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HES1 promotes aerobic glycolysis and cancer progression of
colorectal cancer via IGF2BP2-mediated GLUT1 m6A
modification
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Aerobic glycolysis has been shown to play a key role in tumor cell proliferation and metastasis. However, how it is directly regulated
is largely unknown. Here, we found that HES1 expression was significantly higher in CRC tissues than that in adjacent normal
tissues. Moreover, high HES1 expression is associated with poor survival in CRC patients. HES1 knockdown markedly inhibited cell
growth and metastasis both in vitro and in vivo. Additionally, silencing of HES1 suppressed aerobic glycolysis of CRC cells.
Mechanistic studies revealed that HES1 knockdown decreased the expression of GLUT1, a key gene of aerobic glycolysis, in CRC
cells. GLUT1 overexpression abolished the effects of HES1 knockdown on cell aerobic glycolysis, proliferation, migration and
invasion. ChIP-PCR and dual-luciferase reporter gene assay showed that HES1 directly bound the promoter of IGF2BP2 and
promoted IGF2BP2 expression. Furthermore, our data indicated that IGF2BP2 recognized and bound the m6A site in the GLUT1
mRNA and enhanced its stability. Taken together, our findings suggest that HES1 has a significant promotion effect on CRC aerobic
glycolysis and progression by enhancing the stability of m6A-modified GLUT1 mRNA in an IGF2BP2-dependent manner, which may
become a viable therapeutic target for the treatment of CRC in humans.
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INTRODUCTION
Colorectal cancer (CRC) is a common digestive tract malignant
tumor that seriously threatens human life and health. According
to cancer statistical analysis, there will be more than 59,000 new
cases of CRC in China [1]. Late-stage diagnosis of CRC and high
rates of metastasis are leading causes of death [2]. In spite of
advances in therapies such as multidisciplinary therapy and
targeted immunotherapy, five-year overall survival for patients
with CRC remains low [3, 4]. Therefore, an in-depth study of the
molecular mechanisms of CRC progression is expected to improve
the prognosis of CRC patients.
Metabolic reprogramming is an important hallmark of cancer

cells. Aerobic glycolysis is a phenomenon in which tumor cells
prefer to meet their energy needs by consuming large amounts of
glucose while producing lactate, even in normoxic environments
[5, 6]. Enhanced glycolysis is mainly due to increased expression or
activity of glycolysis-related genes in tumor cells [7, 8]. For example,
glucose transporter 1(GLUT1), as the name suggests, transports
glucose into the cytoplasm, initiating glycolysis. Research has
shown that GLUT1 is highly expressed in various types of tumor
tissues and is associated with poor clinical outcomes [9, 10]. Ample
evidence indicated that abnormal glycolysis levels promote cancer
cell proliferation and metastasis [11], but the molecular mechan-
isms modulating aerobic glycolysis have not been elucidated.

As a transcription factor, Hairy and enhancer of split homolog-1
(HES1) is one of the important members of the helix-loop-helix
structural protein family, which plays a key role in cell differentia-
tion, proliferation and other physiological processes [12]. Patho-
logically, HES1 is highly expressed in various cancers, such as
pancreatic cancer, CRC, and non-small cell lung cancer, which are
associated with poor outcomes [13–15]. Li et al. noted that in
triple-negative breast cancer, HES1 modulated breast cancer stem
cell (BCSC) self-renewal, BCSC population, and cancer cell
proliferation through transcriptional activating Slug expression
[16]. Furthermore, HES1 overexpression enhanced the chemore-
sistance of CRC to 5- fluorouracil by promoting epithelial-
mesenchymal transition (EMT) and inducing the expression of
ABC transporter genes including ABCC1, ABCC2 and P-gp1 [17].
These aforementioned findings showed that HES1 exerts a vital
effect on tumor progression. However, the roles and underlying
molecular mechanisms of HES1 in CRC remain ill-defined.
In this study, we analyzed the expression of HES1 in human CRC

tissues and determined that HES1 plays an oncogenic role in CRC
progression. Moreover, how HES1 controlled proliferation, metas-
tasis and aerobic glycolysis in CRC cells and the mechanisms
involved were explored. Our results demonstrated that HES1 was
highly expressed in tumor tissues of CRC patients and upregulation
of HES1 predicted a worse prognosis. Silencing of HES1 curbed the
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proliferation, metastasis and aerobic glycolysis of CRC cells.
Importantly, we found that HES1 modulated the stability of GLUT1
mRNA by Insulin-like growth factor 2 binding protein 2 (IGF2BP2),
an important reader of N6-methyladenosine (m6A) modification.

RESULTS
HES1 expression is increased in CRC patients and is associated
with poor survival in patients with CRC
We investigated the mRNA expression of HES1 in the tissue
samples of CRC patients using GEO and TCGA datasets. The results
showed that HES1 was highly expressed in CRC tumor tissues
(Fig. 1A). Subsequently, we examined the protein expression of
HES1 in CRC patient specimens in our cohort by IHC assay. As
shown in Fig. 1B, C, compared with the corresponding normal
adjacent tissues, the protein levels of HES1 were significantly
increased in the tumor tissues. Furthermore, the relationships
between HES1 expression and clinicopathological characteristics
in CRC patients were examined. The HES1 levels in advanced (III
and IV stages) CRC patients were much higher than those in early
stages (I and II) patients (Table 1). In addition, CRC patients with
lymph node metastasis had higher HES1 levels compared with
those without lymph node metastasis (Table 1). Importantly, CRC
patients with high HES1 expression had a worse prognosis
(Fig. 1D). Moreover, we observed that the HES1 expression in
most CRC cell lines (HCT8, HCT116, and HT29) was markedly higher
than that in the colonic epithelial cell line NCM-460 (Fig. 1E, F). Based
on these results, the expression of HES1 is increased in both CRC
patients and CRC cell lines, and increased HES1 expression is
associated with the progression of CRC.

Fig. 1 HES1 is highly expressed in CRC tissues and positively correlates with poor prognosis in CRC patients. A Expression of HES1 in CRC
tissues (n= 84) and adjacent normal tissues (n= 88) based on a GSE37182 dataset. Expression of HES1 in CRC tissues (n= 647) and adjacent
normal tissues (n= 51) based on a TCGA dataset. B Representative IHC image of HES1 in CRC tumor tissues and matched adjacent normal
tissues (scale bar, 100 μm). C HES1 protein expression based on its staining index in normal adjacent tissues (n= 53) and CRC samples (n= 53).
D Relationship between HES1 expression and survival prognosis in CRC patients. The protein (E) and mRNA (F) levels of HES1 in different CRC
cell lines and normal colon epithelial cells. The data represent the mean ± SEM. **P < 0.01, ***P < 0.001.

Table 1. Correlation between HES1 expression and clinical features in
patients with CRC (n= 53).

Characteristic Total NO. HES1 expression P value

High Low

All case 53 27 26

Age 0.6586

>60 34 15 16

≤60 19 12 10

Gender 0.2883

Male 35 16 19

Female 18 11 7

Tumor depth 0.6687

T1/T2 5 2 3

T3/T4 48 25 23

LN involvement 0.0176*

N0 30 11 19

N1/N2 23 16 7

Metastasis 0.4906

M0 51 25 26

M1 2 2 0

TNM stage 0.0084*

I/II 29 10 19

III/IV 24 17 7
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HES1 knockdown inhibits the malignant phenotype of CRC
Next, we tested changing the HES1 expression pairs malignant
behavior of CRC cells. Three non-overlapping siRNAs targeting
HES1 (HES1 siRNA-1, HES1 siRNA-2 and HES1 siRNA-3) were used
to silence the HES1 expression in HCT8 and HCT116 cells. Among
these siRNAs, HES1 siRNA-1 had the greatest inhibitory effect on
HES1 expression in CRC cells and was chosen to construct the
shRNA lentivirus (sh-HES1, Supplementary Fig. S1). As shown in
Fig. 2A, sh-HES1 mediated stably reducing HES1 expression in
HCT8 and HCT116 cells. When the HES1 expression was knocked
down, cell proliferation was significantly decreased in HCT8 and

HCT116 cells (Fig. 2B, C), and the migration and invasion were also
decreased (Fig. 2D).
To further determine the role of HES1 in CRC, control cells (sh-

NC) and HES1 silencing HCT116 cells (sh-HES1) were injected
subcutaneously into nude mice. HES1 knockdown significantly
inhibited HCT116 tumor growth (Fig. 2E, F). IHC staining showed
that the Ki-67 levels were significantly decreased in the xenograft
tissues of the HES1 knockdown group (Fig. 2G). Additionally, to
explore the effect of HES1 on CRC metastasis in vivo, a caudal vein
injection model was established. As shown in Fig. 2H, the mice
with HES1 silencing HCT116 cells, but not control cells, formed

Fig. 2 Knockdown of HES1 inhibits the malignant behavior of CRC cells invitro and in vivo. A Western blot analysis of HES1 in CRC stable
cell lines with HES1 inhibition (shB7-H3) or their control cell lines (sh-NC). GAPDH was used as a load control. Colony formation (B) and EdU (C)
assay of HES1 knockdown HCT8 and HCT116 cells. D Cell migration and invasion in HES1 knockdown HCT8 and HCT116 cells were examined
by transwell assays. E Representative images of subcutaneous xenografts from the sh-NC (n= 6) and sh-HES1 groups (n= 6). F The growth
curves of tumors formed by the sh-NC and sh-HES1 cells. G One representative image of the IHC analysis of KI67 in the tissues of
subcutaneous xenografts from the sh-NC (n= 6) and sh-HES1 groups. H The effects of HES1 knockdown on the metastasis of HCT116 cells
in vivo. Lungs were observed for metastatic nodules on the surface, stained by H&E for histological analyses, arrows point to metastatic
nodules. Representative photographs and H&E staining (I) were shown (n= 4 mice per group). Scale bar, 100 μm. The data represent the
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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fewer metastatic nodules in the lungs. The presence of lung
metastases from CRC was confirmed by HE staining (Fig. 2I).

HES1 modulates aerobic glycolysis in CRC cells
Given that aerobic glycolysis plays an important role in the
progression of CRC, we investigated whether HES1 is involved in
the glycolysis process. As shown in Fig. 3A, knockdown of HES1
inhibited glucose uptake, lactate and pyruvate production in HCT8
and HCT116 cells. The results of qRT-PCR showed that HES1
depletion led to a marked decrease in a series of key glycolysis-
related genes (GLUT1, GLUT4, HK2, PKM2, LDHA, LDHB, PDK1 and
HIF-1α) in HCT8 and HCT116 cells (Fig. 3B). Furthermore, western blot
analysis showed that knockdown of HES1 significantly reduced the
protein level of GLUT1 in HCT8 and HCT116 cells (Fig. 3C). We then
analyzed the correlation between HES1 and GLUT1 levels in CRC
clinical specimens. Compared with the corresponding normal
adjacent tissues, GLUT1 was highly expressed in tumor tissues
(Fig. 3D, E). Importantly, the expression of GLUT1 was positively
correlated with HES1 expression in CRC tissue samples (Fig. 3F).
Overall, HES1 controls aerobic glycolysis in CRC.

HES1 regulates glycolysis, growth, and metastasis of CRC cells
through GLUT1
To explore whether HES1 regulated glycolysis, growth, and
metastasis of CRC through GLUT1, a commercial GLUT1 over-
expression plasmid was used to transfect into HES1 knockdown

CRC cells. The results of western blot confirmed that transfection
with GLUT1 overexpression plasmids significantly increased the
GLUT1 protein expression in HES1 knockdown HCT8 and HCT116
cells (Fig. 4A). As shown in Fig. 4B, GLUT1 overexpression reversed
the inhibition of HES1 knockdown on glucose uptake, lactate and
pyruvate production in HCT8 and HCT116 cells. Moreover,
overexpression of GLUT1 in both cell lines significantly rescued
the inhibitory effects of HES1 knockdown on cell growth and
metastasis (Fig. 4C–J).

HES1 modulates GLUT1 expression via IGF2BP2
To investigate the mechanism of HES1-mediated expression of
GLUT1 in CRC cells, we reviewed works of literature. IGF2BP2, as an
N6- methyladenosine (m6A) reader, has been reported to be able
to directly bind to and stabilize GLUT1 mRNA in pancreatic ductal
adenocarcinoma and CRC [18]. Based on the TCGA database, we
found that compared with the HES1 low expression group, 11 out
of 20 m6A regulatory genes were significantly up-regulated in CRC
tissues, with IGF2BP2 having the most significant difference
(Fig. 5A). Hence, we hypothesized that HES1-induced GLUT1
expression may be associated with IGF2BP2. Moreover, TCGA data
analysis showed that IGF2BP2 was highly expressed in CRC and
showed a significant positive correlation with HES1 (Fig. 5B, C). In
addition, the expression of IGF2BP2 was significantly decreased in
HES1 knockdown HCT8 and HCT116 cells (Fig. 5D). Then, we used
the JASPAR website and found that there were 2 HES1 binding

Fig. 3 HES1 knockdown inhibits aerobic glycolysis and GLUT1 expression in CRC. A Glucose consumption, lactate production, and
pyruvate production were measured in sh-HES1 HCT8 and HCT116 cells. B The mRNA expression of glycolysis-related genes in sh-HES1 HCT8
and HCT116 cells was detected by RT-qPCR. C The GLUT1 protein level in sh-HES1 HCT8 and HCT116 cells was detected by western blot. D IHC
analysis of HES1 and GLUT1 protein expression in tissue samples of CRC patients. Representative images are shown. E HES1 protein expression
based on its staining index in normal adjacent tissues (n= 53) and CRC samples (n= 53). F Correlation analysis of HES1 and GLUT1 protein
expression in human CRC samples.The data represent the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 4 GLUT1 participates in HES1-mediated aerobic glycolysis and malignant behavior of CRC cells. A Western blot analysis of GLUT1
protein levels in sh-HES1 HCT8 and HCT116 cells after transfection with negative control (NC) or GLUT1 overexpression plasmids. GAPDH was
used as a negative control. B Glucose consumption, lactate production and pyruvate production were measured in sh-HES1 HCT8 and HCT116
cells after transfection with NC or GLUT1 overexpression plasmids. C, E Colony formation (C, D) and EdU (E, F) assay of sh-HES1 HCT8 and
HCT116 cells after transfection with NC or GLUT1 overexpression plasmids. G, I. The migration (G, H) and invasion (I, J) ability of sh-HES1 HCT8
and HCT116 cells after transfection with NC or GLUT1 overexpression plasmids. The data represent the mean ± SD. *P < 0.05, **P < 0.01,
***P < 0.001.

J. Wang et al.

5

Cell Death Discovery           (2023) 9:411 



sites in the IGF2BP2 gene promoter region (Fig. 5E). Furthermore,
the ChIP-PCR results revealed that compared with the IgG group,
anti-HES1 could enrich more IGF2BP2 (Fig. 5F). And dual-luciferase
reporter gene assay showed that the knockdown of HES1 could
remarkedly reduce the luciferase activity of the IGF2BP2 gene
promoter in HCT8 and HCT116 cells (Fig. 5G). Thus, these results
suggest that knockdown of HES1 inhibits IGF2BP2 transcription.
Next, the correlation between HES1 and IGF2BP2 levels in CRC
clinical specimens was analyzed. IGF2BP2 is highly expressed in
tumor tissues (Fig. 5H, I). An important finding was that HES1
expression was positively correlated with the expression of
IGF2BP2 in CRC tissues (Fig. 5J). We further confirmed the role
of IGF2BP2 in regulating GLUT1 in CRC cells. The SRAMP website
was used to predict the m6A site on GLUT1 mRNA (Fig. 6A). Then,
we verified that anti-m6A antibody significantly enriched GLUT1
mRNA in HCT116 cells by MeRIP-PCR method (Fig. 6B, C). TCGA
data analysis showed that there was a significant positive
correlation between IGFBP2 expression and GLUT1 expression

(Fig. 6D). In addition, we observed a positive correlation between
IGF2BP2 and GLUT1 expression in CRC tissue specimens in our
cohort (Fig. 6E, F). The results of RIP assay showed that compared
with the IgG group, more GLUT1 mRNA was enriched in the anti-
IGF2BP2 group (Fig. 6G). Moreover, overexpression of IGF2BP2
could enhance the stability of GLUT1 mRNA (Fig. 6H). Importantly,
we observed that overexpression of IGF2BP2 ultimately abolished
the inhibition of HES1 deleption on GLUT1 protein expression in
HCT8 and HCT116 cells (Fig. 6I). These data indicates that HES1
regulates GLUT1 expression in CRC cells in an m6A-IGF2BP2
dependent manner.

DISCUSSION
HES1 has been reported to be overexpressed in multiple somatic
tumors and its dysregulated expression led to the occurrence and
development of cancer [19, 20]. However, the expression and roles of
HES1 in CRC remain to be illustrated. High expression of HES1 was

Fig. 5 HES1 directly promotes IGF2BP2 transcription. A The mRNA levels of 20 m6A-related genes were analyzed in HES1 low and HES1 high
group based on a TCGA database. Red and blue indicate relatively high and low HES1 expression. B Expression of IGF2BP2 in CRC tissues
(n= 647) and adjacent normal tissues (n= 51) based on a TCGA dataset. C Correlation between IGF2BP2 and HES1 expression in CRC tissue
samples based on a TCGA dataset. D The protein expression of IGF2BP2 in sh-HES1 HCT8 and HCT116 cells was detected by western blot.
GAPDH was used as a negative control. E The JASPAR website predicts the HES1 binding sites in the IGF2BP2 promoter region. There are two
HES1 binding sites in the 5’ region of IGF2BP2: BE1 (−972 nt to − 963 nt), BE2 (−356 nt to −347 nt). F ChIP analysis of HES1 binding to IGF2BP2
promoter in HCT8 cells. Normal mouse IgG was used as a control. G Luciferase reporter gene was used to determine the luciferase activity of
IGF2BP2 promoter in knockdown HCT8 and HCT116 cells. H IHC analysis of HES1 and IGF2BP2 protein expression in CRC patient samples.
Representative images are shown. I IGF2BP2 protein expression based on its staining index in normal adjacent tissues (n= 53) and CRC
samples (n= 53). J Correlation analysis of HES1 and IGF2BP2 protein expression in human CRC samples. The data represent the mean ± SD.
*P < 0.05, **P < 0.01, ***P < 0.001.
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significantly correlated with distal metastasis at diagnosis and its high
expression is a poor prognostic factor for CRC patients [21]. Weng
et al. noted that high Hes1 mRNA expression was associated with
poor prognosis in CRC patients [22]. Consistent with these findings,
we found that both mRNA and protein expression of HES1 was
highly expressed in the CRC and correlated with TNM staging in CRC
patients. Importantly, in our cohort of CRC patients, patients with
high HES1 expression showed significantly poor prognosis. However,
there are controversial research results on the clinicopathological
associations and prognostic significance of HES1 in CRC. The study by
Gilhyang Kim et al. showed that low HES1 expression was obviously
correlated with large tumor size, lymphovascular invasion, distant
metastasis, and an unfavorable prognosis [23]. Additionally, a
previous study noted that loss of nuclear expression of HES1 in
colorectal adenocarcinoma was markedly associated with female sex,
right-sided location, BRAFV600E mutation, microsatellite instability,
larger tumor size, and worse survival [24]. The inconsistent data on
the prognostic value of HES1 in CRC patients might be associated
with the CRC subtypes and intracellular location. The real prognostic
value of HES1 in CRC warrants further confirmation.
Several studies have demonstrated that HES1 is involved in the

regulation of various biological processes in cancers, such as cell
stem maintenance, proliferation, and metastasis [12]. Gao et al.
have demonstrated that HES1 overexpression upregulated the
expression of stemness-related genes in colon cancer cells,

elevated the self-renewal properties of the stem-like cells, and
enhanced the ability of tumor sphere formation [13]. In addition,
knocking down HES1 induced CRC cell senescence and decreased
the invasion ability through the STAT3-MMP14 pathway [22].
Herein, we observed that HES1 silencing remarkedly suppressed
cell proliferation, migration and invasion of CRC cells in vitro.
Moreover, HES1 knockdown HCT116 cells showed the decreased
ability of xenograft growth and lung metastasis in vivo.
Although a number of studies have demonstrated that HES1

functioned as an oncogene in CRC by promoting tumor
proliferation and metastasis, the molecular mechanisms under-
lying the pro-tumor effects of HES1 are largely unknown. Aerobic
glycolysis has been shown to play a crucial role in tumor cell
proliferation and metastasis in cancers [25, 26]. Chen et al. showed
that LncRNA KCNQ1OT1 promoted the occurrence of CRC by
promoting aerobic glycolysis through HK2 [27]. In addition, FSTL3-
mediated β-catenin pathway activation promoted CRC aerobic
glycolysis, thereby affecting tumor invasion and metastasis ability
[28]. Notch-HES1 axis can improve the glycolysis rate, increase the
proliferation efficiency and maintain the pluripotency of human
adipose tissue-derived multiline progenitor cells. In the present
study, we found that knocking down HES1 inhibited glucose
uptake, lactate production and major genes including GLUT1
involved in glycolysis in CRC cells, suggesting that HES1 plays
important roles in modulating aerobic glycolysis in CRC.

Fig. 6 IGF2BP2 promotes GLUT1 expression in an m6A-dependent manner. A The SRAMP website predicts the presence of m6A
modification sites on GLUT1 mRNA. B, C MeRIP-PCR analysis of anti-m6A antibody enriching GLUT1 mRNA. D Correlation between IGF2BP2
and GLUT1 in CRC based on a TCGA database. E IHC analysis of GLUT1 and IGF2BP2 protein expression in CRC patient samples. Representative
images are shown. F Correlation analysis of IGF2BP2 and GLUT1 protein expression levels in human CRC samples. G RIP-qPCR analysis of
IGF2BP2 binding to the GLUT1 mRNA. IgG was used as a negative control. H GLUT1 mRNA expression was analyzed after transfection of
IGF2BP2 in HCT8 and HCT116 cells at a predetermined time after actinomycin D (5 μg/ml) treatment. I Western blot analysis of GLUT1 protein
in sh-HES1 HCT8 and HCT116 cells transfected with IGF2BP2 overexpression plasmids. The data represent the mean ± SD. *P < 0.05, **P < 0.01,
***P < 0.001.
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Overexpression of GLUT1 significantly alleviated the inhibitory
effect of HES1 knockout on cell growth and metastasis. Moreover,
GLUT1 is highly expressed in CRC and positively correlated with
HES1 in CRC tissue samples. These results suggested that HES1
could contribute to cell growth and metastasis of CRC cells by
regulating aerobic glycolysis through GLUT1.
As one of the epigenetic regulatory mechanisms, m6A

modification is an emerging research frontier in tumor biology
and plays critical roles in regulating mRNA fate [29, 30]. Three
types of proteins (‘writers’, ‘readers’ and erasers) participated in
the m6A modification processes [31]. It is well-known that
IGF2BP2 is the m6A ‘readers’ that recognizes m6A-modified
mRNAs and modulates RNA localization, translation, and stability
[32–34]. Xu et al. noted that IGF2BP2 served as a reader for
m6A-modified lncRNA DANCR and stabilized DANCR RNA,
promoting cancer stemness-like properties and pancreatic cancer
pathogenesis [31]. In head and neck squamous carcinoma
(HNSCC), IGF2BP2 recognized and bound the m6A site in the
coding sequence region of Slug and elevated its mRNA stability,
which promotes lymphatic metastasis and epithelial-
mesenchymal transition of HNSCC cells [35]. Given that IGF2BP2
could directly bind to and stabilize GLUT1 mRNA in pancreatic
ductal adenocarcinoma and CRC [18], we inferred whether HES1
modulated GLUT1 expression via IGF2BP2 in an m6A
modification-dependent manner. We observed that the levels of
HES1 were positively related to the IGF2BP2 expression in tissue
samples of patients with CRC. The ChIP-PCR and dual-luciferase
reporter gene assay demonstrated that HES1 directly bound the
promoter of IGF2BP2. Moreover, HES1 deleption led to a
significant decrease in IGF2BP2 expression in CRC cells. These
data suggest that HES1 is an essential transcriptional activator of
IGF2BP2 in CRC. To investigate the relation between IGF2BP2 and
GLUT1 in CRC, MeRIP-PCR, RIP-qPCR and RNA stability experi-
ments were performed. The results indicated that IGF2BP2 could
directly bind the m6A site in the GLUT1 mRNA and enhance its
stability. Furthermore, IGF2BP2 overexpression reversed the
effects of HES1 knockdown on GLUT1 expression. Therefore,
these data suggest that HES1 positively modulated GLUT1
expression in CRC cells through IGF2BP2 recognizing and binding
the m6A site in the GLUT1 mRNA and enhancing its stability.
However, further molecular mechanisms underlying HES1 mod-
ulating GLUT1 deserve extensive study.
In summary, this study confirmed that HES1 was overexpressed

in CRC patients and was associated with malignant behavior.
Moreover, HES1 knockdown suppressed proliferation, metastasis,
and aerobic glycolysis of CRC cells via reducing the stability of
m6A-modified GLUT1 mRNA in an IGF2BP2-dependent manner.
Hence, the therapeutic intervention of the HES1/IGF2BP2/GLUT1
axis-mediated aerobic glycolysis might be a novel strategy for
arresting uncontrolled growth and metastasis in CRC.

MATERIALS AND METHODS
Patient samples
Paraffin specimens of 53 CRC tissues and their adjacent non-tumor tissues
were collected from the First Affiliated Hospital of Soochow University. The
study was approved by the Ethics Committee of Soochow University
(reference number: 2021-327), and informed consent was obtained from
each patient. Detailed clinicopathological information of CRC patients is
provided in Supplementary Table S1.

Microarray data
Microarray gene expression data set GSE37182 from GEO database
(https://www.ncbi.nlm.nih.gov/geo/), download the data format for
MINiML. From the TCGA database (https://portal.gdc.cancer.gov) to
download and organize CRC RNAseq data and extract the TPM format of
the data. Expression analysis was performed using R software (package:
ggplot2).

Immunohistochemistry (IHC)
IHC staining was performed as described previously [36]. Simply put, the
paraffin-embedded tissue was cut into 5 μm-thick sections, followed by
dewaxing, high-temperature antigen retrieval, non-specific antigen block-
ing, overnight incubation with anti-HES1 (CST, Danvers, MA, USA), anti-
GLUT1(Proteintech, Wuhan, China), anti-IGF2BP2(Proteintech) or anti-Ki67
(Proteintech) at 4 °C. Finally, the sections were incubated with HRP-
conjugated secondary antibody and developed with diaminobenzidine
(DAB) solution. These slides are photographed under a microscope.
Staining intensity (0, negative; 1, weak; 2, medium; 3, strong) and staining
ratio (1, <25%; 2, 25–50%; 3, 50–75%; 4, >75%) were evaluated.

Western blotting
Total protein was isolated from cells using cell lysate (Beyotime) containing
protease and phosphatase inhibitors. The protein concentration was
measured using the BCA protein assay kit (Beyotime). Primary antibodies
specifc to HES1 (1:1000), GLUT1 (1:1000), IGF2BP2(1:1000), GAPDH
(Abclonal, Wuhan 1:5000) were used. Last, we detected the signal by
using an Enhanced Chemiluminescence (ECL) system according to the
manufacturer’s instructions.

Cell lines and cell cultures
The human normal colonic epithelial cell line NCM-460 and human CRC
cell lines (HCT116, HT29, RKO, HCT8, and SW480) were purchased from
American Type Culture Collection (ATCC, USA). All cell lines were cultured
in DMEM (Eallbio, Beijing, China) containing 10% fetal bovine serum (FBS,
Eallbio) and 1% penicillin-streptomycin (Beyotime) in a humidified
incubator with 5% CO2 at 37 °C.

Cell transfection and infection
CRC cell lines were cultured in 6-well plates and transfected with
HES1 specific siRNA (siRNA-1, −2, and −3) and siRNA-NC using
lipofectamine 2000 (Invitrogen, USA) following the manufacturer’s
instructions. Lentiviruses containing short hairpin RNA (shRNA) with
HES1 siRNA-1 sequence came from GenePharma. Infection occurs when
the colorectal cancer cells have grown to 30%. We verified the
effectiveness by western blot 72 h later.

Colony formation
CRC cells were seeded into 12-well plates at a density of 800 cells per well.
After 2 weeks, colonies were fixed with 4% paraformaldehyde and stained
with crystal violet.

5-Ethynyl-2′-deoxyuridine (EdU) incorporation assay
For EdU assay, cells in the logarithmic growth phase were seeded in 24-well
plates and incubated with EdU working reagent (Beyotime) at the
concentration of 10 μM for 2 h. Cells were washed twice with PBS for 5min
each and then incubated with 4% paraformaldehyde for 15min. After
washing twice with PBS for 5min, the samples were permeabilized with 0.3%
TritonX-100 and subsequently stained with the reaction solution.
Hoechst33342 (Beyotime) was used for the nuclei staining. Finally, we
counted the cells and photographed them under a fluorescence microscope.

Transwell migration and invasion assays
During the migration experiment, cells (3×104 cells) were re-suspended in
a medium without fetal bovine serum and added to the upper chamber
(8 μm pore size, BD Biosciences, NJ, USA). Then we added 500 μl cell
medium containing 20% fetal bovine serum into lower chambers. To
conduct the invasion experiment, diluted Matrigel (Corning) was first
coated in the upper cavity. After incubation for 24 h, cells were fixed with
paraformaldehyde 4% for 20min and then stained with crystal violet
(Beyotime) for 20min. Finally, we counted the cells on the lower surface of
the chamber and photographed them under an inverted microscope.

Animal experiments
All the female BALB/c nude mice aged 6 to 8 weeks were obtained from
the Laboratory Animal Center of Soochow University (Suzhou, China). Mice
were acclimated to the new environment for one week before the
experiment. The mice were randomly divided into two groups as sh-HES1
group (n= 6) and sh-NC group (n= 6). Sh-HES1 HCT116 cells (5×106) and
corresponding control cells were resuspended with 100 µl PBS and
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injected into the right subcutaneous BALB/c nude mice. Tumor size was
measured every 3 days. The tumor volume was calculated by the formula
V= 0.5 × a × b2, where V was equal to the tumor volume, while a and b
represented the longitudinal and transverse diameter, respectively. Twenty
days later, the mice were sacrificed to resect the tumors, then the tumors
were weighed. Moreover, the tumors were used for IHC assay.
To establish a metastasis model, 6-week-old female BALB/c nude mice

were given sh-HES1 HCT116 cells or control HCT116 cells (2 × 106 cells per
mouse) by caudal vein injection. 45 days after injection, mice were
sacrificed and their lungs were isolated. Furthermore, the paraffin-
embedded lungs were serially sectioned and after hematoxylin-eosin
(HE) staining, they were observed through a microscope.

Glucose uptake, lactate production and pyruvate
production assay
The glucose, lactate, and pyruvate levels were measured using a glucose
assay kit (Robio, Shanghai), a lactate assay kit (Jian cheng, Nanjing), and a
pyruvate assay kit (Jian cheng) following the manufacturer’s protocols.
Simply, the cells were inoculated into a 6-well plate and cultured for 24 h,
and then the corresponding supernatant was collected for detection.

Quantitative RT-PCR (qRT-PCR)
RNA extraction was performed using TRIZOL reagent (Vazyme) according
to the manufacturer’s instructions. qRT-PCR detection of target genes
using the SYBGreen method (Bio-Rad detector). The relative changes in
transcript numbers in each sample were determined by normalizing mRNA
levels by GAPDH. Gene-specific primer sequences are shown in
Supplementary Table S2.

MeRIP assays
MeRIP assay was performed using m6A RNA enrichment kit (Epigentek,
USA). Briefly, the target fragment containing m6A was pulled down using
beaded m6A capture antibody, and the enriched RNA was then released,
purified and eluted. Finally, qRT-PCR was performed to quantify the
methylation changes of target genes.

RNA binding protein immunoprecipitation (RIP)
The RIP assay was performed using the RIP kit (BersinBio, Guangzhou,
China) according to the manufacturer’s protocol. Simply put, the cells are
cleaved on ice with a RIP lysis buffer. Whole-cell lysates were then
incubated overnight with magnetic protein A/ G beads and 5 µg normal
IgG antibody or IGF2BP2 antibody at 4 °C. Next, the RNA-protein complex
was continuously rinsed with eluent and treated with protease K at 55 °C
for 1 h. The binding RNA was extracted for qRT-PCR analysis. The primers
were listed in Supplementary information, Table S1.

Luciferase reporter assay
To measure the HES1 transcriptional activation, the luciferase reporter
plasmids containing the promoter sequence (MiaoLing Plasmid Platform,
Wuhan, China) were transfected in sh-NC and sh-HES1 cells. After 24 h, a
Dual-Luciferase Reporter Assay System was used to measure the firefly and
renilla luciferase activities. The relative luciferase activity was calculated by
dividing Fluc by Rluc and was normalized to sh-NC.

Chromatin Immunoprecipitation (ChIP)
ChIP was performed as described previously [37]. Briefly, cells were crosslinked
with 1% formaldehyde and then cleaved with a cracking solution. The
genomic DNA was processed by ultrasound to get a length of about
300–1000 bp. After the DNA fragments were incubated with anti-HES1
antibody or control IgG overnight at 4 °C, protein G Agarose was added to
collect the antibody/antigen /DNA complex. Then, the complexes were
undergone a series of buffer elution, and purified short hairpin DNA was
detected by qRT-PCR and DNA agarose gel electrophoresis. The primer
sequences for the IGF2BP2 promoter region were listed as below: Forward, 5’-
CCCTCGGCACTTCCCAGAATAG-3’ Reverse, 5’-GCAAGGTGGACCGGATGTGA-3’.

RNA stability assay
HCT8 or HCT116 cells were transfected with IGF2BP2 plasmid (MiaoLing
Plasmid Platform) and then treated with actinomycin D at a final
concentration of 5 μg/ml for 3 and 6 h. Total RNA was extracted and
analyzed by qRT-PCR.

Statistical analyses
In this study, all statistical data were analyzed using GraphPad Prism 8 (La
Jolla, CA, USA). Data were expressed as mean ± SD or SEM. Differences
between groups were determined by student t-test or one-way analysis of
variance. P value of <0.05 was considered statistically significant.

DATA AVAILABILITY
The authors declare that all data generated or analyzed during this study are
included in this published article. The data presented in this study are available on
request from the corresponding authors.

REFERENCES
1. Xia C, Dong X, Li H, Cao M, Sun D, He S, et al. Cancer statistics in China and United

States, 2022: profiles, trends, and determinants. Chin Med J. 2022;135:584–90.
2. Zhang Y, Shi J, Huang H, Ren J, Li N, Dai M. Burden of colorectal cancer in China.

Zhonghua Liu Xing Bing Xue Za Zhi. 2015;36:709–14.
3. Merkx M. SensUs: Challenging The Next Generation of Sensor Scientists. ACS

Sens. 2017;2:613.
4. Chinese Protocol of Diagnosis and Treatment of Colorectal Cancer (2020 edition).

Zhonghua Wai Ke Za Zhi. 2020;58:561–85.
5. Lu J. The Warburg metabolism fuels tumor metastasis. Cancer Metastasis Rev.

2019;38:157–64.
6. Ngo DC, Ververis K, Tortorella SM, Karagiannis TC. Introduction to the molecular

basis of cancer metabolism and the Warburg effect. Mol Biol Rep.
2015;42:819–23.

7. Li XB, Gu JD, Zhou QH. Review of aerobic glycolysis and its key enzymes - new
targets for lung cancer therapy. Thorac Cancer. 2015;6:17–24.

8. Shi T, Ma Y, Cao L, Zhan S, Xu Y, Fu F, et al. B7-H3 promotes aerobic glycolysis and
chemoresistance in colorectal cancer cells by regulating HK2. Cell Death Dis.
2019;10:308.

9. Zhang ZJ, Zhang YH, Qin XJ, Wang YX, Fu J. Circular RNA circDENND4C facilitates
proliferation, migration and glycolysis of colorectal cancer cells through miR-760/
GLUT1 axis. Eur Rev Med Pharm Sci. 2020;24:2387–400.

10. Li C, Chen Q, Zhou Y, Niu Y, Wang X, Li X, et al. S100A2 promotes glycolysis and
proliferation via GLUT1 regulation in colorectal cancer. FASEB j.
2020;34:13333–44.

11. Lunt SY, Vander, Heiden MG. Aerobic glycolysis: meeting the metabolic
requirements of cell proliferation. Annu Rev Cell Dev Biol. 2011;27:441–64.

12. Rani A, Greenlaw R, Smith RA, Galustian C. HES1 in immunity and cancer. Cyto-
kine Growth Factor Rev. 2016;30:113–7.

13. Gao F, Zhang Y, Wang S, Liu Y, Zheng L, Yang J, et al. Hes1 is involved in the self-
renewal and tumourigenicity of stem-like cancer cells in colon cancer. Sci Rep.
2014;4:3963.

14. Liang E, Lu Y, Shi Y, Zhou Q, Zhi F. MYEOV increases HES1 expression and
promotes pancreatic cancer progression by enhancing SOX9 transactivity.
Oncogene 2020;39:6437–50.

15. Yuan Q, Chen X, Han Y, Lei T, Wu Q, Yu X, et al. Modification of α2,6-sialylation
mediates the invasiveness and tumorigenicity of non-small cell lung cancer cells
in vitro and in vivo via Notch1/Hes1/MMPs pathway. Int J Cancer. 2018;143:2319–30.

16. Li X, Li Y, Du X, Wang X, Guan S, Cao Y, et al. HES1 promotes breast cancer stem
cells by elevating Slug in triple-negative breast cancer. Int J Biol Sci.
2021;17:247–58.

17. Sun L, Ke J, He Z, Chen Z, Huang Q, Ai W, et al. HES1 promotes colorectal cancer
cell resistance To 5-Fu by Inducing Of EMT and ABC transporter proteins. J
Cancer. 2017;8:2802–8.

18. Huang S, Wu Z, Cheng Y, Wei W, Hao L. Insulin-like growth factor 2 mRNA binding
protein 2 promotes aerobic glycolysis and cell proliferation in pancreatic ductal
adenocarcinoma via stabilizing GLUT1 mRNA. Acta Biochim Biophysa Sin.
2019;51:743–52.

19. Liu ZH, Dai XM, Du B. Hes1: a key role in stemness, metastasis and multidrug
resistance. Cancer Biol Ther. 2015;16:353–9.

20. Riya PA, Basu B, Surya S, Parvathy S, Lalitha S, Jyothi NP, et al. HES1 promoter
activation dynamics reveal the plasticity, stemness and heterogeneity in neuro-
blastoma cancer stem cells. J Cell Sci. 2022;135:jcs260157.

21. Yuan R, Ke J, Sun L, He Z, Zou Y, He X, et al. HES1 promotes metastasis and
predicts poor survival in patients with colorectal cancer. Clin Exp Metastasis.
2015;32:169–79.

22. Weng MT, Tsao PN, Lin HL, Tung CC, Change MC, Chang YT, et al. Hes1 Increases
the invasion ability of colorectal cancer cells via the STAT3-MMP14 pathway. PLoS
One. 2015;10:e0144322.

23. Kim G, Jung J, Kim JW, Kim JY. Low HES-1 and positive DLL4 expression predicts
poor prognosis of colorectal cancers. Pathol. 2023;55:52–7.

J. Wang et al.

9

Cell Death Discovery           (2023) 9:411 



24. Ahadi M, Andrici J, Sioson L, Sheen A, Clarkson A, Gill AJ. Loss of Hes1 expression
is associated with poor prognosis in colorectal adenocarcinoma. Hum Pathol.
2016;57:91–7.

25. Feng J, Li J, Wu L, Yu Q, Ji J, Wu J, et al. Emerging roles and the regulation of
aerobic glycolysis in hepatocellular carcinoma. J Exp Clin Cancer Res. 2020;39:126.

26. Ganapathy-Kanniappan S. Molecular intricacies of aerobic glycolysis in cancer:
current insights into the classic metabolic phenotype. Crit Rev Biochem Mol Biol.
2018;53:667–82.

27. Chen C, Wei M, Wang C, Sun D, Liu P, Zhong X, et al. Long noncoding RNA
KCNQ1OT1 promotes colorectal carcinogenesis by enhancing aerobic glycolysis
via hexokinase-2. Aging. 2020;12:11685–97.

28. Li Y, Tian M, Liu W, Wang D, Zhou Z, Pei Q, et al. Follistatin-Like 3 enhances
invasion and metastasis via β-Catenin-mediated EMT and aerobic glycolysis in
colorectal cancer. Front Cell Dev Biol. 2021;9:660159.

29. Li T, Hu PS, Zuo Z, Lin JF, Li X, Wu QN, et al. METTL3 facilitates tumor progression
via an m(6)A-IGF2BP2-dependent mechanism in colorectal carcinoma. Mol Can-
cer. 2019;18:112.

30. Weng H, Huang F, Yu Z, Chen Z, Prince E, Kang Y, et al. The mA reader IGF2BP2
regulates glutamine metabolism and represents a therapeutic target in acute
myeloid leukemia. Cancer Cell. 2022;40:1566–82.e10.

31. Hu X, Peng WX, Zhou H, Jiang J, Zhou X, Huang D, et al. IGF2BP2 regulates
DANCR by serving as an N6-methyladenosine reader. Cell Death Differ.
2020;27:1782–94.

32. Wang X, Ji Y, Feng P, Liu R, Li G, Zheng J, et al. The m6A Reader IGF2BP2 regulates
macrophage phenotypic activation and inflammatory diseases by stabilizing
TSC1 and PPARγ. Adv Sci (Weinh). 2021;8:2100209.

33. Yao B, Zhang Q, Yang Z, An F, Nie H, Wang H, et al. CircEZH2/miR-133b/IGF2BP2
aggravates colorectal cancer progression via enhancing the stability of m(6)A-
modified CREB1 mRNA. Mol Cancer. 2022;21:140.

34. Christiansen J, Kolte A, Hansen T, Nielsen F. IGF2 mRNA-binding protein 2: bio-
logical function and putative role in type 2 diabetes. J Mol Endocrinol.
2009;43:187–95.

35. Yu D, Pan M, Li Y, Lu T, Wang Z, Liu C, et al. RNA N6-methyladenosine reader
IGF2BP2 promotes lymphatic metastasis and epithelial-mesenchymal transition
of head and neck squamous carcinoma cells via stabilizing slug mRNA in an m6A-
dependent manner. J Exp Clin Cancer Res. 2022;41:6.

36. Wang R, Wang J, Chen Y, Chen Y, Xi Q, Sun L, et al. Circular RNA circLDLR
facilitates cancer progression by altering the miR-30a-3p/SOAT1 axis in colorectal
cancer. Cell Death Discov. 2022;8:314.

37. Chen Y, Yan W, Chen Y, Zhu J, Wang J, Jin H, et al. SLC6A14 facilitates epithelial
cell ferroptosis via the C/EBPβ-PAK6 axis in ulcerative colitis. Cell Mol Life Sci.
2022;79:563.

AUTHOR CONTRIBUTIONS
The authors checked and approved the final manuscript. Tongguo Shi, Weichang
Chen, Qinhua Xi, Guangbo Zhang and Jiayu Wang conceived and designed the
experiments. Jiayu Wang, Jinghan Zhu, Juntao Li, and Kun Wang performed most of
the experiments and analyzed the data. Mengxin Zhu, Xingchao Zhu, and Xiangyu Ni

performed sample collection and clinical evaluation. Kanger Shen, Kexi Yang and Xin
Liu performed a specific subset of the experiments and analyses. The manuscript was
wrote by Jiayu Wang and revised by Tongguo Shi, Weichang Chen, Qinhua Xi.

FUNDING
This work was supported by The National Natural Science Foundation of China
(82073156, 82270561); Jiangsu Provincial Medical Key Discipline (ZDXK202246); Key
Research and Development Program of Jiangsu Province (BE2020656); The key
project of Jiangsu Provincial Health and wellness Commission (ZD2021050); The
Health Personnel Training Project of Suzhou (GSWS201903);The Natural Science
Foundation of the Jiangsu Higher Education Institutions of China (20KJA310005); Key
Project of Medical Research of Jiangsu Commission of Health (ZDA2020008).

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41420-023-01707-4.

Correspondence and requests for materials should be addressed to Qinhua Xi,
Tongguo Shi or Weichang Chen.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

J. Wang et al.

10

Cell Death Discovery           (2023) 9:411 

https://doi.org/10.1038/s41420-023-01707-4
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	HES1 promotes aerobic glycolysis and cancer progression of colorectal cancer via IGF2BP2-mediated GLUT1 m6A modification
	Introduction
	Results
	HES1 expression is increased in CRC patients and is associated with poor survival in patients with�CRC
	HES1 knockdown inhibits the malignant phenotype�of CRC
	HES1 modulates aerobic glycolysis in CRC�cells
	HES1 regulates glycolysis, growth, and metastasis of CRC cells through�GLUT1
	HES1 modulates GLUT1 expression via IGF2BP2

	Discussion
	Materials and methods
	Patient samples
	Microarray�data
	Immunohistochemistry�(IHC)
	Western blotting
	Cell lines and cell cultures
	Cell transfection and infection
	Colony formation
	5-Ethynyl-2&#x02032;-deoxyuridine (EdU) incorporation�assay
	Transwell migration and invasion�assays
	Animal experiments
	Glucose uptake, lactate production and pyruvate production�assay
	Quantitative RT-PCR (qRT-PCR)
	MeRIP�assays
	RNA binding protein immunoprecipitation�(RIP)
	Luciferase reporter�assay
	Chromatin Immunoprecipitation�(ChIP)
	RNA stability�assay
	Statistical analyses

	References
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




