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Abstract

Gastric cancer (GC) is one of the most common human malignancies due to its

invasiveness and metastasis. 5‐Fu is a widely applied chemotherapeutic agent

against GC. Although 5‐Fu therapy has achieved improvements in GC treatment,

a large fraction of patients developed drug resistance which significantly limited

its clinical applications. Recent studies revealed the pivotal roles of long non-

coding RNAs (lncRNAs) in tumorigenesis and progressions of various tumors,

including GC. However, the biological roles and molecular mechanisms of lncRNA

HAGLR in GC remain unclear. Here, we report HAGLR was upregulated in both

GC tissues and cell lines. In addition, HAGLR was associated with a poorly sur-

vival rate of GC patients. Blocking HAGLR inhibited GC cells proliferation and

sensitized GC cells to 5‐Fu. Bioinformatical analysis and luciferase assay de-

monstrated that HAGLR sponged microRNA (miR)‐338‐3p, which functions as a

tumor suppressor in GC to downregulate its expressions. Moreover, from the

established 5‐Fu resistant GC cell line (HGC27 5‐Fu R), we detected significantly

elevated HAGLR, downregulated miR‐338‐3p, and glucose metabolism compared

with parental HGC27 cells. We identified lactate dehydrogenase‐A (LDHA), a

glucose metabolism key enzyme, was the direct target of miR‐338‐3p in GC cells.

Rescue experiments demonstrated that restoration of miR‐338‐3p in HAGLR‐

overexpressing HGC27 5‐Fu R cells successfully overrode the HAGLR‐promoted

5‐Fu resistance through targeting LDHA. Taken together, this study revealed

essential roles and molecular mechanisms for the HAGLR‐mediated 5‐Fu re-

sistance in GC, contributing to the development of new noncoding RNA‐based

therapeutic strategies against chemoresistant GC.
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1 | INTRODUCTION

Gastric cancer (GC) is one of the most frequent malignancies, con-

tributing to the second leading cause of cancer mortality (Biagioni

et al., 2019). Recently, despite therapeutic approaches such as sur-

gery, chemotherapy and radiation have been improved, GC patients

with advanced tumor stage still received disappointing prognosis and

low 5‐year survival rate (Biagioni et al., 2019; Karimi et al., 2014).

5‐fluorouracil (5‐Fu) is one of the adjuvant and palliative therapeutic

agents by acting through interfering the incorporating fluoronucleo-

tides into RNA and DNA, leading to DNA damage and cancer cell

death (Lee et al., 2016). Although 5‐Fu has recently achieved im-

proved prognosis and survival rate of GC patients, the development

of 5‐Fu resistance remains significant challenge, which greatly limited

the clinical application of 5‐Fu‐based chemotherapy (Blondy et al.,

2020). Thus, investigating the molecular targets and underlying me-

chanisms of 5‐Fu resistance is urgent for developing therapeutic

strategies against 5‐Fu resistance.

Long noncoding RNAs (lncRNAs) are a class of endogenous RNA

with relative long size (>200 nucleotides) (Peng et al., 2017). LncRNAs

have been reported to be involved in numerous biological tumor pro-

cesses including tumorigenesis, metabolism, proliferation, invasion,

migration, metabolism, apoptosis, and chemoresistance (Bhan et al.,

2017). Recently, accumulating evidence revealed that the dysregulation

of lncRNAs plays crucial roles in chemosensitivity of GC (Ghafouri‐Fard

& Taheri, 2020). LncRNA HAGLR has been detected to be upregulated

in various malignant tumors such as lung cancer (Lu et al., 2017), eso-

phageal cancer (Yang et al., 2019), breast cancer (Mahlab‐Aviv et al.,

2020), and colon cancer (Sun et al., 2020). In addition, the upregulated

HAGLR was negatively associated with prognosis and survival rates of

cancer patients (Lu et al., 2017; Mahlab‐Aviv et al., 2020; Sun et al.,

2020; Yang et al., 2019). Mounting evidence indicated that lncRNA

functions as competitive endogenous RNAs (ceRNA) of microRNAs

(miRNAs) by competing with them to de‐repress the expression of

downstream target genes (Paraskevopoulou & Hatzigeorgiou, 2016).

Moreover, the lncRNA‐miRNA network has been implicated in a variety

of cancer processes (Zhang et al., 2018), indicating targeting the

lncRNA‐based noncoding RNA axis is a potentially therapeutic approach

against chemoresistant cancers. However, the biological roles and me-

chanism of HAGLR in GC have not been elucidated.

Cancer cells display aberrant glucose metabolic characteristics

that they consume incremental amounts of glucose and metabolize

the majority of them into lactate, a phenomenon is referred to

“Warburg effect” (Pascale et al., 2020). Furthermore, metabolic re-

programming of cancer cells contributes to various tumor progres-

sions and targeting the dysregulated metabolism has been exploited

to effectively treat cancers for decades (Liu et al., 2019). The lactate

dehydrogenase‐A (LDHA), which catalyzes the conversion of pyr-

uvate to lactate (Feng et al., 2018), has a key role in aerobic glycolysis

and is widely recognized as a therapeutic anticancer target. In this

study, the roles of HAGLR in 5‐Fu resistance and glucose metabolism

of GC will be evaluated. Specific miRNA targets of HAGLR will be

identified in GC tumors and cells. The miRNA targets which play vital

roles in the HAGLR‐mediated glucose metabolism and 5‐Fu re-

sistance will be explored. This study will contribute to developing the

noncoding RNA‐based new therapeutic agents for the treatment of

chemoresistant GC.

2 | MATERIALS AND METHODS

2.1 | Gastric tumor tissue samples

This study was approved by the Institutional Review Board of

Ningbo Medical Center Lihuili Hospital. A total of 40 GC patients

who had early GC (n = 5) and advanced GC (n = 35) were evaluated

in this study (Table 1). Patients did not receive radio‐ or/and

chemotherapy before surgery. Gastric tumor or normal tissues

were obtained from patients who underwent surgery at the De-

partment of Radiation Oncology, Ningbo Medical Center Lihuili

Hospital between 2014 and 2018. Tissues samples were im-

mediately frozen by liquid nitrogen and stored at −80°C. All pa-

tients provided written informed consent.

TABLE 1 Characteristics of 40 gastric cancer patients

Characteristic Cases Percentages

Age

<30 2 5

30–50 15 37.5

>50 23 57.5

Gender

Male 22 55

Female 18 45

Grading

1 8 20

2 12 30

3 19 47.5

NS 1 2.5

Histology

Adenocarcinoma 31 77.5

Signet ring cell 6 15

Undifferentiated 2 5

Other 1 2.5

Metastasis

No 28 75

Yes 12 30

5‐Fu sensitivity

Sensitive 16 40

Resistant 24 60
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2.2 | Cell culture and reagents

GC cell lines HGC27, SGC‐7901, AGS, MKN‐45, and BGC‐823 and

normal gastric epithelial cell line, GES‐1 were provided by the cell

bank of the Chinese Science Academy. Cells were cultured in RPMI

1640 medium (Thermo Fisher Scientific, Inc.) with 10% fetal bovine

serum (FBS) (Biorad), 100 units/ml penicillin, and 100 μg/ml strepto-

mycin (Thermo Fisher Scientific, Inc.) at 37°C in a humidified atmo-

sphere with 5% CO2. The establishment of 5‐Fu resistant GC cell line

was conducted according to the previous reports (Li et al., 2017).

Rabbit anti‐LDHA (#3582) and anti‐β‐actin (#4970) antibodies were

purchased from Cell Signaling Technology. 5‐Fu was purchased from

Sigma‐Aldrich.

2.3 | Transfections of siRNA, miRNA, or
plasmid DNA

Transfections were conducted using the commercially available Lipo-

fectamine 3000 transfection reagent (Invitrogen) was used for trans-

fection according to the manufacturer's protocols. Briefly, GC cells

(4 × 105/well) were plated on six‐well plates for 24 h. Negative controls

and miR‐338‐3p or small interfering RNA (siRNA) were transfected at

50 nM for 48 h. Plasmid DNA was transfected at 1 µg/well for 48 h.

miRNA‐338‐3p precursor, siRNA against LDHA or HAGLR as well as

their negative controls were synthesized by GenePharma Inc.

2.4 | Quantitative real‐time polymerase chain
reaction (qRT‐PCR)

Total RNA isolation was performed using the TRIzol (Thermo Fisher

Scientific, Inc.) methods according to the manufacturer's protocols.

The quality and concentration of RNA samples were examined using a

NanoDrop™ 2000/2000c Spectrophotometers (Thermo Fisher Sci-

entific, Inc.). cDNA was synthesized by reverse transcription using the

High Capacity RNA‐to‐cDNA kit (#4387406, Thermo Fisher Scientific,

Inc.). Quantitative real‐time polymerase chain reaction (qRT‐PCR) was

performed using the Taqman 2× Universal PCR Master Mix (Thermo

Fisher Scientific) by a 7900 Real‐time PCR System (Applied Biosys-

tems). The thermal profile was set as follows: 95°C for 1min and 40

cycles at 95°C for 15 s, 58°C for 20 s, and 72°C for 20 s. For miRNA

detection, results were normalized to U6. For mRNA and lncRNA

detections, results were normalized to β‐actin. The primers were as

follows: miR‐338‐3p forward, 5′‐ACACTCCAGCTGGGGTTGTTTTA

GTG‐3′; reverse, 5′‐CTCAACTGGTGTCGTGGA‐3′; U6 forward,

5′‐CTCGCTTCGGCAGCACA‐3′; reverse, 5′‐AACGCTT CACGAATTT

GCGT‐3′; LDHA forward, 5′‐AGCCCGATTCCGTTACCT‐3′; reverse,

5′‐CACCAGCAACATTCATTCCA‐3′; lncRNA HAGLR forward,

5′‐GGGCTGGTACAGACTAGGGA‐3′; reverse, 5′‐TAAGCAGGTCAGA

AAGGGCG‐3′; β‐actin forward, 5′‐GCATCGTCACCAACTGGGAC‐3′;

reverse, 5′‐ACCTGGCCGTCAGGC AGCTC‐3′. The relative expres-

sion was calculated by the 2−ΔΔCt method. Experiments were per-

formed in triplicate and repeated three times.

2.5 | Luciferase reporter assay

Wild‐type (WT) and mutated (Mut) HAGLR or 3′‐untranslated region

(UTR) sequences of LDHA mRNA were amplified and inserted into the

pGL3 luciferase reporter vector (Promega). GC cells (5 ×105 cells/well)

were transfected with miR‐338‐3p or control miRNA plus WT‐ or Mut‐

HAGLR or LDHA 3′‐UTR reporter plasmids in 24‐well plates. Luciferase

activity was measured 48h posttransfection by a Dual‐luciferase reporter

assay system (Promega) according to the manufacturer's instructions.

Experiments were repeated three time and performed in triplicate.

2.6 | Bioinformatics analysis of the
lncRNA–miRNA, miRNA–mRNA interactions

Predictions of the HAGLR and miR‐338‐3p, miR‐338‐3p, and LDHA

3′‐UTR were performed from the starBase 2.0 of ENCORI: http://

starbase.sysu.edu.cn/. Kaplan–Meier Plotter survival analysis of GC

patients with different HAGLR or miR‐338‐3p level were performed

from kmplot.com.

2.7 | Measurements of glucose metabolism

The glucose metabolism was evaluated by glucose uptake assay and

extracellular acidification rate (ECAR) according to previous reports (Li

et al., 2017). The glucose uptake was examined using the glucose test

kit (Applygen Technologies) according to the manufacturer's instruc-

tions. The lactate product assay was performed using the

L‐lactate assay kit (BioVision) according to the manufacturer's in-

structions. The ECAR was measured in GC cells following transfec-

tions using the Seahorse XF96e analyzer (Seahorse Bioscience)

according to the manufacture's instruction. ECAR of GC cells was

measured in XF base medium containing 4mM glutamine following

the addition of 10 µM glucose, 1 µM oligomycin, and 50mM 2‐DG.

Experiments were repeated three times. Results were normalized by

the ratio of the cell number of treated cells to that of control cells.

2.8 | Colony formation assay

After transfection or 5‐Fu treatments, 500 GC cells were seeded into

each well of six‐well plates. Cells were then cultured for three weeks in

RPMI‐1640 medium containing 10% FBS. Cell colonies were then fixed

with 4% paraformaldehyde (Sangon Ltd.) for 10min and stained with

0.25% crystal violet (Beyotime Ltd.) for 10min at room temperature.

Colonies (>30mm diameter) were counted, photographed, and analyzed

under the microscope. Each experiment was performed in triplicates.

2.9 | Cell proliferation and viability assay

Cell proliferation and viability assays were determined by the 3‐(4,5‐

dimethyl‐2‐thiazolyl)‐2,5‐diphenyl‐2‐H‐tetrazolium bromide (MTT) assay
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(Sigma‐Aldrich) according to the manufacturer's protocol. Briefly, GC

cells (1000 cells/well) were seeded into 96‐well plates and maintained in

RPMI 1640 medium supplemented with 10% FBS. At different time

points (0, 24, 48, and 72 h after seeding) or 48 h post 5‐Fu treatments,

20‐µl MTT solution was added into each well, followed by incubation at

37°C for an additional 4 h. Then 100 μl dimethyl sulfoxide (DMSO) was

added to dissolve the formed formazan for 1 h. Absorbance was mea-

sured at 450 nm using a microplate reader (Bio‐Rad Laboratories). Ex-

periments were performed in triplicate and repeated three times.

2.10 | Flow cytometry

GC cell death rate in response to 5‐Fu treatment was determined

using an Annexin V/fluorescein isothiocyanate (FITC) Apoptosis De-

tection Kit I (BD Biosciences) according to the manufacturer's in-

struction. Following treatments, cells were gathered and centrifuged

at 2000 rpm for 3min. Cells were washed using PBS two times and

resuspended in 300ml of a binding buffer from the kits. Cells were

then stained with Annexin V FITC (5ml) and propidium iodide (5ml)

solution for 15min in the dark at room temperature. Analysis was

carried out using a FACScan flow cytometer (BD Biosciences). Ex-

periments were performed in triplicate and repeated three times.

2.11 | Western blot

Total protein from GC tissues or cultured cells was extracted by ice‐cold

RIPA buffer (Thermo Fisher Scientific, Inc.) supplied with 1× protease

inhibitor cocktail (Thermo Fisher Scientific Inc.) according to the manu-

facturer's instructions. Protein was quantified using the Bradford

method. An equal amount (30μg) of total protein from each sample was

separated onto a 10% sodium dodecyl sulfate‐polyacrylamide gel elec-

trophoresis. Proteins were then transferred onto a polyvinylidene

fluoride membrane (Bio‐rad) followed by blocking by 5% BSA for 1 h at

room temperature. Membranes were incubated with primary antibodies

for LDHA (1:1000) and β‐actin (1:3000) separately at 4°C overnight.

After washing by PBST three times, membranes were incubated with

peroxidase‐coupled secondary antibody for 1 h at room temperature.

Protein bands were detected using Hyperfilm‐ECL kits (GE Healthcare

Biosciences). β‐actin expression was a loading control. Three in-

dependent experiments were performed for each analysis.

2.12 | Statistical analysis

Prism 6.0 (GraphPad Software) was used for all statistical analyses. Re-

sults are expressed as the mean ± standard error (SD). Experiments were

repeated three times. The differences between the two experimental

groups were evaluated by Student's t‐test. The differences of more than

two groups were analyzed using one‐way analysis of variance. Survival

analyses were performed using the Kaplan–Meier plots approach.

p value less than .05 was considered to be statistically significant.

3 | RESULTS

3.1 | LncRNA HAGLR is upregulated and
associates with a poor prognosis of GC

To evaluate the biological roles of HAGLR in the progress of GC,

bioinformatics analysis was performed to compare the HAGLR ex-

pressions in normal gastric tissues and GC tumors from the TCGA

database. Results demonstrated that HAGLR was obviously upregu-

lated in the GC specimens (Figure 1a), suggesting HAGLR acts as an

oncogene in GC. We performed qRT‐PCR in 40 paired GC and ad-

jacent nontumorous tissues. Consistent results showed that HAGLR

was significantly elevated in GC tissues (Figure 1b). To examine the

clinical relevance of HAGLR, a Kaplan–Meier Plotter analysis was

performed and results in Figure 1c demonstrated that GC patients

with higher HAGLR levels were associated with an overall poorer

survival rates. Expectedly, HAGLR expressions were detected to be

significantly upregulated GC cell lines compared with normal gastric

epithelial cell lines (Figure 1d). Taken together, this analysis con-

sistently uncovered oncogenic roles of HAGLR in GC.

3.2 | HAGLR promotes cell proliferation
and 5‐Fu resistance of GC

To assess the effect of lncRNA‐HAGLR on cell proliferation of GC

cells, we silenced HAGLR in HGC27 and AGS cells by transfection of

HAGLR siRNA (Figure S1). Expectedly, knockdown of HAGLR ef-

fectively inhibited cell proliferation of GC cells at 48 h and 72 h

posttransfection (Figure 2a,b), indicating HAGLR could be a selective

target against GC. Moreover, inhibition of HAGLR significantly sup-

pressed the in vitro migration of GC cells (Figure 2c). Given that

chemoresistance is a remarked cancer hallmark, we evaluated the

correlation between HAGLR and 5‐Fu resistance in GC patients.

From a totally 40 GC patients, the low‐HAGLR expression patients

were 14 and the high‐HAGLR expression patients were 26

(Figure 2d). From the 5‐Fu sensitive patients (n = 16), we observed 12

of them (81.25%) was associated with low HAGLR level, while only

four patient (8.75%) displayed high HAGLR expression. Among the 5‐

Fu resistant patients (n = 24), the majority of them (n = 22, 91.67%)

were associated with high HAGLR expression (Figure 2d). On the

other aspect, among the high‐HAGLR expression patients (n = 26),

four of them are 5‐Fu sensitive and 22 patients were 5‐Fu resistant

(Figure 2d). These clinical statistical analyses consistently demon-

strated that HAGLR expression was positively associated with 5‐Fu

resistance of GC. We further examined the roles of HAGLR in 5‐Fu

sensitivity in GC cells. AGS and HGC27 cells with or without HAGLR

silencing were treated with 5‐Fu at elevated concentrations. Cell

viability assays demonstrated that GC cells with lower HAGLR ex-

pression were more sensitive to 5‐Fu (Figure 2e,f). The 5‐Fu IC50s of

AGS and HGC27 cells were 155.2 µM and 103.8 µM, respectively.

Silencing HAGLR significantly reduced the IC50s of AGS and HGC27

cells to 65.6 µM and 47.1 µM (Figure 2e,f). Meanwhile,
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overexpression of HAGLR significantly promoted the proliferation

(Figure S2a), migration (Figure S2b), and 5‐Fu resistance (Figure S2c)

of GC cells. In summary, these results clearly demonstrated HAGLR

contributes to GC proliferation, migration, and 5‐Fu resistance.

3.3 | HAGLR sponges miR‐338‐3p to downregulate
its expression in GC

We then investigated the molecular mechanism of the HAGLR‐

promoted 5‐Fu resistance in GC. Studies have revealed that

lncRNAs function as miRNAs sponges to downregulate their

expressions, leading to de‐repression of miRNA targets

(Paraskevopoulou & Hatzigeorgiou, 2016). Bioinformatics analysis

through the noncoding RNA database starBase2.0 showed miRNA‐

338‐3p, which has been reported to be negatively associated with

various cancer progression, contains putative HAGLR binding sites

(Figure 3a). Moreover, Pearson's correlation coefficient analysis

showed a significantly negative correlation between HAGLR and

miR‐338‐3p expressions in gastric tumor specimens (Figure 3b).

AGS and HGC27 cells with higher HAGLR expressions showed

effectively attenuated miR‐338‐3p expressions (Figure 3c). To

confirm the interaction between lncRNA‐HAGLR and miR‐338‐3p,

we performed RNA‐pull down assay. Biotin‐labeled sense or

F IGURE 1 HAGLR is upregulated in gastric cancer (GC). (a) Expressions of HAGLR from GC and normal gastric tissues were analyzed by
GEPIA online bioinformatics service. (b) Expressions of HAGLR were detected in GC tumor specimens (n = 40) and adjacent gastric nontumor
specimens (n = 40) by quantitative real‐time polymerase chain reaction (qRT‐PCR). (c) Kaplan–Meier plotter analysis to compare the survival rate
of gastric cancer patients with high or low HAGLR level. (d) Expressions of HAGLR were detected in normal gastric epithelial cell and five gastric
cancer cells by qRT‐PCR. *p < .05; **p < .01; ***p < .001
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antisense DNA probe of HAGLR as well as a scramble control was

incubated with AGS cell lysate. Results from qRT‐PCR illustrated

that the biotin‐labeled antisense DNA probe of HAGLR pulled

down enriched miR‐338‐3p (Figure 3d), while the endogenous

miR‐338‐3p was not effectively pulled down by sense DNA probe

of lncRNA‐HAGLR, suggesting that HAGLR interacts with miR‐

338‐3p in GC cells. To validate whether HAGLR directly binds on

the seeding region of miR‐338‐3p, AGS, and HGC27 cells were

cotransfected with luciferase vector containing wild‐type HAGLR

(WT‐HAGLR) or binding site mutant HAGLR (Mut‐HAGLR) and

miR‐338‐3p or control miRNA. Luciferase activity of GC cells co-

transfected with WT‐HAGLR and miR‐338‐3p was significantly

blocked compared with that from the Mut‐HAGLR and miRNA‐

338‐3p Cotransfection (Figure 3e,f). In summary, the above results

demonstrated HAGLR downregulates miR‐338‐3p expressions

through sponging it in GC cells.

F IGURE 2 HAGLR promotes proliferation, migration, and 5‐Fu resistance of GC. (a) HAGLR was knocked down by specific siRNA in HGC27
and (b) AGS cells. Cell proliferation assays were performed in 0, 24, 48, and 72 h. (c) The above‐transfected cells were subjected to wound
healing assay at 0, 16 h. (d) Comparison of HAGLR expressions in 5‐Fu sensitive and 5‐Fu resistant GC patients. (e) HGC27 and (f) AGS cells were
transfected with control siRNA or HAGLR siRNA for 48 h, followed by 5‐Fu treatments at the indicated concentrations for 48 h. Cell viability was
determined by the MTT assay. *p < .05; **p < .01; ***p < .001. GC, gastric cancer; siRNA, small interfering RNA

F IGURE 3 HAGLR sponges miR‐338‐3p as ceRNA. (a) Prediction of miR‐338‐3p binding sites on HAGLR from StarBase. (b) Pearson's
correlation coefficient analysis shows a negative correlation between HAGLR and miR‐338‐3p in GC specimens. (c) HGC27 and AGS cells were
transfected with HAGLR overexpression plasmid for 48 h, expressions of miR‐338‐3p were detected by qRT‐PCR. (d) HGC27 cell lysates were
incubated with biotin‐labeled scramble control, sense or antisense HAGLR DNA probes for biotin pull‐down assay, miR‐338‐3p and HAGLR
were assessed by qRT‐PCR. (e) Dual‐luciferase reporter assay was performed by transfection of luciferase vector containing WT‐HAGLR
or Mut‐HAGLR with control miRNA or miR‐338‐3p into HGC27 and (f) AGS cells. Luciferase activities were detected. *p < .05; **p < .01.
miRNA, microRNA; qRT‐PCR, quantitative real‐time polymerase chain reaction; WT, wild‐type
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3.4 | miR‐338‐3p is downregulated in GC tissues
and cells negatively correlates with 5‐Fu resistance

We then examined the biological roles of miR‐338‐3p in GC. Bioin-

formatics analysis from GEPIA (Tang et al., 2017) clearly indicated

miR‐338‐3p was downregulated in GC (Figure 4a). Moreover, miR‐

338‐3p expression was negatively associated with GC tumor grades

from TCGA database (Figure S3), suggesting miR‐338‐3p plays sup-

pressive roles in GC. miR‐338‐3p‐high expressed GC patients were

associated with an overall better survival rates from a Kaplan–Meier

plotter analysis (Figure 4b). We then compared the expressions of

miR‐338‐3p in paired GC and adjacent nontumorous tissues as well

as GC cells and normal gastric epithelial cell lines. Results in

Figure 4c,d consistently demonstrated miR‐338‐3p was significantly

downregulated in GC tissues and cells. Expectedly, GC cells with

overexpression of miR‐338‐3p showed significantly blocked glucose

metabolism (Figure S4a,b) and increased sensitivity to 5‐Fu treat-

ments compared with control cells (Figure 4e,f), suggesting miR‐338‐

3p could be a therapeutic agent for overcoming chemoresistant GC.

3.5 | 5‐Fu resistant GC cells display upregulated
HAGLR and glucose metabolism and downregulated
miR‐338‐3p

The above results uncovered a HAGLR‐promoted 5‐Fu resistance. To

explore the underlying cellular mechanisms of 5‐Fu resistance, we

developed a 5‐Fu resistant GC (5‐Fu R) cell line from HGC27 by

treating cells with gradually elevated concentrations of 5‐Fu. The

HGC27 5‐Fu resistant cells showed higher survival capacities under

5‐Fu treatments compared with HGC27 parental cells (Figure 5a,b).

The 5‐Fu IC50 of HGC27 5‐Fu R cells was 268.5 µM, which is sig-

nificantly higher than that of HGC27 parental cells (102.3 µM)

(Figure 5a). Consistent results from the clonogenic assay showed that

HGC27 5‐Fu R cells could better tolerate 5‐Fu treatment than

HGC27 parental cells (Figure 5b). As we expected, HAGLR was ap-

parently upregulated in 5‐Fu resistant cells (Figure 5c). On the con-

trary, miR‐338‐3p was significantly downregulated in 5‐Fu resistant

cells compared with parental cells (Figure 5d). These results con-

sistently demonstrated the reverse roles of HAGLR and miR‐338‐3p

in 5‐Fu resistant GC cells. Since the dysregulated glucose metabolism

was known to affect the chemosensitivity of tumors (Abdel‐Wahab

et al., 2019), we, therefore, investigated the functional roles of

lncRNA‐HAGLR in anaerobic glycolysis in GC cells. Silencing HAGLR

resulted in significantly decreased overall glucose consumption and

extracellular acidification rate as measured by ECAR (Figure 5e,f),

suggesting the HAGLR‐mediated 5‐Fu resistance was through the

modulation of glucose metabolism.

3.6 | miR‐338‐3p blocks glucose metabolism via
direct targeting LDHA to sensitize GC cells to 5‐Fu

Accumulating evidence revealed that miRNAs function to inhibit

mRNA transcription through binding to the 3ʹ‐UTR of their target

mRNAs (Mollaei et al., 2019). We then investigated the molecular

F IGURE 4 miR‐338‐3p negatively associates with GC. (a) Expressions of miR‐338‐3p in normal or GC specimens were analyzed fromTCGA
database through UALCAN.com. (b) Kaplan–Meier plotter analysis to compare the survival rate of gastric cancer patients with high or low miR‐
338‐3p level. (c) Expressions of miR‐338‐3p were detected in GC tumor specimens (n = 40) and adjacent gastric nontumor specimens (n = 40) by
qRT‐PCR. (d) Expressions of miR‐338‐3p were detected in normal gastric epithelial cells and five gastric cancer cells by qRT‐PCR. (e) HGC27 and
(f) AGS cells were transfected with control miRNA or miR‐338‐3p for 48 h, followed by treatments with 5‐Fu at the indicated concentrations for
48 h. Cell viability was determined by the MTT assay. *p < .05; **p < .01. miRNA, microRNA; MTT, 3‐(4,5‐dimethyl‐2‐thiazolyl)‐2,5‐diphenyl‐2H‐
tetrazolium bromide; qRT‐PCR, quantitative real‐time polymerase chain reaction
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F IGURE 5 5‐Fu resistant GC cells positively associate with HAGLR and glucose metabolism. (a) The 5‐Fu responsiveness of HGC27 parental
and 5‐Fu resistant cells under gradually increased 5‐Fu treatments was validated by MTT assay and (b) clonogenic assay. (c) HAGLR and
(d) miR‐338‐3p expressions were detected in HGC27 parental and 5‐Fu resistant cells by qRT‐PCR. (e) The glucose uptake and (f) extracellular
acidification rate (ECAR) of HGC27 parental and 5‐Fu resistant cells were measured. *p < .05; **p < .01; ***p < .001. GC, gastric cancer;
miR, microRNA; MTT, 3‐(4,5‐dimethyl‐2‐thiazolyl)‐2,5‐diphenyl‐2H‐tetrazolium bromide; qRT‐PCR, quantitative real‐time polymerase chain reaction

F IGURE 6 miR‐338‐3p directly targets 3ʹ‐UTR of LDHA to sensitize GC cells to 5‐Fu. (a) Prediction of miR‐338‐3p binding sites on LDHA
3ʹ‐UTR from StarBase. (b) Expressions of LDHA mRNA in normal or GC specimens were analyzed fromTCGA database through UALCAN.com.
(c) Expressions of LDHA mRNA in 40 normal or GC specimens were detected by qRT‐PCR. (d) Protein expressions of LDHA were examined in
HGC27 parental and 5‐Fu resistant cells. β‐actin was an internal control. (e) HGC27 and (f) AGS cells were transfected with control siRNA or si
LDHA for 48 h, cells were treated with 5‐Fu at the indicated concentrations. Cell viability was determined by MTT assay. (g) HGC27 and AGS
cells were transfected with control siRNA or si LDHA for 48 h, the glucose consumption and (h) lactate product were evaluated. (i) Pearson's
correlation coefficient analysis shows a positive correlation between HAGLR and LDHA mRNA in GC specimens. (j) HGC27 and AGS cells were
transfected with miR‐338‐3p precursor for 48 h, protein expressions of LDHA were detected by Western blot. (k) Dual‐luciferase reporter assay
was performed by transfection of luciferase vector containing 3ʹ‐UTR of WT‐LDHA or Mut‐LDHA with control miRNA or miR‐338‐3p into
HGC27 and (l) AGS cells. Luciferase activities were detected. *p < .05; **p < .01; ***p < .001. miRNA, microRNA; MTT, 3‐(4,5‐dimethyl‐2‐
thiazolyl)‐2,5‐diphenyl‐2H‐tetrazolium bromide; qRT‐PCR, quantitative real‐time polymerase chain reaction; siRNA, small interfering RNA;
3ʹ‐UTR, 3ʹ‐untranslated region
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targets of miR‐338‐3p in GC cells by searching the noncoding RNA

database, starBase2.0. Interestingly, among all the candidates, the

3ʹ‐UTR of LDHA, which catalyzes the conversion of pyruvate to

lactate during the anaerobic glycolysis (Feng et al., 2018), contains a

putative miR‐338‐3p binding sites (Figure 6a). We thus examined the

clinical relevance of LDHA in GC. Expressions of LDHA were ob-

served to be significantly upregulated in diverse cancers (Figure S5),

including GC through both TGCA database analysis and qRT‐PCR

(Figure 6b,c). Furthermore, upregulation of LDHA was observed in 5‐

Fu resistant GC cells compared with parental cells (Figure 6d). To

verify the oncogenic roles of LDHA in 5‐Fu resistance, LDHA was

silenced by siRNA in HGC27 and AGS cells. Expectedly, GC cells with

lower LDHA expression were more sensitive to 5‐Fu compared with

control cells (Figure 6e,f). Expectedly, blocking LDHA significantly

attenuated glucose metabolism of GC cells (Figure 6g,h). To evaluate

the miR‐338‐3p‐LDHA network, the Pearson correlation coefficient

analysis from tumor specimens demonstrated that higher LDHA

mRNA was significantly correlated with lower miR‐338‐3p levels in

GC patients (Figure 6i), suggesting LDHA might be a target of miR‐

338‐3p in gastric tumors. To test whether the expression of LDHA

could be regulated by miR‐338‐3p, AGS and HGC27 cells were

transfected with control miRNA or miR‐338‐3p and the LDHA pro-

tein expression was examined. As shown in Figure 6j, overexpression

of miR‐338‐3p resulted in inhibited LDHA protein expression. To

validate whether miR‐338‐3p targets the 3ʹ‐UTR of LDHA, luciferase

reporter assay was performed by cotransfection of control or

miR‐338‐3p with luciferase plasmid containing 3ʹ‐UTR of WT‐LDHA

or binding site mutant‐LDHA into GC cells. Consistent results de-

monstrated miR‐338‐3p significantly attenuated the luciferase

activity of vector containing WT‐LDHA 3′‐UTR but not that of Mut‐

LDHA 3′‐UTR (Figure 6k,l).

We then asked whether the miR‐338‐3p‐mediated glycolysis

inhibition and 5‐Fu sensitization were through targeting LDHA.

Consequently, rescue experiments were conducted by transfection

of control, miR‐338‐3p alone or combined with LDHA over-

expression vector into HGC27 cells. Western blot results showed

cotransfection of LDHA with miR‐338‐3p into GC cells successfully

rescued the LDHA protein expression (Figure 7a). As we expected,

restoration of LDHA in miR‐338‐3p‐overexpressing GC cells effec-

tively recovered the glucose uptake (Figure 7b), ECAR (Figure 7c),

and 5‐Fu resistance (Figure 7d,e). Taken together, these data con-

sistently demonstrated that miR‐338‐3p sensitizes GC cells to 5‐Fu

via direct targeting the LDHA‐glycolysis pathway.

3.7 | Inhibition of HAGLR sensitizes 5‐Fu resistant
GC cells through sponging the miR‐338‐3p‐LDHA axis

Finally, we evaluated whether the above described HAGLR‐

promoted 5‐Fu resistance was through modulating the miR‐338‐3p‐

LDHA‐glycolysis axis. Expression correlation analysis from both

lncRNA database, Starbase, and qRT‐PCR results clearly showed that

HAGLR was positively associated with LDHA mRNA expressions in

GC specimens (Figure 8a). We performed mechanism rescue ex-

periments by cotransfection of HGC27 cells with a control plasmid,

HAGLR overexpression plasmid alone or combined with miR‐338‐3p.

Western blot results in Figure 7b uncovered that overexpression of

HAGLR significantly promoted LDHA expression. Cotransfection of

F IGURE 7 Restoration of LDHA overcomes the miR‐338‐3p‐inhibited glycolysis and 5‐Fu resistance in GC cells. (a) HGC27 cells were
transfected with control, miR‐338‐3p alone or combined with LDHA for 48 h, expressions of LDHA were examined by western blot. (b) The
above‐transfected cells were subjected to glucose uptake assay and (c) ECAR measurements. (d) The above‐transfected cells were treated with
5‐Fu at the indicated concentrations for 48 h, cell viability was determined by MTT assay and (e) Annexin V apoptosis assay. *p < .05. GC, gastric
cancer; miR, microRNA; MTT, 3‐(4,5‐dimethyl‐2‐thiazolyl)‐2,5‐diphenyl‐2H‐tetrazolium bromide
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HAGLR plus miR‐338‐3p successfully restored LDHA protein ex-

pressions to that from control cells (Figure 8b). Moreover, co-

transfection of HAGLR plus miR‐338‐3p recovered the glucose

metabolism in both HGC27 parental (Figure 8c,d) and 5‐Fu resistant

cells (Figure S6a,b), indicating the HAGLR‐promoted glucose meta-

bolism was through sponging miR‐338‐3p. Consequently, restoration

of miR‐338‐3p in HAGLR‐overexpressing HGC27 cells significantly

re‐sensitized cells to 5‐Fu (Figure 8e,f) by MTT assay and Annexin V

apoptosis assay. Summarily, these results validated that the HAGLR‐

promoted 5‐Fu resistance was through modifying the miR‐338‐3p‐

LDHA axis.

4 | DISCUSSION

GC, one of the most common human malignancies, remains a leading

cause of cancer mortality (Biagioni et al., 2019; Karimi et al., 2014).

5‐Fu is a widely applied chemotherapeutic agent against GC espe-

cially at an advanced stage or at high risk of recurrence (Lee et al.,

2016). However, due to the acquired chemoresistance, a large frac-

tion of patients displayed attenuated therapeutic effects under 5‐Fu

treatments. Currently, the molecular mechanisms for 5‐Fu resistance

are still under investigation. Studies revealed that 5‐Fu resistance

could be due to the increased expression and activities of some

membrane drug transporters (Blondy et al., 2020). Moreover, drug

resistance could be induced by upregulated or hyperactive oncogenic

signaling pathway which plays vital role in the biosynthesis of anti‐

chemotherapeutic molecules (Blondy et al., 2020). The present study

uncovered a lncRNA/miRNA‐based molecular mechanism for 5‐Fu

resistance of GC cells. Studies have reported that HAGLR was up-

regulated in various malignant tumors. For instance, HAGLR was

upregulated in NSCLC specimens compared with normal tissues (Lu

et al., 2017). Moreover, Kaplan–Meier survival analysis revealed that

high HAGLR expression was linked to poor survival rate in NSCLC

patients (Lu et al., 2017). However, the functional roles of HAGLR in

GC have not been investigated. Our results demonstrated that

HAGLR was significantly upregulated in GC tissues and cells, con-

sistent with previous reports. Moreover, HAGLR expression was

negatively associated with the survival rates of GC patients. Silencing

HAGLR effectively sensitized GC cells to 5‐Fu, presenting lncRNA‐

HAGLR as a potentially therapeutic target and biomarker of GC.

Mounting evidence revealed LncRNAs functions through

sponging target miRNAs by forming a ceRNA complex, leading to

modification of target mRNAs expressions (Paraskevopoulou &

Hatzigeorgiou, 2016; Zhang et al., 2018). To further explore the

underlying miRNA target which contributes to the oncogenic phe-

notypes of HAGLR in 5‐Fu resistance, we identified miR‐338‐3p as a

HAGLR target in GC cells by RNA pull‐down and luciferase assays.

Recent studies reported that miR‐338‐3p acts as tumor‐suppressive

roles in multiple cancers such as ovarian cancer (Niu et al., 2019),

colon cancer (Zou et al., 2018), cervical cancer (Luan & Wang, 2018),

and breast cancer (He et al., 2020). Overexpression of miR‐338‐3p

increased the cisplatin sensitivity of ovarian cancer (Niu et al., 2019),

suggesting targeting the HAGLR‐miR‐338‐3p could be a potentially

anti‐chemoresistant approach. Our results showed overexpression of

HAGLR significantly downregulated miR‐338‐3p expressions in GC

F IGURE 8 The roles of HAGLR‐miR‐338‐3p‐LDHA axis in 5‐Fu resistance. (a) Pearson's correlation coefficient analysis shows a positive
correlation between HAGLR and LDHA in GC specimens. (b) HGC27 cells were transfected with control, HAGLR alone or combined with miR‐
338‐3p for 48 h, expressions of LDHA were examined by western blot. (c) The above‐transfected cells were subjected to glucose uptake assay
and (d) ECAR measurements. (e) The above‐transfected cells were treated with 5‐Fu at the indicated concentrations for 48 h, cell viability was
determined by MTT assay and (f) Annexin V apoptosis assay. *p < .05; **p < .01. GC, gastric cancer; miR, microRNA; MTT, 3‐(4,5‐dimethyl‐2‐
thiazolyl)‐2,5‐diphenyl‐2H‐tetrazolium bromide
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cells. Moreover, we found miR‐338‐3p was negatively associated

with GC and 5‐Fu resistance, suggesting miR‐338‐3p acts as a tumor

suppressor in GC.

Reprogramming of cellular metabolisms, such as elevated glucose

metabolism, is a new hallmark of cancer due to the high demand for

building blocks for rapid proliferation (Pascale et al., 2020). Further-

more, accumulation evidence demonstrated that the metabolic de-

pendencies of tumors are tightly correlated with chemo‐sensitivity

(Abdel‐Wahab et al., 2019, Liu et al., 2019), providing a novel ther-

apeutic strategy for antitumor treatment. Results from this study

showed glucose consumption and the extracellular acidification rate

of 5‐Fu resistant GC cells were significantly elevated. Consistently,

HAGLR was detected to be upregulated and miR‐338‐3p was sup-

pressed in 5‐Fu resistant GC cells compared with parental cells.

LDHA is a known key glycolysis enzyme through catalyzing the

conversion of pyruvate to lactate (Feng et al., 2018). It is widely

studied as an effective target for anticancer therapeutics. Our find-

ings showed LDHA was remarkedly upregulated in 5‐Fu resistant GC

cells. Importantly, western blot and luciferase assay demonstrated

that miR‐338‐3p directly targets 3ʹ‐UTR of LDHA in GC cells.

Moreover, inhibition of glucose metabolism by either silencing LDHA

or overexpression of miR‐338‐3p effectively overcame 5‐Fu re-

sistance, suggesting targeting glucose metabolism pathway with

noncoding RNA‐based approaches is potentially strategy against

chemoresistance of GC. However, this study still has limits that in

vitro results need further validation by in vivo xenograft mice

experiments.

In summary, we demonstrate that HAGLR plays oncogenic roles

in 5‐Fu resistance of GC cells. Mechanically, HAGLR sponges miR‐

338‐3p as a ceRNA, resulting in modulation of the LDHA‐glycolysis

pathway in GC. This study contributes to the development of new

noncoding RNA‐based therapeutic strategies against chemoresis-

tant GC.
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