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EID3 Promotes Glioma Cell Proliferation and Survival by 
Inactivating AMPKα1
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Objective : EID3 (EP300-interacting inhibitor of differentiation) was identified as a novel member of EID family and plays a pivotal 
role in colorectal cancer development. However, its role in glioma remained elusive. In current study, we identified EID3 as a novel 
oncogenic molecule in human glioma and is critical for glioma cell survival, proliferation and invasion. 
Methods : A total of five patients with glioma were recruited in present study and fresh glioma samples were removed from 
patients. Four weeks old male non-obese diabetic severe combined immune deficiency (NOD/SCID) mice were used as transplant 
recipient models. The subcutaneous tumor size was calculated and recorded every week with vernier caliper. EID3 and AMP-activated 
protein kinase α1 (AMPKα1) expression levels were confirmed by real-time polymerase chain reaction and Western blot assays. 
Colony formation assays were performed to evaluate cell proliferation. Methyl thiazolyl tetrazolium (MTT) assays were performed for cell 
viability assessment. Trypan blue staining approach was applied for cell death assessment. Cell Apoptosis DNA ELISA Detection Kit 
was used for apoptosis assessment.
Results : EID3 was preferentially expressed in glioma tissues/cells, while undetectable in astrocytes, neuronal cells, or normal 
brain tissues. EID3 knocking down significantly hindered glioma cell proliferation and invasion, as well as induced reduction of 
cell viability, apoptosis and cell death. EID3 knocking down also greatly inhibited tumor growth in SCID mice. Knocking down of 
AMPKα1 could effectively rescue glioma cells from apoptosis and cell death caused by EID3 absence, indicating that AMPKα1 acted 
as a key downstream regulator of EID3 and mediated suppression effects caused by EID3 knocking down inhibition. These findings 
were confirmed in glioma cells generated patient-derived xenograft models. AMPKα1 protein levels were affected by MG132 
treatment in glioma, which suggested EID3 might down regulate AMPKα1 through protein degradation.
Conclusion : Collectively, our study demonstrated that EID3 promoted glioma cell proliferation and survival by inhibiting AMPKα1 
expression. Targeting EID3 might represent a promising strategy for treating glioma.
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INTRODUCTION

Gliomas comprise about one third of all brain tumors and 

more than three quarter of all malignant brain tumors1,2,32). It 

is considered as one of the most aggressive human malignan-

cies5,14). The prognosis of glioma patients is extremely poor due 

to lack of approaches for early-diagnosis18,24). And rapid pro-

gression of glioma also greatly contributes to its dismal out-

comes26,38). Currently, molecule-targeted therapeutic strategy 

has become the focus of glioma research, and showed promis-

ing prospects, which leads to an urgent demand for novel 

therapeutic targets of glioma.

EID3 (EP300-interacting inhibitor of differentiation) was 

identified as a novel member of EID family, which inhibits 

CREB binding protein (CBP)-dependent co-activation3). Pre-

vious studies revealed that it could inhibit cellular differentia-

tion by binding to class I histone deacetylases (HDAC) or 

CBP/P300 complex3,15,28). A pilot study reported that EID3 

serves as a key regulator of cancer stem cell in colorectal can-

cer27). With decreased proteasome activity, EID3 is transcrip-

tionally up-regulated, resulting in activation of Wnt-β-catenin 

signaling pathway, which plays a vital role in proliferation, in-

vasion, and self-renew of colorectal cancer stem cells27). How-

ever, the function of EID3 in glioma cell remained elusive.

AMP-activated protein kinase (AMPK) is identified as a 

master regulator of energy and metabolism with a highly-con-

served trait4,23). Moreover, AMPK can restore energy balance 

during metabolic stress31,39). Previous investigations reported 

that AMPK acted as a vital suppressor in cancer through vari-

ous ways7,36,41). Activated AMPK could inhibit the activation of 

mechanistic target of rapamycin complex 1 (mTORC1), which 

is considered as a key regulator of oncogenic cascade in tumor 

development and progression8,10,16). Moreover, recent studies re-

vealed that activated AMPK could trigger autophagy to inhibit 

cancer cell proliferation and induce cell death19,25). Additionally, 

AKT-MDM2-Foxo3 cascade is blocked after AMPK activa-

tion9). AMPK was also reported to be highly suppressed in glio-

ma, and restoration of AMPK expression in glioma showed 

promising therapeutic potential40). The identifying of AMPK as 

a novel key upstream regulator in glioma might imply a novel 

strategy to glioma therapy. We also search AMPKα1, one of 

major regulators in AMPK signal pathway, in the Cancer Ge-

nome Atlas data set and found that it was a mutant gene in the 

pathogenesis of glioma, and the mutation rate was 57.14%. The 

type of mutation is substitution, and the result of mutation is 

missense.

In this study, we explored the function of EID3 in glioma 

cell proliferation, survival, death, and invasion. Our data iden-

tified EID3 as a novel upstream inhibitor of APMK, which 

provide a new insight into the mechanism of glioma progres-

sion and indicated that EID3 might be a promising target for 

glioma therapy.

MATERIALS AND METHODS

The protocols of using human cells and tissues were in ac-

cordance with the principle of Declaration of Helsinki, and 

were approved by the Ethics Review Board (ERB) of Minhang 

Hospital. 

Cell culture
A172 glioma cell line was purchased from the Cell Bank of 

Chinese Academy of Sciences (Shanghai, China). A172 cells 

were cultured in DMEM medium (Gibco, New York, NY, USA) 

supplemented with 10% fatal bovine serun (FBS) (Invitrogen, Carls-

bad, CA, USA), 100 U/mL penici l lin and 100 µg/mL 

streptomycin (Gibco) at 37°C in a humidified incubator 

(Thermo-Fisher, Waltham, MA, USA) with 5% CO2. All ex-

periments were conducted with cells passage less than eight 

times. DNA fingerprinting and profiling were performed ev-

ery 5 months to verify the cell line phenotype. Human astro-

cyte culture was performed according to previous studies11,21). 

Clinical glioma tissues
A total of five patients with glioma were recruited in present 

study (male, World Health Organization grade III, age 54–68) 

at Minhang Hospital. Right after surgery, tumor tissues and 

surrounding normal brain tissues were collected, and separat-

ed carefully under microscope. Glioma was defined by patho-

logical tests with both fresh frozen section tissue and forma-

lin-fixed paraffin-embedded (anaplastic astrocytoma). Tissues 

were carefully washed with pre-cold PBS, and then minced for 

homogenization with tissue lysis buffer (Invitrogen). Written 

informed consent was obtained from each participant. 

Cell viability, death, and apoptosis evaluations
Methyl thiazolyl tetrazolium (MTT) assays were performed 
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for cell viability assessment. After different treatments, 0.5 

mg/mL MTT reagent was added into the culture medium and 

then incubated for 4 hours at 37°C. Purple formazan salt crys-

tals were dissolved by adding the solubilization solution with 

10% sodium dodecyl sulfate (SDS) and 0.01 M HCl. The ab-

sorption at 490 nm was measured using a multi-well plate 

reader. 

For cell death assessment, trypan blue staining approach 

was applied. Attached cells were digested with trypsin/ethyl-

ene diamine tetraacetic acid (EDTA), suspended in 1X PBS, 

and mixed with 0.4% trypan blue dye (Sigma, St. Louis, MO, 

USA). Dead cells would take up trypan blue due to compro-

mised cell membranes, while viable cells would not due to the 

membrane integrity. The percentages of dead cell were record-

ed for further assessments. Cell Apoptosis DNA ELISA Detec-

tion Kit (Roche, San Francisco, CA, USA) was used for apop-

tosis assessment according to manufacturer’s instructions. 

Cell proliferation, migration, and invasion evalu-
ations

To evaluate cell proliferation, colony formation assays were 

performed. A172 cells were harvested with trypsin/EDTA and 

re-suspended in pre-cold PBS before being seeded in a 6-well 

plate at a density of 500 cells per well with completed DMEM 

medium (10% FBS). The cells were cultured for 21 days before 

the cell colonies were stained with crystal violet solution (Sig-

ma). Number of viable colonies was recorded. 

EID3, and AMPKα1 knocking down
Control lentivirus pLKO.1 vector and pLKO.1 vectors con-

taining shRNA for EID3 (RHS4531-EG493861) were pur-

chased from Thermo Fisher Scientific (Waltham, MA, USA). 

Glioma cells were infected with viral particles twice for the es-

tablishment of stable EID3 knocking down clones. Stable 

transfected cells were selected with puromycin (2 µg/mL). 

Knocking down efficiency were confirmed by real-time poly-

merase chain reaction (RT-PCR) and Western blot (WB) as-

says.

Two lentiviral AMPKα1 shRNAs were purchased from San-

ta Cruz Biotech (shAMPKα1-1; Santa Cruz, CA, USA) and 

GeneChem (shAMPKα1-2; Montreal, Canada). Each shRNA 

was added into A172 cells separately for 24 hours. The cell cul-

ture medium was then replaced by fresh medium for an addi-

tional 24 hours. Stable clones expressing AMPKα shRNA were 

selected by puromycin (0.5 µg/mL; Sigma) for a period of 10 

days. Control cells were infected with lentiviral scramble shR-

NA (Santa Cruz Biotech). Knocking down efficiencies were 

evaluated by RT-PCR and WB assays. 

Construction of AMPKα1 dominant negative  
mutation

The dominant negative AMPKα (DN-AMPKα, T172A) 

construct was designed as mentioned before. Glioma cells 

were cultured in a medium without antibiotics when reached 

60–70% confluence. Then DN-AMPKα cDNA (0.10 µg/mL) 

was transfected into the glioma cells followed by Lipo-

fectamine 2000 protocol. Afterwards, stable cells were selected 

via neomycin (1.0 µg/mL; Sigma). Transfection efficiency was 

verified via WB.

RT-PCR assays
Total RNA was extracted from cells using RNeasy Mini 

Kit (Qiagen, Dusseldorf, Germany), and reversed transcript 

using Quantitect Reverse Transcription Kit (Qiagen) ac-

cording to the manufacturer’s instructions. The RT-PCR 

mixtures contained 2× QuantiTect SYBR Green PCR Mas-

ter Mix (Qiagen), 10× QuantiTect primer assay mix, and 

synthesized cDNA. Amplification was performed in tripli-

cate for each sample on a Lightcyle 480 platform (Roche, 

Mannheim, Germany). EID3 protein expression levels were 

normalized to glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) levels. Primer sequences were shown as follows : 

GADPH, forward (F), TGCACCACCAACTGCTTAGC; re-

verse (R), GGCATGGACTGTGGTCATGAG; EID3, F, 

GGAGGCACCTCAGTCATGATA; R, GTCCACAAA-

CAGTTCTCTGAC. 

WB assays
Cells were lysed in RIPA lysis buffer (Beyotime, Shanghai, 

China) with PMSF (Roche, Mannheim, Germany). Superna-

tant was collected after centrifugation at 13000 ×g at 4°C for 

10 minutes. Protein concentration was measured with a BCA 

protein kit (Beyotime) and the whole lysates were mixed with 

4× SDS loading buffer (125 mmol/Tris-HCl, 4% SDS, 20% 

glycerol, 100 mmol/L DTT, and 0.2% bromophenol blue). 

Protein samples were heated to 100°C for 5 minutes. For the 

WB, 30 µg total protein samples were loaded to a SDS-poly-

acrylamide gel. After electrophoresis, the protein was trans-
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ferred to a polyvinylidene fluoride membrane blocked in 5% 

fat-free milk and incubated with antibodies against EID3 (1 : 

800; Abcam, Burlingame, CA, USA), AMPKα1 (1 : 1000; CST, 

Chicago, IL, USA), pS6K1 (1 : 1000; Abcam), S6K1 (1 : 750; 

Abcam), LC3B-I (1 : 1000; Abcam), LC3B-II (1 : 800; Abcam), 

Becllin (1 : 750; Pharmingen, San Diego, CA, USA), ATG-5 (1 : 

800; Abcam), ATG-7 (1 : 1000; Abcam), p62 (1 : 1000; Abcam), 

pAMPKα1 (1 : 1000; Abcam), ACC (1 : 1000; Abcam), pACC 

(1 : 1000; Abcam), and Tubulin (1 : 1000, Proteintech, Wuhan, 

China) overnight at 4°C, followed by another 2 hours incuba-

tion with horseradish peroxidase-conjugated anti-rabbit sec-

ondary antibody (1 : 5000; Jackson ImmunoResearch Labs, 

West Grove, PA, USA). GAPDH was served as a loading con-

trol. NIH Image J software (Bethesda, MD, USA) was used for 

the densitometric analysis of the WB. The protein levels were 

normalized with GAPDH.

Glioma Xenograft assays
Specific pathogen-free BALB/c nude mice (4–6 weeks old) 

purchased from the Chinese Academy of Medical Science 

were injected with 5×106 glioma cells subcutaneously into the 

left upper f lank regions. The subcutaneous tumor size was 

calculated and recorded every week with vernier caliper as fol-

lows : tumor volume (mm3)=(L×W2)/2, where L=long axis 

and W=short axis, the measurements were repeated three 

times.

Construction of patients-derived xenografts 
models and primary glioma cells

Glioma patient-derived xenograft (PDX) models were gen-

erated according to a previous study17). Brief ly, 4 weeks old 

male non-obese diabetic severe combined immune deficiency 

(NOD/SCID) mice were used as transplant recipient models 

and raised in the aseptic environment. Fresh glioma samples 

were cut into 1mm pieces within 1 hour after removal from 

patients. Tissue fragments were incubated in DMEM medium 

mixed with 50% Matrigel™ (BD, Franklin Lakes, NJ, USA), 

10 ng/mL epidermal growth factor (Gibco), 10 ng/mL basic fi-

broblast growth factor (Gibco), 100 U/mL penicillin, and 100 

U/mL streptomycin for 30 minutes. The whole tumor tissue 

mixture was then transplanted into the right f lanks of mice 

(n=3; 4–5 weeks old; Shanghai Institute of Material Medicine, 

Chinese Academy of Science) subcutaneously with a #20 tro-

car. Animal welfare and experimental protocols were ap-

proved by the Shanghai Medical Experimental Animal Care 

Commission. Primary EID3 expression levels were detected 

by RT-PCR and WB prior to tissue transplantation. Single gli-

oma cell suspension was made according to a previous study6). 

All the samples were mechanically disaggregated and digested 

with type IV collagenase (Gibco) within one hour, and resus-

pended in DMEM medium. The treated tissue was filtrated 

through a 40 µm filter to obtain the single-cell suspension. 

Red blood cells were lysed with ACK buffer (Invitrogen). The 

number of viable cells was counted and analyzed by trypan 

blue analysis (Procell, Wuhan, China).

Statistical analysis
Statistical analyses were performed with SPSS ver. 20.0 for 

Mac (IBM, Armonk, NY, USA). Quantitative data presented 

as mean±standard error are from at least three independent 

experiments. Continuous data were analyzed by one-way 

analysis of variance and Student’s t-test, and categorical data 

were analyzed by Fisher’s exact test or chi-square test. A p-val-

ue <0.05 was considered statistically significant.

RESULTS

EID3 is preferentially expressed in glioma cells 
and correlated with AMPKα1

EID3 expression level in glioma cells was evaluated by 

quantitative PCR and WB. Results of RT-PCR assays showed 

that EID3 only expressed in glioma cells, and undetectable in 

human astrocyte and neuronal cells (HCN-1a cell line) (Fig. 

1A). WB assays further validated the findings of RT-PCR (Fig. 

1B). Since AMPK was identified as a key suppressor in glioma, 

we next investigate the correlation between EID3 and 

AMPKα1, an active form of AMPK. The WB results showed 

that EID3 expression was correlated with AMPKα1 downreg-

ulation (Fig. 1B). AMPK inhibition could result in mTORC1 

activation process, during which phosphorylation of S6K1 was 

considered as a hallmark. Hence, we further explore the S6K1 

activation status. Our data showed that the S6K1 phosphory-

lation was increased in AMPKα1-low A172 cells. However, the 

pS6K1 level was low in EID3-null astrocytes and HCN-1a cells 

which with a high AMPKα1 expression (Fig. 1B).

EID3 and AMPKα1 expression status were also evaluated in 

human glioma tissues. As shown in Fig. 1C, EID3 expression 
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could be detected in four of five patients (80%) enrolled, how-

ever, it could not be detected in surrounding normal brain tis-

sues. Also, EID3 expression was correlated with downregula-

tion of AMPKα1, which consistent with the results in A172 

cells. 

EID3 knocking down inhibited proliferation,  
survival, and invasion of glioma cell

EID3 expression was knocking down with two shRNAs tar-

geting different sites of EID3 cDNA, the efficiencies of knock-

ing down were validated through RT-PCR and WB (Fig. 2A). 

Remarkably, EID3 knocking down could restore AMPKα1 ex-

pression, resulting in inhibition of S6K1 (Fig. 2A). Colony for-

mation assays demonstrated that EID3 knocking down signif-

icantly inhibited A172 cell proliferation (p<0.05, Fig. 2B). 

Meanwhile, Transwell assays indicated that the number of 

migrated and invaded cells was significantly decreased when 

EID3 expression is knocked down (Fig. 2C and Supplementa-

ry Fig. 1). Based on the MTT results, we found the number of 

viable cells was significantly decreased after EID3 knocking 

down. We also found that EID3 shRNA could induce cell 

death according to trypan blue staining. Additionally, Histone 

DNA apoptosis ELISA assay revealed EID3 shRNA could in-

duce apoptosis in glioma cells (Fig. 2D), while the scramble 

non-sense control shRNA exhibited no effects on glioma cell 

proliferation, death, and apoptosis.

According to a previous report22), AMPK activation would 

trigger autophagy by activating Ulk1 or inhibiting mTOR sig-

naling. Since our results indicated that EID3 could restore 

mTOR activation by downregulating AMPKα1, we further in-

vestigated the effects of EID3 on autophagy in glioma cells. 

Our data indicated that EID3 shRNA could induce increased 

Beclin-1, ATG-5, and ATG-7 expression, LC3B-I to LC3B-II 

switch, and p62 degradation, which confirmed that EID3 

knocking down glioma cells exhibited autophagy-like changes 

(Fig. 2E).

We also validated in vivo proliferation inhibition of EID3. 

A172 cells that stable express EID3 shRNAs and parental con-

trol A172 cells were injected into the flanks of SCID mice, and 

tumor volumes and weights were recorded. As Fig. 2F demon-

strated, tumors generated from EID3 knocking down A172 

cells grew significantly slower than control tumors (sh-C). 

Moreover, weights of tumor generated from EID3 knocking 

down A172 cells were significantly lighter than those of con-

trol tumors. 

Validation of AMPKα1 as the key downstream 
molecule of EID3 pathway，EID3 might decrease 
AMPKα1 level by promoting protein degradation

Our results indicated that EID3 knocking down could re-

store AMPKα1 expression and inhibit tumor growth and in-

vasion. We further explored whether AMPKα1 served as the 

key inhibitor that mediated the inhibition effects following 

EID3 knocking down. For this purpose, AMPKα1 was 

knocked down in A172 cells expressing shEID3 (Fig. 3A). We 

found that AMPKα1 inhibition could restore the activation of 

S6K1 in EID3 knocking down cells (Fig. 3A). However, 

AMPKα1 knocking down did not affect expression status of 

EID3. Moreover, cell viability reduction and cell apoptosis 

caused by EID3 knocking down could be largely attenuated by 

AMPKα1 knocking down inhibition (Fig. 3B).

To further study the role of AMPKα1, a dominant negative 

AMPKα1 mutant (DN-AMPKα1, T172A) were introduced 

into A172 cells, aiming to block AMPKα1 activation following 

Fig. 1. eid3 preferentially expressed in glioma cells and correlated with 
aMP-activated protein kinase α1 (aMPKα1) downregulation. eid3 
preferentially expressed in glioma cells and correlated with aMPKα1 
downregulation. a : mRNa expression of eid3 in primary astrocyte, 
neuronal cell (hcN-1a), and a172 glioma cells assessed by real-time 
polymerase chain reaction assays. b : Protein expression of eid3, 
aMPKα1, pS6K1, and S6K1 in primary astrocyte, neuronal cell (hcN-1a), 
and a172 glioma cells assessed by Wb assays. Tubulin was used as an 
internal control. c : eid3 and aMPKα1 protein expression in human 
glioma tissues and paired surrounding normal brain tissues assessed by 
Wb assays. eid3 : eP300-interacting inhibitor of differentiation, Wb : 
Western blot.
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EID3 knocking down. WB assays confirmed exogenous ex-

pression of the DN-AMPKα1 in A172 cells (Fig. 3C). As ex-

pected, EID3 knocking down inhibition greatly activated 

AMPKα1, which can be proven by increased expression levels 

of p-AMPKα1 and p-ACC (Fig. 3D). However, such effects 

were significantly hindered by DN-AMPKα1 (Fig. 3D). Con-

sistently, forced expression of DN-AMPKα1 did not rescue the 

inhibition effects of EID3 knocking down on cell survival 

(Fig. 3E) and death (Fig. 3F). Meanwhile, all control shRNAs 

showed no significant effects on A172 cells. Through RT-PCR 
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assays, we found that neither EID3 shRNA could decrease 

AMPKα1 mRNA expression (Fig. 3G), which suggested EID3 

regulates AMPKα1 expression through a non-transcriptional 

way. Therefore, MG132, a proteasome inhibitor, was intro-

duced to test our hypothesis. WB assays showed that MG132 

restored AMPKα1 expression in A172 cells with high EID3 

expression (Fig. 3H). Also, MG132 reactivated the mTOR sig-

naling, supported by increased pS6K1 level after treatment 
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(Fig. 3H). However, MG132 showed no significant influence 

on the mRNA expression of AMPKα1 (Fig. 3I). To exclude the 

possibility that EID3 inhibits the protein synthesis process of 

AMPKα1, cycloheeximide (CHX), an inhibitor of protein syn-

thesis was used. Results showed that CHX treatment could 

not affect the expression level of AMPKα1 in EID3 knocking 

down A172 cells (Fig. 3J), which indicated that increased ex-

pression of AMPKα1 in EID3 knocking down cells might not 

due to promoted protein synthesis. Collectively, these data 

implied that EID3 might induce ubiquitination and protea-

Fig. 4. aMP-activated protein kinase (aMPK) mediated viability reduction and cell death in eid3 knocking down primary glioma cells. a : Protein 
expression of eid3, aMPKα1, pS6K1, and S6K1 in three tumor with descending eid3 level from PdX models. b : growth curves indicated that eid3 
expression level correlated with glioma growth speed in PdX models. T1 (high eid3) grew significantly faster than T2 and T3. T2 also showed 
significantly faster growth than T3 did. c : effects of eid3 knocking down on the expression level of aMPKα1, pS6K1, and S6K1 in primary glioma cells 
generated from PdX model T1 (high eid3 expression). d : expressions of listed autophagy-associated genes were detected by Western blot assays after 
eid3 knocking down in in primary glioma cells generated from PdX model T1. e : effects of aMPKα1 knocking down on S6K1 activation status in primary 
glioma cells expressing eid3 shRNa3. f : effects of aMPKα1 knocking down on cell survival (left) and death (right) in primary glioma cells expressing 
eid3 shRNa3. aMPKα1 knocking down largely attenuated the viability reduction and cell death caused by eid3 inhibition (p<0.05). *p<0.05. eid3 : 
eP300-interacting inhibitor of differentiation, MTT : methyl thiazolyl tetrazolium, Od : optical density, PdX : patient-derived xenograft.
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somal degradation of AMPKα1.

AMPK mediated viability reduction and cell death 
in EID3 knocking down primary glioma cells

To validate the function of EID3 in primary glioma, we 

generated three patient-derived xenograft model with de-

scending EID3 expression (T1, high; T2, moderate; T3, low). 

The EID3 expression status were confirmed by WB assays 

(Fig. 4A). Accordingly, primary glioma with high EID3 ex-

pression showed lower level of AMPKα1 but high pS6K1 ex-

pression (T1), while tumor with undetectable EID3 exhibited 

high level of AMPKα1 and low level pS6K1 (T3, Fig. 4A). We 

observed that T1 (high EID3) grew significantly faster than T2 

and T3, based on bigger tumor volumes (Fig. 4B). Moreover, 

T2 also showed significantly faster growth than T3 did (Fig. 4B).

We then separated single glioma cells from T1 tumor tissue 

and transfected it with EID3 shRNA to explore the effects of 

EID3 knocking down in primary glioma. WB assays con-

firmed the efficiencies of EID3 knocking down and demon-

strated that EID3 knocking down resulted in upregulation of 

AMPKα1 and inactivation of S6K1 (Fig. 4C). Furthermore, we 

also observed an autophagy-like phenotype in primary glioma 

cells with EID3 knocking down, which were similar to those 

findings in A172 cells (Fig. 4D). To further validate the role of 

AMPKα1, primary T1 glioma cells were transfected with 

AMPKα1 shRNA. Notably, AMPKα1 knocking down could 

effectively restore the pS6K1 level in primary glioma cells 

transfected with EID3 shRNAs (Fig. 4E). Moreover, AMPKα1 

knocking down largely attenuated the viability reduction and 

cell death caused by EID3 inhibition (Fig. 4F). These results in 

primary glioma cells further confirmed that AMPK mediated 

viability reduction and cell death by EID3 knocking down.

DISCUSSION
 

Present study identified EID3 as a novel oncogenic molecule 

in human glioma, and was critical for glioma cell survival, 

proliferation and invasion. EID3 was preferentially expressed 

in glioma tissues/cells, while undetectable in astrocytes, neu-

ronal cells, or normal brain tissues. Importantly, EID3 knock-

ing down significantly inhibited in vivo tumor growth in 

SCID mice. Moreover, we found EID3 expression positively 

correlated with tumor growth in PDX models. AMPKα1 was 

identified as the key downstream regulator underlying EID3 

that mediated its suppression effects when being knocked 

down, and EID3 might downregulate AMPKα1 through pro-

tein degradation. 

EID3 was identified as a negative regulator of cellular differ-

entiation, as it binding to class I HDAC or CBP/p30015,27). 

However, its function in human cancer, especially in glioma, 

remained largely unclear. A pilot study revealed that EID3 

might be a critical promoter for the carcinogenesis and devel-

opment of colorectal cancer27), which led to our hypothesis 

that EID3 might also serve as an oncogene in glioma. Our re-

sults showed that EID3 knocking down significantly hindered 

glioma cell proliferation and invasion, induced cell viability 

reduction, apoptosis, and cell death. Therefore, we believed 

EID3 acted as a vital regulator in glioma that promoting tu-

mor progression. This characteristic and novel function of 

EID3 was shown for the first time in human glioma.

AMPK has been considered as a critical tumor suppressor 

for a long time, and AMPK signaling has been reported to be 

dysregulated in various kinds of solid tumors20). In lung and 

cervical cancer, AMPK signaling was inhibited by loss-of-

function or deletion of upstream activator13,29). In hepatocellu-

lar carcinoma (HCC), AMPK signaling was inhibited by insu-

lin growth factor pathway activation, and metformin showed 

anti-HCC effect via reactivating AMPK signaling35,37). In glio-

ma, AMPK signaling was also constantly inhibited, and sever-

al upstream regulators, such as MAGEA6, have been identi-

fied30). In present study, we showed that EID3 served as a novel 

AMPK signaling suppressor, since EID3 expressed glioma tis-

sues/cells showed decreased expression of AMPKα1. Mean-

while, AMPKα1 knocking down could effectively rescue glio-

ma cells from apoptosis and death caused by EID3 silence. 

However, we only figured out that EID3 might downregulate 

AMPKα1 expression through proteasomal degradation, while 

detailed molecular mechanism involved in this process re-

mained unclear. Further investigation is needed to explore 

EID3 induced AMPKα1 degradation and key molecules in-

volved in this process.

mTOR hyper-activation was considered as a hallmark in 

glioma, which greatly contributed to carcinogenesis33). There-

fore, great efforts have been made to develop novel regimens 

targeting mTOR or it regulated signaling pathways. Previous 

study showed that AMPK activation could suppress mTOR 

signaling through various ways, such as phosphorylation of 
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TSC2, which was a key upstream inhibitor of mTOR signal-

ing34). AMPK could also phosphorylate and inactivate raptor 

to block mTOR signaling activation12). Restoration of AMPK 

signaling might be an ideal strategy for preventing glioma 

progression. In present study, we showed that AMPK expres-

sion recovered from EID3 silencing, and recovery of AMPK 

could effectively inhibited mTOR activation, resulting in via-

bility reduction, cell death and apoptosis. Significantly, mTOR 

signaling could be restored in EID3 knocking down cells 

through transfecting AMPKα1 shRNA or plasmid containing 

dominant negative AMPKα1 mutation. Our data implied that 

AMPK activation caused by EID3 silence was responsible for 

the inhibition of mTOR signaling in glioma.

CONCLUSION

Taken together, our study demonstrated that EID3 promot-

ed glioma cell proliferation and survival through inducing 

AMPKα1 downregulation. These findings strongly implied 

EID3 as a novel biomarker and target for glioma. Notably, tar-

geting EID3 might represent a promising strategy for treating 

mTOR in glioma. Further investigations aiming to screen and 

identify selective inhibitor EID3 are urgently needed.

AUTHORS’ DECLARATION

Conflicts of interest
No potential conflict of interest relevant to this article was 

reported.

Informed consent
Informed consent was obtained from all individual partici-

pants included in this study.

Author contributions
Conceptualization : YX; Data curation : LZ; Formal analysis : 

LZ, ZH; Funding acquisition : JX, JJ; Methodology : YX, YM; 

Project administration : JJ; Visualization : LX; Writing - origi-

nal draft : YX; Writing - review & editing : JX

Data sharing
None

Preprint
None

ORCID

Yaoxian Xiang	 https://orcid.org/0000-0003-0594-7458

Lei Zhu	 https://orcid.org/0000-0002-5012-3610

Zijian He	 https://orcid.org/0000-0003-1765-1558

Lei Xu	 https://orcid.org/0000-0003-1750-9164

Yuhang Mao	 https://orcid.org/0000-0001-9951-077X

Junjian Jiang	 https://orcid.org/0000-0002-1133-0473

Jianguang Xu	 https://orcid.org/0000-0003-2077-2588

●	 Acknowledgements

This study was supported by Shanghai Municipal Key Clin-

ical specialty (shslczdzk05601).

●	 Supplementary materials

The online-only data supplement is available with this arti-

cle at https://doi.org/10.3340/jkns.2021.0298.

References

  1.	 Almiron Bonnin DA, Havrda MC, Israel MA : Glioma cell secretion: a 

driver of tumor progression and a potential therapeutic target. Cancer 
Res 78 : 6031-6039, 2018

  2.	 Barthel FP, Wesseling P, Verhaak RGW : Reconstructing the molecular 

life history of gliomas. Acta Neuropathol 135 : 649-670, 2018

  3.	 Båvner A, Matthews J, Sanyal S, Gustafsson JA, Treuter E : EID3 is a 

novel EID family member and an inhibitor of CBP-dependent co-activa-

tion. Nucleic Acids Res 33 : 3561-3569, 2005

  4.	 Bilanges B, Alliouachene S, Pearce W, Morelli D, Szabadkai G, Chung 

YL, et al. : Vps34 PI 3-kinase inactivation enhances insulin sensitivity 

through reprogramming of mitochondrial metabolism. Nat Commun 8 :  
1804, 2017

  5.	 Boussiotis VA, Charest A : Immunotherapies for malignant glioma. On-
cogene 37 : 1121-1141, 2018

  6.	 Cai S, Li Y, Bai JY, Zhang ZQ, Wang Y, Qiao YB, et al. : Gαi3 nuclear 

translocation causes irradiation resistance in human glioma cells. Onco-
target 8 : 35061-35068, 2017

  7.	 Carling D : AMPK signalling in health and disease. Curr Opin Cell Biol 
45 : 31-37, 2017

  8.	 Carroll B, Dunlop EA : The lysosome: a crucial hub for AMPK and 



J Korean Neurosurg Soc 65 | November 2022

800 https://doi.org/10.3340/jkns.2021.0298

mTORC1 signalling. Biochem J 474 : 1453-1466, 2017

  9.	 Chou CC, Lee KH, Lai IL, Wang D, Mo X, Kulp SK, et al. : AMPK reverses 

the mesenchymal phenotype of cancer cells by targeting the Akt-

MDM2-Foxo3a signaling axis. Cancer Res 74 : 4783-4795, 2014

10.	 Cork GK, Thompson J, Slawson C : Real talk: the inter-play between the 

mTOR, AMPK, and hexosamine biosynthetic pathways in cell signaling. 

Front Endocrinol (Lausanne) 9 : 522, 2018

11.	 Cui Y, Zhao J, Yi L, Jiang Y : microRNA-153 targets mTORC2 component 

rictor to inhibit glioma cells. PLoS One 11 : e0156915, 2016

12.	 Dunlop EA, Tee AR : The kinase triad, AMPK, mTORC1 and ULK1, main-

tains energy and nutrient homoeostasis. Biochem Soc Trans 41 : 939-

943, 2013

13.	 Fu L, Zhang S, Zhang L, Tong X, Zhang J, Zhang Y, et al. : Systems biol-

ogy network-based discovery of a small molecule activator BL-AD008 

targeting AMPK/ZIPK and inducing apoptosis in cervical cancer. Onco-
target 6 : 8071-8088, 2015

14.	 Ghinda DC, Wu JS, Duncan NW, Northoff G : How much is enough-can 

resting state fMRI provide a demarcation for neurosurgical resection in 

glioma? Neurosci Biobehav Rev 84 : 245-261, 2018

15.	 Guerineau M, Kriz Z, Kozakova L, Bednarova K, Janos P, Palecek J : 

Analysis of the Nse3/MAGE-binding domain of the Nse4/EID family pro-

teins. PLoS One 7 : e35813, 2012

16.	 He L, Zhou X, Huang N, Li H, Tian J, Li T, et al. : AMPK regulation of 

glucose, lipid and protein metabolism: mechanisms and nutritional sig-

nificance. Curr Protein Pept Sci 18 : 562-570, 2017

17.	 He S, Hu B, Li C, Lin P, Tang WG, Sun YF, et al. : PDXliver: a database of 

liver cancer patient derived xenograft mouse models. BMC Cancer 18 : 
550, 2018

18.	 Hombach-Klonisch S, Mehrpour M, Shojaei S, Harlos C, Pitz M, Hamai A, 

et al. : Glioblastoma and chemoresistance to alkylating agents: involve-

ment of apoptosis, autophagy, and unfolded protein response. Phar-
macol Ther 184 : 13-41, 2018

19.	 Hsieh FS, Chen YL, Hung MH, Chu PY, Tsai MH, Chen LJ, et al. : Palboci-

clib induces activation of AMPK and inhibits hepatocellular carcinoma in 

a CDK4/6-independent manner. Mol Oncol 11 : 1035-1049, 2017

20.	 Jeon SM : Regulation and function of AMPK in physiology and diseases. 

Exp Mol Med 48 : e245, 2016

21.	 Jiang H, Liu W, Zhan SK, Pan YX, Bian LG, Sun B, et al. : GSK621 targets 

glioma cells via activating AMP-activated protein kinase signalings. 

PLoS One 11 : e0161017, 2016

22.	 Kim J, Kundu M, Viollet B, Guan KL : AMPK and mTOR regulate autoph-

agy through direct phosphorylation of Ulk1. Nat Cell Biol 13 : 132-141, 

2011

23.	 Konagaya Y, Terai K, Hirao Y, Takakura K, Imajo M, Kamioka Y, et al. : A 

highly sensitive FRET biosensor for AMPK exhibits heterogeneous AMPK 

responses among cells and organs. Cell Rep 21 : 2628-2638, 2017

24.	 Lapointe S, Perry A, Butowski NA : Primary brain tumours in adults. 

Lancet 392 : 432-446, 2018

25.	 Liu X, Hu X, Kuang Y, Yan P, Li L, Li C, et al. : BCLB, methylated in hepa-

tocellular carcinoma, is a starvation stress sensor that induces apoptosis 

and autophagy through the AMPK-mTOR signaling cascade. Cancer 

Lett 395 : 63-71, 2017

26.	 Miller JJ, Shih HA, Andronesi OC, Cahill DP : Isocitrate dehydrogenase-

mutant glioma: evolving clinical and therapeutic implications. Cancer 
123 : 4535-4546, 2017

27.	 Munakata K, Uemura M, Tanaka S, Kawai K, Kitahara T, Miyo M, et al. :  

Cancer stem-like properties in colorectal cancer cells with low protea-

some activity. Clin Cancer Res 22 : 5277-5286, 2016

28.	 Neguembor MV, Xynos A, Onorati MC, Caccia R, Bortolanza S, Godio C, 

et al. : FSHD muscular dystrophy region gene 1 binds suv4-20h1 histone 

methyltransferase and impairs myogenesis. J Mol Cell Biol 5 : 294-

307, 2013

29.	 O’Brien AJ, Villani LA, Broadfield LA, Houde VP, Galic S, Blandino G, et 

al. : Salicylate activates AMPK and synergizes with metformin to reduce 

the survival of prostate and lung cancer cells ex vivo through inhibition 

of de novo lipogenesis. Biochem J 469 : 177-187, 2015

30.	 Pan SJ, Ren J, Jiang H, Liu W, Hu LY, Pan YX, et al. : MAGEA6 promotes 

human glioma cell survival via targeting AMPKα1. Cancer Lett 412 : 
21-29, 2018

31.	 Pei S, Minhajuddin M, Adane B, Khan N, Stevens BM, Mack SC, et al. : 

AMPK/FIS1-mediated mitophagy is required for self-renewal of human 

AML stem cells. Cell Stem Cell 23 : 86-100, 2018

32.	 Peng Z, Liu C, Wu M : New insights into long noncoding RNAs and their 

roles in glioma. Mol Cancer 17 : 61, 2018

33.	 Quinones A, Le A : The multifaceted metabolism of glioblastoma. Adv 
Exp Med Biol 1063 : 59-72, 2018

34.	 Sharples AP, Hughes DC, Deane CS, Saini A, Selman C, Stewart CE : 

Longevity and skeletal muscle mass: the role of IGF signalling, the sir-

tuins, dietary restriction and protein intake. Aging Cell 14 : 511-523, 

2015

35.	 Smith BK, Marcinko K, Desjardins EM, Lally JS, Ford RJ, Steinberg GR :  

Treatment of nonalcoholic fatty liver disease: role of AMPK. Am J 
Physiol Endocrinol Metab 311 : E730-E740, 2016

36.	 Umezawa S, Higurashi T, Nakajima A : AMPK: therapeutic target for dia-

betes and cancer prevention. Curr Pharm Des 23 : 3629-3644, 2017

37.	 Wang C, Tong Y, Wen Y, Cai J, Guo H, Huang L, et al. : Hepatocellular 

carcinoma-associated protein TD26 interacts and enhances sterol regu-

latory element-binding protein 1 activity to promote tumor cell prolifera-

tion and growth. Hepatology 68 : 1833-1850, 2018

38.	 Weller M, Van den Bent M, Tonn JC, Stupp R, Preusser M, Cohen-

Jonathan-Moyal E, et al. : European Association for Neuro-Oncology 

(EANO) guideline on the diagnosis and treatment of adult astrocytic and 

oligodendroglial gliomas. Lancet Oncol 18 : e315-e329, 2017

39.	 Xu L, Kong L, Wang J, Ash JD : Stimulation of AMPK prevents degenera-

tion of photoreceptors and the retinal pigment epithelium. Proc Natl 
Acad Sci U S A 115 : 10475-10480, 2018

40.	 Zhao W, Peng F, Shu M, Liu H, Hou X, Wang X, et al. : Isogambogenic 

acid inhibits the growth of glioma through activation of the AMPK-

mTOR pathway. Cell Physiol Biochem 44 : 1381-1395, 2017

41.	 Zhao Y, Hu X, Liu Y, Dong S, Wen Z, He W, et al. : ROS signaling under 

metabolic stress: cross-talk between AMPK and AKT pathway. Mol 
Cancer 16 : 79, 2017


