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Abstract

Background: Insulin gene enhancer protein 1, (ISL1), a LIM-homeodomain
transcription factor, is involved in multiple tumors and is associated with insulin
secretion and metabolic phenotypes. However, the role of ISL1 in stimulating
glycolysis to promote tumorigenesis in gastric cancer (GC) is unclear. In this
study, we aimed to characterize the expression pattern of ISL1 in GC patients
and explore its molecular biological mechanism in glycolysis and tumorigenesis.
Methods: We analyzed the expression and clinical significance of ISL1 in GC
using immunohistochemistry and real-time polymerase chain reaction (PCR).
Flow cytometry and IncuCyte assays were used to measure cell proliferation
after ISL1 knockdown. RNA-sequencing was performed to identify differentially
expressed genes, followed by Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis and Gene Set Enrichment Analysis (GSEA) to reveal key
signaling pathways likely regulated by ISL1 in GC. Alteration of the glycolytic
ability of GC cells with ISL1 knockdown was validated by measuring the
extracellular acidification rate (ECAR) and oxygen consumption rate (OCR)
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and by detecting glucose consumption and lactate production. The expression
of glucose transporter 4 (GLUT4) and ISL1 was assessed by Western blotting,
immunohistochemistry, and immunofluorescent microscopy. The luciferase
reporter activity and chromatin immunoprecipitation assays were performed to
determine the transcriptional regulation of ISL1 on GLUTA4.

Results: High levels of ISL1 and GLUT4 expression was associated with short
survival of GC patients. ISL1 knockdown inhibited cell proliferation both in
vitro and in vivo. KEGG analysis and GSEA for RNA-sequencing data indicated
impairment of the glycolysis pathway in GC cells with ISL1 knockdown, which
was validated by reduced glucose uptake and lactate production, decreased
ECAR, and increased OCR. Mechanistic investigation indicated that ISL1 tran-
scriptionally regulated GLUT4 through binding to its promoter.

Conclusion: ISL1 facilitates glycolysis and tumorigenesis in GC via the tran-
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1 | BACKGROUND

Gastric cancer (GC), an aggressive malignancy with poor
prognosis, is the fourth most common cancer in the world
[1,2] and the second most common cancer in China [2].
Due to the lack of effective early diagnosis technology,
most GC patients are diagnosed at advanced stages, and
metastasis is the main cause of death in GC patients [3,4].
Revealing the mechanisms of carcinogenesis and metasta-
sis of GC could lead to the identification of potential prog-
nostic factors and potential therapeutic targets.

Insulin gene enhancer protein 1 (ISL1l), a LIM-
homeodomain transcription factor [5], regulates the
expression of insulin, glucagon, somatostatin, and pancre-
atic polypeptide in postnatal islet tissue [6-8]. In addition
to insulin gene regulation and glucose homeostasis, ISL1
affects cell fate specification and embryonic develop-
ment [9-11]. It has been shown to induce metastasis and
tumorigenesis in various cancers, including non-Hodgkin
lymphoma [12], GC [13,14], pancreatic and extrapancreatic
neuroendocrine neoplasms [15,16]. Generally, high ISL1
expression has been associated with poor outcomes of
patients with GC [13,14]. However, the underlying molec-
ular mechanism of ISL1 in promoting the glycolysis and
tumorigenesis of GC remains to be elucidated. The “War-
burg effect” in tumor cells promotes the glucose uptake,
glycolysis, and pyruvate metabolism into lactic acid rather
than oxidative phosphorylation to produce energy under
aerobic conditions [17]. Compared with normal cells,
tumor cells have shown stronger aerobic glycolysis and

scriptional regulation of GLUTA4.

gastric cancer, glucose transporter 4, glycolysis, insulin gene enhancer protein 1, tumorigenesis

higher glucose uptake [18]. Glycolytic genes and their
transcriptional regulators are significantly associated with
poor prognosis of various cancers, including GC, and the
“Warburg effect” indicates the existence of a link between
glycolysis and tumorigenesis [19-21]. As a result, cell
metabolic disorders has been described as a hallmark of
cancer that facilitates tumor progression [22]. Identifying
the key factors which regulate glycolysis could therefore
improve the diagnosis and treatment of GC.

Glucose transport across the cell membrane is a rate-
limiting step in glycolysis, thus, glucose transporters play
an important role in tumor initiation and progression
[23,24]. Emerging evidence suggests that glucose trans-
porter 4 (GLUT4), encoded by the solute carrier family
2 member 4 (SLC2A4) gene, is an attractive therapeutic
target for cancer [25,26]. Furthermore, GLUT4 is insulin-
sensitive and plays an essential role in glucose homeosta-
sis [26]. Members of the GLUT family have tissue-specific
expression, biochemical properties, and physiologic func-
tions that operate together to regulate and maintain glu-
cose levels and distribution. Recently, the expression of
GLUTs was reported to modulate glucose metabolism and
tumorigenesis in different cancers [27-30]. GLUT4 plays a
central role in glucose metabolism and represents 90% of
GLUTs [31].

Herein, this study aimed to explore the contribution of
ISL1 and GLUT4 to the glycolysis and tumorigenesis of GC
and to identify the underlying mechanisms. The signifi-
cance of ISL1 and GLUT4 in the prognosis of GC patients
was also analyzed.
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2 | MATERIALS AND METHODS

2.1 | Cellculture

The GC cell line BGC823 was obtained from the Cell
Research Institute (Shanghai, China), and HEK293FT cells
were purchased from American type culture collection
(ATCC, Manassas, VA, USA). The cells were cultured in
high-glucose Dulbecco’s modified eagle media (DMEM,
Gibco, Grand Island, NY, USA) replenished with 10% (v/v)
fetal calf serum (Gibco) and incubated in a humidified
atmosphere containing 5% CO, at 37°C.

2.2 | Plasmids, short hairpin RNAs
(shRNAs), and lentiviruses

The Flag-tagged GLUT4 in eukaryotic expression vec-
tor GV141 was purchased from Genechem (Shanghai,
China). BGC823 cells were transfected with GLUT4 plas-
mids or control plasmids followed by 1 ug/mL purine
(Gibco) screening for 2 weeks to obtain stable GLUT4-
overexpressing or control cells. Lentiviral constructs
pLenti6 were purchased from Invitrogen (Carlsbad, CA,
USA). shRNA constructs were constructed by cloning
shRNA fragments into pLenti-U6 (Invitrogen) and GV298
(Genechem). The sequences of shRNAs for ISL1 and
GLUT4 knockdown are listed in Supplementary Table S1.

Stable cell lines were established with a lentiviral vec-
tor using previously described protocols [32]. Briefly,
lentiviruses were used to infect the cells for 2 days. Sta-
ble clones were selected by treating the cells with 3 ug/mL
blasticidin (Gibco) for 2 weeks.

2.3 | Patients and gastric tissue
specimens

Frozen GC tissues (stored at —70°C) were collected from
182 GC patients and paraffin-embedded GC tissues were
collected from 167 GC patients who underwent radical
resections before chemotherapy at the Peking University
Cancer Hospital in 2010. The patients were followed up
until 2019. This study was approved by the Ethics Commit-
tee of Peking University Cancer Hospital. All the patients
provided written informed consent to allow the use of their
data/tissues in research.

2.4 | Real-time PCR

To detect the mRNA levels of ISL1 and GLUT4, total RNA
was extracted from the 182 frozen GC tissues using Trizol
Reagent (Invitrogen) based on the manufacturer’s instruc-
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tions. Real-time PCR was performed using SYBR Green
PCR Master Mix on ABI 7500 System (Applied Biosystems,
Foster City, CA, USA) with different primers (Supplemen-
tary Table S2). All annealing temperatures were 60°C.
Relative expression values for each gene were calculated
using the 2-AACT method with normalization to Tubulin.
Each value presents the average of at least 3 independent
experiments.

2.5 | THC of ISL1 and GLUT4 in tissue
sections

The immunohistochemical (IHC) staining for ISL1 expres-
sion in 167 paraffin-embedded GC tissues and GLUT4
expression in 109 of the 167 GC tissues were evaluated
independently by two experienced pathologists who were
blinded to the patients’ clinical outcomes. The discrepant
cases were jointly reviewed to reach a consensus.

We randomly selected 42 GC tissues for IHC quantifi-
cation of ISL1 and GLUT4 using TissueFAX cytometry
(TissueGnostics, Vienna, Austria) according to the manu-
facturer’s instructions. Images for ISL1 and GLUT4 stain-
ing were analyzed using HistoQuest software v3.5.3.0185
(TissueGnostics) [33,34]. The following parameters were
adjusted: nuclei size, discrimination by area, discrimina-
tion by grey, and background threshold. The cells were
counted with hematoxylin staining, and the positive rate of
ISL1/GLUT4 was calculated with diaminobenzidine stain-
ing. We counted cells in GC tissues and peritumor tissues
in the 42 samples (0.64 mm? area in each sample).

2.6 | Proliferation assays and flow
cytometry

Stable GC cells were seeded in 96-well plates at a density
of 3 x 103 cells/well, and cell confluence was detected with
an IncuCyte Live-Cell imaging system (Essen BioScience,
Ann Arbor, MI, USA). The cells were synchronized in the
G; phase by incubation in a serum-free medium overnight
and then with medium containing fetal bovine serum for
24 h. The samples were washed with phosphate buffer
saline and stained with staining buffer for 15 min before
flow cytometry (BD Biosciences, San Jose, CA, USA). All
experiments were performed in triplicate, and three inde-
pendent experiments were conducted.

2.7 | Invivo mouse models of GC cell lines

ISL1-knockdown and scramble BGC823 cells (3.5 x 10°
cells per mouse) were subcutaneously injected into the
right hind legs of 5-week-old female NOD/SCID mice
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(Charles River, Beijing, China). This model was designed
to detect subcutaneous tumorigenesis. ISL1-knockdown
and scramble BGC823 cells (1.5 X 10° cells per mouse)
were injected into the tail vein of female NOD/SCID mice.
This model was designed to detect lung metastases. The
lungs were removed at 3 weeks after inoculation and fixed
with a picric acid fixative.

2.8 | Glycolysis assay

The glycolysis of BGC823 ISLl-knockdown, GLUT4-
knockdown, and BGC823 scramble control cells was mea-
sured by examining glucose uptake and lactate secretion
into the culture medium. The supernatants of these cells
were harvested at 48 h after seeding and measured using a
Glucose Uptake Colorimetric Assay Kit (Biovision, Milpi-
tas, CA, USA) and a Lactate Colorimetric Assay Kit (Biovi-
sion) for glucose and lactate concentrations, respectively,
according to the manufacturer’s protocols.

2.9 | Extracellular acidification rate and
oxygen consumption rate assays

The extracellular acidification rate (ECAR) and cellular
oxygen consumption rate (OCR) were measured using Sea-
horse XF Glycolysis Stress Test Kit (Agilent Technolo-
gies, Palo Alto, CA, USA) and Seahorse XF Cell Mito
Stress Test Kit (Agilent Technologies) and were analyzed
using the Seahorse XF24 analyzer. Briefly, the glucose
uptake of BGC823 ISL1-knockdown, GLUT4-knockdown,
and scramble control cells were detected. These cells
were harvested at 48 h after seeding, which were used
to measure ECAR and OCR. After baseline measure-
ments, for ECAR, the Seahorse automatically filled each
well with 10 mmol/L glucose, 1 umol/L oligomycin (the
oxidative phosphorylation inhibitor), and 50 mmol/L 2-
DG (2-deoxy-D-glucose, the glycolytic inhibitor) succes-
sively. For OCR, 1 umol/L oligomycin, 1 umol/L. FCCP
(p-trifluoromethoxy carbonyl cyanide phenylhydrazone,
the reversible inhibitor of oxidative phosphorylation), and
0.5 umol/L Rote/AA (rotenone plus the mitochondrial
complex IIT inhibitor antimycin A, the mitochondrial com-
plex I inhibitor) were automatically injected successively.
Data were analyzed by using Seahorse XF24 Wave soft-
ware. ECAR in mpH/min and OCR in pmol/min are
reported. The following reagents were all obtained from
Agilent Technologies: XF DMEM Base Me (103575-100), XF
200 mmol/L Glutamine Solution (103579-100); Seahorse
XFe24 Fluxpak mini (102342-100); XF 1.0 mol/L Glucose
Solution (102342-100); XF 100 mmol/L Pyruvate (103578-
100); Seahorse XF Glycolysis Stress Test Kit (103020-100);
Seahorse XF Cell Mito Stress Test Kit (103015-100).

2.10 | Immunofluorescence
Immunofluorescence was implemented as previously
reported [13]. Briefly, BGC823 ISL1-knockdown, GLUT4-
knockdown, and scramble cells were fixed in 4%
paraformaldehyde for 20 min, cultured in blocking
buffer, then incubated with primary antibodies against
GLUT4 and ISL1, followed by incubation with Alexa Flour
donkey anti-rabbit and donkey anti-mouse antibodies
(Invitrogen). The 4’,6-diamidino-2-phenylindole 4 (DAPI,
Invitrogen) binding to DNA can be used to observe nuclear
condensation [35]. The images were obtained by laser
scanning confocal microscope LSM 780 with Zen software
under a 63 X oil-immersed lens (Carl Zeiss, Toronto, ON,
Canada). The details of the antibodies used are listed in
Supplementary Table S3.

2.11 | Luciferase reporter assay

The human GLUT4 gene promoter region (2000 bp) was
inserted into the pGL; basic vector (Promega, Madison,
WI, USA) to construct the pGL;-GLUT4 promoter. Then,
100 ng of the constructed plasmid and 7 ng Renilla
luciferase control plasmid (Promega) were transfected into
BGC823 cells in 24-well plates. After 48 h, luciferase activ-
ities were determined using a Dual-Luciferase Assay kit
(Promega).

2.12 | Chromatin immunoprecipitation
(ChIP) assay

ChIP was performed as previously described [36]. In brief,
the cross-linked and isolated nuclei were ultrasonically
treated with a Diagenode Bioruptor (Sonics & Materials,
Newtown, CT, USA) to an average size of ~500 bp for
ChIP-gPCR. The annealing temperature was 60°C. After
pre-clearing with bovine serum albumin (BSA)-blocked
protein A/G Sepharose (Roche, Mannheim, Germany),
chromatin was incubated with antibodies at 4°C overnight.
The chromatin immune complexes were recovered with
the same BSA-blocked protein A/G beads. The sequences
of primers are provided in Supplementary Table 2.

2.13 | RNA sequencing and data analysis

RNA sequencing was performed to confirm the stable
knockdown of ISL1. Gene expression levels were cal-
culated using fragments per kilobase of transcript per
million mapped reads, and the data were deposited in
the Gene Expression Omnibus (GEO, https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE147006). Kyoto
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encyclopedia of genes and genomes (KEGG) analysis
and Gene Ontology (GO) enrichment analysis of differ-
entially expressed genes (DEGs) were performed using
the cluster Profiler R package [37]. Significant GO terms
were identified with P value < 0.05. Pathway analysis
based on the differentially expressed genes between ISL1
knockdown and the scramble control was performed
using gene set enrichment analysis (GSEA) JAVA pro-
gram (http://software.broadinstitute.org/gsea/index.jsp)
[38]. The analysis was conducted with 1000 gene set
permutations, and pathways were ranked based on their
enrichment scores; the top 20 pathways were selected for
further validation.

2.14 | Statistical analysis

The overall survival (OS) was calculated from the date of
surgery till the death due to any reason. The disease-free
survival (DFS) was calculated from the date of surgery
till the occurrence of any complications during follow-up.
The survival data of GC cases in 5 GC datasets (GSE14210,
GSE15459, GSE22377, GSE29272, and GSE51105) covering a
total of 876 patients were graphically presented by Kaplan-
Meier plotter (http://kmplot.com/analysis/) [39] and ana-
lyzed using log-rank test. The correlation between ISL1
expression and GLUT4 expression in the 182 primary GC
specimens, the 42 selected paraffin-embedded GC tissues,
and the public GC dataset from The Cancer Genome
Atlas (TCGA, obtained from the Gene Expression Profiling
Interactive Analysis, GEPIA, http://gepia.cancer-pku.cn/)
[40] was analyzed by using Pearson’s correlation coeffi-
cient (7).

The continuous data are expressed as the mean + stan-
dard deviation. Comparisons between groups were ana-
lyzed using the Student’s t-test or Analysis of Variance
by SPSS 22.0 statistical software (IBM SPSS, Armonk, NY,
USA), and the Student-Newman-Kleuss method was used
to estimate the level of significance. Differences were con-
sidered statistically significant at two-side P < 0.05.

3 | RESULTS
3.1 | High ISL1 expression predicts poor
outcomes in patients with GC

The expression of ISL1 in 167 paraffin-embedded GC speci-
mens was investigated by IHC. ISL1 protein expression was
quantified in 42 samples covering 140,420 cells in GC tis-
sues and 52,327 cells in peritumor tissues using the Tissue-
FAX cytometry. The mean positive rate of ISL1 in GC cells
was 57.9% (Figure 1A and B).
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Next, we investigated the ISL1 expression in 182 frozen
paired primary GC tissues and adjacent normal tissues
using real-time PCR and observed that ISL1 was highly
expressed in GC tissues (Figure 1C). We divided patients
into high and low ISL1 expression groups using the X-
tile program [41] (Supplementary Figure SIA and B).
The patients with high ISL1 expression had shorter OS
(P < 0.001) and DFS (P < 0.001) than those with low ISL1
expression (Figure 1D). The same results were observed
between the ISLI1-positive and -negative groups (Supple-
mentary Figure S1C) and in the 5 GC datasets (P = 0.004,
Supplementary Figure S1D). These results suggested that
high ISL1 expression could be a biomarker of poor progno-
sis in patients with GC.

3.2 | ISL1knockdown inhibits GC cell
tumorigenesis in vitro and in vivo

BGC823 cells were stably transfected with specific sShRNA
to knockdown ISLI; cells transfected with scramble sShRNA
were used as control (Figure 2A). ISL1 knockdown inhib-
ited the proliferation of BGC823 cells by 38% at 72 h, as
observed using IncuCyte assay (Figure 2B).

To further confirm the impact of ISL1 on the prolif-
eration of GC cells, the cell cycle profile was analyzed
using propidium iodide staining and flow cytometry.
Compared with the scramble control, ISL1 knockdown
was associated with increased cell population in the
G; phase and decreased cell population in the G,/M
and S phases (Figure 2C and D). Consistently, the lev-
els of phospho-retinoblastoma (p-Rb), P21, and P27 were
increased, whereas those of Cyclin-dependent kinases 4
(CDK4), Cyclin-dependent kinases 6 (CDK6), Cyclin D1,
and Cyclin D3 were decreased in response to ISL1 knock-
down (Figure 2E). These data indicated that ISL1 knock-
down impaired GC cell proliferation.

To further demonstrate the tumorigenic ability of ISL1
on GC in vivo, xenograft tumor models were estab-
lished by subcutaneous injection of BGC823 cells with
or without ISL1 knockdown. Compared with the scram-
ble control group, the ISL1 knockdown group had a
smaller tumor size and slower tumor growth rate (Fig-
ure 2F). To examine the effects of ISL1 on tumor
metastatic colonization, ISL1-knockdown or scramble con-
trol BGC823 cells were injected into NOD/SCID mice
via the tail vein. Metastatic potential was assessed by
counting the colonized tumor nodules in the lungs.
Fewer lung tumor nodules were observed in the ISL1
knockdown group than in the scramble control group
(Figure 2G). Taken together, these data indicate that
ISL1 knockdown significantly inhibited tumorigenesis of
BGC823 cells.


http://software.broadinstitute.org/gsea/index.jsp
http://kmplot.com/analysis/
http://gepia.cancer-pku.cn/

GUO ET AL.

L WiLEY

A B
ISL1 § W
= \‘ 0%
gl
g |
=
. [ : 60 - n=35
=] N | =
] 0 ‘ —_—
| - 40 80 120
S 1 S '::!i"
I 57.9% K] —ias
120 { | 1 T -
‘ o
N sk |
sod| [ =
4 \I \'J“n”“.,«\‘ -
40 1| N |
| A
‘ !
ol ‘ ‘ 0 cooeeee =7
40 80 120
ISL1 staining intensity ISL1-negative ISL1-positive
C D
107 100+ Overall survival 1001 Disease-free survival
S
? 80 80+
8 —
2107 2 n=138 n=120
(0] - -
= 2| €0 ISL1-negtive 0 ISL1-negtive
— (d Jo e i R TR, R
] o
2 49 2| 409 p<o.001 40 P<0.001
© ' =
e ® 20
o ) n=44 &R n=35
10 P <0.001 ISL1-positive ISL1-positve
) T T T T T Ll 0 T L & ) 1
Adjacent Tumor 20 40 60 80 100 20 40 60 80 100

FIGURE 1

Time after surgery (months)

High ISL1 expression is a marker for poor prognosis during GC progression. A and B: TissueFAX cytometric quantifica-

tion of ISL1 protein expression. A: Representative images and histograms of ISL1 staining. The upper image demonstrates negative ISL1 staining,
and the lower image demonstrates positive ISL1 staining. The red line indicates the average intensity of 57.9%. B: Scatter plot of ISL1 staining by
TissueFAX cytometric quantification. Of the 42 GC samples, 7 were ISL1-negative, and 35 were ISL1-positive. C: The mRNA expression of ISL1
in 182 paired GC and adjacent normal tissues was analyzed by real-time PCR with Tubulin as the reference gene. D: Kaplan-Meier OS and DFS
curves demonstrate poor prognosis in patients with high ISL1 expression versus those with low ISL1 expression in GC tissues. Abbreviations:
ISL1: insulin gene enhancer protein 1; GC: gastric cancer; OS: overall survival; DFS: disease-free survival; PCR: polymerase chain reaction; n:

number

3.3 | ISL1regulates glycolytic gene
expression

To confirm ISL1 downstream effectors, we implemented
RNA-sequencing through stable ISLl-knockdown or
scramble control cells. The results displayed a total of 1112
ISL1-responsive genes, of which 582 were up-regulated
(fold change > 2, P < 0.01) and 584 were down-regulated
(fold change < 0.1, P < 0.01, Figure 3A, Supplementary
Figure S2). KEGG analysis showed that the glycolysis
pathway was among the most altered pathways upon ISL1
knockdown. Subsequent pathway analysis showed that
several of the pathways altered after ISL1 knockdown
were related to the regulation of glucose transport (a
prerequisite process for tumor invasion) and glycolysis

(Figure 3B). Several glycolysis-related genes, including
GLUT4, GLUTI, lactate dehydrogenase A (LDHA), and
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3
(PFKFB3), were significantly down-regulated upon ISL1
silencing, among which the expression of GLUT4 was the
most attenuated (Figure 3C). GSEA showed the enrich-
ment of pathways involving glycolysis/gluconeogenesis
(Figure 3D) and glycosphingolipid biosynthesis (Supple-
mentary Figure S3). Together with the results of KEGG
analysis (Figure 3B), glycolysis was identified as the key
pathway affected by ISL1 knockdown. Other pathways
related to tumor progression, such as the epithelial-to-
mesenchymal transition, G,M checkpoint, apoptosis,
P53, and signal transducer and activator of transcrip-
tion 3 (STAT3) pathways, were also enriched in GSEA
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kinase 4; CDK6: Cyclin-dependent kinase 6; SD: standard deviation

(Supplementary Figure S3), which is consistent with the
results of previous studies [6,11,13,14]. Since ISL1 was
implicated in the regulation of glycolytic gene expression,
we next tested whether it modulates the glycolytic pheno-
type in cultured cells. ISL1 knockdown decreased glucose
uptake, lactate production (Figure 3E), and ECAR (Fig-
ure 3F) and increased OCR in BGC823 cells (Figure 3G),
indicating compromised aerobic glycolysis and improved
aerobic oxidation.

34 |
ISL1

GLUT4 is a transcriptional target of

Since GLUT4 expression was attenuated the most by ISL
knockdown and it plays a pivotal role in glycolysis to
promote cancer progression [30,42], we next focused on
the role of ISL1 on GLUT4 expression. Immunofluores-
cence analysis showed that knockdown of ISL1 signifi-
cantly reduced GLUT4 expression on the cell membrane
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(Figure 4A). The expression patterns of ISL1 and GLUT4
were similar in GC tissues. High ISL1 expression was often
accompanied by high GLUT4 expression, and GLUT4 gen-
erally showed low expression when ISL1 was expressed at
low levels (Figure 4B). Consistent with these observations,
GLUT4 was down-regulated by ISL1 silencing at both the
mRNA and protein levels (Figure 4C).

To further characterize the regulation of ISL1 on GLUT4
transcription, we performed ChIP and luciferase reporter
activity assays. The ChIP assay revealed a 15-fold ISL1
enrichment on the GLUT4 promoter in BGC823 cells (Fig-
ure 4D), suggesting that ISL1 could bind to the GLUT4
promoter to regulate GLUT4 transcription. Furthermore,
luciferase reporter activity assays showed that ISL1 overex-
pression could activate the wild-type GLUT4 reporter but
failed to activate the mutant GLUT4 reporter at the pre-
dicted ISL1-binding site (Figure 4E), indicating that ISL1
directly regulated the transcription of GLUT4 by binding
to its promoter.

3.5 | GLUT4 mediates the promotion of
aerobic glycolysis by ISL1 in GC cells

We next examined whether GLUT4 mediated the pro-
moting effect of ISL1 on glycolysis in BGC823 cells. We
constructed stable cell lines with efficient knockdown of
GLUT4 (Figure 5A) and overexpression of GLUT4 (Fig-
ure 5B). Successful overexpression of GLUT4 reversed the
effects of ISL1 knockdown on glucose consumption, lac-
tate production, ECAR, and cellular OCR (Figure 5C and
D compared with Figure 3E-G). With efficient knockdown
of GLUT4, glucose consumption, lactate production, and
ECAR were significantly decreased while the cellular OCR
was increased (Figure 5E and F), suggesting the necessity
of GLUT4 in maintaining glucose metabolic reprogram-
ming in GC cells, as previously reported [30,43].

3.6 | GLUT4 predicts poor outcomes in
patients with GC

Finally, we investigated the clinical significance of GLUT4
expression in 109 primary GC specimens using IHC.
GLUT4 protein expression was quantified in 42 samples
covering 118,706 cells in GC tissues and 34,466 cells in
peritumor tissues by using the TissueFAX cytometry. The
mean positive rate of GLUT4 in GC cells was 25.9% (Fig-
ure 6A and B). GLUT4 and ISL1 expression in the 42 GC
specimens was positively correlated (r = 0.41, P = 0.008;
Figure 6C). The correlation of ISL1 and GLUT4 expres-
sion was also confirmed using the public GC dataset from
TCGA (r = 0.62, P < 0.001; Figure 6D). Kaplan-Meier sur-
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vival curves showed that patients with positive GLUT4
staining had a significantly shorter OS than those with neg-
ative GLUT4 staining (P = 0.007; Figure 6E). The associ-
ation between GLUT4 expression and OS was confirmed
using data from the Kaplan-Meier plotter (P < 0.001;
Figure 6F). Next, we investigated GLUT4 expression in
182 paired primary GC tissues and adjacent normal tis-
sues using real-time PCR. GLUT4 was highly expressed in
GC tissues and positively correlated with ISL1 expression
(r =0.43, P < 0.001; Figure 6G). In addition, X-tile analy-
sis indicated that high GLUT4 expression predicted short
survival in patients with GC (P < 0.001; Figure 6H, Supple-
mentary Figure S4). Collectively, these results suggest that
GLUT4 predicts poor outcomes in patients with GC and
that ISL1 influences glycolysis through GLUTA4.

4 | DISCUSSION

ISL1 had long been known as an important regulator of
glucose homeostasis through modulation of insulin gene
expression in pancreatic cells, this study demonstrated
direct regulation of ISL1 on glucose metabolism in cancer
cells.

Aberrant gene expression or enzymatic activity account-
ing for glucose uptake and the three committed steps of
glycolysis represent general mechanisms for glucose
metabolism reprogramming in cancer cells. Oncogenic
drivers and tumor suppressors are able to affect glucose
metabolism through multiple mechanisms. Hypoxia-
inducible factor 1 (HIF1) had been shown to up-regulate
the expression of GLUTI1 and hexokinase 2 (HK2) to
increase glucose uptake and phosphorylation [44,45];
oncogenic KRAS (KRAS proto-oncogene, GTPase) and
BRAF (B-Raf proto-oncogene, serine/threonine kinase)
not only increased the expression of GLUT1 but also
promoted its translocation to the plasma membrane [46].
Transcriptional targets of c-Myc during glycolysis include
HK2, LDHA, and monocarboxylate transporter (MCT)
[47]. According to the results of RNA sequencing in the
present study, besides GLUT4 knockdown, ISL1 knock-
down also resulted in down-regulation of GLUT1, LDHA,
and PFKFB3, which contributed to augmented glycolysis
in cancer cells [48]. ISL1 may affect glycolysis-related
genes in GC cells, comparable to those well-known onco-
proteins mentioned above. Intriguingly, we previously
showed that ISL1 was able to promote c-myc transcription
and pancreatic islet cell proliferation [49]. The coordina-
tion between ISL1 and other oncoproteins like c-myc in
glycolysis regulation in GC merits further investigation.

Glycolysis is a core pathway of cell carbon metabolism,
which provides energy in the form of ATP and fuels cell
growth and division [26]. High glycolysis flux was not
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simply an accompanying phenomenon but was supposed
to confer selective advantages to cancer cells from several
perspectives, including rapid ATP synthesis, biogenesis
of macromolecules, and disruption of tissue integrity [17].
Thus, cancer cell proliferation, metastasis, and glycolysis
are functionally intertwined during tumor progression.
Consistently, the present study showed that ISL1 pro-
moted GC growth in vitro and in vivo, accompanied by
the regulation of gene expression involved in cell cycle,
P53 signaling, and some other pathways. Any alteration

or mutation within the DNA-binding domain of P53 may
lead to the dysregulation or overexpression of GLUT4
in certain types of cancer [50]. Meanwhile, we have also
previously shown that ISL1 regulated ZEBI (zinc finger
E-box binding homeobox 1) expression and metastasis
in GC [13]. The regulatory hierarchy of ISL1 on glucose
metabolism reprogramming, cell cycle progression, and
metastasis in GC merits further investigation.

Mediating the entry of glucose into cells, GLUTs
have always been considered to be potential targets for
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cancer treatment. Elucidating the regulatory mechanism BRAF-positive cancers and have been shown to selectively
of GLUTS could be helpful to make therapeutic choice. For ~ kill renal cell carcinoma cells [51]. Inhibition of GLUT4
example, small molecules (STF-31 and STF-66247) inhibit-  was shown to elicit growth arrest and cell apoptosis in mul-
ing GLUT1 were supposed to treat oncogenic KRAS- or tiple myeloma [25]. In GC, GLUT4 was recently shown to
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be regulated by hepatoma-derived growth factor (HDGF)
in a methyltransferase-like 3 (METTL3)-dependent
manner [52] and by Kriippel-like transcription factor 8
(KLF8)[30], and contributed to the oncogenic functions of
METTL3 and KLF8. Together with our discovery, it is quite
interesting to explore the functional relevance among ISL1,
METTL3, and KLF8 during GC development. Moreover,
the efficacy of GLUT4 inhibitors on ISL1-, METTL3-, and
KLF8-positive GC is worth further investigation.

Regulation of gene expression by ISL1 generally involves
its interaction with other epigenetic enzymes/complexes
[53,54]. We also demonstrated that ISL1 recruited set
domain-containing 7/9 (SET7/9) and jumonji domain-
containing protein 3 (JMJD3) to maintain insulin gene
expression under normal glucose [8]. SET7/9 also facil-
itated ISL1-mediated ZEBI transcription in GC cells
through methylation of histone 3 lysine 4 (H3K4) [13].
Epi-enzymatic cofactors for ISL1 at the loci of GLUT4 or
other potential targets during glycolysis regulation are
currently unknown. Promoter (enhancer)-based DNA
pull-down assays may help discover epi-enzymatic cofac-
tors for ISL1. Meanwhile, altered glucose metabolism is
not merely byproduct of the oncogenic drivers but also par-
ticipates in the epigenetic reprogramming of chromatin
through altered intermediate metabolites that usually
function as substrates or cofactors for certain epigenetic
enzymes [55].

As ISL1 was recently identified as a pioneer factor and
shaped the chromatin landscape of cells during certain
biological processes [53], another emerging question is
whether GLUT4-mediated glycolysis contributes to ISL1-
mediated chromatin remodeling and dysregulated gene
expression during GC development, which needs further
investigation.

5 | CONCLUSIONS

This study revealed that ISL1 modulates tumorigenesis and
glycolysis in GC and that silencing ISL1 expression impairs
glycolysis through regulating GLUT4 in GC cells. More-
over, ISL1 and GLUT4 are predictive markers of poor prog-
nosis in patients with GC, which might hold therapeutic
potential for this lethal malignancy.
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