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Abstract

Anterior gradient 2 (AGR2) was proved to modulate cancer progression. However, the role of AGR2 on endometrial cancer
was not established. Here, we investigated the effects of AGR2 expression on endometrial cancer and explored the regulation
mechanism. In the study, we found that AGR2 was overexpressed in tumor tissues of 30 endometrial cancer patients. A high
level of AGR2 promoted endometrial cancer cells proliferation, migration and invasion. AGR2 induced the expression of
lactate dehydrogenase A (LDHA), phosphoglycerate kinase 1 (PGK1), kallikrein 2 (HK?2), and enolase 1-a (ENO1), glucose
uptake and lactate production. AGR2 could bind to MUCI and induce MUC1 and hypoxia-inducible factor 1o (HIF-1ax).
The inhibition effects of AGR2 knockdown on cells proliferation, migration and invasion ability were abolished by the
overexpression of MUCI. Besides, the overexpression of MUCI also reversed the inhibition effects of AGR2 knockdown
on the expression of LDHA, HK2, PGK1 and ENOI, glucose uptake and lactate production. AGR2 knockdown inhibited
tumor growth, the levels of Ki-67, MUCI1, HIF-1a and glycolysis. In conclusion, AGR2 was overexpressed in endometrial
cancer and AGR2-induced glucose metabolism facilitated the progression of endometrial carcinoma via the MUC1/HIF-1a

pathway. AGR2 may be an effective therapeutic target for endometrial carcinoma.
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Introduction

Endometrial carcinoma is a common malignant gynecologic
tumor and the incidence of cancer is on the rise in recent
years [1, 2]. As a result of the early-stage diagnosis, the
prognosis of endometrial carcinoma was favorable, while
cancer recurrence and metastasis occurred in 8% to 10%
of endometrial carcinoma patients at an early stage [3].
Besides, the 5-year survival rate for endometrial carcinoma
patients in advanced stages was less than 20% [4]. The mor-
tality rate of endometrial carcinoma in the USA is second
to that of ovarian cancer in 2013 [5]. At present, the major
strategies for endometrial carcinoma treatment such as hys-
terectomy, chemotherapy and hormonal therapy have been
effective for patients in early stage rather than patients in
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advanced stages [6]. Consequently, it is critical to explore
the mechanisms of endometrial carcinoma occurrence and
development at the molecular level and search novel strate-
gies for endometrial carcinoma therapy.

Anterior gradient 2 (AGR2) is a member of the protein
disulfide isomerase family (PDI) of endoplasmic reticulum-
resident proteins [7]. In some cancers, the expression of
AGR?2 was elevated, indicating that AGR2 exerted vital roles
in cancer regulation. AGR?2 is nearly expressed in all tumor
tissues in lung cancer, and a high level of AGR?2 is associ-
ated with poor survival of patients [8]. AGR2 expression
also increased in tumor tissues of gastric cancer patients
and the aberrant expression of AGR2 was related to tumor
size, lymph node metastasis, vessel invasion, and poor prog-
nosis of gastric cancer patients [9]. Furthermore, AGR2
presented aberrant expression and functioned as a regu-
lator in hormone-dependent tumors. For example, AGR2
was overexpressed in mucinous ovarian tumor tissues and
a high expression of AGR2 promoted tumor growth and
cell migration [10]. In breast cancer, the AGR2 expression
was up-regulated and AGR?2 was essential for breast cancer
cell proliferation, invasion and migration induced by twist
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family bHLH transcription factor 1 (Twistl) [11]. Also, a
differential expression of AGR2 was also found in endo-
metrial carcinoma. A high level of AGR2 was present in
metastatic lesions of endometrial carcinoma compared to
primary tumors [12]. However, a study of AGR2 on can-
cer development and regulation of endometrial carcinoma
has not been established. Thus, we investigated the effect of
AGR?2 expression on endometrial carcinoma and explored
the molecular mechanism in the study.

Mucin 1 (MUC1) is a member of the transmembrane
mucin family, and it can exert lubrication and barrier func-
tions [13]. MUCI1 was considered as an oncogene in many
cancers [14, 15] and its high expression in cancers was also
confirmed. MUC1 was overexpressed in breast cancers and
up-regulation of MUC1 was associated with axillary node
metastases of breast cancer [16]. In endometrial carcinoma,
MUCT expression was also increased [17]. MUCT activated
EGEFR expression and regulated cell proliferation in endome-
trial carcinoma [18]. Also, MUC1 mediated glucose metabo-
lism in pancreatic cancer through cross talk with hypoxia-
inducible factor 1a (HIF-1car) [19]. In the study, the function
of MUCI1 on glucose metabolism in endometrial carcinoma
was explored.

Materials and methods
Tissue collection

A total of 30 endometrial carcinoma patients diagnosed in
The Fourth Affiliated Hospital of Xinjiang Medical Univer-
sity were enrolled in the current study. After patients’ written
informed consents were obtained, tumor tissues and adjacent
normal tissues of 30 endometrial carcinoma patients were
collected. The protocol of the study was approved by the
Ethics Committee of The Fourth Affiliated Hospital of Xin-
jiang Medical University (No. 2017065).

Cell culture

Endometrial carcinoma cell lines RL952, ISHIKAWA,
HEC1A and HEC1B were obtained from American Type
Culture Collection (ATCC). RL952 cells were cultured
in McCoy’s 5SA modified medium plus 10% fetal bovine
serum (FBS) (Gibco, Carlsbad, CA, USA) at 37 °C, 5%
CO, atmosphere. HEC1A cells were maintained in DMEM/
F12 medium plus 10% FBS (Gibco, Carlsbad, CA, USA) at
37 °C, 5%CO, atmosphere. ISHIKAWA and HEC1B cells
were cultured using DMEM medium plus 10% FBS (Gibco,
Carlsbad, CA, USA) at 37 °C, 5%CO, atmosphere. To pre-
vent cell contamination, 100 U/ml penicillin and 100 pg/
ml streptomycin (Gibco, Carlsbad, CA, USA) were supple-
mented to two kinds of media. In the indicated experiments,

RL952 and HEC1A cells were treated with normoxic (20%)
and hypoxic (1%) conditions.

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

Total RNA was isolated with RNeasy Mini Kit (Qiagen,
Hilden, Germany). RNA was then reverse transcribed into
cDNA using RT?2 First strand kit (Qiagen, Hilden, Germany)
and qRT-PCR was performed with Mx3000P RT-PCR
equipment using SYBR Green real-time PCR kit (TaKaRa,
Kusatsu, Japan). The primer sequences were: AGR2, for-
ward: 5'-CTTGTGGCCCTCTCCTACAC-3’, reverse:
5'-GTCCAGATGAGTTGGTCACCC-3'; lactate dehydroge-
nase A (LDHA), forward: 5'-TACAGTTGTTGGGGTTGG
TG-3', reverse: 5'-GCCAGAGACAATCTTTGGTGT-3';
phosphoglycerate kinase 1 (PGK1), forward: 5'-GCTGGA
CAAGCTGGACGTTA-3’, reverse: 5'-CTCTGGTTGTTT
GTTATCTGGTTGT-3'; kallikrein 2 (HK2) forward, 5'-GGT
TCCGCAAGGAGATGGAG-3', reverse: 5" TGGAGCCCA
TTGTCCGTTAC-3'; enolase 1-a (ENO1), forward: 5'-GGG
AATCCCACTGTTGAGGT-3, reverse: 5'-CGGAGCTCT
AGGGCCTCATA-3'; MUCI, forward: 5'-GGGCACCCA
GTCTCCTTTC-3', reverse: 5'-CAACTGTTGCGGGTT
TAGGG-3'; HIF-1a, forward: 5'-TGGACACAGGAATTG
TACCAGA-3’; reverse: 5'-CACCTCCGACTCCTTTCC
AC-3'. The PCR program was set to 95 °C for 1 min, 40
cycles of for 95 °C for 15 s, 60 °C for 15 s and at 72 °C
for 30 s. The results were analyzed with the 2724 method
using P-actin as a control gene.

Immunohistochemistry

Tumor tissues and adjacent normal tissues of endometrial
carcinoma patients and tumor tissues of mice were fixed
and embedded by formaldehyde and paraffin, respectively,
and then tissues were cut into 5 um sections. Endogenous
peroxidase of sections was inhibited by 3% hydrogen per-
oxide and antigen retrieval was accomplished using citrate
buffer (pH 6.0). Sections were incubated with anti-AGR2
antibody (1:200) (Abcam, Cambridge, UK), anti-Ki-67 anti-
body (1:200) (Abcam, Cambridge, UK), anti-MUCI1 anti-
body (1:200) (Abcam, Cambridge, UK), and anti-HIF-1a
antibody (1:200) (Abcam, Cambridge, UK) for 12 h at 4 °C.
Sections were then treated by horseradish peroxidase-conju-
gated goat anti-rabbit IgG (Abcam, Cambridge, UK) for 1 h
at 37 °C. The stained sections were observed by two patholo-
gists under light microscopy (Olympus, Japan). The grading
of immunohistochemistry slides was obtained by combin-
ing the percentages of stained cells and staining intensity
(percentages multiplied by intensity) [20]. The percentages
of stained cells were scored following the standard (0-3):
0, negative (< 10% positive cells); 1, weak (<30% positive
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cells); 2, moderate (< 50% positive cells), 3, strong (=50%
positive cells) [20]. The staining intensity of endometrial
carcinoma tumor cell was evaluated following the standard
(0-3): 0, no coloring; 1, weak staining; 2, moderate staining
(yellow); 3, strong staining (brown) [20].

Western blot

After indicated treatment, RL952 cells and HECIA cells
were lysed using RIPA buffer (Thermo Fisher, Waltham,
MA, USA), and protein content in lysates was determined
by bicinchoninic acid (BCA) kit (Beyotime, Beijing, China).
Lysates were then separated using SDS—polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto a PVDF
membrane for protein detection. After the PVDF membranes
were blocked by 4% non-fat milk for 1 h, the membranes
were incubated with anti-AGR2 antibody (1:500) (Abcam,
Cambridge, UK), anti-MUCI1 antibody (1:500) (Abcam,
Cambridge, UK), anti-HIF-1a antibody (1:500) (Abcam,
Cambridge, UK) and anti-GAPDH (1:1000) (Abcam, Cam-
bridge, UK) antibody and subsequently treated with HRP-
conjugated secondary antibody (Abcam, Cambridge, UK).
Protein bands were detected using the ECL detection kit
(Thermo Fisher, Waltham, MA, USA). GAPDH was used
as an internal control.

Cell transfection

Short hairpin RNA (shRNA) negative control (shNC),
shRNA of AGR2 (shAGR2), pcDNA3.1 negative control
(pcDNA3.1-NC), pcDNA3.1-AGR2, pcDNA3.1-MUCl,
adenovirus shRNA negative control (Ad-shNC), and adeno-
virus shRNA of AGR2 (Ad-shAGR?2) were obtained from
RiboBio (RiboBio, Guangzhou, China). To perform cell
transfection, RL952 cells and HEC1A cells were seeded
into six-wells plates and cultured for 24 h at 37 °C, 5% CO,
atmosphere. RL952 cells and HEC1A cells were transfected
into shNC, shAGR2, pcDNA3.1-NC, pcDNA3.1-AGR2, Ad-
shNC and Ad-shAGR2 respectively, using Lipofectamine
3000 (Life Technologies, Carlsbad, CA, USA). After 48 h of
transfection, RL952 cells and HEC1A cells were harvested
for experiments.

MTT assay

To assess cell viability, RL952 cells and HEC1A cells were
made into a cell suspension and inoculated into 96-well
plates at a density of 5x 10°/well after transfection treat-
ment. After cells were cultured for 3 days, the MTT solu-
tion (20 pL, 5 mg/mL) (Sigma, St. Louis, Missouri, USA)
was added per well of RL952 cells and HEC1A cells. The
96-well plates were continued to be cultured at 37 °C,
5% CO, atmosphere for 4 h. Dimethyl sulfoxide (DMSO,
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150 pL) (Sigma, St. Louis, Missouri, USA) was then added
to each well to dissolve formazan crystals and the absorb-
ance of each well was determined using a microplate reader
(Thermo Fisher, Waltham, MA, USA) at 490 nm.

Colony formation assay

After RL952 cells and HEC1A cells were transfected with
shNC, shAGR2, pcDNA3.1-NC or pcDNA3.1-AGR2,
RL952 cells and HEC1A cells were made into cell sus-
pension and inoculated into 96-well plates at a density
of 1x10%well. After all cells were cultured for 2 weeks,
the colonies were fixed with 4% paraformaldehyde and
then stained with 0.1% crystal violet. Finally, the colony
(> 0.5 mm) numbers were counted.

Wound healing assay

After RL952 cells and HEC1A cells were transfected with
shNC shAGR2, pcDNA3.1-NC or pcDNA3.1-AGR2, RL952
cells and HEC1A cells were inoculated into six-well plates
and grown to approximately 90% confluence. The scratch
wound was then generated using 10 pL pipette tip and cells
were continued to be cultured at 37 °C and 5% CO, atmos-
phere. The wound width was measured at 0 h and 24 h under
a microscope (Olympus, Tokyo, Japan).

Transwell invasion assay

For invasion assays, Matrigel was added to the upper cham-
ber of Transwell to coat the chamber. After RL952 cells
and HECI1A cells were transfected with shNC shAGR?2,
pcDNA3.1-NC or pcDNA3.1-AGR2, RL952 cells, and
HECI1A cells were made into cell suspension using serum-
free medium and inoculated in the upper chamber. The
medium containing 10% FBS was added to the lower cham-
ber of Transwell. After the cells were cultured at 37 °C for
24 h, the invaded cells were fixed with 4% paraformalde-
hyde and stained with 0.1% crystal violet for 15 min, respec-
tively. The numbers of invaded RL952 and HEC1A cells
were counted in five random fields under a light microscope
(Olympus, Tokyo, Japan).

Glucose uptake and lactate secretion

After the RL952 and HEC1A cells were transfected with
shNC, shAGR2, pcDNA3.1-NC or pcDNA3.1-AGR2 and
treated by hypoxia (1%), the glucose uptake ability of R1.952
and HEC1A cells was determined by measurement of the
uptake of [*H] 2-deoxy-D-glucose ([*H] 2DG). RL952 and
HECI1A cells were seeded into six-well plates and incubated
with Earle’s/HEPES solution containing 5.5 mmol/L glucose
for 2 h. The RL952 and HECI1A cells were then incubated
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with [*H] 2DG (5 pCi/mL). After incubation, RL952 and
HECI1A cells were lysed using RIPA buffer and extracts
were measured by a scintillation counter (Beckman Coutler,
Fullerton, CA, USA).

After the RL952 and HEC1A cells were transfected
with shNC shAGR2, pcDNA3.1-NC or pcDNA3.1-AGR2
and treated with normoxic (20%) or hypoxia (1%), RL952
and HECI1A cells were cultured in McCoy’s 5A modified
medium or DMEM/F12 medium, respectively, to deter-
mine lactate secretion. Three days later, lactate secretion
was measured with a lactate colorimetric assay kit (Sigma-
Aldrich, St. Louis, MO, USA) following the manufacturer’s
instructions.

Immunoprecipitation (IP)

RL952 cells were harvested and lysed using lysis buffer
supplemented with protease inhibitors (Thermo Fisher,
Waltham, MA, USA). The protein content of lysates was
determined by bicinchoninic acid (BCA) kit (Beyotime, Bei-
jing, China) after lysates were clarified by centrifugation.
The lysates were incubated with anti-MUCI antibody, anti-
AGR?2 antibody and anti-IgG antibody mixed with protein
A/G agarose beads (Santa Cruz Biotechnology), and then
the mixture was incubated at 4 °C for 12 h. After comple-
tion of the immunoprecipitation reaction, the beads were
collected via centrifugation and washed five times with lysis
buffer. Finally, the immune complexes were analyzed using
Western blot.

Xenograft tumor establishment

A total of 20 BALB/c nude mice aged 4-6 weeks were pur-
chased from Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd. All animal experiments were approved by
the Ethics Committee of The Fourth Affiliated Hospital of
Xinjiang Medical University (No. 2017065). All mice were
divided into two groups including Ad-shNC group and Ad-
shAGR2. RL952 cells were stably transfected with Ad-shNC
or Ad-shAGR2 using Lipofectamine 3000. Tumor xeno-
grafts were established by subcutaneously injecting 1x 10
of stably transfected RL952 cells at the buttocks of mice
(n=10 in each group). Tumor size was determined every
7 days until 35 days. After all tumors were harvested, immu-
nohistochemistry was performed to detect the expression
of Ki-67, AGR2, MUCI1, and HIF-1a, and qRT-PCR was
conducted to determine the expression of LDHA, PGK1,
HK?2 and ENOI.

Statistical analysis

Statistical analysis was conducted by SPSS Statistics soft-
ware 22.0 (Chicago, IL, USA. All data were represented as

mean + standard deviation (SD). The differences of groups
were analyzed by Student’s ¢ test or one-way ANOVA.
P <0.05 was represented as statistically significant.

Results
AGR2 is up-regulated in endometrial carcinoma

To discern the expression of AGR2 in endometrial carci-
noma, we analyzed the mRNA expression of AGR2 in tumor
tissues and adjacent normal tissues of 30 endometrial car-
cinoma patients. The detailed information on endometrial
carcinoma patients is described in Table 1. We observed
that the mRNA levels of AGR2 were significantly up-reg-
ulated in tumor tissues compared to adjacent normal tis-
sues (P <0.01, Fig. 1a). Immunohistochemistry additionally
showed that AGR2-positive expression was higher in tumor
tissues compared to adjacent normal tissues (Fig. 1b). The

Table 1 Association between AGR2 expression and clinicopathologi-
cal characteristics of endometrial carcinoma patients

Characteristics Num- AGR?2 expression P value
ber of —
patients LOW. = ngh S
median) median)
Number 30 15 15
Age
< Mean (55) 17 8 9 0.713
> Mean (55) 13 7 6
Histology
Endometrioid 12 7 5 0.456
Non-endometrioid 18 8 10
FIGO stage
I-1I 14 10 4 0.028*
I-1v 16 5 11
Histological grade
Gl 9 7 2 0.132
G2 15 6 9
G3 6 2 4
Myometrial invasion
< 50% 12 4 0.136
> 50% 18 11
Lymphovascular space
invasion
No 19 9 10 0.705
Yes 11 6 5
Lymph node metastasis
Positive 19 6 13 0.008*
Negative 11 9 2

FIGO Federation International of Gynecology and Obstetrics
*P < 0.05; #*P < 0.01
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Fig.1 AGR2 was up-regulated
in endometrial carcinoma. a
The expression of AGR2 in
tumor tissues and adjacent
normal tissues of 30 patients
was determined by qRT-PCR
assay (N=4). b Immunohis-
tochemistry was performed to
detect the AGR2 expression in
endometrial carcinoma patients
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high expression of AGR2 in endometrial carcinoma was
proved to correlate with poor overall survival of endome-
trial carcinoma patients by Kaplan—Meier survival analysis
(P <0.05, Fig. Ic). Also, the AGR2 expression also was
associated with the Federation International of Gynecol-
ogy and Obstetrics (FIGO) stage (P <0.05) and lymph node
metastasis (P <0.01) (Table 1).

AGR2 promotes cell proliferation, migration
and invasion in endometrial carcinoma

To explore the role of AGR2 in endometrial carcinoma, the
expression of AGR2 in four endometrial carcinoma cells
lines including RL952, ISHIKAWA, HEC1A and HEC1B
was first determined. The AGR2 mRNA and protein levels
were the highest in the RL952 cells and lowest in the HEC1A
cells among the four endometrial carcinoma cell lines (all
P <0.01, Fig. 2a). Therefore, RL952 cells and HEC1A were
selected to perform subsequent experiments. To understand
the influence of AGR2 on endometrial carcinoma cell
behaviors, the RL952 cells with down-regulated AGR2 and
HECI1A cells that overexpressed AGR2 were generated by
transfecting with shAGR2 or pcDNA 3.1-AGR2, which were
confirmed by qRT-PCR assay and Western blot (all P<0.01,
Fig. 2b). For knockdown of AGR2, two shRNAs targeting
AGR?2 were transfected into RL952 cells, respectively, and
the shAGR?2 with higher knockdown efficiency was used for
subsequent experiments. MTT assay proved that the knock-
down of AGR2 in RL952 cells significantly inhibited cell
viability (P <0.05), while AGR2 overexpression in HEC1A
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cells significantly increased cell viability (P <0.01, Fig. 2c).
To further explore the influence of AGR2 on cell behaviors,
we performed colony formation assay, wound healing assay
and Transwell invasion assays. AGR2 knockdown resulted
in inhibition of colony formation ability in RL952 cells
(P <0.01) and overexpression of AGR2 promoted colony
formation in HEC1A cells (P <0.01) (Fig. 2d). Wound heal-
ing assay showed that the cell migration ability was inhibited
after knockdown of AGR2 (P <0.01) and overexpression of
AGR2 promoted cell migration ability (P <0.01) (Fig. 2e).
Also, knockdown of AGR2 inhibited cell invasion ability
in RLI52 cells and overexpression of AGR2 promoted cell
invasion ability (P <0.01) (Fig. 2f). These results show that
AGR?2 promotes cells proliferation, migration and invasion
in endometrial carcinoma.

AGR2 promotes glycolysis in endometrial carcinoma

To further detect the role of AGR2 in glycometabolism, the
protein and mRNA expression levels of glycolysis-related
genes including LDHA, PGK1, HK2 and ENO1 were inves-
tigated. The protein and mRNA levels of LDHA, PGK1,
HK?2 and ENO1 in hypoxic condition were all significantly
higher than that in the normoxic condition in RL952 and
HECI1A cells (all P<0.01). In hypoxic condition, the mRNA
levels of LDHA, PGK1, HK2 and ENO1 in RL952 cells
with AGR2 knockdown were also significantly higher than
that in normoxic condition (all P <0.01), while the levels
of LDHA, PGK1, HK2 and ENO1 in RL952 cells with
AGR?2 knockdown in hypoxia condition were lower than
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Fig.2 AGR2 promoted cell proliferation, migration and invasion in
endometrial carcinoma. a The mRNA and protein levels of AGR2
in RL952, ISHIKAWA, HECIA and HECI1B cells were determined
by gqRT-PCR and Western blot, respectively (N=4). b The mRNA
and protein levels of AGR2 in RL952 cells transfected with shNC or
shAGR2 and HECI1A transfected with pcDNA3.1-NC or pcDNA3.1-
AGR?2 were determined by qRT-PCR and Western blot, respectively
(N=4). ¢ The MTT assay was used to detect cell viability of RL952
cells transfected with shNC or shAGR2 and HECIA transfected
with pcDNA3.1-NC or pcDNA3.1-AGR2 (N=4). d Colony for-

that in RL952 cells transfected with shNC (Fig. 3a, b). Con-
trarily, in hypoxic condition, the protein and mRNA levels
of LDHA, PGK1, HK2 and ENOI1 of HEC1A cells with
AGR2 overexpression were also significantly higher than
that in normoxic condition (all P <0.01), while the levels of
LDHA, PGK1, HK2 and ENO1 in HEC1A cells with AGR2
overexpression in hypoxia condition were higher than that

pcDNA3.1

mation assay was used to detect colony formation ability of RL952
cells transfected with shNC or shAGR2 and HECIA transfected
with pcDNA3.1-NC or pcDNA3.1-AGR2 (N=4). ¢ Wound healing
assay was used to assess the cell migration ability of RL952 cells
transfected with shNC or shAGR2 and HECI1A transfected with
pcDNA3.1-NC or pcDNA3.1-AGR2 (N=4). f The invasion ability
of RLI952 cells transfected with shNC or shAGR2 and HEC1A trans-
fected with pcDNA3.1-NC or pcDNA3.1-AGR2 was determined by
Transwell invasion assay (N=4). *P <0.05; **P <0.01

in HECI1A cells transfected to pcDNA3.1-NC (Fig. 3a, b).
In hypoxia condition, glucose uptake and lactate production
were inhibited by knockdown of AGR2 in RL952 cells com-
pared to RLL952 cells transfected with shNC (all P<0.01),
while AGR2 overexpression in HEC1A cells significantly
promoted glucose uptake and lactate production compared to
HECI1A cells transfected with pcDNA3.1-NC (all P<0.01)
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Fig.3 AGR2 promoted glycolysis in endometrial carcinoma. a
The protein levels of LDHA, PGK1, HK2 and ENOI in normoxic
and hypoxic conditions of RL952 cells transfected with shNC or
shAGR2 and HECI1A transfected with pcDNA3.1-NC or pcDNA3.1-
AGR?2 were detected by Western blot (N=4). b The mRNA levels of
LDHA, PGK1, HK2 and ENOI in normoxic and hypoxic conditions
of RL952 cells transfected with shNC or shAGR2 and HECIA trans-
fected with pcDNA3.1-NC or pcDNA3.1-AGR2 were detected by
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qRT-PCR assay (N=4). ¢ Glucose uptake ability was determined by
measurement of the uptake of [*H] 2DG of RL952 cells transfected
with shNC or shAGR2 and HECIA transfected with pcDNA3.1-NC
or pcDNA3.1-AGR2 in normoxic and hypoxic conditions (N=4). d
Lactate secretion was determined for RL952 cells transfected with
shNC or shAGR2 and HECIA transfected with pcDNA3.1-NC
or pcDNA3.1-AGR2 in normoxic and hypoxic conditions (N=4).
*P<0.05; **P<0.01
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(Fig. 3c, d). These results show that AGR2 promotes glyco-
lysis process in endometrial carcinoma.

AGR2 induces glucose metabolism via the MUC1/
HIF-1a pathway

MUCI1, a member of the transmembrane mucin family, has
been proved to regulate oncogenesis and development of
some cancers including endometrial carcinoma and induce
glycolysis via HIF-1a modulation in cancers [21]. Thus, we
speculated that AGR2, the oncogene and glycolysis regula-
tor in endometrial carcinoma, might interact with MUC1.
The immunoprecipitation assay was performed in RL952

cells and results showed that AGR2 could bind to MUC1
(Fig. 4a). Also, the levels of MUCI and HIF-1a were sig-
nificantly decreased after knockdown of AGR2 in RL952
cells treated with hypoxic condition, while overexpression
of AGR?2 induced the expression of MUC1 and HIF-1a in
HECI1A cells treated by hypoxic condition (all P <0.01,
Fig. 4b). Overexpression of MUCI reversed the inhibition
effect of AGR2 knockdown on MUCI1 and HIF-1a expres-
sion (all P<0.01, Fig. 4c). Besides, the inhibition effects
of AGR2 knockdown on the cell viability (P <0.01), cell
colony formation ability (P <0.01), cell migration ability
(P<0.01) and cell invasion ability (P <0.01) of RL952 were
also rescued by overexpression of MUC1 (Fig. 4d-g). Also,
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Fig.4 AGR2 induces glucose metabolism via the MUCI/HIF-1a
pathway. a Immunoprecipitation assay was conducted to determine
the relationship between AGR2 and MUC1 (N=4). b Protein lev-
els of MUCI and HIF-1a after treatment with hypoxic conditions in
RL952 cells transfected with shNC or shAGR2 and HECIA trans-
fected with pcDNA3.1-NC or pcDNA3.1-AGR2 were detected using
Western blot (N=4). ¢ Protein levels of MUCI1 and HIF-1a in RL952
cells transfected with shAGR2 or pcDNA3.1-MUC1 were detected
by Western blot in hypoxic conditions (N=4). d The cell viabil-
ity of RL952 transfected with shAGR2 or pcDNA3.1-MUC1 was
determined by MTT assay (N=4). e The colony formation ability
of RL952 cells transfected with shAGR2 or pcDNA3.1-MUCI1 was
detected by colony formation assay (N=4). f The migration ability
of RL952 cells transfected with shAGR2 or pcDNA3.1-MUC1 was

LDHA  HK2

PGK1 ENO1 RL952 RL952

determined by wound healing assay (N=4). g Transwell invasion
assay was used to determine the invasion ability of RL952 cells trans-
fected with shAGR2 or pcDNA3.1-MUC1 (N=4). h The mRNA lev-
els LDHA, PGK1, HK2 and ENOI1 in RL952 cells which were trans-
fected with shAGR2 or pcDNA3.1-MUC1 and treated with hypoxic
conditions were determined by qRT-PCR (N=4). i The protein levels
LDHA, PGK1, HK2 and ENOI in RL952 cells which were trans-
fected with shAGR2 or pcDNA3.1-MUC1 and treated with hypoxic
conditions were determined by Western blot (N=4). j Glucose uptake
ability was determined by measurement of the uptake of [*H] 2DG
in RL952 cells transfected with shAGR2 or pcDNA3.1-MUCI and
treated with hypoxic conditions (N=4). k Lactate secretion was
determined in RL952 cells transfected with shAGR2 or pcDNA3.1-
MUCI and treated with hypoxic conditions (N=4). **P <0.01
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the inhibition effect of AGR2 knockdown on the mRNA and
protein expression levels of LDHA, HK2, PGK1 and ENO1
was also reversed by overexpression of MUCI (all P <0.01,
Fig. 4h, i). Similarly, knockdown of AGR2 decreased the
glucose uptake and lactate section, which was reversed by
overexpression of MUCI (all P <0.01, Fig. 4e, f). These
results indicate that AGR2 induces glucose metabolism via
MUCI1/HIF-1a pathway.

AGR2 knockdown inhibits tumor growth

To further investigate the role of AGR2 in tumor growth
in endometrial carcinoma, we established xenograft tumors
using RL952 cells stably transfected with Ad-shAGR2.
Results showed that knockdown of AGR2 significantly
inhibited tumor growth (P <0.01, Fig. 5a). The expression of
Ki-67 which was a protein associated with cell proliferation
in tumor tissues was decreased after knockdown of AGR2
(Fig. 5b). In xenograft tumors, knockdown of AGR?2 also
inhibited the expression of AGR2, MUC1 and HIF-1a. Also,
the expression levels of glucose metabolism-related genes
including LDHA, HK?2, PGK1 and ENO1 were significantly

Fig.5 Knockdown of AGR2 a
inhibits tumor growth. a Xeno-
graft tumors were established in
mice using RL952 cells stably
transfected with Ad-shAGR2

or Ad-shNC and tumor volume

Adshnce B @ @ v @
Ad-ShAGR2 » & ® &

decreased after knockdown of AGR2 (all P <0.01, Fig. 5c).
These results proved that AGR2 knockdown inhibits tumor
growth and glucose metabolism in vivo.

Discussion

As a common malignant gynecologic tumor, endometrial
carcinoma usually occurs in postmenopausal women [22].
The survival and prognosis are poor for endometrial carci-
noma in advanced stages [3, 4]. Therefore, it is urgent to
delineate the regulation mechanisms of endometrial carci-
noma development. AGR2 expression is elevated in cancers
and AGR?2 functions as a regulator for tumor progression in
mucinous ovarian cancer and breast cancer [10, 11]. Thus,
we surmised that AGR2 might regulate cancer progression in
endometrial carcinoma. To investigate the role of AGR2 in
endometrial carcinoma, we first detected AGR2 expression.
AGR?2 expression was up-regulated in tumor tissues. The
result was in agreement with lung cancer [8], gastric cancer
[9], salivary adenoid cystic carcinoma [23], nasopharyngeal
carcinoma [24] and so on. In the study performed by Kamal
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et al., AGR2 was up-regulated in endometrial carcinoma
with low grade compared to postmenopausal endometrium,
and high level of AGR2 expression was also found in meta-
static lesions compared to primary tumors [12]. In addition,
they also found that the level of AGR2 in low-grade endo-
metrial carcinoma was higher than that of high-grade endo-
metrial carcinoma [12]. In the present study, we found that
AGR2 was associated with FIGO stage lymph node metasta-
sis. Furthermore, the AGR2 expression level was also related
to overall survival. Endometrial carcinoma patients with
high expression of AGR2 presented poor survival. The result
was contrary to the study performed by Kamal et al. [12], in
which they found that high levels of AGR2 were related to
better overall survival in all endometrial carcinoma except
for endometrial carcinoma with high expression of estrogen
alpha (ERa).

AGR?2 has been proposed to act as an oncogene in cancers
[25, 26]. The aberrant expression of AGR2 in endometrial
carcinoma implied its vital role in endometrial carcinoma.
Here, we reported that high expression of AGR2 promoted
cell proliferation, migration and invasion ability in endo-
metrial carcinoma, and down-regulation of AGR2 inhibited
cell proliferation, migration, invasion and tumor growth. The
effects of AGR2 in the regulation of cancer cell behaviors
in endometrial carcinoma were similar to previous studies
[10, 25, 27].

In cancer cells, glucose metabolism pattern was usually
altered to glycolysis instead of the oxidative phosphoryla-
tion pathway [28]. Glycolysis led to acidification of the
tumor environment, which was a benefit for generating
more aggressive and invasive phenotype [28]. In the study,
we found that a high level of AGR2 induced the expression
of glycolysis-related genes including LDHA, PGK1, HK2
and ENOL. In xenograft tumors, down-regulation of AGR2
inhibited the expression of glycolysis-related genes. Glu-
cose uptake and lactate production were also promoted by
overexpression of AGR2 in endometrial carcinoma cells. On
the whole, a high level of AGR2 could promote the glyco-
lysis process in endometrial carcinoma. Thus, we inferred
that AGR2 might promote cell proliferation, migration and
invasion ability through inducing glycolysis in endometrial
carcinoma. AGR2-induced glucose metabolism might facili-
tate the progression of endometrial carcinoma.

MUCI was considered an oncogene in cancers [29, 30].
AGR?2 was proved to modulate MUC1 expression in pan-
creatic intraepithelial neoplasia [31]. Moreover, MUCI1 was
regarded as a novel metabolic regulator [32]. The study per-
formed by Kosugi et al. confirmed that MUCI participated in
glycolysis in cancer cells [33]. Knockdown of MUC1 inhibited
glycolysis [33]. In addition, MUC1 could activate HIF-1o and
then mediate glucose metabolism [19]. Therefore, we conjec-
tured AGR2 might regulate cancer progression and glycolysis
via the MUC1/HIF-1a pathway. According to the results in

the present study, AGR?2 interacted with MUCI and induced
the expression of MUCI1 and HIF-1a. In xenograft tumors,
knockdown of AGR?2 inhibited the expression of MUCI1 and
HIF-1a in vivo. The inhibition of glycolysis caused by knock-
down of AGR2 was reversed by overexpression of MUCI.
Furthermore, the inhibition effects of AGR2 knockdown on
cell proliferation, migration and invasion ability were abol-
ished by overexpression of MUCL. In other words, the MUC1/
HIF-1a pathway mediated the regulation of AGR2 on glycoly-
sis. Therefore, we concluded that AGR2 might promote cells
proliferation, migration, invasion and tumor growth through
inducing glycolysis in endometrial carcinoma via the MUC1/
HIF-1a pathway. AGR2-induced glucose metabolism might
facilitate the progression of endometrial carcinoma via the
MUCI1/HIF-1a pathway. AGR2 may be an effective target for
endometrial carcinoma therapy.

Conclusion

AGR?2 was overexpressed in endometrial carcinoma. AGR2-
induced glucose metabolism might facilitate the progression
of endometrial carcinoma via the MUC1/HIF-1a pathway.
AGR?2 may be an effective therapeutic target for endometrial
carcinoma.
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