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Abstract. In living organisms, the change in the adenosine 
5'‑monophosphate (AMP)/adenosine 5'‑triphosphate ratio 
serves as a key signal regulating AMP‑activated protein 
kinase (AMPK) activity, which is an important molecule for 
the control of cellular energy metabolism and serves a key 
role in a number of diseases, such as diabetes and myocardial 
infarction. To explore novel AMPK‑interacting proteins and 
investigate their biological functions, the present study used 
TurboID proximity labeling in U251 cells stably expressing 
AMPK‑TurboID. Novel AMPK‑interacting proteins were 
explored under both normal and CCCP‑treated conditions to 
investigate their biological functions. Stable cell lines overex‑
pressing AMPK‑TurboID were successfully established, and 
interacting proteins were identified through biotin labeling, 
silver staining and mass spectrometry analysis. Due to the 
involvement of AMPK in numerous metabolic pathways 
and the advantages of TurboID over traditional techniques, 
including its high temporal resolution, in  situ labeling in 

living cells and its ability to capture weak and transient 
interactions, a number of proteins interacting with AMPK 
were identified. Six proteins identified by label‑free MS were 
validated by western blotting, showing that the expression 
levels of menage a trois‑1 and DNAJ heat shock protein family 
(Hsp40) member A1 (DNAJA1) closely matched the MS data. 
DNAJA1 was selected for further experimentation. TurboID 
proximity labeling, affinity purification and LC‑MS/MS, 
western blotting, co‑immunoprecipitation (co‑IP) and immu‑
nofluorescence (IF) techniques demonstrated that AMPK and 
DNAJA1 not only interact with each other but also synergisti‑
cally protect cells from apoptosis, perhaps providing a basis 
for targeted therapeutics (such as treatments for diabetes and 
myocardial infarction). The present study achieved covalent 
labeling of endogenous proteins located within nanometer 
distance of the labeling enzyme by adding a biotin‑based 
substrate. The labeled proteins were then captured and 
enriched using streptavidin‑coated magnetic beads for subse‑
quent identification by MS. These MS results, combined with 
subsequent validation, led to the identification of DNAJA1 as 
a key AMPK‑interacting protein that synergizes with AMPK 
to protect cells from apoptosis.

Introduction

Biomolecules, including proteins, nucleic acids and sugars, 
are important components of living organisms and perform 
a number of functions. The study of protein assembly, inter‑
actions and subcellular distribution is key in understanding 
their functions. Protein‑protein interactions are the basis of 
cellular activities, such as replication, transcription, transla‑
tion of genetic information, intercellular signaling and cellular 
regulation. Understanding the spatial patterns of protein 
localization and interactions is important in understanding 
cellular processes (1). The spatial distances between proteins 
are short and their interactions primarily rely on hydrogen, 
salt and hydrophobic interaction forces; therefore, we hypoth‑
esized that interacting proteins must be in close proximity 
to each other. Traditionally, protein interactions have been 
studied by affinity purification, preserving organelles or 
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interactions in cell lysis and purification complexes; however, 
this method often fails to preserve weak or transient interac‑
tions and can disrupt native protein complex conformations, 
making it challenging to capture physiologically relevant 
interactomes (2). To overcome this, proximity labeling tech‑
nology combined with mass spectrometry (MS) detection is 
gradually becoming a more suitable method for the identifi‑
cation of organelle protein components and interactions (3). 
The principle of this technique lies in the fusion of a labeling 
enzyme to a targeted protein or subcellular compartment by 
gene fusion.

Among the currently available proximity labeling tech‑
niques, biotin ligases are the most widely used. Together 
with ascorbate peroxidases, they constitute the main class of 
labeling enzyme systems (4). Biotin ligases are engineered 
biotin ligase proteins that include BioID, BioID2, BASU, 
TurboID, miniTurbo, Split‑BioID and Split‑TurboID  (5). 
The first engineered biotin ligase was BioID, which is an 
Escherichia  coli BirA (bifunctional ligase or repressor) 
mutant with a size of 35 kDa. This enzyme has a reduced 
affinity for biotin‑adenosine 5'‑monophosphate (AMP) and 
can react with the primary amine of the proximal protein, 
leading to its covalent biotinylation (6). To address the defec‑
tive target protein localization due to the large molecular 
weight of BioID, a new mutant (BioID2) was identified from 
the thermophilic bacterium Aquifex aeolicus with a size of 
27 kDa (7). This achieves a more targeted localization and 
requires lower biotin concentration compared with BioID. 
However, both BioID and BioID2 exhibit the following limi‑
tations: First, the long labeling time (18‑24 h) is not favorable 
for the study of short transient interacting proteins. Secondly, 
biotin can be actively transported into the cytoplasm of 
mammalian cells and freely diffuse into the nucleus; however, 
it has limited access to the secretory pathway, resulting in 
lower labeling efficiency in that compartment (8). In addition, 
due to the prolonged BioID labeling, biotinylation of proteins 
can affect their function, resulting in false positive or false 
negative results.

TurboID and miniTurbo were generated by targeted 
modifications of the BioID biotin ligase  (9). Compared 
with BioID and BioID2, TurboID and miniTurbo require 
less labeling time (≤10 min) in addition to their ability to 
maintain catalytic activity at lower temperatures (9). The 
labeling principle of TurboID uses adenosine 5'‑triphosphate 
(ATP) and biotin to generate an intermediate substance, 
biotin‑5'‑AMP, which can covalently label neighboring 
proteins (10), and can be used to extract or capture proteins 
more efficiently. Furthermore, the proximity labeling 
technique is now increasingly used in animal cell experi‑
ments, including protein complexes (such as nuclear pore 
complexes)  (11), tissue proteosomes (such as mitochon‑
drial matrix and intermembrane space)  (12) and native 
proteomes  (13,14). It has been shown that this technique 
not only allows for the detection of proteins that transiently 
interact with specific proteins in living cell (15), but also 
reduces the potential losses caused by traditional methods 
during purification and enables the precise identification of 
real‑time (16), dynamic interacting proteins within living 
cells. In addition, proximity labeling technology has been 
extended to the study of transcriptional complexes and 

histone modifications (17), providing an important avenue 
for exploring biomolecular interactions.

AMP‑activated protein kinase (AMPK) is an evolu‑
tionarily conserved serine/threonine protein kinase with 
AMP‑dependent properties (18). As a key molecule for cells 
to sense external environmental changes and adjust energy 
metabolism, AMPK not only regulates energy metabolism 
at the cellular level, but also serves an important role in 
maintaining the energy homeostasis of the body. AMPK 
responds to changes in intracellular adenine nucleotide 
levels, being activated by an increase in AMP/ADP relative 
to ATP. Activation of AMPK increases the rate of catabolic 
(ATP‑generating) pathways and decreases the rate of anabolic 
(ATP‑utilising) pathways. In the normal physiological state, 
the intracellular AMP level is generally low; when the ATP 
level decreases after energy consumption, the AMP level and 
the AMP/ATP ratio increase, followed by the activation of 
AMPK by its upstream regulator (AMPK kinase) through 
phosphorylation  (19). Therefore, the state of the cell can 
be monitored according to the concentration of ATP, ADP 
and AMP. A previous study hasshown that AMPK, a key 
regulator of energy metabolism, improves glucose regulation 
in type 2 diabetes through its activation by drugs such as 
metformin; however, its role in insulin secretion is complex 
and remains controversial (20). In addition, AMPK as exhibits 
an anti‑apoptotic effect in cardiomyocytes, and its activa‑
tion not only reduces myocardial energy consumption but 
also increases energy production, stabilizes mitochondrial 
membrane potential to reduce intracellular reactive oxygen 
species and serves a protective role against ischemia/reper‑
fusion injury and doxorubicin‑induced cardiotoxicity in the 
myocardium, as demonstrated in mouse models and cultured 
cardiomyocytes (21). Therefore, AMPK may represent a new 
target for the treatment of diabetes mellitus and myocardial 
infarction.

In recent years, AMPK has been shown to serve a role 
in a number of physiological and pathological conditions, 
with broad potential applications. Song et al (22) found that 
sleeve gastrectomy may improve renal injury in mice with 
hyperuricemic nephropathy by upregulating ATP binding 
cassette subfamily G member 2 transcription through modu‑
lation of the AMPK/nuclear factor erythroid 2‑related factor 
2 pathway. A study by Peng et al (23) revealed that the mecha‑
nistic axis glutamine hydrolysis/AMPK/succinate‑CoA ligase 
ADP‑forming subunit‑β/IL‑1β regulates inflammation and 
obesity progression in adipose tissue macrophages (ATMs). 
The study demonstrated that glutamine hydrolysis in ATMs 
serves as a key metabolic flux responsible for providing energy 
(ATP) and biosynthetic precursors (for example, glutamate, 
aspartate and TCA cycle intermediates) and that this process 
is associated with AMPK activity, succinate‑induced IL‑1β 
production and the development of obesity. Furthermore, 
Safaie  et al  (24) revealed a complex association between 
AMPK activation and tyrosine kinase inhibitor‑induced 
cardiovascular toxicity, demonstrating that AMPK activation 
may mitigate these adverse effects. This provides a founda‑
tion for future therapeutic strategies and suggesting that 
AMPK activation could be key in balancing effective cancer 
therapy with cardiovascular health. Zhang et al (25) reported 
that succinate overload enhances susceptibility to atrial 
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fibrillation and remodeling by impairing AMPK signaling 
and mitochondrial function.

Enzyme‑catalyzed proximity labeling has emerged as 
a new approach for studying the spatial distribution and 
interaction characteristics of proteins in living cells. Existing 
proximity labeling techniques (for example, using engineered 
ascorbate peroxidase and BioID) are limited by long labeling 
times (>18 h) (3), high reagent toxicity and poor permeability. 
To overcome these limitations of enzyme‑catalyzed proximity 
labeling techniques, previous studies have employed (9,10) a 
novel engineered biotin ligase, TurboID, which can catalyze 
the conversion of biotin into biotin‑5'‑AMP in  vivo. This 
reactive intermediate enables the efficient covalent labeling 
of proximal proteins, a method that is non‑toxic and fast (26). 
TurboID can be fused to AMPK using a plasmid cloning 
technique, enabling TurboID‑biotinylated AMPK to be readily 
enriched using streptavidin beads and its binding partners 
subsequently identified using MS.

Carbonyl cyanide 3‑chlorophenylhydrazone (CCCP) is a 
potent mitochondrial oxidative phosphorylation uncoupling 
agent that acts on the inner mitochondrial membrane to make 
it permeable to H+, causing depolarization of the mitochondrial 
membrane potential. This induces autophagy to clear the depo‑
larized mitochondria and further promotes the mitochondrial 
pathway of apoptosis (27). CCCP induces DNA damage, which 
in turn induces p53 expression (28). It has been shown that p53 
activates AMPK‑dependent inhibitory pathways that attenuate 
the activity of mTOR complex 1 (23). Inhibition of mitochon‑
drial depolarization by the proton carrier CCCP facilitates 
triggers mitophagy and induces apoptosis and autophagy (29). 
CCCP‑induced loss of mitochondrial membrane potential 
and mitochondrial dysfunction not only serve as triggers for 
apoptosis but also act as key signals for initiating mitophagy 
and broader adaptive stress responses. AMPK, as a central 
kinase that senses cellular energy and redox status, serves a 
key role in coordinating metabolism and survival, particularly 
in responding to mitochondrial stress and initiating mitochon‑
drial quality control (28). DNAJ heat shock protein family 
(Hsp40) member A1 (DNAJA1), as an Hsp70 co‑chaperone, is 
important in maintaining mitochondrial proteostasis, protein 
folding and translocation (30). Therefore, the present study 
hypothesized that under CCCP‑induced acute mitochon‑
drial stress, AMPK activation may regulate the function of 
DNAJA1 (or other chaperones) through phosphorylation or 
other mechanisms, thereby influencing mitochondrial protein 
handling and stress signaling. This may offer a novel perspec‑
tive for research in this field.

Therefore, in the present study, CCCP was selected as an 
induction factor to treat U251 astrocytes stably overexpressing 
the AMPK‑TurboID fusion gene through lentiviral infec‑
tion, enabling investigation of the AMPK interactome under 
energy‑depleted conditions. The U251 cell line, derived from 
human astrocytoma, is widely used as an in vitro model for 
neurobiology research due to its well‑characterized astrocytic 
properties, high transfection efficiency, and stable prolif‑
eration  (31). Subsequently, a TurboID proximity labeling 
technique was used to find novel interacting proteins associated 
with AMPK, and label‑free quantitative protein profiling was 
used to obtain a number of interacting proteins. Furthermore, 
DNAJA1 was selected for immunoprecipitation (IP) and 

immunofluorescence validation. In addition, AMPK and 
DNAJA1 were found to be jointly involved in anti‑apoptotic 
cell death. Therefore, the present study provided a theoretical 
basis to explore the biological function of AMPK and the 
potential development of new targeted drugs.

Materials and methods

Materials. Monoclonal antibodies against Flag (cat. 
no.  ab205606) and DNAJA1 (cat. no.  ab192904), were 
purchased from Abcam. AMPKα2 (cat. no. A7339), BAX 
(cat. no.  A12009), Bcl‑2 (cat. no.  A0208) and α‑tubulin 
(cat. no. AC012) antibodies were purchased from ABclonal 
Biotech Co., Ltd. The streptavidin‑peroxidase antibody (cat. 
no. SA00001‑0) was obtained from Proteintech Group, Inc. 
CCCP (cat. no. C6700) was purchased from Beijing Solarbio 
Science & Technology Co., Ltd. PVDF membranes were 
obtained from MilliporeSigma. Dynabeads™ MyOne™ 
streptavidin C1 (cat. no. 65001), biotin (cat. no. B20656) and 
liposomal transfection reagent (Lipofectamine® 2000; cat. 
no. 11668500) were obtained from Thermo Fisher Scientific, 
Inc. RIPA buffer (cat. no.  G2002‑100ML), DAPI (cat. 
no. G1012‑100ML) and anti‑fluorescence quenching sealing 
agent (cat. no. G1401‑25ML) were purchased from Wuhan 
Servicebio Technology Co., Ltd. The anti‑DYKDDDDK 
(Flag) affinity gel (cat. no. 20585ES03), lentivirus concentra‑
tion solution (cat. no. 41101ES50) and protein silver staining 
kit (cat. no.  36244ES25) were purchased from Shanghai 
Yeasen Biotechnology Co., Ltd. A DNA purification kit 
(cat. no. DP204) and a high purity plasmid extraction kit 
(cat. no. DP104) were obtained from Tiangen Biotech Co., 
Ltd. Lastly, inorganic salts were purchased from Sinopharm 
Chemical Reagent Co., Ltd.

Cell lines and culture. 293T (human embryonic kidney epithe‑
lial) and U251 (malignant astrocyte) cell lines were obtained 
from American Type Culture Collection. U251 and 293T cells 
were cultured in DMEM (Gibco; Thermo Fisher Scientific, 
Inc.) containing 10% FBS (Gibco; Thermo Fisher Scientific, 
Inc.) and 0.5% penicillin‑streptomycin. All cells were cultured 
in a CO2 incubator at 37˚C with 5% CO2.

Construction of AMPK‑TurboID overexpression vector. 
TurboID cDNA was synthesized and integrated into a 
plenti‑cytomegalovirus (CMV)‑EGFP (Beijing Tsingke 
Biotech Co., Ltd.) plasmid replacing the EGFP fragment 
(plenti‑CMV‑TurboID). This was conducted by Beijing 
Tsingke Biotech Co., Ltd. The AMPK gene was amplified 
using human cDNA as a template and the following primers: 
AMPK forward, 5'‑ata​gaa​gac​acc​gac​tct​aga​ATG​GCT​GAG​
AAG​CAG​AAG​CAC‑3'; AMPK reverse, 5'‑cat​acg​cgt​gat​atc​
ccc​ggg​ACG​GGC​TAA​AGT​AGT​AAT​CAG‑3' (the lowercase 
letters indicate restriction enzyme sites and protective bases, 
and the uppercase letters indicate the gene‑specific sequences 
that anneal to the template). The thermocycling conditions were 
as follows: Initial denaturation at 94˚C for 5 min; followed by 
30 cycles of denaturation at 94˚C for 30 sec, annealing at 56˚C 
for 30 sec and extension at 72˚C for 2 min; with a final exten‑
sion at 72˚C for 8 min. The plasmid plenti‑CMV‑TurboID was 
double digested using XbaI and SmaI and the AMPK fragment 
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was purified using a DNA purification kit and combined with 
the linearized plenti‑CMV‑TurboID plasmid. Positive clones 
were screened following transformation into E. coli TOP10 
cells and selection on ampicillin (100  µg/ml)‑containing 
LB agar plates. Plasmids were extracted using a high purity 
plasmid extraction kit, and then the extracted plasmids were 
processed through enzymatic digestion and sent to Beijing 
Qingke Biotechnology Co., Ltd. for sequencing of the insert. 
The selected plasmid was named AMPK‑TurboID and was 
tagged with Flag.

Lentiviral packaging of AMPK‑TurboID and plenti-CMV-
EGFP plasmids. Firstly, 293T cells were cultured in a 
10‑cm dish until their cell density reached 80‑90% for 
transfection. At the beginning of transfection, the plasmids 
were diluted with serum‑free high‑glucose medium. A total 
of two 1.5 ml Eppendorf (EP) tubes were prepared, one EP 
tube with 15 µg of psPAX2 (packaging plasmid), 6 µg of 
pMD2.G (envelope plasmid) and 10 µg of AMPK‑TurboID 
(transfer plasmid) and the other EP tube with 15  µg of 
psPAX2, 6 µg of pMD2.G and 10 µg of plenti‑CMV‑EGFP 
(transfer plasmid). Subsequently, an appropriate amount 
of liposomal transfection reagent (~60 µl per 10‑cm dish) 
was diluted with serum‑free medium and incubated at room 
temperature for 5 min. Next, the diluted DNA plasmid and 
the diluted liposomal nucleic acid transfection reagent were 
gently mixed and incubated at room temperature for 30 min. 
Subsequently, the incubated DNA liposome complexes 
were evenly dropped into 293T cell culture dishes that had 
been replaced with pre‑warmed complete high‑glucose 
DMEM (containing 10% FBS) without antibiotics DMEM 
and incubated overnight at 37˚C in a cell culture incubator 
with 5% CO2. The next day, the medium was replaced with 
fresh medium and incubation continued for 48‑72 h when 
the cell supernatant was collected. The collected medium 
supernatant was filtered by aspiration with a 5‑ml syringe 
onto a 0.45‑mm membrane filter, after which the filtrate 
was mixed with lentivirus concentration reagent in a 4:1 
ratio and incubated overnight at 4˚C. After incubation, the 
supernatant was removed by centrifugation (4˚C; 6,580 x g; 
40‑60 min) and fresh medium was added to the sediment 
and dispensed into a number of 1.5 ml EP tubes.

Construction and validation of AMPK overexpression cell 
lines. U251 cells were grown in 10‑cm cell culture dishes 
and when cell confluence reached 80‑90%, an appropriate 
number of cells (2x105) were seeded in 24‑well cell culture 
plates. When the cell density reached 70‑80%, lentivirus 
concentrate carrying either the AMPK‑TurboID plasmid 
or the plenti‑CMV‑EGFP plasmid was dropwise added 
to different wells of the plate, and the cells were infected 
(multiplicity of infection of 10) for 6‑8  h at 37˚C and 
replaced with fresh medium. The fluorescence intensity 
of plenti‑CMV‑EGFP plasmid‑infected cell culture plates 
was visualized using an inverted fluorescence microscope. 
after 48  h. Successful infection was demonstrated when 
stronger fluorescence appeared. Resistance screening was 
performed with medium containing puromycin (1.5 µg/ml) 
and cell status was observed after 24‑48 h. Maintenance was 
performed in 0.5 µg/ml puromycin. Viable cells were cultured 

into 12‑well plates and sequentially passaged to the number 
of cells that met the requirements of subsequent experi‑
ments. The time interval from transduction to subsequent 
experiments was ~2 weeks. During this period, the cell status 
was observed daily and medium was renewed once every 
2 days. A number of cells were used to obtain cell lysate for 
SDS‑PAGE gel electrophoresis and determine whether stable 
transfection was successful. Cells stably transfected with the 
plenti‑CMV‑EGFP plasmid were named EGFP‑U251 cells 
and cells stably transfected with the AMPK‑TurboID plasmid 
were named AMPK‑U251 cells.

Screening of AMPK biotin labeling time. AMPK‑U251 cells 
were grown into 6‑well culture plates and experiments were 
performed when their density reached ~80%. Cell medium 
was replaced with complete medium containing biotin 
(500 µmol/l), magnesium chloride (MgCl2; 1 µmol/l) and 
ATP (200 µmol/l) and incubated at 37˚C, and seven labeling 
time gradients were set, namely 0 and 10 min, 1, 3, 6, 12 and 
24 h. Cells were collected, cell lysis was performed and cell 
lysates were subjected to western blotting using a streptavidin-
peroxidase antibody.

Western blotting. To confirm successful stable transfec‑
tion, whole‑cell lysates were prepared from the generated 
EGFP‑U251 and AMPK‑U251 cells, as well as control U251 
cells. Cells were washed twice with ice‑cold PBS and lysed in 
RIPA lysis buffer (cat. no. P0013B; Beyotime Biotechnology) 
supplemented with a protease inhibitor cocktail on ice for 
30  min. The lysates were clarified by centrifugation at 
12,000 x g for 20 min at 4˚C. Protein concentrations were 
determined using an Enhanced BCA Protein Assay Kit (cat. 
no.  P0009; Beyotime Biotechnology). Equal amounts of 
protein (10 µg per lane) were denatured in 5X SDS‑PAGE 
loading buffer at 95˚C for 10 min. The samples were then 
separated by SDS‑PAGE on a 10% polyacrylamide gel at 
120 V for 1.5 h. Following electrophoresis, the proteins were 
transferred onto a PVDF membrane (cat. no. IPVH00010; 
MilliporeSigma) using a wet transfer system at 250 mA for 
150 min at 4˚C. The membrane was blocked with Quick 
Block™ Blocking Buffer (Beyotime Biotechnology) for 
15‑30 min at room temperature. Subsequently, the membrane 
was incubated overnight at 4˚C with primary antibodies 
diluted in blocking buffer. The following primary anti‑
bodies were used: Rabbit anti‑AMPK polyclonal antibody 
(cat. no. 10929‑2‑AP; Proteintech Group, Inc.) and rabbit 
anti‑FLAG polyclonal antibody (cat. no.  80801‑2‑RR; 
Proteintech Group, Inc.), both diluted at 1:1,000. GAPDH 
was used as a loading control. After washing three times 
with TBST (10 min each), the membrane was incubated with 
the HRP‑conjugated goat anti‑rabbit IgG secondary antibody 
(cat. no. SA00001‑2; diluted at 1:5,000; Proteintech Group, 
Inc.) for 1 h at room temperature. Protein bands were visual‑
ized using an enhanced chemiluminescence detection reagent 
(cat. no.  BL523A; Biosharp Life Sciences). The signals 
were captured using a chemiluminescence imaging system 
(ChemiDoc™ MP Imaging System; Bio‑Rad Laboratories, 
Inc.). Densitometric analysis of the bands was performed 
using ImageJ software (Version 1.53, National Institutes of 
Health, Bethesda, MD, USA).
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Effect of adding ATP on biotin labeling. AMPK‑U251 cells were 
cultured into 6‑well culture plates and left to reach a density 
of ~70‑80% for subsequent experiments. The original culture 
medium was discarded and replaced with biotin‑labeling 
buffer containing five varying concentrations (0, 50, 100, 200 
and 500 µmol/l; 37˚C) after two washes with PBS, in order to 
collect sufficient labeled protein and prevent oversaturation of 
labeling efficiency. The biotin labeling buffer was composed 
of complete medium containing biotin (500 µmol/l), MgCl2 
(1 µmol/l) and ATP (200 µmol/l) and biotin labeling buffer 
without ATP had only the ATP component removed. Cells 
were collected, cell lysis was performed and lysates were 
subjected to western blotting using a streptavidin‑peroxidase 
antibody.

TurboID‑based neighboring biotin labeling technology. This 
method was performed with reference to that previously 
reported by Branon et al (9). The wild‑type U251 cell line and 
AMPK‑U251 cell line were grown in T75 cell culture flasks and 
the experiment was set up in three groups: i) Blank group, two 
T75 culture flasks for the wild‑type U251 cell line; ii) experi‑
mental group I, two T75 culture flasks for the AMPK‑U251 
cell line; and iii) experimental group II, two T75 culture flasks 
for the AMPK‑U251 cell line treated with 15 µmol/l CCCP. 
All three groups of cells were cultured using DMEM medium 
containing biotin (500 µmol/l) and MgCl2 (1 µmol/l) at 37˚C, 
and the cells were collected after 6 h for sample preparation.

Affinity purification of biotin‑labeled proteins. Cells in 
the T75 cell culture flasks were collected by centrifugation 
(11,200 x g for 15 min at 4˚C) into 1.5‑ml centrifuge tubes, 
resuspended by adding 1  ml of RIPA buffer (containing 
PMSF), and placed on ice for ~20 min for lysis. In parallel, 
the Dynabeads were centrifuged at 11,200 x g for 15 min at 
4˚C. The supernatant was transferred to a 1.5‑ml centrifuge 
tube. Subsequently, the streptavidin‑coated magnetic beads 
were washed with 1 ml RIPA buffer for ~2 min at 37˚C, the 
supernatant was clarified by adsorption on a magnetic stand, 
RIPA buffer was discarded and washing was repeated 5 times 
at 37˚C. After the last wash, the beads were divided into three 
equal parts (200 µl per aliquot), and after precipitation on a 
magnetic stand the RIPA buffer was discarded. The protein 
lysate (1 ml) was added to the beads separately, placed at 
4˚C and shaken slowly overnight using a 360˚ shaker. The 
next day, the supernatant was discarded and the samples were 
washed once with 1 ml potassium chloride, three times with 
Buffer 1 [3M NaCl 33.5 ml, 1M Tris‑HCl (pH 7.4) 0.5 and 
16 ml Ultrapure Water] configured in advance, once with 
1 ml sodium carbonate buffer and then 2 min (maximum 
3 min) with 1 ml 10% SDS, after which 1 ml RIPA buffer 
was added and soaked continuously for 1 min at 50˚C in a 
metal bath.

Subsequently, one‑third of each sample was removed and 
processed for silver staining, while the rest of the samples 
were washed twice with RIPA buffer and PBS, then stored at 
‑20˚C. Cells were counted and lysed at equal cell densities. 
Protein samples (10  µg per lane) were separated by 10% 
SDS‑PAGE. Subsequent experiments were performed using a 
silver staining kit (fixative, sensitizing, silver staining, develop‑
ment and termination solutions) following the manufacturer's 

protocol. the gel was removed and placed in 100 ml fixative 
on a 60‑70 rpm shaker for 20 min. The fixative was discarded 
and placed in 100 ml 30% ethanol on a slow shaker for 10 min. 
The fixative was discarded and 100 ml 30% ethanol was added 
with the samples shaken slowly for 10 min. The ethanol was 
then discarded, 200 ml deionized water was added and shaken 
slowly for 10 min. The water was replaced with 100 ml 1X 
sensitizing solution and shaken for 4‑5 min. The sensitizing 
solution was replaced with 200 ml deionized water and shaken 
for 1 min, the process was repeated and the water discarded. 
A total of 100 ml 1X silver staining solution was added and 
shaken for 30‑40 min. Then, 100 ml deionized water was 
added, shaken for 30 sec, repeated once and then the water was 
discarded. Subsequently, 100 ml color development solution 
was added and shaken until bands appeared (3‑10 min). The 
color development solution was replaced with 100 ml termina‑
tion solution and shaken for 10 min. The termination solution 
was discarded, 100 ml deionized water was added and shaken 
for 30 sec, repeated once and the water discarded. Images 
were captured with a camera. All incubations and washes were 
performed at room temperature.

Liquid chromatography‑tandem MS analysis. The remaining 
two‑thirds of the protein samples were sent to Spectrum 
Zhonghe (Wuhan) Life Science Technology Co., Ltd., for 
label‑free quantitative MS (32). The LC‑MS/MS analysis was 
performed using an Orbitrap Exploris 480 mass spectrometer 
coupled with an EASY‑nLC 1200 liquid chromatography 
system (both Thermo Fisher Scientific, Inc.). Ionization was 
carried out in positive electrospray ionization (ESI+) mode 
with a spray voltage of 2,000 V. The mass spectrometer was 
operated in data‑dependent acquisition mode, acquiring full 
MS scans over a mass range of 350‑1,250 m/z at a resolution 
of 15,000, followed by higher‑energy collisional dissociation 
(HCD) fragmentation with a normalized collision energy of 
28. The ion transfer tube temperature was set to 320˚C, and 
the nebulizer (sheath gas) pressure and auxiliary gas flow 
rate were both set to 3 arbitrary units (these values are not 
directly provided in psi or l/min, as they are controlled by 
the instrument software). No multiple reaction monitoring 
transitions were assessed in this study, as the analysis was 
performed using label‑free quantification.Enrichment 
analysis was performed on the data obtained. The online 
analysis tool Sangerbox (version 3.0; http://vip.sangerbox.
com/home.html) was used for Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
analysis. Significantly changed proteins were identified using 
a threshold of FDR <0.05 and |log2FC|>1. A total of 1,045 
interacting proteins in the AMPK overexpression group were 
selected for analysis.

Validation of protein interactions between DNAJA1 and 
AMPK. Protein interactions were initially verified using a 
co‑IP assay. Wild‑type U251 cells and AMPK‑U251 cells 
were collected into EP tubes and labeled as A1 and B1, respec‑
tively. To tubes A1 and B1, 1 ml of IP lysis buffer and 10 µl 
of PMSF were added. The cells were then gently pipetted to 
disperse and placed on a rotator at 4˚C for 30 min for lysis. 
The lysed cells were centrifuged in a refrigerated centrifuge 
at 4˚C and 11,200 x g for 10 min, and protein concentrations 
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were determined using a BCA assay. Two additional EP tubes 
were labeled as A2 and B2, and 50 µl of Anti‑DYKDDDDK 
magnetic beads were added to each tube. Subsequently, 1 ml 
of IP lysis buffer was added to tubes A2 and B2, and the 
tubes were placed on a rotator at 4˚C for 10 min to wash 
away impurities; this washing step was repeated twice. 
After discarding the IP lysis buffer from tubes A2 and B2, 
900 µl of the protein lysate from tube A1 was transferred to 
tube A2, and the same procedure was performed for tube 
B1 using lysate from tube B1. Tubes A2 and B2 containing 
the lysate‑bead mixtures were placed on a rotator at 4˚C and 
incubated overnight. The next day, tubes A2 and B2 were 
removed, the original solution was discarded, and 1 ml of 
PBS was added. The tubes were placed on a rotator at 4˚C for 
10 min to wash; this washing step was repeated twice. After 
discarding the PBS from tubes A2 and B2, an appropriate 
amount of 1X loading buffer was added. An appropriate 
amount of loading buffer was also added to tubes A1 and B1. 
All four EP tubes were placed in a thermo mixer at 100˚C 
for 10 min to denature the proteins. Finally, SDS‑PAGE gel 
electrophoresis was performed.

In a second step, AMPK‑TurboID cells (5x104 cells/cm2) 
were seeded in a 3.5‑cm cell confocal dish, the medium 
was discarded when the density reached 80%, PBS added to 
wash the cells for 3 min and washing was repeated twice. 
Subsequently, 4% paraformaldehyde was added (37˚C) 
for 15 min to fix the cells in the dish and then discarded. 
PBS was added for 3 min and discarded, and washing was 
repeated twice. Next, 0.5% Triton X‑100 was added for 
20 min at room temperature and then PBS was added for 
3 min and repeated twice. PBS was absorbed from the dish 
with absorbent paper and 200 µl of normal goat serum (cat. 
no. AR0009; Wuhan Boster Biological Technology, Ltd.) 
was added dropwise and incubated at room temperature 
for 30 min for blocking. The solution was removed with 
absorbent paper, and a primary antibody solution (2.5 µl 
DNAJA1 primary antibody; 1:200 dilution; 1 µl Flag; 1:500 
dilution primary antibody and 500 µl primary antibody 
dilution) was added and incubated at 4˚C overnight. The 
cells were washed for 3 min with PBS twice and PBS was 
removed with absorbent paper. The secondary antibodies, 
Cy3‑conjugated goat anti‑mouse IgG (1:250 dilution; cat. 
no. A0516; Beyotime Biotechnology) and FITC‑conjugated 
goat anti‑mouse IgG (1:250 dilution; cat. no.  A0568; 
Beyotime Biotechnology), were diluted in 250 µl of PBS 
and added to the cells. After incubation at room tempera‑
ture for 1 h in the dark, the cells were incubated with DAPI 
(1 µg/ml; 37˚C) for 5 min and washed three times with PBS 
for 5 min. After absorbing the PBS with blotting paper, the 
slides were sealed with anti‑fluorescent quenching agent 
and cells were observed under a confocal Olympus FV3000 
microscope (Olympus Corporation).

Statistical analysis. Data analysis and graphing were 
conducted with GraphPad Prism (version 10.1.2; Dotmatics). 
Each group of data as the mean ± SD from three experimental 
replicates. Comparisons among groups were performed using 
one‑way ANOVA followed by Tukey's honestly significant 
difference test. P<0.05 was considered to indicate a statisti‑
cally significant difference.

Results

Construction of overexpression plasmids and TurboID 
tagging flow chart. Fig. 1A shows the composition of the 
AMPK‑TurboID overexpression plasmid, including the target 
gene AMPK, the biotin labeling enzyme TurboID and the 
tag protein Flag, as well as two different resistance screening 
markers, ampicillin and puromycin, whereby ampicillin was 
used for the screening of positive clones in Esherichia coli and 
puromycin was used for the screening of stably transfected 
cells. Fig. 1B illustrates the biotin labeling experiment. First, 
AMPK‑U251 cells that were successfully and stably transfected 
were placed in a biotin environment with a suitable concentra‑
tion, so that free biotin could fully enter the cells. Adjacent 
proteins were covalently labeled with biotin by TurboID. After 
the protein affinity purification experiment, other proteins that 
were not labeled with biotin were excluded and the proteins 
that had been labeled with biotin were enriched. Lastly, the 
labeled proteins were analyzed by label‑free quantitative MS.

Construction of AMPK‑TurboID overexpression stable cell 
line. As shown in Fig. 2A, a large amount of fluorescence was 
observed under the microscope in plenti‑CMV‑EGFP‑trans‑
fected 293T cells after 48 h, determining that 293T cells had 
been successfully transfected and the viral fluid supernatant 
could be collected to infect cells. Subsequently, as demon‑
strated in Fig. 2B, U251 cells infected with the lentivirus 
carrying the plenti‑CMV‑EGFP construct for 48 h exhibited 
a large amount of fluorescence, implying that the concurrent 
AMPK‑TurboID gene was also effectively infected into U251 
cells with high probability.

Validation of AMPK‑TurboID overexpression in stably trans‑
duced cell lines. Comparative analysis of stably transduced 
AMPK‑TurboID and TurboID‑U251 cell lines was conducted 
through western blotting. Western blotting was performed with 
both an AMPK antibody and a Flag antibody (Fig. 2C). The 
results revealed that the AMPK‑TurboID fusion protein showed 
a uniform and clear band at a molecular weight of ~97 kDa 
(molecular weight of AMPK, 62.3 kDa; molecular weight of 
TurboID, 35 kDa; Flag size was neglected), while the corre‑
sponding protein region in the TurboID‑U251 cell line was blank, 
indicating that the stable cell line was successfully constructed.

Biotin labeling and silver staining. The results of the biotin 
labeling assay showed that interacting proteins of AMPK 
appeared after 10 min and more markedly after 1 h of labeling 
(Fig. 3A). To prevent oversaturation of biotin labeling, 6 h 
was used as the biotin labeling time of AMPK‑U251 cells 
in the subsequent experiment. The results showed that there 
was some improvement in biotin labeling efficiency with the 
addition of ATP, however the effect was limited (groups 4‑6; 
Fig. 3B). Considering the possible effect of the addition of ATP 
on the activity of AMPK, ATP was not added to the subsequent 
biotin‑labeling buffers in the present study.

Subsequently, the U251 and AMPK‑U251 cell lines 
underwent affinity purification and silver staining. As shown 
in Fig. 3C, U251 as a negative control pulled only a limited 
number of proteins. Since U251 cells do not express TurboID, 
they theoretically should not enrich biotin‑labeled proteins; 
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therefore, the few protein bands observed likely represent 
non‑specific binding or experimental background noise. 
Therefore these data were excluded. The remaining two sets 
of data indicated that AMPK overexpressing cell lines pulled 
a higher number of biotin‑interacting proteins.

MS data analysis. Analysis of the MS data revealed a total of 
1,808 non‑redundant interacting proteins identified by prox‑
imity labeling across all groups after removing duplicates, 
with 329 proteins identified in the U251 blank group and 1,045 
proteins identified in the AMPK overexpression group and 
1,705 proteins in the CCCP‑treated group. Furthermore, after 
excluding 129 proteins that were also identified in the blank 
group, 916 interacting proteins remained (Table SI). In addi‑
tion, 1,705 proteins were identified in the CCCP‑treated group 
and after excluding 296 proteins that were also identified in the 
blank group, 1,409 interacting proteins remained (Table SII).

The online analysis tool Sangerbox 3.0 was used for GO 
and KEGG analysis. A total of 1,045 interacting proteins in the 

AMPK overexpression group were selected for analysis. In the 
analysis of cellular components, the terms ‘cytosol’, ‘nuclear 
part’, ‘protein‑containing complex’, ‘nuclear lumen’ and 
‘non‑membrane‑bounded organelle’ were enriched (Fig. 4A). 
In the analysis of molecular functions, the search revealed 
enrichment of ‘RNA binding’, ‘enzyme binding’, ‘ribonucleo‑
tide binding’ and ‘ATP binding’ (Fig. 4B). The enrichment 
of ‘ATP binding’ reflects AMPK's function as a cellular 
energy sensor, while ‘RNA binding’ suggests a potential role 
in post‑transcriptional regulation. In addition, a number of 
significantly enriched terms were identified in the analysis of 
biological processes, including ‘organelle organization’, ‘posi‑
tive regulation of metabolic process’, ‘cellular localization’, 
‘positive regulation of macromolecule metabolic process’ and 
‘cellular macromolecule localization’ (Fig. 4C). These terms 
directly reflect AMPK's central role in coordinating metabo‑
lism and organelle dynamics. In the KEGG analysis, pathways 
that were found to be enriched included ‘endocytosis’, ‘spli‑
ceosome’, ‘RNA transport’, ‘regulation of actin cytoskeleton’, 

Figure 1. Construction of the overexpression plasmid and flow chart of TurboID labeling. (A) Diagram of the functional elements of the AMPK‑TurboID 
overexpression plasmid. (B) Biotin labeling experimental workflow. AMPK, AMP‑activated protein kinase.
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Figure 3. Biotin labeling and silver staining. (A) Biotin labeling time screening. 1, 0 min; 2, 10 min; 3, 1 h; 4, 3 h; 5, 6 h; 6, 12 h; and 7, 24 h. (B) Effect of adding 
ATP on biotin labeling. 1, 2, 3 indicate repeats without ATP added; 4, 5, 6 indicate repeat groups with ATP added. (C) Identification by silver staining. 1, U251; 2, 
AMPK‑U251; 3, AMPK‑U251 cells treated with carbonyl cyanide 3‑chlorophenylhydrazone. M, molecular weight standard; AMPK, AMP‑activated protein kinase.

Figure 2. Fluorescence imaging and validation of the stably transfected cell lines. (A) Fluorescence image of the 293T cell line expressing plenti‑CMV‑EGFP. 
(B) Fluorescence image of the U251 cell line expressing plenti‑CMV‑EGFP. (C) The left image shows the levels of Flag, and the right image shows the levels of 
AMPK. NC, negative control (U251 cells); OE, overexpression (AMPK‑TurboID overexpression cells with stable transfection); AMPK, AMP‑activated protein 
kinase; EGFP, enhanced green fluorescent protein.
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‘Hippo signaling pathway’, ‘insulin signaling pathway’, 
‘insulin resistance’ and ‘ferroptosis’ (Fig. 4D).

DNAJA1 interacts with AMPK. MS data revealed that 
DNAJA1 is an interaction partner of AMPK. DNAJA1, a key 
protein in the protection against apoptosis, acts as a co‑chap‑
erone protein for heat shock protein family A member 1B and 
negatively regulates the transport of Bax from the cytoplasm 
to the mitochondria under conditions of cellular stress (33). 
Co‑IP assays revealed that DNAJA1 interacts with AMPK. 
As shown in Fig. 5A, AMPK may specifically precipitate 
DNAJA1.

Immunofluorescence detection of the localization of 
AMPK and DNAJA1 in U251 cells further provided a basis 
for the interaction between AMPK and DNAJA1. Fig. 5B 
shows that both AMPK and DNAJA1 were localized in 
the cytoplasm, providing a spatial and temporal basis to 
further determine the interactions between AMPK and 
DNAJA1.

AMPK interacts with DNAJA1 to participate in anti-
apoptosis. It has previously been established  (33) that 
DNAJA1 is involved in the negative regulation of Bax and 
thus participates in the anti‑apoptotic process. The present 
study demonstrated the existence of an interaction between 
AMPK and DNAJA1 and therefore hypothesized that AMPK 
may interact with DNAJA1 to participate in the anti‑apop‑
totic pathway of cells. As shown in Fig. 6, the expression 
levels of DNAJA1 were showed a slight non‑significant 
increase and the expression level of Bax was decreased in 
the AMPK overexpressing cell line compared with those in 
the U251 cell line, while Bcl2 expression showed no signifi‑
cant change, indicating that the apoptotic process may be 
attenuated in AMPK overexpressing cells. CCCP is a mito‑
chondrial uncoupler that disrupts mitochondrial membrane 
potential and depletes cellular ATP levels, thereby inhibiting 
AMPK activity  (34). The CCCP‑treated AMPK‑TurboID 
overexpressing cell line exhibited significantly weakened 
DNAJA1 and Bcl2 levels but enhanced Bax levels compared 

Figure 4. Analysis of AMPK interacting proteins. (A) Enriched pathways of proximate proteins of AMPK based on CC. (B) Enriched pathways of proximate 
proteins of AMPK group based on MF. (C) Enriched pathways of proximate proteins of AMPK group based on BP. (D) Enriched pathways of proximate 
proteins of AMPK group based on KEGG analysis. AMPK, AMP‑activated protein kinase; KEGG, Kyoto Encyclopedia of Genes and Genomes; CC, cellular 
components; MF, molecular functions; BP, biological processes.
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with those in the AMPK overexpressing cells without CCCP 
treatment.

Discussion

Proteins are not only the material basis of life activities but 
also important components of cells, and are one of the primary 
regulators of physiological functions and metabolism in the 
human body. Proteins act in two main forms, either alone 
or in specific complexes with other proteins or chaperone 
molecules  (35,36). The study of protein interactions is an 
important aspect of protein functional study (37). Based on the 
concept that interacting proteins must be in proximity to each 
other, proximity labeling techniques have gradually become 
an emerging research topic. Among them, TurboID stands out 
among the proximity labeling techniques due to its advantages 
of high catalytic activity, fast labeling, no in vivo toxicity and 
easy operation. The principle of action involves catalyzing 
the biotinylation of the fused protein and target proteins in a 
proximity‑dependent manner (38). In order to consistently and 
stably express the target gene and study protein interactions, 
a stably transfected cell line was constructed in the present 
study. Stable overexpression of genes can overcome the 
disadvantage of relatively limited and uncontrollable transient 
overexpression (39) and increase the reproducibility of experi‑
mental results.

With regard to further advancements in MS and proteomics, 
Song et al (40) identified four potential protein biomarkers 
in nasal swabs for the diagnosis of coronavirus disease‑19 

by combining matrix‑assisted laser desorption/ioniza‑
tion time‑of‑flight MS analysis with top‑down proteomics 
techniques. Xiao  et  al  (41), developed an innovative 
research framework by integrating targeted proteomics 
and metabolomics technologies, enabling the screening of 
potential biomarkers for the early detection of hepatocel‑
lular carcinoma. The parallel‑flow projection and transfer 
learning across omics data method proposed by Hu et al (42) 
integrates microfluidics with deep learning, enabling deep and 
high‑resolution spatial localization of thousands of proteins 
across intact tissue sections. Since relying solely on mRNA 
measurements risks missing important biological information, 
Furtwängler et al (43) utilized recent advances in single‑cell 
proteomics by MS to generate an in vivo differentiation hier‑
archy dataset of >2,500 human CD34+ hematopoietic stem 
and progenitor cells. Direct protein‑level analysis is essential 
for comprehensive biological insights. In the present study, 
a similar MS‑based proteomics approach, combined with 
TurboID proximity labeling, was employed to screen for 
AMPK‑interacting proteins in U251 cells.

The AMPK signaling pathway is also an important research 
avenue. AMPK trimeric serine/threonine protein kinase is 
composed of a catalytic subunit (α) and two regulatory subunits 
(β and γ) (44), which form an enzyme regulating the general 
switch of cellular metabolism and maintaining the balance of 
nutrient supply and energy demand in vivo (45). Studying the 
interaction between AMPK and other proteins is an important 
step in understanding its function. It has been shown that AMPK 
is associated with mitochondrial fission factor (MFF), which can 

Figure 5. Validation of the interaction between AMPK and DNAJA1. (A) Co‑IP was used to verify the interaction between AMPK and DNAJA1. 1, Input of 
U251 cell line; 2, input of AMPK overexpressing cell line; 3, co‑IP eluate of U251 cell line after Flag‑magnetic beads affinity adsorption; and 4, co‑IP eluate 
of AMPK overexpressing cell line after Flag‑magnetic beads affinity adsorption. (B) Immunofluorescence validation of the interaction between AMPK and 
DNAJA1. ***P<0.001, ****P<0.0001; ns, not significant. AMPK, AMP‑activated protein kinase; DNAJA1, DNAJ heat shock protein family (Hsp40) member A1; 
IP, immunoprecipitation; ns, not significant; M, molecular weight standard.
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promote AMPK phosphorylation and activate mitochondrial 
fission. In 2022, Peng et al (46) demonstrated that high osmotic 
pressure‑induced energy stress can activate the AMPK/MFF 
pathway, which subsequently regulates mitochondrial fission 
and mitophagy, contributing to the development of dry eye. 
Receptor‑interacting protein kinase 1 (RIPK1) is a key factor 
in mediating cell inflammation and cell death. Zhang et al (47) 
found that AMPK may inhibit RIPK1 activation through phos‑
phorylation at Ser415, suppressing energy stress‑induced cell 
death. These findings provide important insights regarding the 
development of potential therapeutic drugs aimed at preventing 
ischemia‑induced cell death and tissue damage. Penfluridol can 
activate the AMPK/FOXO3a/BIM signaling pathway and inhibit 

glycolysis‑induced apoptosis, thereby inhibiting tumor formation. 
Zheng et al (48) found that penfluridol markedly inhibited the 
growth of patient‑derived xenograft (PDX) tumors and the thera‑
peutic effect of penfluridol was associated with the expression of 
phosphofructokinase, liver type (PFKL). PDX was subcutane‑
ously inoculated with esophageal squamous cell carcinoma in 
mice, and it was found that penfluridol targeted PFKL‑inhibited 
glycolysis and inhibited the occurrence of esophageal cancer in an 
AMPK/FOXO3a/BIM‑dependent manner. In addition, AMPK 
also participates in numerous physiological processes, such as cell 
proliferation, metabolism (49), autophagy (50) and apoptosis (51).

Despite U251 cells being astrocytes with a metabolic 
environment different from that of liver, muscle, heart or 

Figure 6. Western blotting validation of the interaction between AMPK and DNAJA1 in the anti‑apoptosis pathway. 1, U251; 2, AMPK‑U251; 3, AMPK‑U251 
cells treated with CCCP; AMPK, AMP‑activated protein kinase; DNAJA1, DNAJ heat shock protein family (Hsp40) member A1; CCCP, carbonyl cyanide 
3‑chlorophenylhydrazone; ns, not significant; M, molecular weight standard. **P<0.01, ***P<0.001, ****P<0.0001; ns, not significant.
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pancreatic cells, they may be still intricately associated with 
systemic diseases, such as diabetes. Han et al (52) found that 
the an abnormally high level of D‑ribose was detected in the 
urine of type 2 diabetic patients, accelerated the formation of 
advanced glycation end‑products (AGEs) in U251 and U87MG 
cells as well as in mouse brains, and induced the upregulation 
of the receptor for AGEs (RAGE). The results indicated that 
D‑ribose‑derived AGEs induced spatial cognitive impair‑
ment in mice, which was associated with the activation of 
RAGE‑dependent inflammatory responses mediated by 
astrocytes. The present study focused on the screening of 
AMPK‑interacting proteins. The human U251 astrocytoma 
cell line was used for cell model establishment, which exhibits 
a high efficiency of lentiviral infection (53,54), and resulted 
in the successful establishment of a stable cell line expressing 
the AMPK‑TurboID fusion protein. This provided a solid 
foundation for subsequent proximity labeling and proteomic 
analyses. Subsequently, biotin labeling experiments were 
conducted and a number of proteins interacting with AMPK 
were found. Finally, AMPK‑interacting proteins were screened 
by label‑free MS, with GO and KEGG enrichment analysis 
performed on the AMPK overexpression group.

Apoptosis is a fundamental process. AMPK, a key cellular 
energy sensor, and DNAJA1, a co‑chaperone protein, have both 
been implicated in the regulation of apoptosis, although their 
potential interplay in this process remains unclear. DNAJA1 can 
negatively regulate the pro‑apoptotic protein Bax by inhibiting 
its translocation from the cytoplasm to the mitochondria during 
cellular stress, thus participating in the anti‑apoptotic process (33). 
AMPK activates NF‑κB to increase the expression of the anti‑apop‑
totic protein Bcl2, thereby promoting cell survival and inhibiting 
apoptosis (41). The present study demonstrated the existence of an 
interaction between AMPK and DNAJA1 and therefore proposed 
the hypothesis that AMPK interacts with DNAJA1 to participate 
in the anti‑apoptotic pathway of cells. The expression levels of Bax 
and Bcl2, two apoptosis markers, were compared in U251 cells, 
AMPK‑TurboID cells and CCCP drug‑treated AMPK‑TurboID 
cells. The results showed that compared with the U251 cell line, 
the AMPK overexpressing cell line exhibited decreased BAX 
expression, indicating an attenuation of the apoptotic process. By 
contrast, CCCP‑treated AMPK‑TurboID cells exhibited signifi‑
cantly weaker expression of DNAJA1 and Bcl2 and enhanced 
expression of Bax compared with AMPK overexpressing cells 
without CCCP treatment, supporting the notion that AMPK can 
interact with DNAJA1 to inhibit apoptosis.

Lastly, despite the present study having successfully 
constructed an AMPK overexpression cell line, determined 
its interacting proteins and showed that AMPK may inhibit 
apoptosis, the application of the findings in treating clinical 
diseases where AMPK may be implicated in, such as diabetes 
and myocardial infarction, require further investigation.
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