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Abstract

LXRa is a subtype of the liver X receptors (LXRs). There is accumulating evidence to support the
involvement of LXRa in a variety of malignancies. However, the function and specific mechanism of
LXRa in gastric cancer (GC) remain unclear. In this study, the expression of LXRa was significantly
lower in poorly differentiated and undifferentiated GC tissues compared with well- and moderately
differentiated GC tissues by immunohistochemistry analysis. The activation of LXRa leads to the
decreased expression of B-catenin, CD44, and Cyclin DI, whereas the inhibition of LXRa has
opposite effect. The same results were obtained in animal experiments. Furthermore, results
showed that CD44 and Cyclin D1 expression significantly decreased when Wnt/3-catenin signaling
was blocked in LXRa silent GC cells, whereas it was significantly increased when Wnt/B-catenin
signaling was activated in LXRa over-expressed GC cells. CD44 and Cyclin D1, downstream targets
of Wnt/B-catenin signaling, are specific markers for cell differentiation. Therefore, we conclude that
LXRa may promote the differentiation of human GC cells through inactivation of Wnt/[3-catenin
signaling.

Key words: liver X receptor alpha, stomach neoplasms, cell differentiation, Wnt beta-catenin signaling pathway,
CD44 antigen

Introduction

Gastric cancer (GC) is the fifth most common
malignancy in the world. In 2012, approximately one
million new cases of stomach cancer were diagnosed
(951,000 cases, 6.8% of the total) [1]. It remains the
second most deadly cancer despite a decline in
incidence and mortality over the last 50 years [2, 3].
Chemotherapy and surgery are the mainstays of
treatment; however, novel approaches are urgently
required as chemoresistance hinders current treat-
ment strategies [4, 5].

Liver X receptors (LXRs) are involved in
cholesterol transport, glucose metabolism, and

modulation of the inflammatory response. They are
members of the nuclear receptor family and
subdivided into LXRa (also known as NR1H3) and
LXRp (also known as NR1H2). Cholesterol deriva-
tives, including oxysterols and 24(S), 25-epoxycholes-
terol, and synthetic agonists, such as T0901317 and
GW3965, activate both LXRs [6]. LXRa is expressed in
active metabolic sites, such as in the liver, intestine,
kidney, skin, adrenal glands, adipose tissue, and
macrophages. LXRp is found throughout the body [7].
Recent studies indicate that LXRa is associated with
many types of cancer [8].
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In terms of cellular differentiation, the poor
differentiation of tumor cells is often associated with a
worse prognosis, particularly in leukemia, thyroid
cancer, and colon cancer. In addition, the differentia-
tion of tumor cells is associated with epithelial-
mesenchymal transition (EMT) and drug resistance [9,
10]. These relationships are less well understood in
GC.

In this study, we first focus our attention on the
expression of LXRa in malignant gastric tissues and
tumor adjacent mucosas to determine whether LXRa
might serve as a diagnostic marker for GC. Second,
we investigate the relationship between the express-
ion of LXRa and patient characteristics including age,
gender, lymph node metastasis, invasion depth, and
the TNM stage of GC. Third, we determine the
possible mechanism by which LXRa regulates the
differentiation of GC cells and the role of the
Wnt/ B-catenin signaling pathway.

Materials and Methods

Materials

Anti-LXRa (ab41902), anti-p-catenin (ab32572),
anti-CD44 (ab51037), and anti- Cyclin D1 (ab134175)
antibodies were supplied by Abcam (Abcam, USA).
GAPDH (10949-1-AP) and p-tubulin (10094-1-AP)
antibodies were supplied by Proteintech Group
(Proteintech, USA). Dimethyl sulfoxide and GW3965
were purchased from Sigma-Aldrich (St Louis, MO,
USA). XAV939 (S1180) and Wnt agonist 1 (S8178)
were purchased from Selleck (Selleck, USA).

Subjects and samples

In total, 124 patients, 93 males and 31 females,
aged between 29 years and 83 years (median age 58
years) were enrolled from November 2015 to
December 2016. Each patient had a unique hospital
number. All patients were treated with surgery in
Xiangya Hospital, affiliated with Central South
University, Hunan, China. Neither chemotherapy nor
irradiation was performed prior to tumor resection.
This study was approved by the Medical Ethics
Committee of the Xiangya Hospital of Centre South
University (approval number 201503158). Written
informed consent from the donor was obtained for the
use of samples in this research. Samples of cancer
tissue, and tumor adjacent mucosa (2 cm distance
from the cancer) were collected from each patient
during the operation. Next, the samples were fixed in
10% formaldehyde solution and subsequently
embedded in paraffin wax. All these samples were
diagnosed as adenocarcinoma after pathologic
examination. Differentiation was graded as follows:
well and moderate (n=19, 15.3%), and poor and
undifferentiated (n=105, 84.7%).

Immunohistochemistry

Serial cross sections, 4 pm thick, were collected
and stained immunohistochemically as per manufac-
turer’s instructions for the Histostain®-Plus kits
(Zymed, Carlsbad, USA). The samples were depara-
ffinized, rehydrated, and incubated with fresh 0.3%
hydrogen peroxide in methanol for 10 min at 37 °C.
Sections were autoclaved for antigen retrieval in
citrate buffer at 100 °C for 2 min and incubated with
rabbit LXRa polyclonal antibody (ab41902, dilution
1:1000, Abcam, USA) at 4 °C overnight. Sections were
washed with PBS and incubated with biotinylated
anti-rabbit IgG as a second antibody for 15 min at 37
°C and then with streptavidin-conjugated horseradish
peroxidase for 15 min at 37 °C (Zymed, Carlsbad,
USA). An immune reaction was demonstrated with
DAB. The sections were counterstained with hema-
toxylin, dehydrated, and mounted. PBS substituted
for primary antibody in negative controls, with no
evident detectable staining. LXRa -positive oral
cancer was a positive control in this study.

Evaluation of LXRa immunohistochemical
staining

The average integral optical density (sumIOD/
area) measurement helped determine the positive-
staining density [11]. The imaging system was a Leica
CCD camera DFC420 connected to a Leica DMIRE2
microscope (Leica Microsystems Imaging Solutions,
Ltd., Cambridge, UK), and high-power magnification
(x400) was used to photograph the representative
fields. The software was Leica Qwin Plus v3. In each
image, the sumlOD/area was measured and counted
using Image-Pro Plus v6.0 software (Media
Cybernetics, Inc., Bethesda, MD, USA).

RNA interference

shRNA duplexes targeting LXRa were synthes-
ized as follows: NR1H3-RNAi(29985-1): 5'-TTCCTCA
AGGATTTCAGTT-3', NR1H3-RNAi(29983-1): 5-GAC
TGATGTTCCCACGGAT-3', and NR1H3-RNAi(2998
6-1): 5'-GAAGAAACTGAAGCGGCAA-3'. shRNA
duplexes containing non-specific sequences were
used as a negative control: 5'-TTCTCCGAACGTGTC
ACGT -3'.

Cell culture

The human gastric adenocarcinoma cell lines
AGS and SGC7901 were obtained from Central South
University (Changsha, China). The cells were cultured
in PRMI 1640 (HyClone, Waltham, MA, USA) suppl-
emented with 10% fetal bovine serum (HyClone) in a
humidified atmosphere of 37 °C at 5% CO,. We
exposed the cells to GW3965 (a LXRa agonist),
XAV939 (a p-catenin inhibitor), and Wnt agonist 1 (a
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Wnt/ B-catenin signaling agonist).

Lentivirus transfection

GeneChem Biomedical Co., Ltd. (Shanghai,
China), created the LXRa coding sequence and LXRa
shRNA using a recombinant gene delivery system. A
total of 5x105 AGS or SGC7901 cells were seeded in
each well of a six-well plate. When the cells reached
80%-90% confluence on the day of transfection, the
overexpression or inhibition of LXRa or a blank
vector recombinant lentivirus gene delivery system
was transfected into the cells. The six groups of cells
included cells treated with 10 pmol/L GW3965 for 48
h ("LXR GW”), untransfected (“blank”) cells, cells
transfected with LXRa overexpression vector
(“LXRa”), cells transfected with empty GFP vector
(“GFP”), cells transfected with LXRa-shRNA vector
(“LXRa Sh”), and cells transfected with scrambled
shRNA vector (“Sh Ctrl”). Later in the study, “Sh
Ctrl” and “LXRa Sh” cells were treated with either 10
pmol/L XAV939 (a Wnt/p-catenin signaling inhib-
itor) or dimethyl sulfoxide for 24 h. “LXRa” cells were
treated with 10 pmol/L Wnt agonist 1 (a Wnt/
[-catenin signaling activator S8178, Selleck, USA) or
dimethyl sulfoxide for 24 h in order to assay the
influence of Wnt/ 3-catenin signaling LXRa function.

Quantitative real-time polymerase chain
reaction (qRT-PCR)

Total RNA was extracted using Trizol (Invitro-
gen, Carlsbad, CA, USA) following the manufactu-
rer’s instructions. First-strand cDNA was synthesized
by using the PrimeScript™ RT reagent Kit (TaKaRa)
according to the manufacturer’s instructions. After
the RT reaction, 1 pl of the complementary DNA was
used for subsequent qRT-PCR (SYBR ® Premix Ex
Taq, TaKaRa) following the manufacturer’s protocol.
The primers for qRT-PCR are listed in Table 1.
Relative quantification analysis was conducted
according to the 2 -24Ct method. Each sample was
analyzed in triplicate, and all experiments were
carried out three times independently. The relative
levels of target genes” mRNA were expressed as the
ratio of target to GAPDH and calculated from the
standard curve as directed. All reported results are
the average ratios of more than three different
independent experiments.

Flow cytometry analysis

Four groups of GC cells AGS (“LXRa Sh”, “Sh
Ctrl”, “GFP” and “LXRa”) at each phase of the cell
cycle were measured by the discriminative DNA
content stained with propidium iodide (PI). Cells
were fixed with chilled 70% ethanol and kept in a
—20°C container. After 12 h, cells were washed with
cold PBS, and then the RNA were removed by the

incubation of the cells with 2 mg/mL RNase A at 37°C
for 30 min. To stain cellular DNA, cells were
incubated with PI (50 pL/mL solution) at room
temperature for 1 h in the dark. DNA content was
recorded by a FACSCalibur flow cytometer (Becton
Dickinson, San Jose, CA, USA) and then analyzed by
CellQuest software v3.3 (Becton Dickinson, Franklin
Lakes, NJ, USA).

Table 1. The sequences of gene primers

Gene Primer Sequence (5'—3')

LXRa Forward AGA ACA GAT CCG CCT GAA GA
Reverse CCT CTC GAT CAT GCC CAGTT

CCND1 Forward AACTACCTGGACCGCTTCCT
Reverse CCA CTT GAG CTT GTT CAC CA

fB-catenin Forward GCC AAG TGG GTG GTA TAG AGG
Reverse GGG ATG GTG GGT GTA AGA GC

CD44 Forward TGA CAA CGC AGC AGA GTAATTC
Reverse TTC CACCTG TGA CAT CATTCCT

GAPDH Forward TGG GTG TGA ACC ATG AGA AGT

Reverse TGA GTC CTT CCA CGATAC CAA

Western blot analysis

Whole-cell extracts or fresh tumor tissue
homogenates of mice were prepared with 50 mM Tris
(pH 7.4), 150 mM NaCl, 1% Triton X-100, 1% sodium
deoxycholate, and 1% sodium dodecyl sulfate (SDS)
supplemented with a protease inhibitor (Sigma-
Aldrich). Fifty micrograms of proteins was used in
each well. Protein was electrophoretically separated
on a 10% SDS PAGE gel and then transferred to a
PVDF membrane. Blots were incubated in appropriate
primary antibody [anti- LXRa (ab41902; Abcam;
1:1000), anti-beta-catenin antibody (ab32572; Abcam;
1:5,000), anti-CD44 antibody (ab51037; Abcam;
1:5,000), anti-Cyclin D1 antibody (ab14175; Abcam;
1:10,000), GAPDH (10949-1-AP; Proteintech; 1:10,000),
and [-tubulin (10094-1-AP; Proteintech; 1:1,000)].
They were developed using enhanced chemilumine-
scence (GE Biosciences). Using NIH Image | software,
optical densities of the bands were analyzed. For
figure panels, contrasts were adjusted linearly for ease
of viewing the bands.

In vivo tumorigenesis

Four-week-old male nude athymic BALB/c
nu/nu mice were used to examine tumorigenicity. To
evaluate the role of LXRa in tumor formation, two
groups of GC cells AGS (“GFP” and “LXRa”) were
propagated and inoculated subcutaneously into the
flanks of nude mice (1x107 cells in 0.1 mL volume).
Tumor size was measured every five days. Tumor
volumes were determined according to the following
formula: AxB? /2, where A is the largest diameter and
B is the diameter perpendicular to A. Tumors were
measured periodically, and mice were sacrificed
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before tumors reached 1 cm?® or ulcerated. After 24
days, the mice were killed and tumor mass was
weighed. An individual animal has one subcutaneous
tumor. The maximum diameter of a single
subcutaneous tumor was 2cm.The tumor tissues of
the mice were homogenized. Total RNA and protein
were extracted from the homogenate of tissue. The
relative expression of RNA and protein of LXRa,
B-catenin, CD44, and Cyclin D1 in tissues was
measured by qRT-PCR and Western blot analysis,
respectively. The experiments were performed using
five mice per group. All animal experiments were
performed in accordance with recommendations in
the National Research Council Guide for the Care and
Use of Laboratory Animals, and the protocols were
approved by the Animal Care and Use Medical Ethics
Committee of Xiangya Hospital of Central South
University.

Statistical analysis

All statistical analyses were performed with
SPSS software package 22.0 for Windows (SPSS Inc.,
Chicago, IL, USA). Because of skewed distribution,
the data of the sumlOD/area were presented as
median (minimum, maximum). The other quantita-
tive data were presented as mean+SD. For tissue array
immunohistochemistry analysis, Mann-Whitney U
test was used to assay the association between LXRa
expression and clinicopathological variables in GC
tissres and tumor adjacent mucosas. For qRT-PCR and
Western blot analysis, Student’s t-test was used to
assay differential expression in different cell groups.
P-values less than 0.05 were considered significant.

Results

Expression of LXRa in GC and tumor adjacent
mucosa

We first determined the LXRa expression levels
in cancer tissues and tumor adjacent mucosas of GC
patients by immunohistochemistry analysis (Figure
1A-F). In 124 cases of gastric carcinoma tissue and its
adjacent mucosa, the relative expression of LXRa was
expressed by the average integral optical density
(sumlOD/area), with a median (minimum,
maximum). The relative expression of LXRa in the
gastric tumor adjacent mucosa group was 0.1483
(0.0314, 0.2627), and that in the GC group was 0.0478
(0.0003, 0.3523). Mann-Whitney U test indicated that
the expression of LXRa was significantly lower in GC
tissue than in tumor adjacent mucosas (P<0.001)
(Table 2).

LXRa expression level is associated with
differentiation of GC

The LXRa expression levels in different

differentiation of GC tissue were determined by
immunohistochemistry analysis (Figure 1C-G). The
relative expression of LXRa was expressed by the
average integral optical density (sumlOD/area), with
a median (minimum, maximum). The relative
expression of LXRa in the well- and moderately
differentiated group was 0.1210 (0.0464, 0.3523), and
that in the poorly and undifferentiated group was
0.0393 (0.0003, 0.2873). Mann-Whitney U test indica-
ted that the expression of LXRa was significantly
lower in poorly and undifferentiated GC tissue and
comparatively higher in the well- and moderately
differentiated GC tissues (P<0.001). Clinicopatholo-
gical analysis revealed that the expression of LXRa
protein was significantly negatively correlated with
the degree of tumor differentiation and was not
related to the patients’ age, gender, lymph node
metastasis, invasion depth, and TNM stage of cancer
(P>0.05) (Table 3).

Table 2. The sumlOD/area of LXRa in gastric cancer and
adjacent normal gastric mucosas

Clinicopathological Factors n LXRa P-value
(sumIOD/area)
Adjacent normal mucosas 124 0.1483(0.0314-0.2627) 0.000

Cancer tissue 124 0.0478(0.0003-0.3523)

Table 3. Correlation between LXRa, differentiation of gastric
cancer cells and clinicopathologic features

Clinicopathological n LXRa P-value
Factors (sumIODy/area)

Age(years)

<65 94 0.0462(0.0003-0.3523)  0.646
>65 30 0.6542(0.0005-0.3383)

Gender

Male 93 0.0492(0.0003-0.3523)  0.363
Female 31 0.0462(0.0006-0.3383)
Histologic type

Well and Moderately 19 0.1210(0.0464-0.3523)  0.000
Poorly and undifferentiated 105 0.0393(0.0003-0.2873)

pTNM stage 0.448
I-I 39 0.0594(0.0006-0.3383)

I-1v 85 0.0393(0.0003-0.3523)

Lymph node metastasis 0.216
Positive 86 0.0567(0.0005-0.3523)
Negative 38 0.0462(0.0003-0.2623)
Invasion depth 0.231
T1-T2 43 0.0594(0.0006-0.3383)

T3-T4 81 0.0393(0.0003-0.3523)

Efficiency of LXRa inhibition and
overexpression in GC cells transfected with
lentivirus vector

After 72 h of transfection, we first compared the
number of cells observed under the fluorescence
microscope to the number of cells observed under
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normal light. In all transfection groups, the number of
cells with green fluorescence was 80% greater than the
number of cells seen under normal light sources.
Then, we used qRT-PCR to detect the inhibition rate
of the “LXRa Sh” vector and the overexpression rate
of “LXRa” vector. The results showed that the
average rates of inhibition efficiency were 85.6% in the
“LXRa Sh” vector of AGS cells, and 77.6% in the
“LXRa Sh” vector of SGC7901 cells, compared with

Gastric tumor

adjacent mucosa

Gastric
moderately

differentiated

0.3
0.2
0.1
0.0
-0.1

Poorly and undifferentiated

the “blank” vector. Similarly, the average rates of
inhibition efficiency of protein were 70.8% in AGS
cells, and 77.1% in SGC7901 cells. The average rate of
overexpression efficiency was 26.5 times higher in the
“LXRa” vector of AGS cells than in the “blank”
vector, and 33.2 times higher in the “LXRa” vector of
SGC7901 cells than in the “blank” vector (Figure
2A-E). The above results show that all the transfection
cell groups met the experimental requirements.

LXRa

F o gy G
7 ‘
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‘e I' A e'rl (4 IA%
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e
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Colon l]Ol‘lIldl tissue

Figure 1.

Colon adenocarcinoma tissue

Expression levels of LXRa in different differentiation of gastric cancer and adjacent normal gastric mucosas by

immunohistochemistry. (A) Expression of LXRa in well differentiated gastric cancer tissues,the image is at a magnification of x200. (B)Expression of LXRa in
well differentiated gastric cancer tissues,the image is at a magnification of x400. (C) Expression of LXRa in poorly differentiated gastric cancer tissues, the image is
at a magnification of x200. (D) Expression of LXRa in poorly differentiated gastric cancer tissues, the image is at a magnification of x400. (E) Expression of LXRa in
adjacent normal gastric mucosas, the image is at a magnification of x200. (F) Expression of LXRa in adjacent normal gastric mucosas, the image is at a magnification
of x400. (G) The expression of LXRa was significantly lower in poorly and undifferentiated GC tissue and comparatively higher in the well- and moderately
differentiated GC tissues (P<0.01).(H) Expression of LXRa in colon normal tissue, the image is at a magnification of X400, downloaded from THE HUMAN PROTEIN
ATLAS website. (I) Expression of LXRa in colon adenocarcinoma tissue, the image is at a maghnification of X400, downloaded from THE HUMAN PROTEIN ATLAS
website.
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Figure 2. Relative expression level of LXRa mRNA in SGC7901 and AGS cells after LXRa inhibition and overexpression by quantitative
real-time PCR. (A)In SGC7901 cell lines, the relative expression of LXRa of “LXRa Sh” group is 0.223667+ 0.056048 vs “Sh Ctrl” group is 1. (B) In AGS cell lines,
the relative expression of LXRa of ‘LXRa Sh’ group is 0.143667+ 0.050013 vs “Sh Ctrl”group is 1. (C) In SGC7901 cell lines, the relative expression of LXRa of
“LXRa” group is 33.1855+ 3.01001 vs “GFP” group is 1. (D) In AGS cell lines, the relative expression of LXRa of “LXRa” group is 26.5073+ 3.01638 and “GFP” group
is 1. (E) Relative expression level of LXRa protein in SGC7901 and AGS cells after LXRa inhibition by Western blot analysis. In SGC7901 cell lines, the relative
expression of LXRa protein of “LXRa Sh” group is 0.2973+0.0214 vs “Sh Ctrl” group is 1.312+0.1557,and in AGS cell lines, the relative expression of LXRa of ‘LXRa
Sh’ group is 0.2913+0.03891 vs “Sh Ctrl’group is 0.9905+ 0.1556. (F-K) Overexpression of LXRa increased the relative ratio of cell populations accumulating at the
GO/G1 phase. The GC cells AGS with LXRa was knocked down or overexpressed were analyzed by flow-cytometry. The values represent the mean + SD (n3). *P
<0.05, *P < 0.01.
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Overexpression of LXRa leads to cell cycle
arrest at the GO/G1 phase in GC cells AGS

We further analyzed the effect of LXRa on cell
cycle progression; the ratio of cell populations at each
cell cycle phase was analyzed. The “LXRa Sh” cell
population at the GO/G1 phase was 45.19+0.88%, S
phase was 24.78+1.12% and G2/M phase was 23.08+
0.49%; the “Sh Ctrl” cell population at the G0/G1
phase was 45.60+0.70%, S phase was 19.69+0.40% and
G2/M phase was 18.86£1.18%; the “LXRa” cell
population at the G0/G1 phase was 45.52+1.00%, S
phase was 20.66£0.85% and G2/M phase was
19.26£1.36%; the “GFP” cell population at the GO/G1
phase was 45.18+1.09%, S phase was 24.33+£0.41% and
G2/M phase was 24.67+1.16% (Figure 2F-K). The
proportion of GO/Gl phase /(S+G2/M) phase
increased after LXR overexpression in AGS cells. The
result indicated that overexpression of LXRa leads to
cell cycle arrest at the GO/G1 phase in GC cells AGS.
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LXRa promotes the differentiation of GC cells
and regulates the Wnt/f-catenin pathway in
GC cells

Wnt/ p-catenin signaling is well known to play
an important role in the process of cell differentiation.
In this signaling, B-catenin is a key factor. CD44 and
Cyclin D1, downstream targets of Wnt/p-catenin
signaling, are specific markers for cell differentiation.
We treated AGS and SGC7901 cells with GW3965 for
48 h and LXRa-short hairpin RNA (shRNA) vector,
respectively, and then determined their expression
levels by qRT-PCR and Western blot analysis.
Compared with the “LXRa Sh” and “blank” groups,
the mRNA and protein levels of CD44, Cyclin D1 and
B-catenin in “Sh Ctr]” and “LXR GW” cells decreased
significantly, respectively (Figure 3A and B). The
results suggest that LXRa is a driving force for
differentiation in GC cells and may be involved in
inhibiting the Wnt/ B-catenin pathway in GC cells.
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Figure 3. Regulation of CD44,Cyclin D1 and B-catenin by LXRa in gastric cancer cell lines. (A) Relative expression of CD44,Cyclin D1 and -catenin
mRNA in “LXR GW?”, “LXRa Sh”, “Sh Ctrl” and “blank” groups cells were evaluated by quantitative real-time PCR. GAPDH was used as an internal control.
(B)Relative expression of CD44,Cyclin D1 and B-catenin proteins in “LXR GW?”, “LXRa Sh”, “Sh Ctrl” and “blank” groups cells were assessed by Western blot
analysis. GAPDH was used as an internal control. The values represent the mean + SD(n23). *P < 0.05, **P < 0.01.
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We next tested whether LXRa could have a role
in tumorigenesis in vivo by using a nude mouse
xenograft model (Figure 4A). Nude mice transplanted
with AGS cells developed solid tumors in 24 days.
Tumor volume and weight were decreased when
LXRa was stably overexpressed in AGS cells
(“LXRa”) as compared with the control group
(“GFP”). However, there was no statistically signific-
ant difference in tumor volume (Figure 4B), whereas
the difference in tumor quality was statistically
significant (Figure 4C). The relative expression of

mRNA and protein of LXRa, p-catenin, CD44 and
Cyclin D1 in tumor tissues was measured by
gRT-PCR and Western blot analysis, respectively. We
found that LXRa was upregulated in (“LXRa”)
tumors, whereas p-catenin, CD44, and Cyclin D1 were
downregulated compared with the control group
(“GFP”) (Figures 4D, E).

In previous experiments, we found that
B-catenin showed higher expression in GC tissues
with respect to tumor adjacent mucosa and that
nuclear expression of P-catenin was related to the
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Figure 4.Nude mouse xenograft experiment. (A) AGS cells (“LXRa” and “GFP”) were injected subcutaneously into nude mice. (B) Tumor volume was
measured every 5 days. (C) After 24 days, the mice were killed and tumors in individual mice were weighed. Each group had five mice. LXRa promotes the
differentiation of GC cells in vivo. (D) Relative expression level of 3-catenin, CD44 and Cyclin D1 mRNA in different groups of tumor of mice were evaluated by
quantitative real-time PCR. GAPDH was used as an internal control. (E)Relative expression level of B-catenin, CD44 and Cyclin D1proteins in different groups of
tumor of mice were assessed by Western blot analysis. GAPDH was used as an internal control. The values represent the mean + SD(n=3). *P < 0.05, **P < 0.01.
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differentiation of tumor cells. To further explore
whether LXRa promotes differentiation through the
Wnt/B-catenin pathway, we wused either the
Wnt/ B-catenin signaling-specific inhibitor XAV939 or
Wnt/ pB-catenin activator Wnt agonist 1 to control the
Wnt/p-catenin signaling in GC cell lines (SGC7901
and AGS). If LXRa can inhibit Wnt/p-catenin to
regulate GC cell differentiation, the inhibition is
supposed to be Wnt/p-catenin agonist. In the same
way, when LXRa is inhibited, the activation of the
Wnt/-catenin pathway by its inhibitor should be
blocked. According to this idea, we added XAV939 to
the “LXRa Sh” cells, and the “LXRa Sh” cells without
XAV939 were treated as the control group. Wnt
agonist 1 was added to the “LXRa” cells, and the
“LXRa” cells without Wnt agonist 1 were treated as
the control group. We found that the expression of
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CD44 and Cyclin D1 was lower in XAV939 positive
“LXRa Sh” cells than in XAV939-negative cells and
higher in Wnt agonist 1 positive “LXRa” cells than in
Wnt agonist 1-negative cells (Figure 5). The above
results suggest that LXRa promotes differentiation of
GC through the Wnt/ p-catenin pathway.

Discussion

In this study, the expression of LXRa was
determined using immunohistochemistry analysis.
We found a significantly lower LXRa expression in
poorly and undifferentiated GC tissue and a compa-
ratively higher expression in well- and moderately
differentiated GC tissues. LXRa expression levels
were downregulated and negatively correlated with
differentiation markers in human GC specimens.
Inhibition of LXRa resulted in the upregulation of the

B XAV939+

Wnt agonist 1+
B XAv939- B Wnt agonist 1-
AGS LXRa Sh AGS I XRa

% L2 3
| —

Relative expression level of mRNA
Relative expression level of mRNA

B XAV939+ B Wnt agonist 1+
B XAv939- B Wnt agonist 1-
SGC7901 LXRa Sh SGC7901 LXRa
== e

o W bW

S

Relative expression level of protein

Relative expression level of protein

B XAV939+ B Wnt agonist 1+
= @ XAV939- ] B Wnt agonist 1-
5 §
g AGSLXRa Sh E AGS LXRa
s 3 s
3 ° i o
5 [}
= = 10
= 2
5 50
s > N >
8 -8 Q
3 s ¢
o o ()

Figure 5. LXRa promotes differentiation of GC through the Wnt/B-catenin pathway. (A) The relative mRNA levels of differentiation markers (CD44,
Cyclin D1) in different groups of “LXRa” and “LXRa Sh” cells(with different treatment: either 10 pmol/L XAV939 or 10 pymol/L Wnt agonist 1 for 24 h) were
assayed by quantitative real-time PCR. GAPDH was used as an internal control. (B) The relative protein levels of CD44 and Cyclin D1 in different groups of “LXRa”
and “LXRa Sh” cells (with different treatment: either 10 pmol/L XAV939 or 10 pmol/L Wnt agonist 1 for 24 h) were assessed by Western blot analysis. GAPDH was
used as an internal control. The values represent the mean + SD (n=3). *P < 0.05, **P < 0.01.
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differentiation molecular markers CD44 and Cyclin
D1, which are well served as the Wnt/p-catenin
targets, whereas activating LXRa using GW3965
showed the opposite effect. Furthermore, inhibition of
the Wnt/p-catenin pathway by XAV939 negated the
effect of LXRa inhibition, whereas activation of the
Wnt/p-catenin pathway by Wnt agonist 1 impaired
the effect of LXRa overexpression on differentiation of
GC cells.

LXRa is a subtype of LXRs. It inhibits the
proliferation of various cancers, such as colorectal
cancer [12], lung cancer [13], hepatocellular carcinoma
[14], oral cancer [15], breast cancer [16], brain cancer
[17], and thyroid cancer [18]. However, there are few
studies on the expression of LXRa between cancer
tissue and normal tissue. A previous study reported a
93% positive rate of LXRa mRNA expression in 15
normal breast tissue compared with 73% in 15 breast
cancer tissues [19]. Although LXRa mRNA was not
quantified in normal breast tissues and breast cancer
tissues in this study, the expression of LXRa mRNA in
breast cancer showed a decreasing tendency compa-
red with normal breast tissue. Another study on oral
squamous cell carcinoma reported that LXRa protein
is overexpressed in 12 oral cancer tissues compared
with normal tissue [15].

We found that the expression of LXRa protein in
124 cases of GC was lower than that of tumor adjacent
mucosa. This conclusion is consistent with the
findings for breast cancer, and contrary to those for
oral cancer. Interestingly, in our cases, the expression
of LXRa protein in some well-differentiated GC tissue
was higher than that in tumor adjacent mucosa. This
may explain why our findings contradict those of oral
cancer research. After all, in oral cancer research, there
is no analysis of factors, such as differentiation of
cells, and there are fewer cases. This also suggests that
there may be other unknown factors involved in
regulating the expression of LXRa in GC. The higher
expression of LXRa in tumor adjacent mucosa than in
GC tissue suggests that LXRa may have an inhibitory
effect on GC. Considering that LXRa is involved in
cholesterol transport and glucose metabolism, we
suspect that it may be possible to inhibit the tumor by
affecting the metabolism of energy substances.

The results of subsequent analysis show that the
expression of LXRa protein is associated with
differentiation of GC tissue. Different degrees of GC
cell differentiation show different heterogeneity.
Although the differentiation of GC cells is not directly
involved in TNM staging, the differentiation of tumor
cells plays an important role in the treatment of GC.
Some researchers believe that patients with
well-differentiated GC are more likely to use different
chemotherapy regimens for preoperative chemother-

apy than those with poor differentiation [20].
Surgeons, however, have differing views on whether
early GC is suitable for endoscopic resection in poorly
differentiated GC [21]. Patients with peritoneal
recurrence, advanced T or N stage, and low
differentiation are more common than those without
peritoneal recurrence; moreover, patients with
peritoneal recurrence show worse overall survival
compared with those without peritoneal recurrence
[22]. In addition, studies suggest that the presence of
tumor stem cells is one of the causes of tumor drug
resistance [10]. However, drug resistance in GC is an
important reason for the unsatisfactory effect of
chemotherapy. Therefore, the relationship of LXRa
with GC differentiation will help determine its
significance as a new target for GC treatment.
However, the mechanism of LXRa affecting the
differentiation of GC cells is unknown.

The Wnt/p-catenin signaling pathway is one of
the important pathways for regulating cell
differentiation [23]. This signaling pathway has
abnormal activation in various tumor tissues [24], and
its key factor p-catenin protein is higher in GC tissues
than in normal gastric mucosal tissue [25]. CD44 and
Cyclin D1 are the target genes of the Wnt/[3-catenin
signaling pathway [26, 27], which is involved in the
regulation of cell differentiation [26, 28]. A high
expression of CD44 and Cyclin D1 is also found in
some tumor cells or tissues including GC [29-32].

We found that the expression of p-catenin, CD44
and Cyclin D1 in LXRa-activated GC cells, both at the
mRNA and protein levels, is significantly lower than
that of negative control GC cells in vitro. This indicates
that LXRa can inhibit the Wnt/p-catenin signaling
pathway and further inhibit CD44 and Cyclin D1 in
GC cells. It should be noted that, as an agonist of
LXRs, GW3965 can activate LXRa and LXRp
simultaneously. Therefore, in our experiment, the
inhibitory effect of LXRa GW cells on the Wnt
pathway and differentiation in GC may not only be
generated by LXRa. Aiming at this problem, in the
animal experiment, we chose the LXRa overexpress-
ion cells. The in vivo results agree with in vitro results.
To some extent, it can eliminate LXRp interference on
the experimental results.In addition, although
previous studies did not find a relationship between
LXRP and differentiation of GC cells, there may be
collaboration between LXRa and LXRp. Further
studies are needed to confirm this. After LXRa
inhibition, the Wnt/p-catenin signaling pathway is
activated, and CD44 and Cyclin D1 is overexpressed,
even higher than the level of parental GC cells.
Therefore, Wnt/ 3-catenin signaling is probably one of
the ways wherein LXRa regulates the differentiation
of GC cells.
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We further demonstrate that expression changes
in differentiation markers (CD44 and Cyclin D1)
induced by LXRa overexpression or inhibition, can be
reversed by XAV939 or Wnt agonist 1, respectively.
The results reveal that LXRa potentially inhibits
differentiation via Wnt/p-catenin signaling in GC
cells. It is known that Wnt/p-catenin signaling has
multiple functions in cancer progression. P-catenin
and Cyclin D1 are proven to be associated with not
only differentiation but also EMT in cancer [25, 33].
Whether LXRa can inhibit invasion or the EMT ability
of GC cells is still unknown. Further experiments are
needed to confirm this.

Conclusion

In summary, we found that LXRa functions as a
differentiation promoter by inhibiting the Wnt/
B-catenin pathway. LXRa is comparatively reduced in
several cancers, including GC. Therefore, LXRa is an
excellent candidate for the development of a targeted
GC therapy that will block metastasis and induce
cytotoxicity in tumor while sparing normal cells.
However, the mechanism of LXRa in regulating WNT
signaling is not clear. Further study of LXRa in
phosphorylated and methylated regulation is
necessary. In addition, many studies currently use
non-specific LXRs agonists such as GW3965 to treat
tumors. Specific LXRa agonist may be more helpful
for the treatment of cancer.
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