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Abstract. Colorectal cancer (CRC) is the fourth most lethal 
cancer in the world. Heat shock protein 60 (HSP60), a mito‑
chondrial chaperone that maintains mitochondrial proteostasis, 
is highly expressed in tumors compared with in paracancerous 
tissues, suggesting that high HSP60 expression benefits tumor 
growth. To determine the effects of HSP60 expression on tumor 
progression, stable HSP60‑knockdown HCT116 cells were 
constructed in the present study, revealing that knockdown 
of HSP60 inhibited cell proliferation. Proteomic analysis 
demonstrated that mitochondrial proteins were downregulated, 
indicating that knockdown of HSP60 disrupted mitochondrial 
homeostasis. Metabolomic analysis demonstrated that cellular 
adenine levels were >30‑fold higher in HSP60‑knockdown cells 
than in control cells. It was further confirmed that elevated 
adenine activated the AMPK signaling pathway, which inhibited 
mTOR‑regulated protein synthesis to slow down cell prolifera‑
tion. Overall, the current results provide a valuable resource for 
understanding mitochondrial function in CRC, suggesting that 
HSP60 may be a potential target for CRC intervention.

Introduction

Colorectal cancer (CRC) is one of the most common types of 
cancer, with >1.8 million new cases diagnosed worldwide every 

year, resulting in 881,000 fatalities (1). The occurrence of CRC 
is driven by mutations of tumor suppressor genes, oncogenes and 
genes associated with DNA repair (2), and it can be classified 
as sporadic, hereditary or familial. Colorectal carcinogenesis 
is characterized as a multi‑step, multi‑mechanism process in 
which tumor initiation and progression occur via a progressive 
accumulation of genetic mutations (3). Understanding tumor 
progression in CRC at the molecular level is important for 
facilitating diagnosis and therapeutic intervention.

Heat shock protein 60 (HSP60) is a major ATP‑dependent 
mitochondrial chaperone and is well‑conserved from bacteria 
to mammals. Previous studies have revealed that HSP60 serves 
an important role in the pathology of complex diseases, such as 
neurodegenerative disorders, atherosclerosis and heart disease, 
as well as multiple inflammatory diseases (4‑6). The effects 
of HSP60 expression on cancer progression have been exten‑
sively studied and suggest that HSP60 is either pro‑survival or 
pro‑apoptotic in different types of tumor (7‑12). Our previous 
study has indicated that HSP60 expression is downregulated in 
clear cell renal cell carcinoma (ccRCC) tissues compared with 
in paracancerous tissues (13). HSP60 overexpression in ccRCC 
cells inhibits proliferation, while HSP60‑knockdown promotes 
cell proliferation in both cell culture and nude mouse xenografts. 
Additionally, HSP60‑knockdown activates the AMPK signaling 
pathway, which promotes acquisition of the Warburg phenotype 
in ccRCC cells (14). In addition, HSP60 promotes tumor cell 
proliferation and metastasis (8‑10) and is highly expressed in 
colorectal, ovarian and prostate cancer (12,15,16). However, it 
is unclear whether HSP60‑knockdown activates the AMPK 
signaling pathway and inhibits proliferation in CRC cells.

To determine the effects of HSP60 expression on CRC tumor 
progression, stable HCT116 cells with HSP60‑knockdown were 
constructed in the present study. The current study demonstrated 
how HSP60‑knockdown affected proliferation of HCT116 
cells via proteomic and metabolic analysis, and validated the 
regulation of the adenine‑AMPK‑mTOR signaling pathway in 
HSP60‑knockdown CRC cells. The current results suggested 
that HSP60 may be a potential target for CRC therapy.

Materials and methods

Cell lines and culture. The human colon cancer cell line 
(HCT116) and 293T cell line were purchased from the Cell 
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Bank of Type Culture Collection of the Chinese Academy of 
Sciences, and the cells were grown in McCoy's 5A medium 
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with 
10% FBS (Wisent, Inc.) and 1% penicillin/streptomycin 
(Wisent, Inc.). The cells were cultured at 37˚C with 5% CO2. 
Mycoplasma testing was performed for the cell lines used.

Establishment of a stable cell line with HSP60‑knockdown. 
The HSP60‑knockdown stable cell line was established based 
on a previously published protocol (17). Two short hairpin (sh)
RNAs (KD1 and KD2) specifically targeting HSPD1 were 
chosen (17), and a scramble shRNA was used as negative control 
(sequences shown in Table SI). Restriction sites were created 
on the double‑strand shRNAs and pLL3.7 vector (Addgene, 
Inc.; cat. no. 11795) and the shRNAs were inserted into plasmid 
pLL3.7 lentivirus vectors with T4 DNA ligase (cat. no. EL0011; 
Thermo Fisher Scientific, Inc,). pLL3.7‑shRNAs (20 µg; 
1.33 µg/ml) were co‑transfected with pMD2.G, pMDLg/p 
RRE and pREV‑Rev (preserved in our laboratory) into 293T 
cells using polyethyleneimine (Sigma‑Aldrich; Merck KGaA) 
when cells reached 60‑70% confluence. Cells were incubated 
at 37˚C with 5% CO2. After 72 h, supernatants were harvested 
with PEG6000 (Tokyo Chemical Industry Co., Ltd.) and were 
used to infect HCT116 cells with 6 µg/ml polybrene at 37˚C 
for 6 h when cells reached 30‑40% confluence. After 48 h, 
infected cells were sorted by a flow cytometer (FACSCalibur; 
BD Biosciences) to generate the monoclonal stable cell line. 
The clones with the uniform GFP expression were selected in 
the present study (data not shown). 

Detection of cell proliferation by cell counting Kit‑8 
(CCK‑8) assay. HCT116 cells were seeded in a 96‑well plate 
(2,000 cells/well). The proliferation rate was determined using 
the CCK‑8 assay according to the manufacturer's instructions 
(Dojindo Molecular Technologies, Inc.). Briefly, the CCK‑8 
reagent was added into each well after 0, 12, 24, 36, 48, 72, 
84, 96 and 108 h of cell culture. Absorbance at 450 nm was 
measured 2 h after CCK‑8 addition.

Xenograft experiments. All animal studies were approved 
by the Animal Research Ethics Committee of the Tsinghua 
University (Beijing, China). The mice were housed with free 
access to food and water in a temperature‑ and light‑regulated 
pathogen‑free room at Tsinghua University Animal Facilities 
(temperature, 24±1˚C; humidity, 60±5%; 12‑h light/dark cycle). 
The protocols used in the present study were approved by the 
Institutional Animal Care and Use Committee (IACUC) of 
Tsinghua University and were performed in accordance with 
the IACUC guidelines. The humane endpoint was tumor 
burden >15 mm at the largest dimension. Carbon Dioxide 
Euthanasia for Mice (BU ASC Guidelines) (17) was used 
to provide a rapid, painless, stress‑free death. CO2 overdose 
causes rapid unconsciousness followed by death. A gradual 
CO2 fill rate of 10‑30% of the chamber volume per minute 
was used when euthanizing mice. A total of 5x106 control cells 
(transfected with the negative control shRNA) or HSP60‑KD1 
or HSP60‑KD2 cells were resuspended with PBS and subcuta‑
neously injected into five 5‑week‑old nude male mice for each 
group (15 mice in total; weight, 19.9‑23.4 g; Beijing Vital River 
Laboratory Animal Technology Co., Ltd.). Tumor size was 

quantified by fluorescence imaging using an in vivo imaging 
system (PerkinElmer, Inc.) to measure the GFP fluorescence 
intensity of tumors in mice. 20 days after injection, The tumor 
volume was calculated as π/6 x length (mm) x width (mm) 
x height (mm). 

Quantitative proteomic analysis and metabolomic analysis. 
Quantitative proteomic analysis was performed as previ‑
ously described (3). Tandem Mass Tag (TMT) reagents were 
purchased from Thermo Fisher Scientific, Inc., and peptides 
were labeled according to the manufacturer's instructions 
(Thermo Fisher Scientific, Inc.). The labeled peptides were 
mixed and desalted on a SEP Pak C18 column (Waters 
Corporation) and separated by reverse phase chromatography. 
Orbitrap Q‑Exactive mass spectrometer (Thermo Fisher 
Scientific, Inc.) and Xcalibur 3.0 software (Thermo Fisher 
Scientific, Inc.) were applied with data‑dependent acquisi‑
tion mode. Proteomic analysis of cell lines was performed 
in four biological replicates. The MS/MS spectra were 
searched using the search engine SEQUEST from Proteome 
Discoverer Software (version 2.1; Thermo Fisher Scientific, 
Inc.) against UniProt human database. Metabolomic analysis 
was performed according to a previous study (7). TSQ 
Quantiva™ Triple Quadrupole Mass Spectrometer (Thermo 
Fisher Scientific, Inc.) with positive/negative ion switching for 
targeted quantitation with selective reaction monitoring was 
used. C18 based reverse phase chromatography was utilized 
with 10 mM tributylamine, 15 mM acetate in water and 100% 
methanol as mobile phase A and B, respectively. The source 
voltage was 3,500 V for positive and 2,500 V for negative ion 
mode. The source parameters were as follows: Spray voltage, 
3,000 V; capillary temperature, 320˚C; heater temperature, 
300˚C; sheath gas flow rate, 35 units; auxiliary gas flow rate, 
10 units. Metabolite identification was based on TraceFinder 
software (Version 3.2; Thermo Fisher Scientific, Inc.) with a 
home‑built database containing ~300 compounds. Ingenuity 
Pathway Analysis (IPA) software (version 2.0; Qiagen, Inc.) 
was used to perform pathway analysis.

Western blotting. Cells were lysed with lysis buffer (20 mmol/l 
Tris‑HCl pH 7.5, 150 mmol/l NaCl, 1% Triton X‑100, 1% sodium 
pyrophosphate and Protease Inhibitor Cocktail) for 30 min on ice. 
The supernatant was collected by centrifugation at 13,800 x g for 
20 min at 4˚C. Protein concentrations were determined using 
the BCA protein assay kit. Proteins (40 µg protein/lane) were 
separated via 12% SDS‑PAGE and transferred onto a PVDF 
membrane. The membrane was blocked with 5% skim milk 
powder in TBST solution at room temperature for 1 h. Anti‑β‑actin 
(cat. no. AC038; 1:5,000), anti‑HSP60 (cat. no. A0564), 
anti‑AMPKα (cat. no. A1229), anti‑phospho (p)‑AMPKα (Thr172; 
cat. no. AP0116), anti‑Raptor (cat. no. A8992), anti‑p‑Raptor 
(Ser792; cat. no. AP0928), anti‑eukaryotic translation initia‑
tion factor 4E binding protein 1 (4EBP1; cat. no. A19045) and 
anti‑p‑4EBP1 (Thr37/46) primary antibodies were obtained 
from ABclonal Biotech Co., Ltd. Antibodies against mTOR 
(cat. no. 2983), p‑mTOR (Ser2448; cat. no. 5536), Bcl‑2/adeno‑
virus E1B 19‑kDa interacting protein 3 (BNIP3; cat. no. 44060) 
and Parkin (cat. no. 2132), as well as HRP‑conjugated anti‑rabbit 
(cat. no. 7074) and anti‑mouse IgG (cat. no. 7076) secondary 
antibodies were obtained from Cell Signaling Technology, Inc. 
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Antibodies against p70S6 kinase (p70S6K; cat. no. S4047) and 
p‑p70S6K (T421/S424; cat. no. S6436) were obtained from 
Sigma‑Aldrich. Dilution rates for all antibodies, except for the 
anti‑β‑actin antibody, were 1:1,000. Primary antibodies were 
incubated at 4˚C overnight, while secondary antibodies were 
incubated at room temperature for 1 h. The visualization reagent 
was part of an enhanced chemiluminescent kit (Beijing Solarbio 
Science & Technology Co., Ltd.).

Statistical analysis. At least three biological replicates were 
performed for all in vitro assays, and the data were presented 
as the mean ± SEM. Statistical analysis was performed using 

GraphPad Prism 7.0 software (GraphPad Software, Inc.). 
One‑way or two‑way ANOVA was used for the comparison 
of multiple groups followed by Bonferroni's correction, 
Benjamini‑Hochberg method or Dunnett's test. Wilcoxon 
rank‑sum test was used to determine the significance of the 
differences in Gene Expression Profiling Interactive Analysis 
(GEPIA; http://gepia.cancer‑pku.cn/). Fisher's exact test was 
used for pathway enrichment analysis. The cut‑off values for 
downregulated proteins were fold‑change ≤0.76 and P<0.05; 
and those for upregulated proteins were fold‑change ≥1.3 
and P<0.05. P<0.05 was considered to indicate a statistically 
significant difference.

Figure 1. HSP60‑knockdown suppresses the proliferation of colorectal cancer cells in vitro and in vivo. (A) HSP60 was highly expressed in colorectal cancer 
tissues (red) compared with in paired normal tissues (gray) from patients with colorectal cancer. The log2‑transformed values of HSP60 gene expression 
of the COAD dataset in GEPIA were used to compare the difference between cancer and normal samples. Significance was calculated using the Wilcoxon 
rank‑sum test. (B) HSP60 was knocked down in HSP60‑KD1 and ‑KD2 cells. (C) Cell Counting Kit‑8 assay indicated that cell proliferation was significantly 
decreased in HSP60‑KD cells than in control cells. (D and E) HSP60‑knockdown inhibited tumor growth in nude mice. The volumes of xenograft tumors of 
HCT HSP60‑KD and control cells were monitored for 20 days after injection. Data were analyzed using ordinary two‑way ANOVA followed by Bonferroni's 
test as multiple comparisons test. (F) Florescent intensities of tumors on the 20th day after injection indicated the relative size of xenograft tumors generated 
from HSP60‑KD and control cells in nude mice. Data were analyzed using ordinary one‑way ANOVA followed by Benjamini‑Hochberg method as multiple 
comparisons test. *P<0.05; ***P<0.001. HSP60, heat shock protein 60; KD, knockdown; T, tumor; N, normal; TPM, transcripts per million; COAD, colon 
adenocarcinoma; GEPIA, Gene Expression Profiling Interactive Analysis.
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Results 

HSP60‑knockdown inhibits the proliferation of CRC 
cells. GEPIA (18) revealed that HSP60 expression in tumor 
samples was significantly higher than that in paired normal 
tissues from patients with CRC, suggesting that HSP60 may 
be required for tumor progression (Fig. 1A). To explore the 
effects of HSP60‑knockdown on the progression of CRC, 
stable HSP60‑knockdown cells were established using 
HSP60‑directed shRNAs in human CRC HCT116 cells. Cells 
transfected with scrambled shRNA that had no homology in 
the human genome were used as the negative control. HSP60 
expression in these cells was examined by western blotting, 
confirming that HSP60 expression was significantly silenced 
in HSP60‑KD1 and HSP60‑KD2 cells (Fig. 1B). HSP60 
expression in HSP60‑KD2 cells was markedly lower than in 
HSP60‑KD1 cells (Fig. 1B).

The proliferation rates of HSP60‑knockdown cells were 
then measured using CCK‑8 assay. HSP60‑knockdown signifi‑
cantly inhibited the proliferation rate of HCT116 cells (Fig. 1C). 
Additionally, the proliferation rate of HSP60‑KD2 cells was 
slower than that in HSP60‑KD1 cells, indicating that HSP60 
expression was positively associated with the proliferation 
rate. Subsequently, HSP60‑KD1 and ‑KD2 cells were subcu‑
taneously injected into 5‑week‑old immunodeficient mice to 
verify whether HSP60‑knockdown inhibited tumor growth. 
Vernier calipers were used to calculate tumor volume 20 days 
after injection via measuring the major and minor diameters 
of tumors. The results indicated that HSP60‑knockdown 
significantly decreased tumor size compared with the control 
cells (Fig. 1D and E). Since HSP60‑KD1 and ‑KD2 cells stably 
expressed GFP, the tumor volume of subcutaneous mouse 
xenografts was measured using fluorescence imaging. The 
fluorescence intensity of HSP60‑KD1 and ‑KD2 tumors was 
significantly lower than that in control tumors (Figs. 1F and S1). 
These results indicated that HSP60‑knockdown slowed the 
proliferation of CRC cells in vitro and in vivo, and that HSP60 
expression was positively associated with tumor growth.

HSP60‑knockdown disrupts mitochondrial proteostasis. To 
explore how HSP60‑knockdown inhibited the proliferation of 
CRC cells, a TMT‑based quantitative proteomic analysis was 
performed to identify differentially expressed proteins between 
HSP60‑knockdown and control cells. The analysis quantified 
a total of 5,590 proteins. Based on the cut‑off threshold for 
determining the differentially expressed proteins, 575 proteins 
were considered to be downregulated (fold change ≤0.76; 
P<0.05), while 53 proteins were upregulated (fold change ≥1.3; 
P<0.05) (Fig. 2A).

IPA indicated that 11 cancer‑associated pathways were 
significantly inhibited in HSP60‑knockdown cells (Fig. 2B). 
Inhibition of ‘oxidative phosphorylation’ suggested that 
HSP60‑knockdown may cause mitochondrial dysfunc‑
tion (19), while inhibition of ‘tRNA charging’ and ‘EIF2 
signaling’ implied that HSP60‑knockdown may inhibit 
protein synthesis (20). Other signaling pathways inhibited 
in HSP60‑knockdown cells included ‘valine degradation’, 
‘fatty acid b‑oxidation’, ‘leucine degradation’, ‘glycolysis’, 
‘gluconeogenesis’, ‘TCA cycle’, ‘glutathione‑mediated 
detoxification’ and ‘interferon signaling’ (Fig. 2B). From 

the Disease and Function Analysis in IPA, it was revealed 
that the functions associated with ‘organismal death’, 
‘morbidity or mortality’, and ‘growth failure’ were activated 
in HSP60‑knockdown cells (z‑score >2; P<0.05; Fig. 2C). 
Other disease‑associated pathways that were inactivated 
included ‘synthesis of lipid’ and ‘cell viability of tumor 
cell lines’, ‘metabolism of protein’, ‘metabolism of terpe‑
noid’, ‘cell proliferation of tumor cell lines’, ‘synthesis of 

Figure 2. Proteomic analysis identified deferentially expressed proteins 
between HSP60‑KD cells and control cells. (A) A total of 575 proteins and 
53 proteins were found to be significantly upregulated and downregulated, 
respectively, in HSP60‑KD HCT116 cells by proteomic analysis. (B) Ingenuity 
Pathway Analysis indicated that 11 cancer‑associated pathways were 
significantly inhibited in HSP60‑KD HCT116 cells, and ‘oxidative phosphor‑
ylation’ was the most inhibited pathway based on z‑scores. (C) Downstream 
functional analysis by Ingenuity Pathway Analysis identified significantly 
activated (z‑score >2; P<0.05) and inhibited (z‑score <‑2; P<0.05) functions 
in HSP60‑KD HCT116 cells. HSP60, heat shock protein 60; KD, knockdown.
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steroid’, ‘synthesis of fatty acid’ and ‘cell cycle progression’ 
(z‑score <‑2; P<0.05; Fig. 2C).

Quantitative proteomic analysis results revealed that 
proteins associated with oxidative phosphorylation were down‑
regulated in HSP60‑knockdown cells, in which 28 subunits of 
mitochondrial complex I were downregulated in HSP60‑KD1 
and ‑KD2 cells compared with in control cells (Fig. 3A). 

Moreover, quantitative proteomic analysis results indicated 
that HSP60‑knockdown downregulated 29 mitochondrial 
ribosomal proteins (MRPs) in HSP60‑KD1 and ‑KD2 HCT116 
cells compared with in control cells (Fig. 3B). These results 
indicated that HSP60‑knockdown disrupted mitochondrial 
proteostasis and inhibited oxidative phosphorylation in HCT116 
cells. Immunoblotting experiments confirmed the upregulation 

Figure 3. Mitochondrial‑associated proteins are significantly downregulated in HSP60‑KD HCT116 cells. (A) A total of 28 proteins associated with mitochon‑
drial complex I were downregulated in HSP60‑KD1 and ‑KD2 cells compared with in control cells. (B) A total of 29 MRPs were decreased in HSP60‑KD1 
and ‑KD2 HCT116 cells compared with in control cells. (C) Mitochondrial autophagy‑associated proteins BNIP3 and Parkin were increased in HSP60‑KD 
cells compared with in control cells. HSP60, heat shock protein 60; KD, knockdown; MRP, mitochondrial ribosomal protein; NDUF, NADH:ubiquinone 
oxidoreductase core subunit; BNIP3, Bcl‑2/adenovirus E1B 19‑kDa interacting protein 3.
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of mitochondrial autophagy‑associated proteins, such as BNIP3 
and Parkin, following HSP60‑knockdown (Fig. 3C).

HSP60‑knockdown in HCT116 cells inhibits the mTOR 
signaling pathway through the adenine/AMPK/mTOR 

Figure 4. Metabolomic analysis of HSP60‑KD cells. (A) Significantly 
changed metabolites in HSP60‑knockdown cells compared with in control 
cells (P<0.05; fold‑change ≥1.3 or ≤0.75). (B) Metabolic pathway analysis 
and downstream function analysis using Ingenuity Pathway Analysis showed 
significantly altered pathways (Fisher's exact test; P<0.05) with the number 
of identified metabolites in associated pathways reported in the literature. 
(C) Adenine was increased in HSP60‑KD cells by >30‑fold. Data were 
analyzed using ordinary one‑way ANOVA followed by Dunnett's test. 
***P<0.001. HSP60, heat shock protein 60; KD, knockdown. Figure 5. HSP60‑knockdown in HCT116 cells activates the AMPK signaling 

pathway and inhibits mTOR and protein synthesis. (A) Western blotting 
indicated that phosphorylation of AMPK (T172) in HSP60‑KD HCT116 
cells was increased compared with in control cells. (B) Western blotting 
indicated that the mTOR signaling pathway was inhibited in HSP60‑KD 
cells compared with in control cells. (C) Diagram illustrating the effects of 
HSP60‑knockdown on the adenine/AMPK/mTOR signaling pathway and 
proliferation of HCT116 cells. HSP60, heat shock protein 60; KD, knock‑
down; p, phosphorylated; 4EBP1, eukaryotic translation initiation factor 4E 
binding protein 1; p70S6K, p70S6 kinase.
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signaling pathway. The aforementioned results indicated 
that HSP60‑knockdown may reprogram cell metabolism. To 
determine the metabolic changes in HSP60‑knockdown cells 
and control cells, a metabolomics analysis was performed 
in five biological replicates. Notably, it was revealed that 
HSP60‑knockdown significantly changed the levels of 297 
metabolites in HSP60‑KD1 cells (Fig. 4A), supporting the 
hypothesis that HSP60‑knockdown reprogramed cellular 
metabolic pathways. IPA analysis indicated that the following 
pathways were associated with the changed metabolites: 
‘Tyrosine degradation’, ‘sirtuin signaling pathway’, ‘tRNA 
charging’, ‘glycine degradation’ and ‘purine ribonucleoside 
degradation to ribose‑1‑phosphate’ (Fig. 4B). Additionally, 
the metabolomics analysis revealed that the adenine level was 
increased by >30‑fold (Fig. 4C), and cellular AMP, ADP and 
ATP were also increased by 6.2‑, 2.8‑ and 2.4‑fold, respec‑
tively (Fig. 4A).

It is known that excess adenine can increase AMP, 
which promotes AMPK signaling (21,22). To confirm that 
HSP60‑knockdown activated the AMPK signaling pathway, 
western blotting experiments were performed, revealing that 
HSP60‑knockdown markedly increased AMPKα phosphory‑
lation at T172 (Fig. 5A), while it decreased phosphorylation 
of p70S6k, 4EBP1 and mTOR (Fig. 5B). Additionally, western 
blotting revealed an increase in Raptor phosphorylation 
(Fig. 5B). These results demonstrated that HSP60‑knockdown 
inactivated the mTOR signaling pathway to inhibit protein 
translation.

Discussion

Previous studies have demonstrated that HSP60 suppresses 
or promotes cell proliferation in a context‑dependent manner. 
HSP60‑knockdown decreases the proliferation rates of 
pancreatic cancer cells (23) and glioblastoma cells (24), while 
it increases the proliferation rates of ccRCC cells (13,14). 
HSP60‑knockdown attenuates pancreatic ductal cancer cell 
proliferation and migration/invasion via decreasing Erk1/2 
phosphorylation (23), while it switches the mitochondrial 
function from ATP production to biosynthesis in ccRCC 
cells (14). Analysis of HSP60 mRNA expression in cancer 
and normal tissues in GEPIA revealed that HSP60 was 
highly expressed in CRC, suggesting that HSP60 expres‑
sion may be positively associated with tumor progression. 
Consistently, a previous study has demonstrated that the 
serum levels of HSP60 protein are significantly higher in 
patients with CRC compared with in healthy controls, and 
serum HSP60 exhibited the same sensitivity and specificity 
compared with carcinoembryonic antigen (25). Until now, 
it was unclear whether HSP60‑knockdown inhibited the 
proliferation of CRC cells. The present study demonstrated 
that HSP60‑knockdown inhibited the proliferation of CRC 
cells. 

The present study conducted proteomics analysis and 
revealed the global effects of HSP60‑knockdown on cellular 
processes. MRPs and respiratory complex I subunits were 
identified to be downregulated following HSP60‑knockdown. 
Metabolomics analysis indicated that HSP60‑knockdown 
significantly increased cellular adenine levels and 
adenine‑associated molecules, such as AMP and ADP, 

resulting in activation of the AMPK signaling pathway. The 
current results revealed that HSP60‑knockdown in HCT116 
cells significantly activated AMPKα and inhibited mTOR and 
its downstream targets p70S6 kinase and 4EBP1 (Fig. 5C), 
providing information on the mechanisms underlying 
HSP60‑knockdown causing adenine accumulation, which 
requires further exploration. In our future study, stable cell 
lines in which HSP60 is knocked down or overexpressed will 
be generated from patient‑derived colon cancer cells.

In conclusion, the present results indicated that high 
HSP60 expression was important for CRC progression. 
HSP60‑knockdown inhibited cell proliferation in vitro and 
in nude mouse xenografts. Additionally, HSP60‑knockdown 
interrupted mitochondrial protein homeostasis and caused 
adenine accumulation, which activated the AMPK signaling 
pathway to inhibit protein translation and cell proliferation. 
These data provide a valuable resource for understanding 
mitochondrial homeostasis in CRC progression, and HSP60 
may be used as a potential therapeutic target for CRC 
treatment.
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