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Down-regulation of HSP60 
Suppresses the Proliferation  
of Glioblastoma Cells via the  
ROS/AMPK/mTOR Pathway
Haiping Tang1, Jin Li1, Xiaohui Liu1, Guihuai Wang2, Minkui Luo3 & Haiteng Deng1

Glioblastoma is a fatal and incurable cancer with the hyper-activated mTOR pathway. HSP60, a 
major chaperone for maintenance of mitochondrial proteostasis, is highly expressed in glioblastoma 
patients. To understand the effects of HSP60 on glioblastoma tumorigenesis and progression, we 
characterized the HSP60-knockdowned glioblastoma cells and revealed that HSP60 silencing markedly 
suppressed cell proliferation and promoted cell to undergo the epithelial-mesenchymal transition 
(EMT). Proteomic analysis showed that ribosomal proteins were significantly downregulated whereas 
EMT-associated proteins were up-regulated in HSP60-knockdowned U87 cells as confirmed by a distinct 
enrichment pattern in newly synthesized proteins with azido-homoalanine labeling. Biochemical 
analysis revealed that HSP60 knockdown increased reactive oxygen species (ROS) production that led 
to AMPK activation, similarly to the complex I inhibitor rotenone-induced AMPK activation. Activated 
AMPK suppressed mTORC1 mediated S6K and 4EBP1 phosphorylation to decrease protein translation, 
which slowed down cell growth and proliferation. On the other hand, high levels of ROS in HSP60 
knockdowned or rotenone-treated U87 cells contributed to EMT. These results indicate that HSP60 
silencing deactivates the mTOR pathway to suppress glioblastoma progression, suggesting that HSP60 
is a potential therapeutic target for glioblastoma treatment.

Glioblastoma (GBM) is the most common and lethal brain tumor in adults1. GBM is classified by the World 
Health Organization as the grade IV gliomas. Complete surgical removal of GBM tumors is difficult due to its 
invasion to the surrounding brain tissues2. GBM patients are not well responded to radiotherapy and chemother-
apy3,4, which leads to an extremely poor prognosis in GBM patients5. The median survival of GBM patients is less 
than one year after diagnosis6, and the five year survival rates of GBM patients are less than 10%7. Three dysregu-
lated pathways were identified in GBM cells including receptor tyrosine kinase (RTK) signaling, retinoblastoma 
(RB) signaling and TP53 signaling8. As a result of the enhanced RTK signaling, mTORC1 signaling is hyperacti-
vated in GBM that promotes growth and proliferation and can be a compelling therapeutic target in GBM treat-
ment2. However, rapamycin, the mTORC1 inhibitor, was failed in clinical trials due to insufficiently suppression 
of mTORC1 signaling, rapamycin resistance or activation of the downstream effectors9. Finding a new target to 
suppress mTORC1 signaling is, therefore, important for development of new therapeutic strategies for GBM. It is 
known that activated AMPK phosphorylates raptor to decrease mTORC1 activity10. However, AMPK mediated 
growth reduction in GBM has not yet been reported.

Heat shock protein 60 (HSP60) is one of the major chaperones in mitochondria for assisting protein folding, 
transportation and degradation to maintain mitochondrial proteostasis11–14. HSP60 plays tumor-type dependent 
roles with pro-apoptotic or pro-survival functions in tumorigenesis and progression15. Samali et al.16 reported 
that HSP60 interacted with pro-caspase3 that accelerated its activation in vitro and in vivo. However, Kirchhoff 
et al.17 showed that cytosolic HSP60 played an anti-apoptotic role in cardiac myocytes through interactions with 
pro-apoptotic Bax and Bak proteins that were also considered as an important factor in preventing apoptosis 
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in tumor cells. As the result, HSP60 was down-regulated in bronchial adenocarcinoma, vesical transitional cell 
carcinoma and carcinosarcoma18–21 whereas the high HSP60 expression was presented in cervical cancer, prostate 
cancer, breast cancer and GBM22–25.

Effects of HSP60 on GBM progression has not been well examined. In the present work, we established multiple  
stable cell lines, in which HSP60 expression was knocked down. We carried out both quantitative proteomics 
and AHA labeling experiments to understand the mechanisms underlying HSP60 mediated cellular processes. 
AHA, an analog of methionine with azide group, is recognized by methionine tRNA and incorporated into newly 
synthesized proteins. These newly synthesized proteins can be enriched by click chemistry and subsequently 
identified by LC-MS/MS analysis. AHA labeling was a method of choice for studying regulation of protein syn-
thesis. Our results revealed that HSP60 silencing in U87 cells enhanced cellular ROS production through dis-
ruption of respiratory complex I and markedly suppressed cell growth and proliferation through activating the 
ROS-AMPK-mTOR pathway, suggesting that HSP60 is a potential target for GBM treatment. We also demon-
strated that bioorthogonal noncanonical amino acid tagging is a useful tool for examining cellular proteostasis 
network.

Results
HSP60 knockdown suppresses cell growth and proliferation and increases susceptibility to oxi-
dative stress.  To explore the effects of HSP60 expression on GBM cell proliferation, we constructed stable 
cell lines in which HSP60 expression was knocked down by small hairpin RNA interference. The cells transfected 
with a scrambled shRNA with no homology in human genome was used as the control. HSP60 silencing efficacy 
in U87, U251, U118 and A172 cells was examined by qPCR and western blotting (Fig. 1(a) and Supplementary 
Fig. S1), showing that the expression levels of HSP60 were decreased by approximately 50% in HSP60-knockdown 
cells. HSP60 knockdown significantly decreased the cell growth rate in all four cell lines (Fig. 1(b–e)), but did not 
decrease the growth in other cell lines such as 293T, A549, A2780 and 786-O cells (data not shown). The results 
indicate that HSP60 knockdown only suppresses cell proliferation in GBM cells.

Next, we examined whether HSP60 knockdown cells were more sensitive to oxidative stress. The cell viability 
of H2O2-treated cells was determined by CCK-8 assay (Fig. 1(f)). When cells were treated with 500 μ​M H2O2 for 
12 h, cell survival rates were 40% and 10% for the control and HSP60-KN-U87 cells, respectively. A significant 
decrease in cell survival confirmed that HSP60-KN-U87 cells are more susceptible to oxidative stress.

Identification of the differentially expressed proteins between the control and HSP60-KN 
cells.  Quantitative proteomics analysis of the control and HSP60-KN-U87 cells identified 6877 proteins in 
biological triplicates. Based on the average reporter ion ratios from TMT analysis, 100 proteins were signifi-
cantly up-regulated (ratio >​ 1.5, p value <​ 0.05) and 170 proteins were significantly down-regulated (ratio <​ 0.67, 
p value <​ 0.05) in HSP60-KN-U87 cells compared to control cells (Supplementary Tables S1 and S2). The Gene 
Ontology (GO) was used to analyze the biological relevance of the differentially expressed proteins with Panther 
(www.pantherdb.org/). As shown in Fig. 2, the majority of the differentially expressed proteins participated in the 

Figure 1.  HSP60 knockdown in glioblastoma cells suppressed cell growth. (a) Western blotting images 
showed that the expression levels of HSP60 were decreased in HSP60-KN cells compared to control cells.  
(b) Growth curve of HSP60-KN-U87 and the control cells. (c) Growth curve of HSP60-KN-U251 and the 
control cells. (d) Growth curve of HSP60-KN-U118 and the control cells. (e) Growth curve of HSP60-KN-A172 
and the control cells. (f) The cell survival rate of HSP60-KN-U87 and their control cells treated with different 
concentration of H2O2. Data were analyzed using student’s t test. *​p <​ 0.05, *​*​p <​ 0.01 and *​*​*p <​  0.001.  
*p <​ 0.05 is considered statistically significant. Error bars represent ±​ SEM.

http://www.pantherdb.org/
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cellular process and the metabolic process. Among the down-regulated proteins, 116 proteins are associated with 
the primary metabolic process, which are the dominant difference between HSP60-KN-U87 and the control cells 
(Fig. 2(a)). We also found that ten ribosomal proteins were down-regulated in HSP60-KN-U87 cells (Fig. 2(b) and 
Table 1), suggesting that the protein synthesis rate in HSP60-KN cells was decreased. Among the up-regulated 
proteins, 26 proteins are associated with cell communication (Fig. 2(c)), in which seven proteins associated with 
the WNT/Catenin pathway were up-regulated in HSP60-KN cells (Fig. 2(d) and Table 1). HSP60 knockdown 
induced changes in the expression levels of RPS9, RPL18A, CDH2 (N-cadherin), CTNNB1 (β​-catenin), SRC and 
LEF1 were further confirmed by western blot analysis (Supplementary Fig. S2).

Figure 2.  Proteomic analysis of differentially expressed proteins between HSP60-KN-U87 and control 
cells. (a) GO analysis of the down-regulated proteins in HSP60-KN-U87 cells compared to the control cells. 
(b) Graphical representation of TMT ratios for subunits of ribosome in HSP60-KN-U87 cells compared to the 
control cells. (c) GO analysis of the up-regulated proteins in HSP60-KN-U87 cells compared to the control 
cells. (d) Expression levels of proteins in Wnt/β​-catenin pathway were up-regulated in HSP60-KN-U87 cells 
compared to the control cells. Data were analyzed using student’s t test. *​p <​ 0.05, *​*​p <​ 0.01 and *​*​*​p <​ 0.001. 
*​p <​ 0.05 is considered statistically significant. Error bars represent ±​ SEM.

Accession Description Score
Sequence 

coverage (%) Ratio ± SD p-value

P46781 40S ribosomal protein S9 340 66 0.65 ±​ 0.02 0

Q02543 60S ribosomal protein L18a 275 51 0.66 ±​ 0.02 0

Q6P5R6 60S ribosomal protein L22-like 1 29 25 0.51 ±​ 0.14 0.0269

P83731 60S ribosomal protein L24 184 48 0.67 ±​ 0.07 0.0131

P49207 60S ribosomal protein L34 129 44 0.66 ±​ 0.03 0.0001

P18077 60S ribosomal protein L35a 156 61 0.66 ±​ 0.02 0

P83881 60S ribosomal protein L36a 120 54 0.65 ±​ 0.02 0

P61927 60S ribosomal protein L37 33 45 0.61 ±​ 0 0

Q02878 60S ribosomal protein L6 304 31 0.65 ±​ 0.09 0.0196

P18124 60S ribosomal protein L7 459 49 0.63 ±​ 0.07 0.0108

P19022 Cadherin-2 52 15 1.71 ±​ 0.28 0.0485

P35221 Catenin alpha-1 574 61 1.59 ±​ 0.16 0.024

P35222 Catenin beta-1 379 60 1.8 ±​ 0.32 0.0487

O60716 Catenin delta-1 381 44 1.5 ±​ 0.17 0.0342

P12931 Proto-oncogene tyrosine-protein kinase Src 41 27 2.17 ±​ 0.46 0.0473

Q9UJU2 Lymphoid enhancer-binding factor 1 32 13 1.85 ±​ 0.31 0.0412

P59768 Guanine nucleotide-binding protein 
G(I)/G(S)/G(O) subunit gamma-2 30 52 1.53 ±​ 0.14 0.0235

Table 1.  The list of the down-regulated ribosomal proteins and upregulated proteins associated with Wnt/
β-catenin pathway in HSP60-KN-U87 cells.
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HSP60-silencing or rotenone treatment induces ROS overproduction in U87 cells.  Proteomics 
showed that seven subunits of respiratory complex I were downregulated in three biological replicate analy-
sis of the control and HSP60-KN-U87 cells (Fig. 3(a) and Table 2) as confirmed by western blotting of NADH 
dehydrogenase ubiquinone 1 alpha subcomplex subunit 5 (NDUFA5), NADH dehydrogenase ubiquinone flav-
oprotein 1 (NDUFV1), NADH dehydrogenase ubiquinone flavoprotein 2 (NDUFV2) and NADH dehydroge-
nase ubiquinone iron-sulfur protein 3 (NDUFS3) in HSP60-KN-U87 cells (Fig. 4(a) and Supplementary Fig. S2),  
indicating that the integrity of the respiratory complexes in HSP60-KN-U87 cells was compromised. To clarify 
the underlying mechanism responsible for the downregulation of respiratory complex I, we carried out AHA 
experiment to enrich newly synthesized proteins. By quantitative proteomics, we identified that the synthesis 
rate of all 10 subunits of respiratory complex I was greatly decreased in HSP60-KN-U87 cells (Fig. 3(b) and 
Supplementary Table S3). This demonstrates that HSP60 silencing disrupts the mitochondrial proteostasis via 
slowing down protein synthesis rate.

It has been known that the cellular ROS was mainly produced from the respiratory complex I and respiratory 
complex III26. We, therefore, tested whether HSP60 knockdown caused ROS overproduction. The cellular ROS 
level was measured with the CellROX®​ Deep Red kit and showed that HSP60 knockdown increased ROS pro-
duction by about 3 fold, indicating that both mitochondrial proteostasis and ROS homeostasis were disrupted 
in HSP60-KN-U87 cells (Fig. 3(c)). To further confirm that HSP60-silencing induced downregulation of res-
piratory complex I was responsible for ROS overproduction, we treated U87 cells with 100 nM rotenone for 1 h, 
an inhibitor of respiratory complex I, which also resulted in ROS overproduction (Fig. 3(d)). Furthermore, we 
demonstrated that rotenone treatment also slowed down the growth and proliferation of U87 cells (Fig. 3(e,f)), 
similarly as those observed for HSP60-KN-U87 cells.

HSP60-silencing suppressed cell growth through the ROS/AMPK/mTOR pathway.  Western 
blotting was employed to investigate the ROS-downstream signaling pathways underlying HSP60 silencing 
mediated suppression of cell proliferation. Phosphorylation of AMPKα​ at T172 were significantly increased 
in HSP60-KN-U87 cells (Fig. 4(a) and Supplementary Fig. S3), indicating that ROS activated AMPK pathway. 
Targets of activated AMPK pathway include the mTOR pathway and fatty acid synthesis, in which AMPK directly 
phosphorylates raptor to prevent the formation of mTORC127. Indeed, western blotting showed that the phospho-
rylation of raptor was significantly increased (Fig. 4(a) and Supplementary Fig. S3), which consequently resulted 

Figure 3.  HSP60 knockdown disrupts complex I integrity leading to ROS overproduction. (a) Graphical 
representation of TMT ratios for subunits of respiratory complex I in HSP60-KN-U87 cells compared to the 
control cells. (b) Graphical representation of TMT ratios for newly synthesized subunits of respiratory complex 
I in HSP60-KN-U87 cells compared to the control cells. (c) Graphical representation of ROS levels of HSP60-
KN-U87 cells compared to the control cells. (d) Graphical representation of ROS levels of U87 cells treated with 
100 nM rotenone for 1 h. (e) Growth of U87 cells was suppressed when treated with different concentrations of 
rotenone for 24 h. (f) Growth curve of U87 cells treated with different concentrations of rotenone. Data were 
analyzed using student’s t test. *​p <​ 0.05, *​*​p <​ 0.01 and *​*​*​p <​ 0.001. *​p <​ 0.05 is considered statistically 
significant. Error bars represent ±​ SEM.
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in significantly decreased S6K and 4EBP1 phosphorylation (Fig. 4(a) and Supplementary Fig. S3), suggesting that 
protein translation was inhibited in HSP60-KN cells through the ROS/AMPK/mTOR pathway.

These results were further validated by the AHA labeling. Using this approach, we identified 3704 newly syn-
thesized proteins, in which the levels of 706 proteins were significantly decreased (ratio <​ 0.67, p value <​ 0.05) 
and 143 proteins were significantly increased (ratio >​ 1.5, p value <​ 0.05) in HSP60-KN-U87 cells compared to 
the control cells (Supplementary Table S3 and S4). The difference in numbers of proteins with altered synthesis 
rates between these two cell lines indicates that HSP60 knockdown slows down protein translation. This was 
further validated by the western blot analysis of AHA labeled proteins, showing that HSP60 knockdown inhibited 
the protein translation (Supplementary Fig. S4). GO analysis showed that majority of the decreased synthetic 
proteins were associated to the metabolic process and cellular process (Fig. 4(b,c)). Synthesis rates for proteins 
associated with protein metabolism were lower in HSP60-KN-U87 cells (Fig. 4(d)). Especially, levels of 91 newly 
synthesized proteins related to ribosomes were lower in HSP60-KN-U87 cells than those in the control cells 
(Supplementary Table S3), in consistent with the proteomic results. On the other hand, levels of newly synthe-
sized proteins associated with cell communication were higher in HSP60-KN-U87 cells than those in the control 
cells (Supplementary Table S4). Thus, HSP60 knockdown induced a distinct enrichment pattern in newly syn-
thesized proteins, demonstrating that proteostasis state was regulated by protein synthesis and HSP60 functions 
as a switch for tuning expressions of proteins of anabolic process and those associated with cell communication.

Furthermore, levels of 12 newly synthesized proteins related to lipid metabolism were significantly lower 
in HSP60-KN-U87 cells than those in the control cells (Fig. 5(a) and Supplementary Fig. S5), suggesting that 
HSP60 knockdown mediated activation of AMPK pathway affected lipid metabolism. We conducted the lipid-
omic analysis and showed that five classes of phospholipids were decreased in HSP60-KN-U87 cells (Fig. 5(b)). 
Nile red staining also indicated that phospholipids in HSP60-KN-U87 cells were reduced (Fig. 5(c–f)), in consist-
ent with the proteomics and western blot data showing that fatty acid synthase and acetyl-CoA carboxylase were 
down-regulated in HSP60-KN-U87 cells (Fig. 4(a)). All these results declared that HSP60-silencing suppressed 
cell proliferation and growth through ROS/AMPK axis.

HSP60-silencing promoted cell to undergo EMT.  AHA labeling results determined that levels of newly 
synthesized proteins in cell communication were higher in HSP60-KN-U87 cells than those in the control cells. 
For examples, HSP60 knockdown induced upregulation of the newly synthesized proteins associated with inte-
grin pathway including Laminin subunit gamma-1, Focal adhesion kinase 1, Proto-oncogene tyrosine-protein 
kinase Src (SRC), Dedicator of cytokinesis protein 1, Integrin alpha-V, Paxillin, Engulfment and cell motility 
protein 2, Filamin-B, Integrin alpha-6, Alpha-actinin-1 and Collagen alpha-1(I) chain. Similarly, the WNT path-
way associated proteins N-cadherin (CDH2), Catenin alpha-1(CTNNA1), β​-catenin (CTNNB1), Catenin delta-1 
(CTNND1), Proto-cadherin gamma-C3 (PCDHGC3), Protocadherin-7 (PCDH7), Inositol 1,4,5-trisphosphate 
receptor type 3 (ITPR3), UDP-glucose 6-dehydrogenase (UGDH) and Inositol 1,4,5-trisphosphate receptor type 
1 (ITPR1) were increasingly synthesized in HSP60-KN-U87 cells compared to the control cells (Fig. 6(a) and 
Supplementary Table S4). HSP60 knockdown mediated activation of integrin and WNT pathway proposes that 
cells undergo EMT process as confirmed by the western blotting, showing that EMT markers N-cadherin and 
vimentin were significantly increased (Fig. 6(b) and Supplementary Fig. S6). Western blot analysis also revealed 
that both the cytoplasmic and nuclear levels of β​-catenin were higher in HSP60-KN-U87 cells (Fig. 6(b) and 
Supplementary Fig. S7). It has been reported that nuclear accumulation of β​-catenin initiated EMT in pancreatic 
cancer28. Consistent with these results, our data suggested that β​-catenin played an important role in HSP60 
silencing mediated EMT process. Moreover, cell invasion assay showed that HSP60-KN-U87 cells displayed a 
higher invasiveness than control cells did (Fig. 6(c)).

To clarify whether HSP60 knockdown mediated ROS/AMPK activation causes EMT, U87 cells were treated 
with rotenone and expression changes in selected proteins were probed by western blotting. As we expected, rote-
none also induced activation of AMPK pathway and upregulation of EMT markers (Fig. 6(d) and Supplementary 
Fig. S6), which confirmed that ROS-induced AMPK activation was the underlying mechanism for EMT process 
in GBM cells.

Accession Description Score
Sequence 

coverage (%) Ratio ± SD p-value

P51970 NADH dehydrogenase [ubiquinone] 
1 alpha subcomplex subunit 8 24 12 0.65 ±​ 0.06 0.0004

P49821 NADH dehydrogenase [ubiquinone] 
flavoprotein 1, mitochondrial 62 49 0.65 ±​ 0.07 0.0113

P19404 NADH dehydrogenase [ubiquinone] 
flavoprotein 2, mitochondrial 23 23 0.75 ±​ 0.08 0.0353

P28331 NADH-ubiquinone oxidoreductase 
75 kDa subunit, mitochondrial 80 30 0.75 ±​ 0.1 0.0439

O75306 NADH dehydrogenase [ubiquinone] 
iron-sulfur protein 2, mitochondrial 25 12 0.7 ±​ 0.06 0.0012

O75489 NADH dehydrogenase [ubiquinone] 
iron-sulfur protein 3, mitochondrial 25 13 0.81 ±​ 0.02 0.0002

O00217 NADH dehydrogenase [ubiquinone] 
iron-sulfur protein 8, mitochondrial 23 33 0.76 ±​ 0.04 0.0007

Table 2.  The list of the downregulated subunits of the respiratory complex I in HSP60-KN-U87 cells.
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Discussion
GBM is the most common brain tumor with high relapse and mortality rate29. The current therapy is based on 
surgical excision followed by temozolomide chemotherapy and/or radiation30,31. New therapeutic approaches are 
urgently needed. Consistent with previous results that the high HSP60 expression was detected in GBM patients, 
we confirmed that HSP60-silencing suppressed the growth and proliferation in multiple GBM cell lines32. The 
high cellular ROS level and mesenchymal phenotype were also presented in HSP60-knockdown cells. Proteomic 
analysis and AHA labeling shed light on the mechanisms underlying HSP60-silencing enhanced ROS produc-
tion, in which multiple subunits of the respiratory complex I were down-regulated in HSP60-KN-U87 cells. The 
respiratory complex I contains 45 subunits33, which must assemble together to form a mature holoenzyme for 
dehydrogenating NADH and transferring electrons to coenzyme Q. As a major site for ROS production34, early 
studies have shown that the down-regulation of complex I subunits causes dysfunction of the respiratory chain to 
generate excessive ROS35,36, which supports our finding that the high level of ROS is present in HSP60-KN-U87 
cells. We further showed that AMPK was activated in HSP60-KN cells. Similar results were observed when cells 
were treated with rotenone. These results demonstrate that both HSP60 knockdown and rotenone-treatment 
activates ROS/AMPK pathway.

It has been known that AMPK regulates several cellular processes, including protein synthesis, fatty acid 
metabolism and glucose uptake37–40. Two different mechanisms were proposed for AMPK mediated inhibi-
tion of mTORC127. AMPK phosphorylates TSC2 to inactivate Rheb41,42, an essential activator of mTORC143; 
or AMPK directly phosphorylates raptor to prevent the formation of mTORC1 complex44. Our data showed 
that raptor phosphorylation was increased in HSP60-KN cells, which caused deactivation of the mTOR signa-
ling. Consequently, targets of mTORC1 complex, S6K and 4EBP1 phosphorylation were decreased45,46, which 

Figure 4.  HSP60-silencing suppressed protein synthesis through the ROS/AMPK/mTOR pathway.  
(a) Western blotting images of NDUFA5, AMPK, raptor, P70S6K, 4EBP1, FASN and ACC in HSP60-KN cells 
compared to the control cells. (b–d) GO analysis of the decreased newly synthetic proteins in HSP60-KN cells 
compared to the control cells showing that proteins in protein metabolic process and nucleobase-containing 
compound metabolic process exhibited a lower synthesis rate in HSP60-KN-U87 cells.
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Figure 5.  Lipid synthesis was decreased in HSP60-KN-U87 cells compared to the control cells.  
(a) Expression levels of proteins in lipid metabolism were down-regulated in HSP60-KN-U87 cells compared 
to the control cells. (b) Lipidomics analysis showed that five classes of phospholipids were decreased in HSP60-
KN-U87 cells compared to the control cells. Data were analyzed using student’s t test. *​p <​ 0.05, *​*​p <​ 0.01 and 
*​*​*p <​ 0.001. *​p <​ 0.05 is considered statistically significant. Error bars represent ±​ SEM. (c,d) Nile red staining 
of the control cells with or without bright-field alignment. (e,f) Nile red staining of HSP60-KN cells with or 
without bright-field alignment.

Figure 6.  HSP60-silencing promoted cells to undergo the EMT process. (a) Graphical representation of TMT 
ratios for newly synthesized proteins in Wnt/β​-catenin pathway that were up-regulated in HSP60-KN-U87 cells. 
(b) Western blotting images of β​-catenin, vimentin, N-cadherin in the control cells and HSP60-KN cells. (c) Cell 
invasion assay showed that HSP60-KN cells displayed a higher invasiveness than control cells did. Data were 
analyzed using student’s t test. *​p <​ 0.05, *​*​p <​ 0.01 and *​*​*​p <​ 0.001. Error bars represent ±​ SEM. (d) Western 
blotting images of AMPK, vimentin, N-cadherin of untreated- and rotenone-treated U87 cells for 24 h.
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ultimately led to 4EBP1 binding to eIF4E and prevented protein synthesis47,48. It was confirmed by the fact that 
the quantity of the newly synthesized proteins in HSP60-KN-U87 cells was significantly less than that synthesized 
in the control cells, especially for the ribosomal proteins and the complex I subunits.

Activated AMPK also regulated lipid metabolism including fatty acid synthesis and β​-oxidation37. It has been 
known that AMPK phosphorylates acetyl CoA carboxylase 1, a rate limiting enzymes in fatty acid synthesis, to 
down-regulate fatty acid synthesis49 while AMPK also inhibits the activity of SREBP1, the transcription factor 
for ACC1 and FASN, to suppress the expression of ACC1 and FASN50. Consistent with those findings, we found 
that ACC and FASN were down-regulated in HSP60-KN cells, resulting in a markedly decrease in lipid synthe-
sis, especially for phospholipids. We further demonstrated that HSP60-knockdowned or rotenone treated cells 
underwent EMT with enhanced cell motilities.

Conclusions
In summary, our results provide mechanistic information for understanding functions of HSP60 in tumorigenesis 
and progression of GBM cells. We demonstrate that HSP60 played a key role in maintenance of mitochondrial 
proteostasis and ROS homeostasis. HSP60 silencing or rotenone treatment disrupted the integrity of the respira-
tory chain, leading to ROS overproduction and activation of AMPK pathway, which inhibited protein synthesis 
and drove cell to undergo EMT. Our data propose that HSP60 silencing attenuates the mTOR pathway to suppress 
cell proliferation and HSP60 is a potential therapeutic target for GBM treatment.

Methods
Cell Lines.  Human glioblastoma cell line U87, U251, U118, A172 and human embryonic kidney 293T were 
obtained from cell bank of Chinese Academy of Sciences (Shanghai, China). U87 cells, U251 cells, U118 cells, 
A172 cells and 293T cells were grown in DMEM media (Wisent, Montreal, QC) supplemented with 10% fetal 
bovine serum (Wisent, Montreal, QC) and 1% penicillin/streptomycin (Wisent, Montreal, QC) at 37 °C in a 
humidified incubator with 5% CO2.

HSP60 knock down stable transfection cell line.  The shRNA sequence used for targeting HSP60 was 
based on previous report51 and further confirmed by NCBI BLAST. A scrambled shRNA with no homologous 
sequence been found in the human genome was used as negative control. The shRNA sequences were shown 
in Supplementary Table S5. The shRNAs were cloned into plasmid pLL3.7 and co-transfected with pMD2.G, 
pMDLg/pRRE and pREV-Rev into 293T cells using Lipofectamine 2000 (Invitrogen, NY) to package lentivi-
ral particles. After transfection for 48 h, Supernatants containing lentiviral particles were harvested and used to 
infect U87, U251, U118 and A172 cells in the presence of 6 μ​g/ml of polybrene for 5 h.Cells were cultured in fresh 
medium for 96 h after infections and sorted by flow cytometer with GFP positive to generate stable cell lines.

Cell proliferation assay with CCK-8.  Cells were seeded in 96-well plates (2,000 cells per well). Cell pro-
liferation rate was measured with the Cell Counting Kit-8 (CCK-8) according to the manufacturer’s instructions 
(Dojindo Laboratories, Japan). Briefly, CCK-8 reagents were added into wells after cells grew for 0, 12, 24, 36, 48, 
72, 84, 96 h respectively or treated with rotenone for 0, 12, 24, 36, 48, 60, and 72 h. The plates were incubated at 
37 °C for 2 h. Absorbance at 450 nm was measured after incubation.

Cell viability assay of HSP60 knockdown cells treated with hydrogen peroxide.  Effects of hydro-
gen peroxide on control and HSP60 knockdown cells were analyzed with the CCK-8 kit. Briefly, Cells were treated 
with hydrogen peroxide (0, 250, 500 and 1,000 μ​M) for 12 h. The CCK-8 reagent was added to treated cells and 
incubated at 37 °C for 2 h. Optical density (OD) was measured at 450 nm with a microplate reader.

Proteomic analysis of newly synthesized proteins.  5 ×​ 106 cells were seeded onto 100 mm dishes sup-
plemented with 10 ml DMEM medium and incubated in CO2 incubator overnight. Cells were washed twice with 
PBS, and supplemented with DMEM medium with 40 μ​M L-methionine or L-Azidohomoalanine. Cells were 
then incubated in CO2 incubator for 4 h. Cells were harvested and washed twice with PBS and lysed in PBS buffer 
containing 0.1% SDS, 1% NP-40 and protease inhibitor cocktail. After sonication, cell lysates were centrifuged 
at 14,000 ×​ g for 20 min at 4 °C. Proteins were quantified with BCA kit. 500 μ​g proteins were reacted with biotin 
alkyne (Thermo, Waltham, MA) supplemented with 1 mM CuSO4 and 5 mM vitamin C for 1 h at room temper-
ature. After methanol precipitation, the precipitates were redissolved in RIPA buffer and incubated with 40 μ​l  
streptavidin sepharose overnight at 4 °C. The beads were washed three times with PBS buffer containing 1% 
NP-40, then washed three times with PBS buffer. Finally, the newly synthesized proteins were eluted with  
2× loading buffer and loaded onto SDS-PAGE gel. The gel bands were excised and digested with the standard 
in-gel digestion protocol. The digested peptides were extracted twice with 50% acetonitrile aqueous solution con-
taining 0.1% formic acid for 60 min. Extracts were then dried in a Speed Vac and labelled with the TMT reagent 
(Thermo, Waltham, MA) according to the manufacturer’s protocol. Labelled peptides were mixed together and 
analyzed by LC-MS/MS. The peak lists from LC-MS/MS analysis were generated with the SEQUESTTM searching 
algorithm in the Proteome Discoverer software (version 1.4.1.14). The generated MS/MS spectra were searched 
against the Uniprot Human database (release date of November 20, 2015; 20193 entries) using the SEQUEST HT 
searching engine. The search criteria were as follows: full tryptic specificity was required; two missed cleavage 
was allowed; carbamidomethylation (C) and TMT sixplex (K and N-terminal) were set as the fixed modifica-
tions; the oxidation (M) was set as the variable modification; precursor ion mass tolerances were set at 10 ppm 
for all MS acquired in an orbitrap mass analyzer; and the fragment ion mass tolerance was set at 0.02 Da for all 
MS2 spectra acquired. The peptide false discovery rate was calculated using Percolator provided by Proteome 
Discoverer software. When the q value was smaller than 1%, the peptide spectrum match was considered to be 
correct. False discovery was determined based on peptide spectrum match when searched against the reverse, 
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decoy database. Peptides only assigned to a given protein group were considered as unique. Relative protein 
quantification was performed using the Proteome Discoverer software (Version 1.4.1.14) according to manufac-
turer’s instructions on the six reporter ion intensities per peptide. Protein ratios were calculated as the median of 
all peptide hits belonging to a protein. Proteins with ratios smaller than 0.67 and p-value <​ 0.05 were considered 
as down-regulated proteins while proteins with ratios greater than 1.5 and p-value <​ 0.05 were considered as 
up-regulated proteins. Tryptic peptides from bovine serum albumin were used as the quality control (QC) sample 
to evaluate the performance of mass spectrometry system.

Protein Separation by two dimensional HPLC and Proteomics Analysis.  Proteomic analysis was 
carried out as previously described52. Briefly, Proteins of infected U87 cells were extracted with 8 M urea, and 
100 μ​g of protein was reduced by adding 5 mM dithiotheitol for 1 h at room temperature and then alkylated 
by 12.5 mM iodoacetamide for 1 h at room temperature protected from light. The protein samples were finally 
digested with trypsin for 20 h at room temperature. The digested peptides were purified using Sep-Pak C18 
cartridges and labeled with TMT reagents (Thermo, Waltham, MA) according to the manufacturer’s protocol. 
Labelled peptides were mixed together, desalted by Sep-Pak C18 cartridges and separated by reverse phase (RP) 
chromatography. The first dimension RP separation by microLC was performed on an Ultimate 3000 System 
(Thermo, Waltham, MA) by using a Xbridge C18 RP column (5 μ​m, 150 Å, 250 mm ×​ 4.6 mm i.d., Waters). Mobile 
phases A (2% acetonitrile, adjusted pH to 10.0 using NH3·H2O) and B (98% acetonitrile, adjusted pH to 10.0 using 
NH3·H2O) were used to develop a gradient. The eluted peptides were monitored at 214 nm and collected every 
minute. The fractions were dried and reconstituted in 20 μ​L of 0.1% (v/v) FA in water for the second dimension 
LC-MS/MS analysis at a low pH value. The peptides were separated by a C18 column (75 μ​m inner-diameter, 
150 mm length; Upchurch, Oak Harbor, USA) with a flow rate of 250 nL/min. Mobile phase A consisted of 0.1% 
formic acid, and mobile phase B consisted of 100% acetonitrile and 0.1% formic acid. The Orbitrap Q-Exactive 
mass spectrometer was operated in the data-dependent acquisition mode using Xcalibur 3.0 software. A full-scan 
followed by 20 data-dependent MS/MS scans were acquired using higher energy collisional dissociation with 
normalized collision energy of 35%. The data analysis was the same as described above. Proteomic analysis was 
carried out in biological triplicates.

Detection of Cellular Reactive Oxygen Species (ROS).  The cellular ROS was measured using 
CellROX®​ Deep Red Reagents (Invitrogen, Grand Island, NY) following manufacturer’s instructions. Briefly, 
cells were stained with 5 μ​M CellROX®​ Deep Red Reagent and incubated at 37 °C for 30 min. Then, cells were 
washed with PBS and analyzed on a BD FACS Aria II Flow Cytometer (BD Biosciences, San Jose, CA).

Western blotting.  Cells were lysed in RIPA buffer supplemented with protease inhibitor cocktail and 
phosphatase inhibitor cocktail (Thermo, Waltham, MA). Equal amount of proteins were separated on the 
12% SDS-PAGE gel and transferred onto a PVDF transfer membrane. Western blot analysis followed a stand-
ard procedure. P70 S6 Kinase, phospho-p70 S6 Kinase (Thr389) β-catenin and FASN antibodies were obtained 
from Sigma (St Louis, MO). AMPKα​, phospho-AMPKα​ (Thr172), Raptor, phosphor-Raptor (Ser792), 4EBP1, 
phospho-4E-BP1 (Thr37/46), ACC, N-cadherin, SRC, LEF1 and β​-actin were obtained from Cell Signaling 
Technology (Danvers, MA). NDUFV1, NDUFV2, NDUFS3, RPS9 and RPL18A were obtained from Proteintech 
(Chicago, IL). NDUFA5 antibody was obtained from Pierce (Rockford, IL). HSP60 antibody was obtained from 
Stressgen (Victoria, BC). Vimentin antibody was obtained from Proteintech (Chicago, IL). Histone H3 antibody 
was obtained from Beyotime(shanghai, China).

Quantitative real-time PCR (qPCR).  Total RNA was isolated using the SV Total RNA Isolation System 
(Promega, Fitchburg, WI) according to the manufacturer’s instructions. cDNA were synthesized using the 
GoScriptTM Reverse Transcription System (Promega, Fitchburg, WI).All qPCRs were performed using the 
Roche LightCycler 96 System with SYBR green incorporation (Promega, Fitchburg, WI). The primers for all 
genes used in this study are from primerbank (https://pga.mgh.harvard.edu/primerbank/index.html) and listed 
in Supplementary Table S6. 18SrRNA was used as internal control. The relative mRNA level was calculated using 
2−ΔΔCt method.

Lipid analysis.  Lipids were extracted according to the method of Bligh and Dyer53. 5 ×​ 106 cells were sus-
pended in 500 μ​l PBS, followed by addition of 3 ml of mixture of chloroform and methanol (V:V =​ 2:1). Samples 
were vortex for 30 s and centrifuged at 1,000 rpm for 5 min. The lower chloroform layer was collected and dried by 
nitrogen. Samples were reconstituted in chloroform and methanol solution (V:V =​ 2:1), separated with Cortecs 
C18 column (2.1 ×​ 100 mm, Waters) and analyzed by an Q Exactive orbitrap mass spectrometer that was operated 
in both positive and negative mode using Xcalibur 3.0 software. A full-scan followed by 10 data-dependent MS/MS  
scans were acquired using higher energy collisional dissociation with stepped normalized collision energy of 15%, 
30% and 45%. The data analysis was performed on LipidSearch software (Thermo, Waltham, MA). The search 
criteria were as follows: product search type was used, precursor ion mass tolerances were set at 8 ppm for all MS 
acquired in an orbitrap mass analyzer and the fragment ion mass tolerance was set at 15 ppm for all MS2 spectra 
acquired. Sample mixture was used as quality control to evaluate the performance of mass spectrometry.

Nile red staining.  Cells were fixed with 4% paraformaldehyde for 20 min and washed with PBS for three 
times. Then, cells were incubated with the Nile red solution (1 μ​g/ml fresh solution) for 20 min, washed with PBS 
for three times and imaged with co-focal microscopy (Zeiss, Jena, Germany).

Invasion assay.  Invasion assay was performed using QCM 24-well cell invasion assay kit (Millipore, Boston, 
MA) according to the manufacturer’s instructions. Briefly, cells were starved for 24 h prior to analysis. Cells were 
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harvested and re-suspended in 1 ml Quenching Medium. 1.25 ×​ 105 cells were seeded in the insert containing 
serum free media while the serum containing media were added to the lower chamber. Cells then were incubated 
for 24 h in a CO2 incubator. Cells that invaded through the ECMatrix-coated membrane were lysed in Lysis 
Buffer/Dye Solution and incubated for 15 min at room temperature. RFU values were read with PerkinElmer’s 
EnSpire Multimode plate reader (Waltham, MA) in fluorescence mode using 480/520 nm filter set.

Statistical analysis.  Statistical analysis was carried out with GraphPad Prism 6.0 software by two sided 
unpaired t tests. P values of  <​ 0.05 were considered significant.
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