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ECHDC2 inhibits the proliferation of gastric @
cancer cells by binding with NEDD4

to degrade MCCC2 and reduce aerobic

glycolysis
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Abstract

Background The Enoyl-CoA hydratase/isomerase family plays a crucial role in the metabolism of tumors, being
crucial for maintaining the energy balance and biosynthetic needs of cancer cells. However, the enzymes within this
family that are pivotal in gastric cancer (GC) remain unclear.

Methods We employed bioinformatics techniques to identify key Enoyl-CoA hydratase/isomerase in GC. The
expression of ECHDC2 and its clinical significance were validated through tissue microarray analysis. The role of
ECHDC2 in GC was further assessed using colony formation assays, CCK8 assay, EDU assay, Glucose and lactic acid
assay, and subcutaneous tumor experiments in nude mice. The mechanism of action of ECHDC2 was validated
through Western blotting, Co-immunoprecipitation, and immunofluorescence experiments.

Results Our analysis of multiple datasets indicates that low expression of ECHDC2 in GC is significantly associated
with poor prognosis. Overexpression of ECHDC2 notably inhibits aerobic glycolysis and proliferation of GC cells both
in vivo and in vitro. Further experiments revealed that overexpression of ECHDC2 suppresses the P38 MAPK pathway
by inhibiting the protein level of MCCC2, thereby restraining glycolysis and proliferation in GC cells. Ultimately, it was
discovered that ECHDC2 promotes the ubiquitination and subsequent degradation of MCCC2 protein by binding
with NEDDA4.

Conclusions These findings underscore the pivotal role of the ECHDC2 in regulating aerobic glycolysis and
proliferation in GC cells, suggesting ECHDC2 as a potential therapeutic target in GC.
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Background

Gastric Cancer (GC) as the fifth most common malig-
nant tumor globally, characterized by high incidence and
mortality rates. Owing to the subtle initial symptoms of
GC, the majority of patients are diagnosed at advanced
stages, which results in a poor prognosis (Smyth et al.
2020). Currently, surgery and chemoradiotherapy are the
primary treatment modalities (Parisi et al. 2020). Despite
advancements in diagnostic and treatment technologies
enhancing therapeutic outcomes, the overall prognosis
for GC remains poor, with common postoperative recur-
rences and drug resistance (Baccili Cury Megid et al.
2023). Therefore, a deeper exploration of the molecular
mechanisms of GC cells and the development of targeted
treatment strategies are crucial for improving treatment
efficacy.

GC undergoes profound metabolic reprogramming
during its development, with glycolysis playing a pivotal
role in supporting its aggressive growth and spread (Zhao
et al. 2022; Tan et al. 2022; Xu et al. 2023). This intricate
metabolic adjustment not only provides GC with the
essential energy and biosynthetic precursors needed for
rapid proliferation but also alters the surrounding micro-
environment to facilitate cancer progression, thereby
highlighting the complexity and high adaptability of GC’s
metabolic strategies (Sun et al. 2023; Li and Ma 2021;
Kadam et al. 2021). Aerobic glycolysis, also known as
the Warburg effect, allows cancer cells to produce a sig-
nificant amount of lactate even in the presence of ample
oxygen, supplying the tumor with energy and compounds
that support growth (DeBerardinis and Chandel 2020;
Liberti and Locasale 2016). In this process, key enzymes
such as Pyruvate kinase M2 (PKM2) and glucose trans-
porter type 1 (GLUT1) play a crucial role (Li et al. 2018;
Tacobini et al. 2023; Yu et al. 2023; Wu et al. 2023). Tar-
geting the genes involved in the aerobic glycolysis path-
way becomes essential for inhibiting GC cell growth
and promoting personalized treatment strategies that
leverage the unique metabolic profile of GC, enhancing
therapeutic efficacy while minimizing side effects (Tao
et al. 2023; Wang et al. 2022; Cui et al. 2022). However,
despite the significance of these strategies, the mecha-
nisms underlying aerobic glycolysis in GC are not fully
elucidated, underscoring the need for further investiga-
tion into the critical mechanisms regulating glycolysis.

Existing research has demonstrated that alterations
in fatty acid p-oxidation can impact glycolysis. Sch-
laepfer et al. discovered that in prostate cancer mouse
xenografts, reducing fatty acid B-oxidation significantly
impacts glycolysis (Schlaepfer et al. 2015). Yuying Tan et
al. discovered a metabolic reprogramming in cisplatin-
resistant cancer cells, shifting from glycolysis to fatty
acid uptake and B-oxidation (Tan et al. 2022).Fatty acid
[-oxidation is a crucial metabolic process occurring in
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the mitochondria, where fatty acids are broken down into
acetyl-CoA units, generating ATP, NADH, and FADH2,
which fuel cellular energy needs (Gomez-Gutierrez et al.
2015). Zhen Xiong et al. confirmed fatty acid p-oxidation
and other lipid peroxidation processes were reduced in
GC (Xiong et al. 2021). The enoyl-CoA hydratase/isom-
erase family is critical to fatty acid metabolism, facilitat-
ing energy production and cellular functions through
B-oxidation. Their involvement in tumor metabolism
connects key metabolic pathways, such as fatty acid
[-oxidation and aerobic glycolysis, supporting cancer cell
growth and adaptation (Muller-Newen et al. 1995; Pada-
vattan et al. 2021; Hwang et al. 2020; Agnihotri and Liu
2003). Enoyl-CoA hydratase 1 (ECH1), as a vital compo-
nent of mitochondrial fatty acid f-oxidation, can improve
various pathological states in mouse liver upon overex-
pression (Liu et al. 2021a, b). Enoyl-CoA hydratase and
3-hydroxyacyl CoA dehydrogenase (EHHADH) influ-
ences lipid metabolism and aerobic glycolysis in ovarian
cancer (Zhao et al. 2010; Lee et al. 2022). Hydroxyacyl-
CoA dehydrogenase trifunctional multienzyme complex
subunit alpha (HADHA), a mitochondrial enzyme, cata-
lyzes the B-oxidation of long-chain fatty acids and is also
associated with cellular energy metabolism and diabetes
(Liu et al. 2020a, b; Pan et al. 2022). However, the key
enoyl-CoA hydratase/isomerases and their mechanisms
of action in GC remain unclear.

In this study, we demonstrate for the first time that
Enoyl-CoA Hydratase Domain Containing 2 (ECHDC2)
is downregulated in GC, correlating with poor prog-
nosis. The findings indicate that ECHDC2 can inhibit
the proliferation and aerobic glycolysis of GC cells. The
mechanism primarily involves its regulation of E3 ubiq-
uitin ligase NEDD4-mediated ubiquitination and deg-
radation of Methylcrotonyl-CoA Carboxylase Subunit 2
(MCCC2), which subsequently suppresses the expression
of the PKM2 and GLUT1I.

Results

ECHDC2 is downregulated in GC tissues

To investigate the key enzyme in the Enoyl-CoA hydra-
tase/isomerase family implicated in GC, we analyzed
three datasets: TCGA-STAD, GSE27342, and GSE54129.
The findings highlight ECHDC2 as the uniquely signifi-
cant gene consistently identified across three databases
for being notably downregulated in GC tissues compared
to normal tissues (Fig. 1A-C, Supplementary Figure S1A-
C). To validate this discovery, we conducted qRT-PCR
assays and western blotting assay on 20 pairs of fresh
GC tissues and their corresponding adjacent tissues.
The results were consistent with those from the datasets,
indicating a low expression of ECHDC2 in GC (Fig. 1D,
Supplementary Figure S1D). Subsequently, using IHC,
we analyzed the relative expression levels of ECHDC2
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Fig. 1 ECHDC2 is downregulated in GC tissues. (A-C) Heatmaps depict the differential expression of various enoyl-CoA hydratase/isomerases in GC
versus normal tissues in the TCGA-STAD, GSE27342, and GSE54129 datasets. (D) Relative expression levels of ECHDC2 in 20 GC tissues and their corre-
sponding adjacent non-cancerous tissues. (E) Representative images of tissue microarrays. Scale bar, 50 um. (F) Quantitative analysis of ECHDC2 protein
expression. (G) Kaplan-Meier survival curve analysis explores the relationship between ECHDC2 expression levels in tissue microarrays and overall survival
(09S) in patients with GC. (H) Analysis of the relationship between ECHDC2 expression and GC patient OS based on the Kaplan-Meier Plotter database. (I-J)
Univariate and multivariate Cox regression analyses of GC patients in tissue microarrays. * P<0.05, ** P<0.01, *** P<0.001
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protein in 136 GC cases and their adjacent non-cancer-
ous tissues within the TMA. Our findings indicated a sig-
nificant relative decrease in ECHDC2 expression in the
GC tissues compared to the non-cancerous counterparts
(Fig. 1E-F). Next, we analyzed the correlation between
the expression of ECHDC2 and various clinicopathologi-
cal characteristics in a cohort of 136 patients. The results
revealed that low expression of ECHDC2 was positively
correlated with the depth of invasion, lymph node metas-
tasis and TNM stage, but it was not associated with gen-
der, age, degree of differentiation, tumor diameter, tumor
localization (Table 1). Kaplan-Meier survival curve
analysis revealed that GC patients with low ECHDC2
expression have a poor prognosis (Fig. 1G). This finding
was also validated in The Kaplan-Meier Plotter database
(Fig. 1H). Univariate and multivariate Cox regression
analyses further confirmed that ECHDC?2 is an indepen-
dent predictor factor in GC (Fig. 1I-]). In conclusion, the
low expression of ECHDC2 in GC is a key factor in the
progression of the disease.

Table 1 Correlation between ECHDC2 expression in GC tissue
and clinicopathological Features of GC patients

Clinicopathologi-  Total ECHDC2 expression p
cal parameter (n=136) Low(n=91) High(n=45) value
Age(years) 0.220
<65 55 33 22
>65 81 59 23
Gender 0447
Male 53 38 15
Female 83 53 30
Lymph node 0.036
metastasis
Negative(NO) 54 30 24
Positive(N1-N3) 82 61 21
TNM stage <0.001
| 36 15 21
Il 69 52 17
I 31 24 7
Depth of invasion <0.001
T 24 8 16
T2 35 22 13
T3 65 52 13
T4 12 9 3
Tumor diameter 0522
(cm)
<5 84 54 30
>5 52 37 15
Tumor 0456
differentiation
Well 24 14 10
Moderate/Poor 112 77 35
Tumor location 0.255
Up 15 8 7
Middle/Down 121 83 38
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ECHDC2 inhibits the proliferation of GC cells in vivo and in
vitro

To explore the role of ECHDC2 in GC cells, we examined
the expression of ECHDC2 in four GC cell lines MKN-
45, HGC-27, MGC-803 and NCI-N87, as well as in a
normal gastric mucosal cell line GES-1. qRT-PCR and
western blotting assays demonstrated that the expres-
sion of ECHDC2 in GC cell lines was lower than in
GES-1, with the lowest expression observed in HGC-27
and MKN-45 (Fig. 2A, B). Subsequently, we constructed
ECHDC2 stably overexpressing cell lines using MKN-45
and HGC-27 cells. Western blotting demonstrated sig-
nificant overexpression of ECHDC2 (Fig. 2C). CCK-8
assay, clonogenic assay, and Edu assay results indicated
that the proliferation ability of GC cells in the ECHDC2
overexpression group was significantly lower than that of
the control group (Fig. 2D-F). In order to further verify
whether ECHDC?2 overexpression could inhibit the pro-
liferation of GC cells in vivo, we constructed a subcuta-
neous tumor model in nude mice. The results showed
the tumor sizes and weights of ECHDC2 overexpression
group were found to be significantly lower than those
of the control group (Fig. 2G-I). IHC staining of sub-
cutaneous xenograft tumors in nude mice showed that
compared to the control group, the group with overex-
pression of ECHDC?2 exhibited lower expression of Ki-67
(Fig. 2J). The above experimental results demonstrated
that ECHDC2 overexpression inhibited the growth of GC
cells in vivo and in vitro.

ECHDC2 inhibits aerobic glycolysis in GC cells

To further explore the mechanism by which ECHDC2
affects the proliferative ability of GC cells, we utilized
the TCGA-STAD dataset to divide GC patients into
two groups of high and low expression based on the
median ECHDC?2 expression. The biological processes
regulated by ECHDC2 were explored by gene set enrich-
ment analysis (GSEA), and the results suggested that
ECHDC2 was associated with the glucose metabolism
pathway (Fig. 3A). Sugar metabolism is mainly divided
into three ways: aerobic oxidation, aerobic glycolysis, and
pentose phosphate pathway(Zhang et al. 2023; Wei et al.
2023; TeSlaa et al. 2023). In order to clarify the pathways
through which ECHDC2 affects the proliferation of GC
cells, we detected the intermediate metabolites of the
three pathways, qRT-PCR and western blotting revealed
that, compared to the control group, the expression of
key glycolytic enzymes PKM2 and GLUT1 was signifi-
cantly reduced in the ECHDC2 overexpression group,
while there was no significant difference in the expres-
sion of key aerobic oxidation enzyme Succinate Dehydro-
genase (SDH) and pentose phosphate pathway enzyme
Glucose-6-Phosphate Dehydrogenase (G6PD) (Rus-
tin et al. 2002; Zhong et al. 2021) (Fig. 3B-D). To verify
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Fig. 2 ECHDC2 inhibits GC cell proliferation in vivo and in vitro. (A) gRT-PCR was used to detect the relative mRNA expression levels of ECHDC2 in GES-1
and four GC cell lines. (B) Western blotting was performed to detect the protein expression of ECHDC2 in GES-1 and four GC cell lines. (C) Western blotting
was used to detect transfection efficiency after overexpression of ECHDC2. (D) GC cells was detected by CCK-8 assay to cell viability. (E-F) Colony forma-
tion assay and EDU assay were performed to assess the cell proliferation capacity. Scale bar, 20 um. (G) Typical images of subcutaneous xenograft tumor.
(H-1) The volume and weight of subcutaneous xenograft tumors (n=5). (J) Intensity of IHC staining in different groups of subcutaneous xenograft tumor.

Scale bar, 50 pm. * P<0.05, ** P<0.01, *** P<0.001



He et al. Molecular Medicine (2024) 30:69

A

Enrichment plot: M
GO_GLUCOSE_6_PHOSPHATE_METABOLIC_PROCESS
159 susx x
= 5 i i
% %
07 15- 10_
x
‘ 5
Al ¢
G z
10 v
- £ 0.5
L S &
oo — - >
08 L ! L (negatively corelated) [ §
S o &
|~ Enrichment profile — Hits Ranking metric scores 0 0 -
GLUT1  PKM2
D E
MKN-45 HGC-27 MKN-45
*kk
{ oo
S
3 1.0
S
el
o
o
ECHDC2 T
@©
L
3
GLUT1 Soo0
PKM2
G
SDHA
G6PD 2
(0]
>
GAPDH
w
o
&
(6]
Q
I
O
w

Page 6 of 16

KN-45 HGC-27
== vector - vector
== ECHDC2-OE 154 == ECHDC2-OE
ns c = rxx ns ns
[ ns 2 i — i r
B [ a ® @
ore S 1.0+ G ¥y
x
)
<
2
(14
€ 0.5+
o
=
®
&
0.0-
SDHA G6PD GLUT1 PKM2 SDHA G6PD
F
)
= § 2
E g 5
2 8 8
8 = S
2 o ©
= = ©
2 g 2

i S
i oo
1 et

Fig. 3 ECHDC2 inhibits aerobic glycolysis in GC cells. (A) GSEA results of the TCGA-STAD dataset show that ECHDC2 is associated with glycolysis. (B-C)
gRT-PCR was used to detect the mRNA expression of GLUT1, PKM2, SDHA and G6PD after overexpression of ECHDC2. (D) Effect of ECHDC2 expression on
proteins related to aerobic oxidation, aerobic glycolysis, and pentose phosphate pathway detected by western blotting. (E-F) Glucose uptake rate and
lactic acid production rate of GC cells were measured after ECHDC2 overexpression. (G) IHC analysis of subcutaneous xenograft tumor was performed
with anti-GLUT1 antibody and anti-PKM2 antibody. Scale bar, 50 um. ns P>0.05, ** P<0.01, *** P<0.001

whether ECHDC?2 is involved in regulating the aerobic
glycolysis process in GC cells, we further examined the
effects of overexpression of ECHDC2 on the lactic acid
production rate and glucose uptake rate in GC cells.
The results showed that the rate of glucose uptake and
lactate production in GC cells of the ECHDC?2 overex-
pression group was significantly lower than that of the
control group (Fig. 3E-F). IHC staining of subcutaneous
xenograft tumors in nude mice showed that compared
to the control group, the group with overexpression
of ECHDC?2 exhibited lower expression of PKM?2, and
GLUT1 (Fig. 3G). The above results suggest that overex-
pression of ECHDC?2 can significantly inhibit aerobic gly-
colysis in GC cells.

ECHDC2 inhibits aerobic glycolysis and proliferation in GC
cells via the P38 MAPK pathway

To explore the mechanism by which ECHDC2 regulates
aerobic glycolysis in GC cells, we analyzed several com-
mon signaling pathways that affect aerobic glycolysis,
including the PI3K-AKT/mTOR pathway, the Myc path-
way, and the P38 MAPK pathway (DiToro et al. 2020;
Wang et al. 2019, 2021; Liu et al. 2021a, b). Western blot-
ting results showed that the expression of P38 MAPK
in the ECHDC2 overexpression group was significantly
lower than in the control group, while the expression
of p-AKT and c-Myc showed no difference (Fig. 4A).
Existing research indicates that the P38 MAPK signal-
ing pathway can regulate the expression of PKM2 and
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Fig.4 ECHDC2 inhibits aerobic glycolysis and cell proliferation via the P38 MAPK pathway. (A) Western blotting was used to detect the effect of ECHDC2
on PI3K-AKT/mTOR pathway, Myc pathway, and P38-MAPK pathway. (B-E) Glucose uptake rate and lactic acid production rate of GC cells were measured
after ECHDC2 overexpression and/or P38 MAPK overexpression. (F) The protein expression of GLUT1, PKM2, P38 MAPK were detected in GC cells trans-
fected with vector, ECHDC2 or ECHDC2 plus P38 MAPK by western blotting. (G-1) CCK-8 assay, colony formation assay and EDU assay were performed to
assess the cell viability and cell proliferation capacity following ECHDC2 overexpression and/or P38 MAPK overexpression. Scale bar, 20 um. **P<0.01,
*** P<0.001
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GLUTI1. To investigate whether ECHDC2 influences
GC cell aerobic glycolysis and proliferation by regulating
PKM2 and GLUTT1 via the P38 MAPK pathway, we over-
expressed P38 MAPK in ECHDC2 overexpressing cell
lines. We found that the inhibition of aerobic glycolysis
and proliferation in GC cells by the sole overexpression
of ECHDC?2 was restored in the group with simultaneous
overexpression of ECHDC2 and P38 MAPK (Fig. 4B-I).
The results suggest that ECHDC2 inhibits aerobic glycol-
ysis and proliferation of GC cells through the P38 MAPK
signaling pathway.

ECHDC2 inhibits aerobic glycolysis and proliferation in GC
cells by promoting the ubiquitination and degradation of
MCCC2

To investigate how ECHDC2 affects the P38 MAPK
pathway to regulate aerobic glycolysis and proliferation
in GC cells, we utilized the STRING database to analyze
the proteins associated with ECHDC2 (Fig. 5A). Previous
research has shown that MCCC2 can activate the P38
MAPK pathway to enhance aerobic glycolysis in pros-
tate cancer (He et al. 2020). To verify whether MCCC2
is a downstream target of ECHDC2, we first examined if
ECHDC?2 could affect the expression of MCCC2. qRT-
PCR and Western blotting results suggested that the
protein level of MCCC2 in the ECHDC2 overexpression
group was significantly lower than in the control group,
while there was no difference at the mRNA level (Fig. 5B-
C). IHC staining of subcutaneous xenograft tumors in
nude mice showed that compared to the control group,
the group with overexpression of ECHDC2 exhibited
lower expression of MCCC2 and P38 MAPK (Fig. 5D).
To further investigate the impact of ECHDC2 on the pro-
tein levels of MCCC2, we first treated cells with CHX.
The results suggested that in the ECHDC2 overexpres-
sion group, the degradation rate of MCCC2 protein
was significantly faster compared to the control group
(Fig. 5E). The ubiquitin-proteasome pathway and the
autophagy-lysosome pathway are the two most impor-
tant protein degradation pathways (Raffeiner et al. 2023;
Cohen-Kaplan et al. 2016). To further investigate how
ECHDC?2 leads to the degradation of MCCC2 protein,
we overexpressed ECHDC2 and concurrently treated the
cells with or without the proteasome inhibitor MG132
and the autophagy inhibitor CQ. We found that MG132
could inhibit the downregulation of MCCC2 protein
levels in the ECHDC2 overexpression group, while CQ
could not (Fig. 5F-G). Further investigation revealed that
the ubiquitination level in the ECHDC2 overexpression
group was significantly higher than that in the control
group (Fig. 5H). Subsequently, we overexpressed MCCC2
in ECHDC2 overexpressing cell lines. Compared to the
group with only ECHDC?2 overexpression, the aerobic
glycolysis and proliferation capabilities of GC cells in the
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group with simultaneous overexpression of ECHDC2 and
MCCC2 were restored (Supplementary Figure S2A-H).

ECHDC2 mediates the ubiquitination and degradation of
MCCC2 through NEDD4

To further investigate the specific mechanism by which
ECHDC2 promotes the ubiquitination of MCCC2, we
initially used the UbiBrowser 1.0 database to predict
potential E3 ubiquitin ligases for MCCC2. The top three
predicted were ITCH, CBL, and NEDD4 (Fig. 6A). Sub-
sequently, we conducted Co-IP experiments, which indi-
cated that only NEDD4 interacts with both ECHDC2
and MCCC2 (Fig. 6B). This finding was corroborated
by IF and mIHC, which also confirmed the colocaliza-
tion of ECHDC2, NEDD4, and MCCC2 (Fig. 6C). Next,
we engaged in protein-protein docking to anticipate the
potential interaction patterns between ECHDC2 and
NEDD4, and between NEDD4 and MCCC2 (Fig. 6D).
To further validate whether the ECHDC2-promoted
ubiquitination and degradation of MCCC2 is related to
NEDD4, we knocked down NEDD4 while overexpressing
ECHDC2. The results indicate that the ubiquitination of
MCCC2, promoted by overexpression of ECHDC2, can
be reversed by knocking down NEDD4 (Fig. 6E). The
results indicate that ECHDC?2 facilitates the ubiquitina-
tion and degradation of MCCC2 by binding to NEDD4.

Discussion

In our study, we initially discovered that overexpression
of ECHDC2 can inhibit glycolysis and proliferation in GC
cells. Further investigation into the underlying mecha-
nisms revealed that ECHDC?2 interacts with the E3 ubiq-
uitin ligase NEDD4, promoting the ubiquitination and
subsequent degradation of MCCC2. This effectively sup-
presses the activity of the P38 MAPK signaling pathway.
The inhibition of the P38 MAPK pathway directly affects
the expression levels of the key glycolytic enzymes PKM2
and GLUT1, thereby further hindering the glycolytic pro-
cess and the proliferative capacity of GC cells.

The ECHDC?2 gene is located on human chromosome
1, covering a genomic region of approximately 32kbp.
It encodes a protein of about 292 amino acids. Previous
research on the specific role of ECHDC?2 in lipid metabo-
lism and aerobic glycolysis has been limited. Yao Yang et
al. found that ECHDC2 can be used as an independent
prognostic indicator of HBV-associated HCC, and the
lipid metabolism and other related pathways were signifi-
cantly enriched in the ECHDC2 group with high expres-
sion (Yang et al. 2018).Lindsay ] Wheeler et al. used a
multi-omics approach to identify ECHDC2 regulation of
fatty acid metabolism in ovarian cancer (Wheeler et al.
2019). Our study underscores the potential of targeting
ECHDC2 in GC therapy, highlighting its role in regu-
lating energy metabolism by inhibiting glycolysis. This
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Fig. 5 ECHDC2 promotes the degradation of MCCC2 through the ubiquitin-proteasome pathway. (A) STRING predicts the interacting proteins of
ECHDC2. (B-C) gRT-PCR and western blotting were employed to detect the mRNA and protein expression of ECHDC2 and MCCC2 after overexpression
of ECHDC2. (D) IHC was performed to detect the protein expression of MCCC2 and P38 MAPK in subcutaneous xenograft tumor. Scale bar, 50 um. (E)
Western blotting was used to detect the effect of ECHDC2 overexpression on MCCC2 protein stability after treatment with CHX. (F-G) MCCC2 protein
levels were detected in ECHDC2 overexpressing GC cells treated with MG132 or CQ. (H) The effect of ECHDC2 on the ubiquitination level of MCCC2 was

detected in GC cells treated with/without MG132. ns P>0.05, *** P< 0.001

approach seeks to disrupt cancer cells’ energy supply and
redirect their metabolism towards oxidative phosphory-
lation, thereby curbing cancer progression (Venit et al.
2023). Developing ECHDC2-targeted treatments for GC
requires careful design to protect healthy cells and avoid
toxicity, along with an efficient delivery system to ensure

the treatment reaches the tumor. Since ECHDC2 is often
less expressed in GC cells, focusing on patients with low
ECHDC?2 and considering gene therapy to increase its
expression may offer new treatment possibilities.
MCCC2 plays a significant role in cellular metabolism,
energy production, and tumor development. Tumor cells
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require a substantial amount of energy and biosynthetic
raw materials for rapid growth and division, increas-
ing their dependence on metabolic pathways (Pietrobon
2021). MCCC2 may play a dual role in this process: on

one hand, it contributes to providing essential biosyn-
thetic raw materials for tumor cells by participating in
the metabolism of branched-chain amino acids; on the
other hand, aberrant expression or function of MCCC2
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may be associated with the metabolic reprogramming
of tumor cells, affecting tumor growth and development
(Meierhofer et al. 2016; Liu et al. 2023). He et al. found
that MCCC2 can play an oncogenic role in prostate can-
cer by regulating the GLUD1-P38 MAPK signaling path-
way (He et al. 2020). In previous studies, the P38 MAPK
pathway was found to promote the expression of mem-
brane transport proteins, such as GLUT1, to facilitate the
entry of glucose into the cell (Zhou et al. 2021). In our
study, MCCC2 is identified as a downstream target of
ECHDC?2 in inhibiting aerobic glycolysis and prolifera-
tion of GC cells. Given the extensive role of P38 MAPK
signaling and MCCC2, this regulation has profound
implications, extending beyond glycolysis to potentially
affect other cellular processes, suggests that ECHDC2
may have a broader regulatory role in tumor cell metabo-
lism and survival.

NEDD4 is a E3 ubiquitin protein ligase in eukary-
otes. Ubiquitin ligases are key enzymes in the ubiquiti-
nation process, responsible for attaching ubiquitin, a
small protein molecule, to target proteins. Ubiquitina-
tion is a post-translational modification process that
attaches ubiquitin to substrate proteins, thereby affect-
ing their stability, localization, activity, or other functions
(Damgaard 2021). NEDD4 plays a role in a variety of
cellular processes, including protein degradation, signal
transduction, endocytosis, and membrane protein regu-
lation. Studies have shown that NEDD4 is dysregulated
in various types of cancer, potentially promoting tumor
development by affecting cell proliferation, apoptosis,
metabolism, migration, and invasion (Mao et al. 2022;
Shao et al. 2018). NEDD4 has been conclusively shown
to promote the ubiquitination and degradation of P38
MAPK and PKM2, offering critical clues to its role in cell
signal transduction (Jiang et al. 2019; Ding et al. 2021).
Based on this, our study delves further, revealing the crit-
ical function of the ECHDC2-NEDD4-MCCC2 axis in
modulating the P38 MAPK signaling pathway and glycol-
ysis in GC cells. This not only broadens our understand-
ing of NEDD4’s roles within the P38 MAPK signaling
pathway and glycolysis but also provides valuable insights
for exploring new strategies in GC treatment.

Current research on the interactions between enoyl-
CoA hydratase/isomerase family members and E3 ubiq-
uitin ligases is relatively limited. Existing studies have
primarily focused on the interactions between E3 ubiq-
uitin ligases and enoyl-CoA hydratase/isomerase family
members, which facilitate the ubiquitination and degra-
dation of the latter. For instance, Liu L et al. has shown
that the E3 ubiquitin ligase TRIM32 can interact with
CDYL to promote its ubiquitination and degradation (Liu
et al. 2022). Our study builds upon this field by reveal-
ing that the interaction between ECHDC2 and the E3
ubiquitin ligase NEDD4 impacts the ubiquitination levels

Page 11 of 16

of the substrate MCCC2. This suggests that the interac-
tion between ECHDC2 and NEDD4 could enhance the
ubiquitination of MCCC2 by altering NEDD4’s structure
or catalytic efficiency. Daniel Horn-Ghetko et al. have
shown how SCF-RBR E3-E3 super-assembly enhances
ubiquitination levels through promoting interactions and
conformational changes among substrates (Horn-Ghetko
et al. 2021). Michat Tracz et al. discovered that the E3
ubiquitin ligase SPL2, when bound to lanthanide ele-
ments like Ca2+and La3+, undergoes a conformational
change (Tracz et al. 2021). Additionally, such interactions
could also recruit cofactors that boost the ligase activity
or specificity of NEDD4 towards MCCC2. Emily Yang
et al. emphasizes the importance of specific interactions
between TRIM25 and R54P on the activity of TRIM25
(Yang et al. 2022). Indranil Paul et al. have shown how
the E3 ubiquitin ligase CHIP interacts with various cofac-
tors such as BAG2, BAG3, BAG5, and HSJ1a, regulat-
ing its activity through different mechanisms (Paul and
Ghosh 2014). The connection between the enoyl-CoA
hydratase/isomerase family members and ubiquitina-
tion highlights the multifaceted roles these enzymes play
in cellular regulation, extending beyond their traditional
metabolic functions. This connection encourages further
research into how manipulating these enzymes or their
interactions with the ubiquitination pathway can exploit
the interplay between metabolism and protein regulation
to offer new therapeutic approaches for cancer treatment.

Conclusions

We have identified a novel GC suppressor gene,
ECHDC2, which is downregulated in GC and posi-
tively correlated with poor prognosis. Mechanistically,
ECHDC2 mediates the ubiquitination and degrada-
tion of MCCC2 by NEDD4, which in turn inhibits the
P38 MAPK signaling pathway. This suppression leads
to reduced expression of downstream genes PKM2 and
GLUT]I, thereby inhibiting aerobic glycolysis and prolif-
eration in GC cells (Fig. 7). This discovery provides a new
perspective for understanding the regulatory mecha-
nisms of aerobic glycolysis and the pathogenesis of GC. It
also highlights the significance of ECHDC2 as a potential
therapeutic target for GC.

Methods

Clinical and tissue samples

Human GC samples (n=136) and matched normal tis-
sues collected during surgical resection at the Affiliated
Hospital of Nantong University from 2014 to 2016. Clini-
copathologic information is shown in Table 1. Between
2020 and 2021, another set of 20 fresh GC tissues and
adjacent normal tissues were collected from the same
source for qRT-PCR and western blotting. All patients
were pathologically diagnosed with GC, and none of
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Fig. 7 ECHDC2 inhibits the proliferation of GC cells by binding with NEDD4 to degrade MCCC2 and reduce aerobic glycolysis. The schematic of the
mechanism of action of ECHDC2 in GC cells. In GC tissues with ECHDC2 overexpression, ECHDC2 binds to NEDD4 to degrade MCCC2. This reduces the
activation of P38 MAPK and its downstream targets GLUT1 and PKM2, thereby inhibiting aerobic glycolysis and proliferation in GC cells

these patients received chemotherapy or radiotherapy
before surgery. The study was approved by the Ethics
Committee of the Affiliated Hospital of Nantong Univer-
sity (2023-K076-01), and all patients provided informed
consent.

Cell culture and reagents

GC cell lines MKN-45, HGC-27, MGC-803 and normal
gastric mucosa cells lines GES1 were purchased from
GeneChem (Shanghai, China). GC cell lines NCI-N87
was purchased from Procell (Wuhan, China). GC cells
were cultured in 1640 medium containing 10% fetal
bovine serum, 1% penicillin (100 U/ml), and 1% strepto-
mycin (100 pg/ml) in an incubator containing 5% CO, at
37 °C. Cycloheximide (CHX), MG132 and Chloroquine
(CQ) were purchased from MedChemExpress (Shanghai,
China).

Cell transfection and establishment of stable transfected
cell lines

ECHDC?2, P38 MAPK and MCCC2 overexpression plas-
mid and NEDD4 siRNA were purchased from Geneph-
arma (Shanghai, China). Cell transfection was performed
on six-well plates using jetPRIME reagents, purchased
from Polyplus (Strasbourg, France). After plasmid trans-
fection, cells were selected with G418 to establish stable
transfected cell lines. G418 was purchased from Trans-
Gen Biotech (Beijing, China).

Table 2 Primer sequence

ECHDC2 Forward: CTCTTCAGAAGTGGAGTGAAGG
Reverse: GGTCTCAATCAGTCCCATGAC
MCCC2 Forward: GAAAGTCTGGAGTAAGTGACCA
Reverse: CATCAGCAGGAAATAAAGGCTC
GLUT Forward: CTCCGGTATCGTCAACACGG
Reverse: AAGCCAAAGATGGCCACGAT
PKM?2 Forward: TCGCATGCAGCACCTGATT
Reverse: CCTCGAATAGCTGCAAGTGGTA
SDHA Forward: AGGCTTGCGAGCTGCATTTG
Reverse: AGCCCTTCACGGTGTCGTAG
G6PD Forward: AAACGGTCGTACACTTCGGG
Reverse: GGTAGTGGTCGATGCGGTAG
GAPDH Forward: TCGACCACAACTGCTTAGC

Reverse: GGCATGGACTGTGGTCATGAG

RNA isolation and quantitative real-time polymerase chain
reaction (QRT-PCR)

Total RNA was extracted from GC cells using TRIzol
reagent (Invitrogen, USA). qRT-PCR was performed fol-
lowing a previously described method (Zang et al. 2022).
The primers are shown in Table 2.

Western blotting assay

Western blotting assay were performed as described
previously (Zang et al. 2022). The antibodies used were
as follows: anti-MCCC2 (12117-1-AP, Proteintech,
China); anti-ECHDC2 (bs-13049R, Bioss, China); anti-
GLUT1 (21829-1-AP, Proteintech, China); anti-PKM2



He et al. Molecular Medicine (2024) 30:69

(15822-1-AP, Proteintech, China); anti-SDHA (14865-
1-AP, Proteintech, China); anti-G6PD (ab993, Abcam,
UK); anti-c-Myc (10828-1-AP, Proteintech, China); anti-
p-AKT (66444-1-1g, Proteintech, China); anti-P38 MAPK
(14064-1-AP, Proteintech, China); anti-ubiquitin (10201-
2-AP, Proteintech, China); anti-NEDD4 (21698-1-AP,
Proteintech, China); anti-ITCH (20920-1-AP, Protein-
tech, China); anti-CBL (25818-1-AP, Proteintech, China);
anti-GAPDH (10494-1-AP, Proteintech, China).

Glucose and lactic acid assay

Logarithmically grown cells (1x10°) were taken and
inoculated in six-well plates, the medium was collected
after 12 h of replacement and filtered through a 10-kD
spin column. Glucose and lactic acid were measured
using glucose assay kit (Bioss, China) and lactic acid
assay kit (Njjcbio, China) respectively. Glucose uptake
was determined by subtracting the final medium glucose
concentration from the initial medium glucose concen-
tration in the medium. Data were obtained from three
independent triplicates and normalized to cell number.

Colony formation assay, CCK-8 and EDU assay

Colony formation assay and CCK-8 were performed as
described previously (Zang et al. 2022). In the colony
formation assay, cells in the logarithmic growth phase
were digested, resuspended in complete medium, and
repeatedly pipetted to disperse into a single cell suspen-
sion. Cell counts were conducted, and cells were seeded
in 6-well plates at a density of 1000 cells per well, with
a total culture volume of 4 ml and 6 replicate wells per
group. The plates were then incubated at 37 °C in a 5%
CO2 incubator. The medium was changed regularly, and
the culture was continued for 2 to 3 weeks. Once colo-
nies visible to the naked eye appeared in the plates, the
culture was terminated. The supernatant was removed,
and the cells were washed twice with PBS buffer, fixed
with 4% paraformaldehyde for 30 min, washed again
twice with PBS buffer, stained with Crystal Violet Stain-
ing Solution at room temperature for 15 min, washed
again twice with PBS buffer, and finally photographed for
observation. Clone counts were performed using Image]
to calculate cloning efficiency. For the CCK-8 assay,
cells were seeded in 96-well plates at a density of 3000
cells per well, with approximately 100 pl of cell suspen-
sion per well and 6 replicate wells per group. Sterile PBS
was used to fill the peripheral wells, and the cell plate
was gently shaken to ensure even distribution of cells,
then incubated at 37 °C in a 5% CO2 incubator for 0 h,
24 h, 48 h, and 72 h. In a light-protected environment,
10 pl of CCK-8 solution was gently added to each well,
shaken gently to ensure even mixing and to avoid bubble
formation, and incubated for 1 h at 37 °C. Absorbance
at 450 nm was measured using a microplate reader. The
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EDU assay was performed using the BeyoClick™ EdU-555
Cell Proliferation Assay Kit (Beyotime, Shanghai, China)
according to the manufacturer’s instructions. Images
were captured using a Leica Thunder fully automated
inverted microscope.

Immunofluorescence (IF) assay

IF assays were performed as previously described (Zhu
et al. 2021). Briefly, treated cells were washed, fixed, per-
meabilized, and blocking. Subsequently, the cells were
co-incubated overnight with an anti-NEDD4 (21698-
1-AP, Proteintech, China) antibody at 4 °C, followed by
three washes with PBS. Next, the cells were incubated for
one hour with ABflo 488-conjugated Goat Anti-Rabbit
IgG (H+L) (AS053, ABclonal, China), then washed three
times with PBS. The cells were then incubated over-
night with the anti-ECHDC2 (bs-13049R, Bioss, China)
antibody at 4 °C, followed by washing with PBS. After-
ward, the cells were incubated for one hour with ABflo
555-conjugated Goat Anti-Rabbit IgG (H+L) (AS058,
ABclonal, China), then washed three times with PBS,
followed by overnight incubation with the anti-MCCC2
(12117-1-AP, Proteintech, China) antibody at 4 °C, and
subsequent PBS washing. Finally, the cells were incu-
bated for one hour with ABflo 647-conjugated Goat Anti-
Rabbit IgG (H+L) (AS060, ABclonal, China), and stained
for 15 min with DAPI (Cell Signaling Technology, USA).
Imaging of stained cells was captured using a Zeiss LSM
900 confocal microscope.

Tissue microarray (TMA), immunohistochemistry (IHC) and
fluorescence multipleximmunohistochemistry (mIHC)

GC tissue specimens and matched, normal, tumor-adja-
cent tissues (n=136) were prepared and used for TMAs.
We used Tissue Microarray System (Quick-Ray, UTO06,
UNITMA, Korea) in the department of clinical pathol-
ogy, Nantong University Hospital, Jiangsu, China. Core
tissue biopsies (2 mm in diameter) were taken from indi-
vidual paraffin-embedded sections and arranged in recip-
ient paraffin blocks. TMA specimens were cut into 4-pum
sections and placed on super frost-charged glass micro-
scope slides. IHC was performed as previously described
(Zhu et al. 2021). The primary antibody used were as
follows: anti-ECHDC2 (bs-13049R, Bioss, China); anti-
GLUT1 (21829-1-AP, Proteintech, China); anti-PKM2
(15822-1-AP, Proteintech, China); anti-Ki67 (ab15580,
Abcam, UK). Staining intensity was manually scored by
two independent experienced pathologists and a third
pathologist was invited to reassess when large discrepan-
cies occurred. Staining intensity was scored: 3 (strongly
positive), 2 (moderately positive), 1 (weakly positive)
and 0 (negative). Scoring was then based on the positiv-
ity rate: 4 (>75%), 3 (>50-75%), 2 (>25-50%), 1 (5-25%),
and 0 (<5%). The final score was the positivity score
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multiplied by the staining intensity score. The scores
were categorized according to the score as ECHDC2
high expression (score=3) and ECHDC2 low expression
(score<2) (Zang et al. 2022). We included both negative
controls (normal liver tissue without primary antibody)
and positive controls (normal liver tissue) to support the
validity of our staining outcomes. mIHC was conducted
using the mIHC staining kit (absin, Shanghai, China) fol-
lowing the manufacturer’s instructions. The following
primary antibodies were employed: anti-ECHDC?2, anti-
NEDD4, and anti-MCCC2.

Coimmunoprecipitation (Co-IP)

Co-IP was performed as previously described (Liu et al.
20204, b). Total cell lysates were incubated with primary
antibody at 4 °C overnight. Protein A+G agarose (Bio-
world Technology, St. Louis Park, MN, USA) was added
and then further incubated at lower 4 °C. Beads were col-
lected by centrifugation after rinsing with PBS. Finally,
samples were detected by western blotting.

Animal experiment

Ten 4-week-old male nude mice purchased from the
Model Animal Research Center of Nantong Univer-
sity (Nantong, China) were randomly divided into
two groups: the control group and the overexpression
ECHDC2 group, with five mice in each group. 200 pl
cell suspension (2x10° cells) was injected into the right
axillary subcutis of each nude mouse. The growth of the
nude mice was regularly observed, and the volume and
weight of the subcutaneous tumors were measured every
three days. 22 days later, the nude mice were executed,
and the tumors were peeled off, weighed, photographed,
recorded, and further plotted on the growth curve of
the subcutaneous tumors. All animal experiments were
approved by the Laboratory Animal Ethics Committee of
Nantong University.

Protein-protein docking

PDB structures of ECHDC2, NEDD4, and MCCC2 were
obtained from UniProt (https://www.uniprot.org/).
Docking was performed using GRAMM (https://gramm.
compbio.ku.edu/gramm). PDBePISA (https://www.ebi.
ac.uk/msd-srv/prot_int/pistart.html) was employed for
the analysis of the docking results, and the docking mod-
els with the lowest free energy were represented using
PyMOL (https://pymol.org/).

Data acquisition and processing

TCGA-STAD gene expression data were downloaded
from The Cancer Genome Atlas (TCGA, https://portal.
gdc.cancer.gov/) database. GSE27342, GSE54129 datasets
were downloaded from the Gene Expression Omnibus
(GEO, https://www.ncbinlm.nih.gov/geo/) database. The
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data underwent standardized preprocessing and were
transformed using the log2 (value+1) formula within the
R programming environment. First, extract the expres-
sion levels of each gene within the Enoyl-CoA hydratase/
isomerase family from the organized data, categorizing
them into tumor and normal groups. Subsequently, each
gene’s expression data were subjected to tests for normal-
ity and homogeneity of variance. The TCGA-STAD data-
set was analyzed using paired sample T-tests, while the
GSE27342 and GSE54129 datasets were examined using
the Mann-Whitney U test. p<0.05 was considered the
criterion for statistically significant differences.

Statistical analysis

Data were analyzed using GraphPad Prism 8.0 and the
R programming language (version 4.2.3). Measure-
ment data with normal distribution were expressed as
meantSD and statistically analyzed with two-sample t
test. Non-normal distribution measurement data were
expressed as median (range) and analyzed by Mann-
Whitney U test. The count data were expressed as the
number of cases (percentage) and analyzed by chi-square
test. For groups of three or more that conform to a nor-
mal distribution, one-way ANOVA is utilized, while for
those that do not follow a normal distribution, the Krus-
kal-Wallis test is employed. Survival rates of GC patients
were calculated by Log-rank analysis and Kaplan-Meier,
and prognostic factors were assessed using COX regres-
sion model. All statistical analyses were two-sided, and
P<0.05 was used to define statistical significance. All
experiments were conducted more than three times.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/510020-024-00832-9.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
We acknowledge all the researchers and participants to share their datasets.

Authors’ contributions

Wanjiang Xue and Yu Chen initially designed this project and conceptualized
the research. Jiancheng He and Jianfeng Yi conducted the experiments and
statistical analyses, and wrote the first draft. Li Ji and Lingchen Dai carried out
the visualizations and collected the specimens. All authors revised and edited
the original manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
(82203096, 82102720, 82102825), the Natural Science Foundation of Jiangsu
(BK20221272), the Jiangsu Commission of Health (M2021037), the Scientific
and Technological Innovation and Demonstration Project of Nantong City
(QA2023002), Natural Science Foundation of Nantong (JC2023092), Science
and Technology Bureau of Nantong (JC12022107), Fundation of Jiangsu
Province Research Hospital (YJXYY202204-7D18) and the Postgraduate
Research and Practice Innovation Program of Jiangsu Province (Grant No.
KYCX23_3432,SJCX23_1793 and SJCX22_1628).


https://www.uniprot.org/
https://gramm.compbio.ku.edu/gramm
https://gramm.compbio.ku.edu/gramm
https://www.ebi.ac.uk/msd-srv/prot_int/pistart.html
https://www.ebi.ac.uk/msd-srv/prot_int/pistart.html
https://pymol.org/
https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
https://www.ncbi.nlm.nih.gov/geo/
https://doi.org/10.1186/s10020-024-00832-9
https://doi.org/10.1186/s10020-024-00832-9

He et al. Molecular Medicine (2024) 30:69

Data availability
The data that support the findings of this study are available on request from
the corresponding author.

Declarations

Ethics approval and consent to participate

The study was approved by the Ethics Committee of the Affiliated Hospital
of Nantong University(2023-K076-01), and all patients provided informed
consent.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 4 January 2024 / Accepted: 8 May 2024
Published online: 23 May 2024

References

Agnihotri G, Liu HW. Enoyl-CoA hydratase. Reaction, mechanism, and inhibition.
Bioorg Med Chem. 2003;11(1):9-20.

Baccili Cury Megid T, Faroog AR, Wang X, Elimova E. Gastric Cancer: Molecular
mechanisms, novel targets, and immunotherapies: from bench to clinical
therapeutics. Cancers (Basel) 2023, 15(20).

Cohen-Kaplan'V, Livneh |, Avni N, Cohen-Rosenzweig C, Ciechanover A. The
ubiquitin-proteasome system and autophagy: coordinated and independent
activities. Int J Biochem Cell Biol. 2016;79:403-18.

Cui MY, Yi X, Zhu DX, Wu J. The role of lipid metabolism in gastric Cancer. Front
Oncol. 2022;12:916661.

Damgaard RB. The ubiquitin system: from cell signalling to disease biology and
new therapeutic opportunities. Cell Death Differ. 2021;28(2):423-6.

DeBerardinis RJ, Chandel NS. We need to talk about the Warburg effect. Nat Metab.
2020;2(2):127-9.

Ding H,Wang JJ, Zhang XY, Yin L, Feng T. Lycium barbarum Polysaccharide antago-
nizes LPS-Induced inflammation by altering the glycolysis and differentiation
of macrophages by triggering the degradation of PKM2. Biol Pharm Bull.
2021,44(3):379-88.

DiToro D, Harbour SN, Bando JK, Benavides G, Witte S, Laufer VA, Moseley C,

Singer JR, Frey B, Turner H, et al. Insulin-like growth factors are key regula-
tors of T Helper 17 Regulatory T Cell Balance in Autoimmunity. Immunity.
2020;52(4):650-e667610.

Gomez-Gutierrez J, Angel-Rodriguez JA, Tremblay N, Zenteno-Savin T, Aguilar-
Mendez MJ, Lopez-Cortes A, Robinson CJ. Histophagous ciliate Pseudocol-
linia brintoni and bacterial assemblage interaction with krill Nyctiphanes
simplex. II. Host responses. Dis Aquat Organ. 2015;116(3):227-36.

He J, MaoY,Huang W, Li M, Zhang H, Qing Y, Lu S, Xiao H, Li K. Methylcrotonoyl-
CoA carboxylase 2 promotes Proliferation, Migration and Invasion and
inhibits apoptosis of prostate Cancer cells through regulating GLUD1-P38
MAPK signaling pathway. Onco Targets Ther. 2020;13:7317-27.

Horn-Ghetko D, Krist DT, Prabu JR, Baek K, Mulder MPC, Klugel M, Scott DC, Ovaa
H, Kleiger G, Schulman BA. Ubiquitin ligation to F-box protein targets by SCF-
RBR E3-E3 super-assembly. Nature. 2021;590(7847):671-6.

Hwang J, Jeong CS, Lee CW, Shin SC, Kim HW, Lee SG, Youn UJ, Lee CS, Oh TJ, Kim
HJ, et al. Structural and sequence comparisons of bacterial enoyl-CoA isom-
erase and enoyl-CoA hydratase. J Microbiol. 2020;58(7):606-13.

lacobini C, Vitale M, Pugliese G, Menini S. The sweet path to cancer: focus on cel-
lular glucose metabolism. Front Oncol. 2023;13:1202093.

Jiang Y, Wu W, Jiao G, ChenY, Liu H. LncRNA SNHG1T modulates p38 MAPK pathway
through Nedd4 and thus inhibits osteogenic differentiation of bone marrow
mesenchymal stem cells. Life Sci. 2019;228:208-14.

Kadam W, Wei B, Li F. Metabolomics of gastric Cancer. Adv Exp Med Biol.
2021;1280:291-301.

Lee H, Choi JY, Joung JG, Joh JW, Kim JM, Hyun SH. Metabolism-Associated Gene
signatures for FDG Avidity on PET/CT and prognostic validation in Hepatocel-
lular Carcinoma. Front Oncol. 2022;12:845900.

Li L, Ma J. Molecular characterization of metabolic subtypes of gastric cancer
based on metabolism-related INcCRNA. Sci Rep. 2021;11(1):21491.

Page 15 of 16

Li YH, Li XF, Liu JT, Wang H, Fan LL, Li J, Sun GP. PKM2, a potential target for regulat-
ing cancer. Gene. 2018;668:48-53.

Liberti MV, Locasale JW.The Warburg Effect: how does it Benefit Cancer cells?
Trends Biochem Sci. 2016;41(3):211-8.

Liu JZ, Hu YL, Feng Y, Guo YB, Liu YF, Yang JL, Mao QS, Xue WJ. Rafoxanide promotes
apoptosis and autophagy of gastric cancer cells by suppressing PI3K /Akt/
mTOR pathway. Exp Cell Res. 2019;385(2):111691.

LiuY, Lu LL, Wen D, Liu DL, Dong LL, Gao DM, Bian XY, Zhou J, Fan J, Wu WZ. MiR-
612 regulates invadopodia of hepatocellular carcinoma by HADHA-mediated
lipid reprogramming. J Hematol Oncol. 2020a;13(1):12.

Liu JZ, Hu YL, Feng Y, Jiang Y, Guo YB, Liu YF, Chen X, Yang JL, Chen YY, Mao QS, et
al. BDH2 triggers ROS-induced cell death and autophagy by promoting Nrf2
ubiquitination in gastric cancer. J Exp Clin Cancer Res. 2020b;39(1):123.

Liu B, YiW, Mao X, Yang L, Rao C. Enoyl coenzyme a hydratase 1 alleviates nonalco-
holic steatohepatitis in mice by suppressing hepatic ferroptosis. Am J Physiol
Endocrinol Metab. 20213;320(5):E925-37.

Liu Z,Ning F, Cai Y, Sheng H, Zheng R, Yin X, Lu Z, Su L, Chen X, Zeng C, et al. The
EGFR-P38 MAPK axis up-regulates PD-L1 through mir-675-5p and down-
regulates HLA-ABC via hexokinase-2 in hepatocellular carcinoma cells.
Cancer Commun (Lond). 2021b:41(1):62-78.

Liu L, Liu TT, Xie GG, Zhu XQ, Wang Y. Ubiquitin ligase TRIM32 promotes dendrite
arborization by mediating degradation of the epigenetic factor CDYL. FASEB
J.2022;36(1):222087.

LiuW, Chen S, Xie W,Wang Q, Luo Q, Huang M, Gu M, Lan P, Chen D. MCCC2 is a
novel mediator between mitochondria and telomere and functions as an
oncogene in colorectal cancer. Cell Mol Biol Lett. 2023;28(1):80.

LuH,FengY, HuY, Guo, Liu'Y, Mao Q, Xue W. Spondin 2 promotes the pro-
liferation, migration and invasion of gastric cancer cells. J Cell Mol Med.
2020;24(1):98-113.

Mao M, Yang L, Hu J, Liu B, Zhang X, Liu Y, Wang P, Li H. Oncogenic E3 ubiquitin
ligase NEDD4 binds to KLF8 and regulates the microRNA-132/NRF2 axis in
bladder cancer. Exp Mol Med. 2022;54(1):47-60.

Meierhofer D, Halbach M, Sen NE, Gispert S, Auburger G. Ataxin-2 (Atxn2)-Knock-
out mice show branched chain amino acids and fatty acids pathway altera-
tions. Mol Cell Proteom. 2016;15(5):1728-39.

Muller-Newen G, Janssen U, Stoffel W. Enoyl-CoA hydratase and isomerase form
a superfamily with a common active-site glutamate residue. Eur J Biochem.
1995,228(1):68-73.

Padavattan S, Jos S, Gogoi H, Bagautdinov B. Crystal structure of enoyl-CoA hydra-
tase from Thermus thermophilus HB8. Acta Crystallogr F Struct Biol Commun.
2021;77(Pt 5):148-55.

Pan A, Sun XM, Huang FQ, Liu JF, Cai YY, Wu X, Alolga RN, Li P, Liu BL, Liu Q, et
al. The mitochondrial beta-oxidation enzyme HADHA restrains hepatic
glucagon response by promoting beta-hydroxybutyrate production. Nat
Commun. 2022;13(1):386.

Parisi A, Porzio G, Ficorella C. Multimodality Treatment in metastatic gastric Cancer:
from past to Next Future. Cancers (Basel) 2020, 12(9).

Paul |, Ghosh MK. The E3 ligase CHIP: insights into its structure and regulation.
Biomed Res Int. 2014;2014:918183.

Pietrobon V. Cancer metabolism. J Transl Med. 2021;19(1):87.

Raffeiner M, Zhu S, Gonzalez-Fuente M, Ustun S. Interplay between autophagy and
proteasome during protein turnover. Trends Plant Sci. 2023,28(6):698-714.

Rustin P Munnich A, Rotig A. Succinate dehydrogenase and human diseases: new
insights into a well-known enzyme. Eur J Hum Genet. 2002;10(5):289-91.

Schlaepfer IR, Glode LM, Hitz CA, Pac CT, Boyle KE, Maroni P, Deep G, Agarwal R,
Lucia SM, Cramer SD, et al. Inhibition of lipid oxidation increases glucose
metabolism and enhances 2-Deoxy-2-[(18)F]Fluoro-D-Glucose uptake in
prostate Cancer Mouse xenografts. Mol Imaging Biol. 2015;17(4):529-38.

Shao G, Wang R, Sun A, Wei J, Peng K, Dai Q, Yang W, Lin Q. The E3 ubiquitin ligase
NEDD4 mediates cell migration signaling of EGFR in lung cancer cells. Mol
Cancer. 2018;17(1):24.

Smyth EC, Nilsson M, Grabsch HI, van Grieken NC, Lordick F. Gastric cancer. Lancet
(London England). 2020;396(10251):635-48.

Sun C,Wang A, Zhou Y, Chen P, Wang X, Huang J, Gao J, Wang X, Shu L, Lu J, et al.
Spatially resolved multi-omics highlights cell-specific metabolic remodeling
and interactions in gastric cancer. Nat Commun. 2023;14(1):2692.

Tan, LiJ, Zhao G, Huang KC, Cardenas H, Wang Y, Matei D, Cheng JX. Metabolic
reprogramming from glycolysis to fatty acid uptake and beta-oxidation in
platinum-resistant cancer cells. Nat Commun. 2022;13(1):4554.

Tao G, Wen X, Wang X, Zhou Q. Bulk and single-cell transcriptome profiling reveal
the metabolic heterogeneity in gastric cancer. Sci Rep. 2023;13(1):8787.



He et al. Molecular Medicine (2024) 30:69

TeSlaa T, Ralser M, Fan J, Rabinowitz JD. The pentose phosphate pathway in health
and disease. Nat Metab. 2023;5(8):1275-89.

Tracz M, Gorniak |, Szczepaniak A, Bialek W. E3 ubiquitin ligase SPL2 is a lanthanide-
binding protein. Int J Mol Sci 2021, 22(11).

Venit T, Sapkota O, Abdrabou WS, Loganathan P, Pasricha R, Mahmood SR, El Said
NH, Sherif S, Thomas S, Abdelrazig S, et al. Positive regulation of oxidative
phosphorylation by nuclear myosin 1 protects cells from metabolic repro-
gramming and tumorigenesis in mice. Nat Commun. 2023;14(1):6328.

Wang Y, Lu JH, Wu QN, JinY, Wang DS, Chen YX, Liu J, Luo XJ, Meng Q, Pu HY, et
al. LncRNA LINRIS stabilizes IGF2BP2 and promotes the aerobic glycolysis in
colorectal cancer. Mol Cancer. 2019;18(1):174.

Wang N, Tan HY, Lu Y, Chan YT, Wang D, Guo W, Xu Y, Zhang C, Chen F, Tang G, et al.
PIWIL1 governs the crosstalk of cancer cell metabolism and immunosuppres-
sive microenvironment in hepatocellular carcinoma. Signal Transduct Target
Ther. 2021,6(1):86.

Wang J, Huang J, Wang H, Yang W, Bai Q, Yao Z, Li Q, Lv H, Chen B, Nie C, et al.
Personalized treatment of Advanced Gastric Cancer guided by the MiniPDX
Model. J Oncol. 2022,2022:1987705.

WeiY, Miao Q, Zhang Q Mao S, Li M, Xu X, Xia X, Wei K, Fan'Y, Zheng X, et al.
Aerobic glycolysis is the predominant means of glucose metabolism in
neuronal somata, which protects against oxidative damage. Nat Neurosci.
2023,26(12):2081-9.

Wheeler LJ, Watson ZL, Qamar L, Yamamoto TM, Sawyer BT, Sullivan KD, Khanal S,
Joshi M, Ferchaud-Roucher V, Smith H, et al. Multi-omic approaches identify
metabolic and Autophagy regulators important in ovarian Cancer dissemina-
tion. iScience. 2019;19:474-91.

Wu L, JinY, Zhao X, Tang K, Zhao Y, Tong L, Yu X, Xiong K, Luo C, Zhu J, et al.
Tumor aerobic glycolysis confers immune evasion through modulating
sensitivity to T cell-mediated bystander killing via TNF-alpha. Cell Metab.
2023,35(9):1580-e15961589.

Xian H, Zhang H, Zhu H, Wang X, Tang X, Mao Y, Zhu J. High APRIL expression
correlates with unfavourable survival of gastrointestinal stromal tumour.
Pathology. 2014;46(7):617-22.

Xiong Z,LinY,YuY, Zhou X, Fan J, Rog CJ, Cai K, Wang Z, Chang Z, Wang G, et al.
Exploration of lipid metabolism in gastric Cancer: a novel prognostic genes
expression Profile. Front Oncol. 2021;11:712746.

Xu X, Peng Q, Jiang X, Tan S, Yang Y, Yang W, Han Y, Chen Y, Oyang L, Lin J, et al.
Metabolic reprogramming and epigenetic modifications in cancer: from
the impacts and mechanisms to the treatment potential. Exp Mol Med.
2023,55(7):1357-70.

Yang Y, Lu Q, Shao X, Mo B, Nie X, Liu W, Chen X, Tang Y, Deng Y, Yan J. Develop-
ment of a three-gene prognostic signature for Hepatitis B Virus Associated

Page 16 of 16

Hepatocellular Carcinoma Based on Integrated Transcriptomic Analysis. J
Cancer. 2018;9(11):1989-2002.

Yang E, Huang S, Jami-AlahmadiY, McInerney GM, Wohlschlegel JA, Li MMH.
Elucidation of TRIM25 ubiquitination targets involved in diverse cellular and
antiviral processes. PLoS Pathog. 2022;18(9):e1010743.

Yu LY, Shueng PW, Chiu HC, Yen YW, Kuo TY, Li CR, Liu MW, Ho CH, Ho TH, Wang
BW, et al. Glucose transporter 1-Mediated transcytosis of glucosamine-
labeled liposomal ceramide targets Hypoxia niches and Cancer Stem cells to
Enhance Therapeutic Efficacy. ACS Nano. 2023;17(14):13158-75.

Zang WJ, Hu YL, Qian CY, Feng Y, Liu JZ, Yang JL, Huang H, Zhu YZ, Xue WJ. HDAC4
promotes the growth and metastasis of gastric cancer via autophagic degra-
dation of MEKK3. Br J Cancer. 2022;127(2):237-48.

Zhang L, WeiY, Yuan S, Sun L. Targeting mitochondrial metabolic reprogramming
as a potential Approach for Cancer Therapy. Int J Mol Sci 2023, 24(5).

Zhao S, XuW, Jiang W, Yu W, Lin Y, Zhang T, Yao J, Zhou L, Zeng Y, Li H, et al.
Regulation of cellular metabolism by protein lysine acetylation. Science.
2010;327(5968):1000-4.

Zhao L, LiuY, Zhang S, Wei L, Cheng H, Wang J, Wang J. Impacts and mechanisms
of metabolic reprogramming of tumor microenvironment for immunother-
apy in gastric cancer. Cell Death Dis. 2022;13(4):378.

Zhong B, Jiang D, Hong Y, Li L, Qiu L, Yang R, Jin X, Song Y, Chen C, Li B. Glucose-
6-phosphate dehydrogenase neutralizes stresses by supporting reductive
glutamine metabolism and AMPK activation. Signal Transduct Target Ther.
2021:6(1):46.

Zhou MY, Cheng ML, Huang T, Hu RH, Zou GL, Li H, Zhang BF, Zhu JJ, Liu YM, Liu
Y, et al. Transforming growth factor beta-1 upregulates glucose transporter
1 and glycolysis through canonical and noncanonical pathways in hepatic
stellate cells. World J Gastroenterol. 2021;27(40):6908-26.

Zhu LF, Ma P, Hu YL, Feng Y, Li P, Wang H, Guo YB, Mao QS, Xue WJ. HCCR-1 is a
Novel Prognostic Indicator for gastric Cancer and promotes cell proliferation.
JCancer. 2019;10(15):3533-42.

Zhu B, Chen JJ, Feng Y, Yang JL, Huang H, Chung WY, Hu YL, Xue WJ. DNMT1-
induced miR-378a-3p silencing promotes angiogenesis via the NF-kappaB
signaling pathway by targeting TRAF1 in hepatocellular carcinoma. J Exp Clin
Cancer Res. 2021;40(1):352.

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



	﻿ECHDC2 inhibits the proliferation of gastric cancer cells by binding with NEDD4 to degrade MCCC2 and reduce aerobic glycolysis
	﻿Abstract
	﻿Background
	﻿Results
	﻿ECHDC2 is downregulated in GC tissues
	﻿ECHDC2 inhibits the proliferation of GC cells in vivo and in vitro
	﻿ECHDC2 inhibits aerobic glycolysis in GC cells
	﻿ECHDC2 inhibits aerobic glycolysis and proliferation in GC cells via the P38 MAPK pathway
	﻿ECHDC2 inhibits aerobic glycolysis and proliferation in GC cells by promoting the ubiquitination and degradation of MCCC2
	﻿ECHDC2 mediates the ubiquitination and degradation of MCCC2 through NEDD4

	﻿Discussion
	﻿Conclusions
	﻿Methods
	﻿Clinical and tissue samples
	﻿Cell culture and reagents
	﻿Cell transfection and establishment of stable transfected cell lines
	﻿RNA isolation and quantitative real-time polymerase chain reaction (qRT-PCR)
	﻿Western blotting assay
	﻿Glucose and lactic acid assay
	﻿Colony formation assay, CCK-8 and EDU assay
	﻿Immunofluorescence (IF) assay
	﻿Tissue microarray (TMA), immunohistochemistry (IHC) and fluorescence multiplex immunohistochemistry (mIHC)
	﻿Coimmunoprecipitation (Co-IP)
	﻿Animal experiment
	﻿Protein-protein docking
	﻿Data acquisition and processing
	﻿Statistical analysis

	﻿References


