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Abstract
The tumor microenvironment (TME) is related to chronic inflammation and is currently 
identified as a risk factor for the occurrence and development of endometrial cancer 
(EC). Pyroptosis is a new proinflammatory form of programmed cell death that plays 
a critical role in the progression of multiple diseases. However, the important role of 
pyroptosis in high- glucose (HG)- related EC and the underlying molecular mechanisms 
remain elusive. In the present study, transcriptome high- throughput sequencing re-
vealed significantly higher hexokinase domain- containing 1 (HKDC1) expression in 
EC patients with diabetes than in EC patients with normal glucose. Mechanistically, 
HKDC1 regulates HG- induced cell pyroptosis by modulating the production of reac-
tive oxygen species and pyroptosis- induced cytokine release in EC. In addition, HKDC1 
regulates TME formation by enhancing glycolysis, promoting a metabolic advantage 
in lactate- rich environments to further accelerate EC progression. Subsequently, miR- 
876- 5p was predicted to target the HKDC1 mRNA, and HOXC- AS2 was identified to 
potentially inhibit the miR- 876- 5p/HKDC1 axis in regulating cell pyroptosis in HG- 
related EC. Collectively, we elucidated the regulatory role of the HOXC- AS2/miR- 
876- 5p/HKDC1 signal transduction axis in EC cell pyroptosis at the molecular level, 
which may provide an effective therapeutic target for patients with diabetes who are 
diagnosed with EC.
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1  |  INTRODUC TION

Endometrial cancer (EC) is the most common gynecological malig-
nancy in Europe and North America. The incidence of EC in these 
areas has increased significantly in recent decades, driven mainly by 
the diabetes mellitus (DM) and obesity epidemic.1,2 Tumor microen-
vironment (TME) has recently received increasing attention because 
it affects the occurrence and progression of cancer through various 
mechanisms.3,4 DM and obesity are high- energy, proinflammatory 
diseases that form a nutrient- saturated environment by increasing 
the activity of a series of signal transduction pathways, which ulti-
mately leads to the proliferation, migration, and invasion of EC cells.5 
According to several studies, the TME influences the progression of 
breast cancer, glioblastoma, and gastric cancer.6– 8 Current research 
on the biological relationship between the TME and hyperglycemia- 
associated EC is limited, and an extremely meaningful approach is to 
explore more inflammatory pathways that will improve our under-
standing of EC pathogenesis.

Pyroptosis is a new proinflammatory form of programmed cell 
death activated by certain inflammasomes, resulting in the cleavage 
of gasdermin D and maturation of the proinflammatory cytokines IL- 
18 and IL- 1β, which then cause a series of inflammatory cascades.9– 11 
A large number of studies have provided evidence that pyroptosis is 
involved in the development of cardiovascular diseases, malignancy, 
neurological diseases, and infectious diseases.12– 15 Recently, pyro-
ptosis has been reported to modulate the proliferation, migration, 
and invasion of colorectal pancreatic cancer cells.16 For example, 
mammalian STE20- like kinase 1 (MST1) suppresses pancreatic cancer 
progression via reactive oxygen species (ROS)- induced pyroptosis.17 
Importantly, a recent study identified a classical pyroptosis pathway 
that occurs in EC.18 However, the relationship between high glucose 
(HG) levels and pyroptosis remains inadequately investigated in EC.

Long noncoding RNAs (lncRNAs) and short noncoding RNAs 
(miRNAs) are associated with EC onset, metastasis, and progno-
sis.19,20 For instance, lncRNA LOXL1- AS1 promotes EC progression 
by sponging miR- 28- 5p to upregulate RAP1B expression.21 LncRNA 
SNHG14 promotes EC cell proliferation by regulating microRNA- 
655- 3p.22 LncRNA RP11- 395G23.3 suppresses EC progression by 
regulating the microRNA- 205- 5p/PTEN axis.23 Although some ad-
vances have been made in studying the biological function of ln-
cRNAs in EC, researchers have not clearly reported whether or not 
lncRNAs are involved in regulating hyperglycemia- induced pyropto-
sis in EC.

We therefore conducted the present study to identify new 
functional genes and clarify their roles in hyperglycemia- related EC. 
Meanwhile, this information might help clinicians develop new, effi-
cacious, nonsurgical alternatives for patients unsuitable for surgery, 
as well as for women with advanced and recurrent EC.

2  |  MATERIAL AND METHODS

Expanded Methods can be found in Appendix S1.

2.1  |  Samples from patients with 
endometrial cancer

All endometrial tissue samples used for RNA sequencing, immuno-
histochemistry, and qRT- PCR validation were obtained from 60 pa-
tients with EC (30 with severe diabetes and 30 without diabetes) 
who had received operative treatment at the First Affiliated Hospital 
of Xiamen University (Table 1). The conditions of the obtained tissue 
samples were the same as those described previously.24 The nor-
mal glucose level in human blood is 100 mg/dl, whereas the glucose 
levels of patients with severe diabetes are almost five times higher 
than the physiological level. None of these patients received radio-
therapy or chemotherapy before surgery. Additionally, endometrial 
tissue was collected from 30 patients with uterine leiomyoma who 
underwent hysterectomy, and these specimens were pathologically 
confirmed to be normal endometrium. This study was approved 
by the Ethics Committee of the First Affiliated Hospital of Xiamen 

K E Y W O R D S
endometrial cancer, high glucose, HKDC1, pyroptosis, tumor microenvironment

TA B L E  1  Clinicopathological characteristics of study subjects

Clinicopathological data
EC
(n = 60)

Control
(n = 30) P

Age

<55 28 16 >0.05

≥55 32 14

Surgical stage (FIGO 2009)

I 34 – – 

II 17 – 

III 9 – 

Histological grade

G1 20 – – 

G2 30 – 

G3 10 – 

Myometrial invasion

≤1/2 30 – – 

>1/2 30 – 

Lymph- node metastasis

Positive 7 – – 

Negative 53 – 

Abbreviations: Control, normal endometrium tissue from 30 patients 
with uterine leiomyoma were recruited as a control group; EC, 
endometrial cancer.
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University (2022016), and all patients provided informed consent 
before the study began.

2.2  |  Immunohistochemical staining

Immunohistochemical staining and the quantitative evaluation were 
performed as described in our previous study.25 Briefly, the tissue 
sections were incubated with antibodies (anti- NLRP3 1:50, anti- 
HKDC1 1:50, anti- IL18 1:50) overnight at 4 °C. After appropriate 
secondary antibodies were reacted with the sections for 15 min at 
37 °C, 3,3- diaminobenzidine (DAB) and hematoxylin were used for 
counterstaining. Immunoreactivity of HKDC1, NLRP3, and IL18 in 
EC tissue was evaluated by the H- score method, which incorpo-
rates both the positive intensity of staining and the percentage of 
positive- stained cells.24

2.3  |  Statistical analysis

Data are presented as the means ± SD of at least three independ-
ent experiments. GraphPad Prism 8 software (GraphPad Software 
Inc.) was used for statistical analyses. Statistical analyses were 
performed with Student's t- test or one- way ANOVA followed by 
Tukey's test, where appropriate. A statistically significant difference 
was considered as P < 0.05.

3  |  RESULTS

3.1  |  The role of high- glucose- induced pyroptosis 
in EC

Normal endometrium and tumor tissues from patients with EC pre-
senting normal blood glucose levels and complicated with DM were 
collected to determine whether pyroptosis occurs in HG- related EC. 
Immunohistochemistry was used to monitor the expression of the 
pyroptosis- related proteins NLRP3 and IL18 in vivo. As shown in 
Figure 1A, NLRP3 and IL18 immunoreactivity in the tumor tissues of 
patients with EC complicated with DM was significantly higher than 
that in normal endometrium and tissues from patients with EC pre-
senting normal blood glucose levels. Moreover, Ishikawa and Hec- 
1- B cells were treated with medium (no glucose, NO), low glucose 
(1 mM, LG), normal glucose (5 mM, NG), and high glucose (25 mM, 
HG) to elucidate the role of pyroptosis in HG- related EC in vitro. 
Glucose levels of 5 and 25 mM are equivalent to the normal physi-
ological level in human blood (100 mg/dl) and the level of a patient 
with uncontrolled severe diabetes, respectively.26 The results from 
western blot assay show that the expression of Caspase1 (classical 
pyroptosis pathway) but not Caspase4 (nonclassical pyroptosis path-
way) was increased by glucose in a dose- dependent manner (Figure 
S1A). Increased PI positive cells was found in Ishikawa and Hec- 1- B 
cells treated with high glucose compared with those for the control 

cells without glucose incubation (Figure S1B). HG- treated cells were 
exposed to VX- 765, a specific inhibitor of pyroptosis. Increased pro-
liferation and migration were observed in HG- treated cells, changes 
that were eliminated by VX- 765 (Figure 1B,C). These results indicate 
that pyroptosis is increased in patients with EC complicated with DM 
and that HG- induced pyroptosis may affect the proliferation and mi-
gration of EC cells.

3.2  |  Hexokinase domain- containing protein 1 is 
associated with HG- related endometrial cancer

High- throughput transcriptome sequencing was performed to 
profile differentially expressed genes in tumor tissues from pa-
tients with EC presenting normal blood glucose levels and com-
plicated with DM (Figure 1D). As shown in Figure 1E, 2742 genes 
were upregulated and 1830 genes were downregulated (P < 0.05). 
Subsequently, the correlations of significantly differentially ex-
pressed genes with HG- related EC were analyzed by performing GO 
and KEGG analyses (Figure 1F,G). Furthermore, among the signifi-
cantly upregulated genes, four glycometabolism- related genes were 
first studied: hexokinase domain- containing protein 1 (HKDC1), 
polypeptide N- acetylgalactosaminyltransferase 6 (GALNT6), glu-
cosaminyl (N- acetyl) transferase 3 (GCNT3), and UDP- galactose- 
4- epimerase (GALE). We detected their expression levels in tissues 
from patients with EC. Results showed the significant upregulation 
of HKDC1, GALNT6, and GALE expression in tumor tissues from pa-
tients with EC complicated with diabetes, consistent with the RNA 
sequencing results (Figure 2A). Next, the expression of HKDC1, 
GALNT6, and GALE mRNA was measured in Ishikawa and Hec- 1- B 
cells, and the results confirmed the upregulation of HKDC1 but not 
GALNT6 and GALE in the HG group (Figure 2B). Increased expres-
sion of the HKDC1 protein in Ishikawa and Hec- 1- B cells was also ob-
served after HG treatment (Figure 2C). Immunohistochemistry was 
performed to obtain insights into the expression of HKDC1 in nor-
mal endometrium and EC tissues. We found higher HKDC1 immuno-
reactivity in the tissues from patients with EC complicated with DM 
than in the other groups, as shown in Figure 2D. All of these results 
revealed that HKDC1 expression was increased in HG- related EC.

3.3  |  Hexokinase domain- containing protein 1 
mediates HG- induced pyroptosis

Hexokinase domain- containing protein 1 protein expression was 
knocked down by using specific siRNAs in EC cells to determine the 
role of HKDC1 in HG- induced pyroptosis (Figure 3A). We then meas-
ured the expression of pyroptosis- related proteins in cells trans-
fected with HKDC1 siRNAs and found that si- HKDC1 decreased 
the upregulation of NLRP3, Caspase1, pro- Caspase1, IL- 1β, and PYD 
and CARD domain- containing (ASC) in HG- treated cells, as shown in 
Figure 3B. In addition, increased PI uptake and LDH release further 
confirmed that pyroptosis was induced by HG, which was reversed 
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F I G U R E  1  Pyroptosis is involved in EC progression. (A) Representative images of immunohistochemical staining for NLRP3 and IL18 in 
normal endometrial tissues (normal), tumor tissues from patients with EC presenting normal blood glucose levels (EC with NG), and tumor 
tissues from patients with EC complicated with diabetes mellitus (EC with DM), (n = 30). (B, C) CCK- 8 and transwell assays were used to 
detect the proliferation and migration capacity of Ishikawa and Hec- 1- B cells treated with the pyroptosis inhibitor VX- 765 (VX), (n = 5– 6). (D) 
RNA sequencing data from EC tissues from patients (n = 17). (E) Volcano map of RNA expression in EC tissues. (F- G) Gene Ontology (GO) 
and Kyoto Gene and Genomic Encyclopedia (KEGG) analyses of differentially expressed genes. All values are presented as the means ± SD, 
*P < 0.05 and **P < 0.01 compared with normal, #P < 0.05 compared with EC with NG (A), *P < 0.05 and **P < 0.01 (B, C). EC, endometrial 
cancer; HG, high glucose; NG, normal glucose

F I G U R E  2  Aberrant expression of HKDC1 in vivo and in vitro. (A) qRT- PCR analysis of GALE, GALNT6, HKDC1, and GCNT3 expression 
in tumor tissues from patients with EC presenting normal blood glucose levels (NG) and patients with EC complicated with diabetes mellitus 
(DM; n = 9– 13). (B) qRT- PCR analysis of GALE, GALNT6, and HKDC1 expression in EC cells (n = 6). (C) Western blot analysis was used to 
detect HKDC1 levels in EC cells treated with high glucose (n = 6). (D) Representative images of immunohistochemical staining for HKDC1 
in endometrial tissues (n = 30). All values are presented as the means ± SD, *P < 0.05, **P < 0.01, and ***P < 0.001 (A- C), *P < 0.05 and 
***P < 0.001 compared with normal, #P < 0.05 compared with EC with NG (D). EC, endometrial cancer; HG, high glucose; NG, normal glucose
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F I G U R E  3  HKDC1 regulates pyroptosis and glycolysis in Ishikawa and Hec- 1- B cells exposed to HG. (A) The interference efficiency of 
the HKDC1 siRNAs (n = 6). (B) The expression of pyroptosis- related proteins in EC cells transfected with NC and HKDC1 siRNAs cultured 
under high and normal glucose conditions (n = 4). (C) The changes in LDH release from EC cells transfected with NC and HKDC1 siRNAs 
were measured (n = 6). (D) Representative cells staining with PI (red) and Hoechst 33342 (blue), (n = 3), scale bars = 50 µm. (E) Glycolysis, 
glycolytic reserve, and nonglycolytic acidification in EC cells were measured using a Seahorse XFe24 extracellular flux analyzer (n = 3). All 
values are presented as the means ± SD, *P < 0.05, **P < 0.01, and ***P < 0.001. EC, endometrial cancer; HG, high glucose; NC, negative 
control; NG, normal glucose; si- HKDC1, small interfering RNA targeting HKDC1

F I G U R E  4  TEMPOL prevents the HG- induced pyroptosis of Ishikawa and Hec- 1- B cells. (A) Mito- SOX Red (1 µM), a mitochondrial 
superoxide indicator, was used to detect mitochondrial- derived ROS production in EC cells (n = 6). (B) The expression of pyroptosis- related 
proteins in EC cells treated with TEMPOL (n = 5). (C) LDH release from EC cells treated with TEMPOL (n = 5). (D) TEMPOL reduced the 
PI- positive staining (red) induced by HG in EC cells (n = 3). Scale bars = 50 µm. (E) The expression of HKDC1 was determined in EC cell lines 
after exposure to HG for 24 h. All values are presented as the means ± SD, *P < 0.05, **P < 0.01, and ***P < 0.001. EC, endometrial cancer; 
HG, high glucose; NC, negative control; NG, normal glucose; si- HKDC1, small interfering RNA targeting HKDC1; TEMP, TEMPOL
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by HKDC1 silencing (Figure 3C,D). The metabolic patterns of glycol-
ysis were monitored in real time using a Seahorse XFe24 extracellular 
flux analyzer to determine the role of HKDC1 in glucose metabo-
lism in EC. HG activated glycolytic stress, as evidenced by increased 
extracellular acidification rates, which were blocked by siHKCD1- 1 
and siHKCD1- 3 (Figure 3E). These results provide the first evidence 
that HKDC1 is involved in the mechanism regulating EC cell pyropto-
sis and glycolysis induced by HG, and the increased IL- 1β levels and 
extracellular acidification rate may contribute to the formation of a 
suitable proinflammatory and acidic TME for EC cell growth.

3.4  |  Hexokinase domain- containing protein 
1 inhibits HG- induced EC cell pyroptosis by 
targeting the ROS pathway

Given that HKDC1 is localized in mitochondria, we hypothesized that 
HKDC1 interacts with pyroptotic genes indirectly.27 According to 
previous studies, mitochondrial ROS are the major factors promoting 
NLRP3 inflammasome- dependent pyroptotic cell death.28 Thus, we 
proceeded to elucidate whether HKDC1- mediated pyroptosis in HG- 
induced EC cells was depended on ROS. Increased ROS levels were 
detected in HG- treated EC cells, which were inhibited by HKDC1 
silencing (Figure 4A). Then, we incubated Ishikawa and Hec- 1- B cells 
with the ROS- specific inhibitor TEMPOL to confirm the role of ROS 
in HG- induced cell pyroptosis. As shown in Figure 4B, TEMPOL re-
duced the expression of NLRP3, Caspase1, pro- Caspase1, IL- 1β, and 
ASC in HG- treated EC cells. At the same time, the results of PI stain-
ing and LDH release analyses showed that pyroptosis was obviously 
inhibited in the HG + TEMPOL group compared to the HG group 
(Figure 4C,D), suggesting that the pyroptosis of HG- treated EC cells 
was depended on ROS. Finally, we found that the expression of 
HKDC1 was unchanged after treated cells with TEMPOL compared 
with HG group, suggesting that HKDC1 is not regulated by ROS and 
HKDC1 may be the upstream of ROS (Figure 4E).

3.5  |  MiR- 876- 5p targets HKDC1

MiRNAs are able to regulate downstream gene expression and thus 
play an important role in the development of many diseases, includ-
ing cancer and cardiovascular diseases.29 We first predicted up-
stream miRNAs associated with HKDC1 through TargetScan (http://
www.targe tscan.org/). MiR- 3167 and miR- 876- 5p were found to 
potentially target HKDC1, and the representative putative target 
binding sites are shown in Figure 5A. The expression of miR- 876- 5p 
was remarkably downregulated by HG and the differential expres-
sion of miR- 3167 was not detected (Figure 5B). Moreover, we found 
that miR- 876- 5p expression was significantly decreased in tumor 
tissues from patients complicated with DM (Figure 5C). A space 
structure docking model between HKDC1 and miR- 876- 5p was pre-
dicted using the HDOCK Server (http://huang lab.phys.hust.edu.cn/; 

Figure 5D). As shown in Figure 5E, miR- 876- 5p agomir (mimics) 
had a negative effect on HKDC1 protein expression in HG- treated 
Ishikawa and Hec- 1- B cells. Luciferase reporter gene assays were 
performed using HKDC1 3'- UTR sequence fragments containing the 
predicted miR- 876- 5p binding site and a mutated site to verify the 
relationship between miR- 876- 5p and HKDC1. The luciferase activ-
ity of the wild- type HKDC1 3'- UTR was significantly decreased com-
pared with that of the control, whereas that of the mutant HKDC1 
3'- UTR did not change significantly (Figure 5F). Based on these 
results, there is a great possibility that miR- 876- 5p interacts with 
HKDC1 in EC cells.

3.6  |  Association of miR- 876- 5p and HOXC- AS2

LncRNAs have become important participants in gene regulation 
and potentially function as competing endogenous RNAs (ceR-
NAs) that serve as molecular sponges for miRNAs.30 We predicted 
that miR- 876- 5p would interact with lncRNA- HOXC- AS2 (HOXC 
cluster antisense RNA 2) using computational approaches, includ-
ing LncBase Predicted v.2 (http://carol ina.imis.athen a- innov ation.
gr/diana_tools/ web/index.php?r=lncba sev2%2Find ex- predi cted) 
and RNAhybrid (https://bibis erv.cebit ec.uni- biele feld.de/rnahy 
brid/). We found that HOXC- AS2 expression was increased in 
tumor tissues from patients complicated with DM compared with 
NG (Figure 6A). Meanwhile, HG exposure increased HOXC- AS2 ex-
pression in Ishikawa and Hec- 1- B cells (Figure 6B). FISH and cyto-
plasm and nuclear RNA isolation assay showed that HOXC- AS2 was 
distributed in both of the cytoplasm and nucleus of EC cells, and 
that was increased by HG (Figure 6C,D). A space structure docking 
model between HOXC- AS2 and miR- 876- 5p was simulated using the 
HDOCK Server (Figure 6E). An anti- AGO2 antibody was utilized for 
the RNA immunoprecipitation analysis, and the results showed that 
miR- 876- 5p but not miR- 3167 mimics increased the enrichment of 
HOXC- AS2 with Ago2 (Figure 6F). In addition, miR- 876- 5p reduced 
the luciferase activity of wild- type HOXC- AS2 but had no significant 
effect on that of mutant HOXC- AS2 (Figure 6G). Taken together, 
HOXC- AS2 may directly bind to miR- 876- 5p and regulate its levels 
and activity.

3.7  |  HOXC- AS2 mediates HG- induced pyroptosis 
in EC cells through the miR- 876- 5p/HKDC1 axis

Cells were transfected with si- HOXC- AS2 to elucidate the mecha-
nisms by which HOXC- AS2 regulates HKDC1 expression and cell 
pyroptosis. The transfection efficiency of si- HOXC- AS2 was meas-
ured, and two valid siRNAs against HOXC- AS2 were used in the 
subsequent experiments (Figures 7A and S2A). Compared with the 
HG group, HKDCI expression was reduced by HOXC- AS2 siRNAs 
and miR- 876- 5p agomir; this effect was reversed after cotrans-
fection of the miR- 876- 5p antagomir (antisense oligonucleotides, 

http://www.targetscan.org/
http://www.targetscan.org/
http://huanglab.phys.hust.edu.cn/
http://carolina.imis.athena-innovation.gr/diana_tools/web/index.php?r=lncbasev2%2Findex-predicted
http://carolina.imis.athena-innovation.gr/diana_tools/web/index.php?r=lncbasev2%2Findex-predicted
https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/
https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/
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inhibitors) through the silencing of HOXC- AS2 (Figures 7B and 
S2B,C). Moreover, rescue experiments were performed in HG- 
treated Ishikawa and Hec- 1- B cells to further verify the relation-
ship between HOXC- AS2/miR- 876- 5p and pyroptosis. As shown 
in Figure 7C, HG- induced EC cell pyroptosis was decreased in the 
si- HOXC- AS2 and miR- 876- 5p agomir groups, whereas the miR- 
876- 5p antagomir exerted the opposite effect. Similar results were 
obtained with PI staining (Figure 7D). Thus, HOXC- AS2 interacted 
with the miR- 876- 5p/HKDC1 pathway to control pyroptosis under 
HG conditions.

3.8  |  The HOXC- AS2/miR- 876- 5p/HKDC1 axis 
regulates HG- related EC cell function

Finally, CCK- 8 and migration assays were performed to confirm the 
role of the HOXC- AS2/miR- 876- 5p/HKDC1 axis in EC cell homeo-
stasis. Ishikawa and Hec- 1- B cells transfected with si- HOXC- AS2 
and miR- 876- 5p agomir exhibited significant reductions in HG- 
induced cell proliferation and migration, and cotransfection with 
si- HOXC- AS2 and miR- 876- 5p antagomir reversed these effects 
(Figure 7E,F). Overall, HOXC- AS2- mediated downregulation of 

F I G U R E  5  HOXC- AS2 binds to miR- 876- 5p and regulates HKDC1 expression. (A) MiRNAs targeting HKDC1 were predicted by the 
TargetScan database. (B) qRT- PCR analysis of miR- 3176 and miR- 876- 5p expression in EC cells treated with NG and HG (n = 5). (C) qRT- PCR 
analysis of miR- 876- 5p expression in tumor tissues from patients with EC presenting normal blood glucose levels (NG) and tumor tissues 
from patients with EC complicated with diabetes mellitus (DM; n = 10). (D) Space structure docking model of HKDC1 and miR- 876- 5p, as 
predicted by the HDOCK server. (E) Western blot analysis of HKDC1 expression in Ishikawa and Hec- 1- B cells after miR- 876- 5p agomir 
(mimics) was introduced (n = 5). (F) EC cells were cotransfected with a luciferase reporter construct carrying wild- type (WT) or MUT HKDC1 
and miR- 876- 5p mimics or NC and the luciferase activities were detected (n = 5). All values are presented as the mean ± SD, *P < 0.05, 
**P < 0.01, and ***P < 0.001. EC, endometrial cancer; NC, negative control; HG, high glucose; MUT, mutant; NG, normal glucose; WT, 
wild- type
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F I G U R E  6  HOXC- AS2 regulates HKDC1 expression through miR- 876- 5p. (A) qRT- PCR analysis of HOXC- AS2 expression in tumor 
tissues from patients with EC (n = 9). (B) qRT- PCR analysis of HOXC- AS2 expression in EC cells (n = 5). (C, D) The subcellular localization of 
HOXC- AS2 was detected using RNA- FISH and qRT- PCR after cytoplasm and nuclear RNA isolation in EC cells (n = 4). Scale bar = 50 μm. (E) 
Space structure docking model of HOXC- AS2 and miR- 876- 5p, as predicted by the HDOCK Server. (F) The interaction of HOXC- AS2 and 
miR- 876- 5p was determined by RNA immunoprecipitation (RIP) enrichment, and the amount of RNA immunoprecipitated with the AGO2 
antibody relative to an input control was calculated (n = 3). (G) EC cells were cotransfected with a luciferase reporter construct carrying 
wild- type (WT) or MUT HOXC- AS2 and miR- 876- 5p mimics or NC (n = 5). All values are presented as the mean ± SD, *P < 0.05, **P < 0.01, 
and ***P < 0.001. EC, endometrial cancer; HG, high glucose; NC, negative control; NG, normal glucose; MUT, mutant; WT, wild- type
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miR- 876- 5p leading to increased expression of HKDC1, contrib-
uting to EC cell proliferation and migration under HG conditions.

4  |  DISCUSSION

Diabetes is associated with an increased risk of EC and a disturbance 
in glucose metabolism is a prerequisite for the development of EC.31 
In the present study, we presented evidence for a critical role for the 
upregulation of the glycolysis- related gene HKDC1 in HG- related EC. 
HKDC1 promoted pyroptosis by inducing ROS production and con-
tributed to glycolysis activation, enabling a metabolic advantage in 
lactate- rich environments to form a suitable inflammatory and acidic 
TME that resulted in EC cell proliferation and migration. In addition, 

miR- 876- 5p was responsible for the regulation of HKDC1. Further 
analyses indicated that HOXC- AS2 interacted with the miR- 876- 5p/
HKDC1 axis to control pyroptosis under HG conditions (Figure 8).

Hyperglycemia, increased insulin resistance, and hyperinsulin-
emian have been implicated as the pathogenic factors for the de-
velopment of EC.32 Due to the positive correlation of EC with the 
HG- related gene set, we performed RNA sequencing in clinical sam-
ples to profile critical factors for diabetes- associated EC and pro-
posed the significantly upregulated genes HKDC1, GALNT6, GALE, 
and GCNT3. Among them, the increased expression of HKDC1, 
GALNT6, and GALE, but not GCNT3, was verified by qRT- PCR in 
tissues from patients with EC complicated with DM. The technolo-
gies of RNA sequencing and qRT- PCR are different in principle and 
method, and there may be some probability of inconsistent results. 

F I G U R E  7  The HOXC- AS2/miR- 876- 5p/HKDC1 axis mediates EC cell pyroptosis, proliferation, and migration in response to HG. (A) 
Si- HOXC- AS2- 2 had the highest silencing efficiency (n = 5). (B) The expression of HKDC1 in Ishikawa and Hec- 1- B cells transfected with 
si- HOXC- AS2, miR- 876- 5p agomir, and miR- 876- 5p antagomir (n = 5). (C) Expression of pyroptosis- related proteins, including NLRP3, 
Caspase1, and pro- Caspase1 (n = 5). (D) PI staining was performed to detect pyroptosis in different groups. Scale bar = 50 μm. (E, F) 
CCK- 8 and transwell assays were conducted to detect the proliferation and migration of EC cells (n = 5). All values are presented as the 
means ± SD, *P < 0.05, **P < 0.01, and ***P < 0.001. agomir, miR- 876- 5p mimics; antagomir, miR- 876- 5p inhibitor; EC, endometrial cancer; 
HG, high glucose; NC, negative control; NG, normal glucose; si- HOXC- AS2, small interfering RNA targeting HOXC- AS2
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However, the understanding of GCNT3 in EC is still deficient and 
further validation will be carried out by expanding clinical sample 
size. Another limitation of the study is that we only confirmed the 
increased expression of HKDC1 in HG- treated Ishikawa and Hec- 
1- B cells, while we cannot rule out the involvement of GALNT6 
and GALE in the development of EC. The expression and function 
of GALNT6 and GALE in more human EC cells, including HEC- 1- A, 
AN3CA, and ECC- 1, need further study to clarify them.

Studies have shown that HKDC1 is a novel fifth hexoki-
nase and a key glucose metabolism- related gene that maintains 
whole- body glucose homeostasis and the mitochondrial mem-
brane potential in hepatocytes.27,33 HKDC1 is required for breast 
cancer cell proliferation in vitro and tumor growth and metas-
tasis in vivo.34 HKDC1 functions as an oncogene by regulating 
the AMPK/mTOR signaling pathway in lung adenocarcinoma.35 
However, to date, the role of HKDC1 in EC is still unknown. Our 
present study suggested significantly increased HKDC1 expres-
sion in HG- related EC tissues and cells. Knockdown of HKDC1 de-
creased HG- induced pyroptosis by inhibiting mitochondrial ROS 
production in EC cells. Pyroptosis is a process of programmed 
and inflammatory cell death that is closely associated with the 

activation of the NLRP3 inflammasome.36,37 Emerging evidence 
indicates that pyroptosis is an important trigger and endogenous 
regulator of inflammatory diseases, including diabetes and can-
cer.38 Additionally, the NLRP3 inflammasome has been shown to 
promote the migration and invasion of gastric cancer cells.39 In 
the present study, pyroptosis- related proteins, including NLRP3, 
ASC, Caspase1, pro- Caspase1, and IL- 1β, were substantially up-
regulated by increasing ROS production in the HG environment. 
Our results further indicate that HG- induced proliferation and 
migration of EC cells is reversed by VX- 765, a specific inhibitor 
of pyroptosis. Taken together, these findings imply that the ab-
normal occurrence of pyroptosis contributes to HG- related EC 
development.

The role of pyroptosis caused by inflammasome activation in 
human diseases is still a matter of debate and is a double- edged 
sword. On the one hand, inflammasomes inhibit tumor growth by 
promoting tumor cell pyroptosis, which is a mechanism of antitumor 
immunity.40 During tumor treatment, appropriate chemotherapeutic 
drugs can be selected according to the expression levels of DFNA5/
GSDME, thereby increasing sensitivity to chemotherapeutic drugs 
and reducing drug resistance, suggesting that induced pyroptosis is 

F I G U R E  8  Graphical models. HOXC- AS2, a competing endogenous RNA, bound to miR- 876- 5p via a lncRNA sponging mechanism 
and abolished the suppression of HKDC1 expression caused by miR- 876- 5p. This process led to increased pyroptosis and glycolysis, 
subsequently to induce the production of inflammatory factors and lactic acid release into the TME, finally promoting EC cell proliferation 
and migration. EC, endometrial cancer; TME, tumor microenvironment
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essential for cancer treatment.41 On the other hand, as a type of 
proinflammatory death pathway, pyroptosis can promote tumor 
growth. In gastric cancer, activation of pyroptosis may be associated 
with the induction of gastric cancer metastasis.39 Consistent with 
this result, we found that pyroptosis is activated by HKDC1 under 
HG conditions, resulting in increased proliferation and migration of 
EC cells. One possibility is that the cumulative effect of the NLRP3 
inflammasome and IL1β activated by ROS form a suitable microen-
vironment for EC cell growth and thus promote the development of 
EC. Pyroptosis has long been considered as a contributor to tumor-
igenesis through the effects of the inflammasome and the release 
of inflammatory factors, which leads to the formation of an inflam-
matory local TME that supports oncogenic mutations and genomic 
instability.42,43 Obesity and obesity- associated insulin resistance are 
significantly associated with the creation of a low- grade chronic in-
flammatory state and promote a microenvironment that favors the 
development of cancer.44 In addition, a second possibility may be re-
lated to the complexity of the regulatory mechanism of HG- induced 
EC cell growth. Our previous study showed that the imbalance of 
mitochondrial homeostasis mediated by dynamin- related protein 1 
resulted in dysfunction in HG- treated EC cells, including increased 
epithelial- mesenchymal transition (EMT), migration, and invasion.24 
In the present study, HKDC1 increased the activation of glycolytic 
stress by HG. In this way, lactate released from glycolytic tumor 
cells leading to the formation of a highly acidic microenvironment 
may alter immune cell infiltration, ultimately contributing to immune 
escape and cancer progression.45,46 Of course, these possibilities 
have yet to be further confirmed in subsequent experiments, and 
further studies are needed to determine whether the HOXC- AS2/
miR- 876- 5p/HKDC1 axis participates in the pyroptosis and glycoly-
sis of HG- related innate and adaptive immune cells within the TME.

The mechanism by which HG regulates HKDC1 expression was 
further explored in this study. CeRNA mechanisms play import-
ant roles in regulating biological behaviors in many diseases.47,48 
Therefore, we predicted physical interactions between HKDC1, 
miRNAs, and lncRNAs using a computational approach, and the 
HOXC- AS2/miR- 876- 5p/HKDC1 axis was considered as a poten-
tial pathway. A previous study in glioma found that the HOXC- AS2/
miR- 876- 5p/ZEB1 axis regulates the EMT.49 Consistent with 
this report, our results suggest that HOXC- AS2 functions as an 
endogenous sponge for miR- 876- 5p, thereby regulating HKDC1 
expression, which increases pyroptosis of EC cells under HG 
conditions. Accordingly, we speculated that the identification of 
ceRNA mechanisms that regulate pyroptosis may fill in the gap be-
tween unknown aspects of cell biology and the pathogenesis of 
HG- related EC.

In conclusion, HG- induced pyroptosis results in abnormal EC cell 
proliferation and migration. More importantly, the HOXC- AS2/miR- 
876- 5p/HKDC1 axis plays a key regulatory role in HG- related EC 
progression. Thus, the HOXC- AS2/miR- 876- 5p/HKDC1 axis might 
be regarded as a potential therapeutic strategy for patients with EC, 
especially those with diabetes.
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