room temperature for 20 min. Nonin-
vading cells were removed from the upper side
of the membrane, and invaded cells on the
lower side were counted under a microscope at
a maghnification of x 400. At least three grids
per field were counted, and the experiments
were repeated twice.

Cell viability assay

Cell viability was determined using a standard
Cell Counting Kit-8 (CCK-8) assay. MGC-803,
SGC-7901, BGC-823 or HGC-27 cells were se-
eded into 96-well plates (100 pl per well) at a
density of 2 x 10* cells per ml, and the total
number of cells seeded in each well was 2 x
103. MGC-803 and SGC-7901 cells were trans-
fected with LMO4 siRNA or scrambled siRNA
before these cells were seeded. However, BGC-
823 and HGC-27 cells were treated with rLMO4
protein, miltefosine or dactolisib after the cells
had adhered to the bottom of dishes. After
incubation for 12, 24, 48 or 72 h, 10 yl CCK-
8 reagent (Dojindo, Kumamoto, Japan) was
added to each well. After 2 h of incubation at
37°C, the optical density was measured using
a microplate reader at a wavelength of 450 nm.

Animal experiments

Mice were housed and manipulated according
to protocols approved by the Shijiazhuang First
Hospital Animal Care Commission. All animals
received humane care according to the criteria
outlined in the “Guide for the Care and Use of
Laboratory Animals” prepared by the National
Academy of Sciences and published by the
National Institutes of Health (USA). Male NU/
NU mice (5 weeks, n =5 every group) were kept
on a 12-hour day/night cycle with free access
to food and water. MGC-803 cells were trypsin-
ized, washed in PBS, and resuspended in ser-
um-free RPMI-1640 medium. A total of 1 x 10°
MGC-803 cells in 100 yl DMEM were injected
subcutaneously in the lower back. Tumor grow-
th was monitored for 2 weeks.
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Statistical analysis

Values are expressed as the mean * standard
error of the mean. Survival time was analyzed
with the Kaplan-Meier method. The association
between LMO4 expression and the clinicopath-
ological features of patients with gastric cancer
was evaluated using Pearson’s Chi-square test.
One-way analysis of variance was used for com-
parison between groups. Statistical analyses
were performed using SPSS 16.0 for windows
(SPSS, Inc., Chicago, IL, USA). P<0.05 was con-
sidered to indicate a statistically significant
difference.

Results

LMO4 expression is closely associated with
clinicopathological characteristics and progno-
sis of GC patients

To investigate the expression of LMO4 in GC tis-
sues, 15 gastric tumors and 10 normal tissues
were collected and analyzed by RT-qPCR. The
expression of LMO4 was significantly upregu-
lated in GC tissues (Figure 1A). In 10 paired
gastric tumor and normal tissues within this
cohort, LMO4 expression was also upregulated
in GC tissues (Figure 1B). By western blotting,
we found that LMO4 expression was upregu-
lated in GC tissues in 5 paired gastric tumor
and normal tissues (Figure 1C).

A GC tissue microarray (n = 164) was then used
to investigate the correlations between LMO4
expression and clinicopathological characteris-
tics and patient prognoses. Immunohistochemi-
cal staining was scored according to the ratio
and intensity of positive-staining cells: 0-35%
was designated as the low-expression group;
>36% was designated as the high-expression
group. The expression of LMO4 was upregu-
lated in 74.80% of GC tissues (Figure 1D and
1E). Furthermore, the expression of LMO4 was
closely associated with tumor size, differentia-
tion, vascular embolism and TNM stage (Table
1), and high expression of LMO4 was positively
correlated with poor overall survival (OS; P =
0.021) and disease-free survival (DFS; P
0.041) (Figure 1F and 1G).

LMO4 knockdown suppresses the invasion
and proliferation of GC cells

To further investigate the biological functions of
LMO4 in GC, the expression level of LMO4 was
first detected in 6 GC cell lines. As shown in
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Figure 1. LMO4 expression is upregulated in GC and closely associated with patient prognosis. (A) The mRNA ex-
pression levels of LMO4 in 15 gastric tumors and 10 normal gastric tissues. **P<0.01. (B) The mRNA expression
levels of LMO4 in 10 paired gastric tumor and normal tissues within this cohort. “*P<0.01. (C) The protein expres-
sion levels of LMO4 in 5 paired gastric tumor and normal tissues. “*P<0.01. (D) The immunohistochemical staining
of LMO4 in gastric tumor and normal tissues (scale bar, 10 um). (E) A GC tissue microarray (n = 164) indicated that
the expression of LMO4 was upregulated in 74.80% of GC tissues. (F and G) Kaplan-Meier analysis of (F) OS (P =
0.021) and (G) DFS (P = 0.041) in GC patients from the microarray stratified by the expression of LMO4. Immunohis-
tochemical staining was scored according to the ratio and intensity of positive-staining cells: 0-35% was designated
as low expression; >36% was designated as high expression.

Figure 2A, LMO4 was highly expressed in MGC- cell lines were used to knock down LMO4 by
803 and SGC-7901 cells compared with the using siRNA (labeled si-LMO4-1 and si-LMO4-
other cell lines. Then, MGC-803 and SGC-7901 2). RT-gPCR and western blotting analysis de-
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Table 1. Correlation of clinicopathological factors with

and si-LM04-2 groups of mice were signifi-
cantly smaller than those of the NC group

(Figure 3A). After 2 weeks, all mice were

sacrificed. The tumors in the si-LM0O4-1

LMO4 expression
) LMO4 (n)
Variable :
High Low P

Age <62 years 29 48 0.713
>62 years 30 57

Gender Female 11 12 0.635
Male 48 93

Smoking history Yes 42 72 0.216
No 17 33

Lauren subtype Diffuse 28 b6 0.698
Intestine 30 49

Location Upper 13 18 0.397
Middle 24 63
Lower 16 21
Remnant stomach 6 3

Tumor size <5cm 22 73 <0.001
>5cm 37 32

Differentiation Well 5 2 0.003
Moderate 15 54
Poor 39 49

Vascular embolism Yes 40 100 <0.001
No 19 b5

TNM stage Stage | 33 84 0.003
Stage Il 8 15
Stage Ill/IV 18 6

and si-LMO04-2 groups were smaller and
weighed less than those of the NC group
(Figure 3B). By IHC and TUNEL staining, it
was found that the PCNA expression in the
NC group was higher than in the si-LM04-1
and si-LM0O4-2 groups, while apoptosis in
the NC group was lower than in the si-LM-
04-1 and si-LM04-2 groups (Figure 3C).

To investigate the underlying mechanism
of the association of LM0O4 with GC, we
performed GSEA analysis and found that
LMO4 was closely related to Akt-mTOR sig-
naling (Figure 3D). Then, the PI3K-Akt-
mTOR signaling pathways were assessed
in MGC-803 cells by western blotting anal-
ysis. Interestingly, LMO4 knockdown sig-
nificantly suppressed the phosphorylation
of PI3K p85 and Akt (Figure 3E). The phos-
phorylation of mTOR, a downstream sig-
naling event of Akt, was also suppressed
by silencing LMO4 (Figure 3E).

Taken together, the above results suggest
that LMO4 promotes the invasion and pro-

Pearson’s x? test was used for statistical analysis. TNM, tumor-

nodes-metastasis; LMO4, LIM domain only 4.

monstrated that LMO4 was successfully silen-
ced in MGC-803 and SGC-7901 cells (Figure
2B and 2C).

The present study investigated the role of
LMO4 in the invasion of GC cells. A Transwell
Matrigel invasion assay demonstrated that
knockdown of LMO4 suppressed the invasive
capacity of MGC-803 (Figure 2D) and SGC-
7901 (Figure 2E) cells after 48 h.

Furthermore, a CCK-8 cell viability assay was
employed to investigate the role of LMO4 in the
proliferation of GC cells. The viability of MGC-
803 and SGC-7901 cells was significantly sup-
pressed by knockdown of LMO4 at 48 and 72 h
(Figure 2F and 2G).

Knockdown of LMO4 attenuates tumor growth
in vivo and suppresses PI3K, Akt and mTOR
signaling in GC cells

MGC-803 cells were subcutaneously injected
into the lower back of male NU/NU mice. After
4 days, the tumor volumes in the si-LM04-1
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liferation of GC cells through PI3K-Akt-
mTOR signaling.

LMO4 promotes GC cell invasion and pro-
liferation through PI3K-Akt-mTOR signaling

The effects of LMO4 on GC cell invasion and
proliferation were investigated in the presence
of miltefosine (inhibitor of PI3K/Akt) or dactolis-
ib (inhibitor of MTOR). rLMO4 protein was added
to BGC-823 and HGC-27 cells, which had low
LMO4 expression levels, and miltefosine and
dactolisib were added 2 h later. r(LMO4 protein
treatment increased the phosphorylation of
PI3K p85, Aktand mTOR (Figure 4A). Miltefosine
and dactolisib treatment abrogated rLMO4-
induced GC cell invasion (Figure 4B and 4C)
and proliferation (Figure 4D and 4E).

These results indicate that LMO4-induced GC
cell invasion and proliferation are mainly depen-
dent on PI3K-Akt-mTOR signaling. The signaling
cascades are outlined in a schematic in Figure
4F.

Discussion

Numerous studies have assessed LMO4 in var-
ious cancer types. It has been reported that

Am J Transl Res 2019;11(10):6534-6543
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Figure 2. LMO4 knockdown suppresses the invasion and proliferation of gastric cancer cells. (A) Expression of
LMO4 in the GC cell lines AGS, BGC-823, HGC-27, MGC-803, MKN-45 and SGC-7901. *"P<0.01. (B and C) Protein
expression levels of LMO4 in (B) MGC-803 and (C) SGC-7901 cells following transfection with siRNA targeting LMO4.
(D) Representative photomicrographs of invaded MGC-803 cells transfected with siRNA targeting LMO4 (scale bar,
10 ym) and numbers of invaded MGC-803 cells in the three groups. (E) Representative photomicrographs of invad-
ed SGC-7901 cells transfected with siRNA targeting LMO4 (scale bar, 10 ym) and numbers of invaded SGC-7901
cells in the three groups. (F and G) Cell Counting Kit-8 cell viability assay of (F) MGC-803 and (G) SGC-7901 cells
transfected with siRNA targeting LMO4 at 0, 24, 48 and 72 h. "*P<0.01.

6539 Am J Transl Res 2019;11(10):6534-6543



LMO4 supports the invasion and proliferation of gastric cancer

A 16 B
o 14
= ; ; °
812 NC  siLMO4-1 si-lMO4-2 =
Q 1 ‘g)
£ ]
£ o8 2
2 06 g
5] 5
g 0.4 0 0510 0 0510 0 05 10 (cm) F
F 02
0d 2d 4d 6d 8d 10d 12d 14d
— NG e—i| MO4-1 8i-LMO4-2
C si-LMO4-1 si-LMO4-2 D
| @
< i 'JE{ 0.4
g 03
5 S 02
o E 0.1
E 00
I
. LI ALELRE
o £ osof" [
= £ 025 o
E Z 0.00
£ 025 I
[+ 4
E MGC-803
& K
@) R x
S 2 =
o ¥
phospho-PI3K ps5 AN I = 1 2 42 i 1e
¥ o > - ST
total-PI3K I . . 3 8 o [ %08 S £1.2
& = : =
phospho-Akt _ &8 25 2 Sos
_ 53, 5 O =
totat-Akt [N o 5°° 25°% ‘e Soa
. o © & ©
phospho-mTOR - s S 0 E 0 £ 0
] (O] L o O W "'f @ O aa
waror I £ O al R
ke W D = R
& & & & & &

GAPDH N N

Figure 3. LMO4 knockdown attenuates tumor growth in vivo and suppresses the phosphorylation of Akt, mTOR and
GSK3B. A. The tumor volumes of mice in the NC, si-LMO4-1 and si-LM0O4-2 groups over two weeks. **P<0.01. B.
Mice in the si-LM0O4-1 and si-LM04-2 groups showed relatively larger tumors compared with the NC group after two
weeks. The tumor weights of mice in the NC, si-LMO4-1 and si-LM04-2 groups are shown at right. **P<0.01. C. The
expression of PCNA and apoptosis in the tumors of NC, si-LM0O4-1 and si-LM04-2 group mice by IHC staining and TU-
NEL staining. D. LMO4 is closely related to Akt-mTOR signaling according to GSEA analysis. E. Western blot analysis
of phospho-PI3K p85, total-PI3K, phospho-Akt, total-Akt, phospho-mTOR and total-mTOR in LMO4-knockdown and
control MGC-803 cells and quantified phospho-PI3K p85/PI3K, phospho-Akt/total-Akt, phospho-mTOR/total-mTOR
ratios.

LMO4 is associated with the malignant pheno-
type of breast cancer, pancreatic cancer, non-
small-cell lung cancer, head and neck cancer,
and other tumors [21-26]. However, the de-
tailed biological functions of LMO4 in GC and
the underlying mechanisms have remained
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unclear. In this study, the exact roles of LMO4
in GC were investigated for the first time. By
analyzing GC tissues and GC microarrays, it
was found that the expression of LMO4 was
closely associated with tumor size, differentia-
tion, vascular embolism and TNM stage, as well

Am J Transl Res 2019;11(10):6534-6543
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Figure 4. LMO4 promotes GC cell invasion and proliferation via PI3K-Akt-mTOR signaling. (A) Western blot analysis
of phospho-PI3K p85, total PI3K, phospho-Akt, total Akt, phospho-mTOR and total mTOR in rLMO4-treated and
vehicle-treated BGC-823 cells. (B and C) (B) BGC-823 and (C) HGC-27 cells were treated with 50 nM rLMO4 protein,
50 nM rLMO4 protein plus 50 nM miltefosine (an inhibitor of PI3K/Akt), or 50 nM rLMO4 protein plus 50 nM dac-
tolisib (an inhibitor of mTOR). Cell invasion was analyzed after 48 h. (D and E) (D) BGC-823 and (E) HGC-27 cells
were subjected to the above-mentioned treatments, and cell viability was detected with a Cell Counting Kit-8 at O,
48 and 72 h. ""P<0.01. (F) Schematic depicting the mechanism of LMO4-induced GC cell invasion and proliferation.

as poor patient prognosis. These results sug- We further revealed the biological functions of
gest that LMO4 may have important roles in LMO4 in GC. The invasion ability and cell viabil-
the development of GC. ity of GC cells were significantly suppressed by
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LMO4 knockdown, indicating that LMO4 is in-
volved in the invasion and proliferation of GC
cells. We also revealed that knockdown of
LMO4 attenuated tumor growth in vivo. The
expression of PCNA was decreased, and ap-
optosis was increased by LMO4 knockdown. All
of these results suggest that LMO4 plays im-
portant roles in the invasion and proliferation
of GC cells.

Invasion and metastasis are major concerns
during the prognosis and progression of can-
cer. The PI3BK-Akt-mTOR pathway is pivotal in
modulating the invasion, migration and prolif-
eration of tumor cells [28-31]. The present stu-
dy indicated that knockdown of LMO4 decre-
ases the phosphorylation of PI3K, Akt and
mTOR. By using an inhibitor of PI3K/Akt, milte-
fosine, and an inhibitor of mTOR, dactolisib, it
was further determined that LMO4-induced GC
cell invasion and proliferation are dependent
on PI3K-Akt-mTOR signaling.

In conclusion, the present study revealed that
LMO4 has an important role in GC cell invasion
and proliferation. LMO4 promotes GC cell inva-
sion and proliferation through PI3K-Akt-mTOR
signaling. LMO4 may be used as a potential
prognostic or therapeutic target for GC in the
future.
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