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ER stress-mediated apoptosis induced by celastrol
in cancer cells and important role of glycogen synthase
kinase-3f in the signal network

L Feng', D Zhang', C Fan', C Ma?, W Yang®, Y Meng', W Wu', S Guan', B Jiang’, M Yang', X Liu*" and D Guo*'

Hela cells treated with celastrol, a natural compound with inhibitive effect on proteasome, exhibited increase in apoptotic rate
and characteristics of apoptosis. To clarify the signal network activated by celastrol to induce apoptosis, both the direct target
proteins and undirect target proteins of celastrol were searched in the present study. Proteasome catalytic subunit 1 was
predicted by computational analysis to be a possible direct target of celastrol and confirmed by checking direct effect of celastrol
on the activity of recombinant human proteasome subunit 1 in vitro. Undirect target-related proteins of celastrol were searched
using proteomic studies including two-dimensional electrophoresis (2-DE) analysis and iTRAQ-based LC-MS analysis. Possible
target-related proteins of celastrol such as endoplasmic reticulum protein 29 (ERP29) and mitochondrial import receptor Tom22
(TOM22) were found by 2-DE analysis of total cellular protein expression profiles. Further study showed that celastrol induced
ER stress and ER stress inhibitor could ameliorate cell death induced by celastrol. Celastrol induced translocation of Bax into
the mitochondria, which might be related to the upregulation of BH-3-only proteins such as BIM and the increase in the
expression level of TOM22. To further search possible target-related proteins of celastrol in ER and ER-related fractions, iTRAQ-
based LC-MS method was use to analyze protein expression profiles of ER/microsomal vesicles-tiched fraction of cells with or
without celastrol treatment. Based on possible target-related proteins found in both 2-DE analysis and iTRAQ-based LC-MS
analysis, protein—protein interaction (PPI) network was established using bioinformatic analysis. The important role of glycogen
synthase kinase-3 (GSK3p) in the signal cascades of celastrol was suggested. Pretreatment of LiCL, an inhibitor of GSK3,
could significantly ameliorate apoptosis induced by celastrol. On the basis of the results of the present study, possible signal
network of celastrol activated by celastrol leading to apoptosis was predicted.
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Celastrol is a natural triterpenoid compound isolated from
‘Thunder of God Vine’' (Tripterygium wilfordii Hook. f.), a
traditional Chinese medicine, which has been used success-
fully for centuries in treating autoimmune diseases and
chronic inflammation.! The chemical structure of celastrol is
shown in Figure 1a. Recently, the anticancer activities of
celastrol attracted the interests of researchers, and celastrol
was even considered as one of the most promising medicinal
molecules isolated from the plant extracts of traditional
medicines.? Interestingly, celastrol induced cell death in
cancer cells, whereas it activated cytoprotection reaction in
nontransformed cells.®* The mechanism of celastrol was still
not fully clear. The difficulty in clarifying the mechanism of
celastrol resulted from the capacity of celastrol to act as a
multi-target compound. The chemical structure characteristic
(triterpene quinine methide) of celastrol enables it to react with

the nucleophilic thiol groups of cysteine residues in proteins
and form covalent Michael adducts.® The unclear anticancer
mechanism of celastrol impeded the development of celastrol
as a new anticancer drug.

Many reports have shown that celastrol, as a cytotoxic
agent, induced apoptosis in cancer cells.®"'® In our previous
report, we found that celastrol could induce different kinds of
cell death including apoptosis, autophagy and paraptosis in
cancer cells.® Importantly, our study using inhibitors of
apoptosis, autophagy and paraptosis indicated that apoptosis
was the type of cell death that mainly contributed to the
cytotoxicity of celastrol.® Caspase inhibitor, z-VAD-FMK,
could significantly ameliorate cell death induced by celastrol.®
In the present study, we tried to clarify the signal network by
which celastrol induce apoptosis in HelLa cells. Celastrol, as a
multi-target compound, might have different direct targets and
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Figure 1  Celastrol inhibits cell proliferation and induces apoptosis in HeLa cells.

(a) Structure of the celastrol molecule. (b) Cell viability (MTT assay) of HeLa cells
treated with various concentrations of celastrol for 48 h. (c) Representative results
of flow cytometric analysis of apoptosis in cells treated with various concentrations
of celastrol for 48 h. (d) Statistical analysis result of flow cytometric analysis of
apoptosis. Annexin V-positive cells were accepted as apoptotic cells. (e) Levels
of caspase-9, caspase-3, poly(ADP-ribose) polymerases (PARP) and X-linked
inhibitor of apoptosis protein (XIAP) in cells treated with 1 M celastrol for 48 h.
*P<0.05 compared with control

could activate complicated signal cascades. However,
present study would focus on its inhibiting effect on
proteasome and related downstream signal cascades.

The proteasome-inhibiting capacity of celastrol was firstly
reported by Yang et al.'® and confirmed by researchers
including ourselves.®'”'® However, it is unknown whether the
inhibiting effect of celastrol on proteasome was direct or not.
Therefore, the possibility of the three catalytic subunits of
proteasome, 1, 52 and 35, to act as direct targets of celastrol
was predicted using computational analysis. Then, direct
effect of celastrol on the activity of recombinant proteasome
p1 subunit protein in vitro was checked to confirm the
prediction that proteasome 1 subunit might be a direct target
of celastrol. Further, undirect target-related proteins of
celastrol were searched in the present study using proteomic
methods. Generally, it might be rational to predict the signal
transduction activated by a proteasome inhibitor to be due to
proteasome inhibition, then endothelium reticulum (ER) stress
and finally apoptosis. However, the situation might be
complicated for celastrol, as signal cascades activated by
other targets of celastrol might be also involved in the effects
of celastrol. Therefore, proteomic methods were used in the
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present study to provide relatively comprehensive and
unbiased information about the target-related proteins
involved in the effects of celastrol. Based on the results of
proteomic analysis and in depth study of the effects of
celastrol on the ER and mitochondria, signal cascades
activated by celastrol leading to apoptosis were sequentially
clarified.

Results

Celastrol inhibited cell proliferation and induced
apoptosis in HelLa cells. As shown in Figure 1b (MTT
assay result), celastrol inhibited the proliferation of Hela
cells in a dose-dependent manner. The ICs, value was
0.79+0.22 uM (48h treatment). Representative results of
AnnexinV-FITC/propidium iodide double staining results are
shown in Figure 1c, and statistical analysis results are shown
in Figure 1d. The results indicated that celastrol induced
apoptosis and caused an increase in the percentage of
apoptotic cells. Further, western blotting assay results
(Figure 1e) also showed that celastrol induced the activation
of caspase-9 and caspase-3, cleavage of poly (ADP-ribose)
polymerase and decrease in level of the anti-apoptotic
protein X-linked inhibitor of apoptosis protein .

Effects of celastrol on the activities of cellular protea-
some and finding of proteasome catalytic subunit 1 as
a direct target of celastrol. As shown in Supplementary
Figure 1, celastrol could inhibit all three types of cellular
proteasome enzyme activities (peptidyl glutamyl-like activity,
trypsin-like activity and chymotrypsin-like activity), which
were mediated by catalytic subunits 1, 2 and f5,
respectively. Interestingly, among the three catalytic subunits
of proteasome, only the activity of 1 could be significantly
inhibited by celastrol even at a low dose of 0.2 uM. The dose-
dependent effects of celastrol on the activity of cellular
proteasome catalytic subunit 1 were further examined
(Figure 2a). As shown in Figure 2a, celastrol could dose-
dependently inhibit the activity of cellular proteasome
catalytic subunit 1. Further, in computational prediction of
the possible binding energy between celastrol and the three
catalytic subunits of bovine proteasome (1, 2 and f5), the
binding scores were —66.087341, —61.939331 and
—64.804413, respectively. The results suggested that,
among the three catalytic subunits, 1 subunit might have
the strongest binding affinity with celastrol. The illustration of
the predicted binding model and the binding sites between
celastrol and proteasome 31 subunit are shown in Figures 2b
and c, respectively. To confirm the direct effect of celastrol on
proteasome catalytic subunit 1, recombinant human protea-
some f1 subunit was expressed in Escherichia coli and its
catalytic activity in vitro was checked with or without the
presence of celastrol. As shown in Figure 2d, celastrol could
directly inhibit the catalytic activity of 1 subunit in vitro. The
result indicated that celastrol had direct inhibitive effect on
proteasome, and cellular proteasome inhibition could be the
initial step of signal cascades activated by celastrol.

Two-dimensional electrophoresis analysis result. The
protein expression profiles of total cellular protein extracts of
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Figure 2 Inhibiting effect of celastrol on proteasomal activity and possible direct
interaction with proteasome catalytic subunit /1. (a) Cellular proteasome catalytic
subunit §1 activities of control HeLa cells and cells treated with celastrol at different
concentrations for 24 h. (b) lllustration of predicted binding between celastrol
molecule and bovine proteasome chain H (subunit f1) by MOE program. The GAD
molecule is displayed in ball and stick model, whereas the protein is in surface
model. (c) lllustration of the possible binding sites between celastrol molecule and
bovine proteasome chain H (subunit f1). (d) Activities of recombinant human
proteasome catalytic subunit 51 in vitro with or without the presence of celastrol.
*P<0.05 compared with control
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cells with or without celastrol treatment were checked using
two-dimensional electrophoresis (2-DE) analysis. Represen-
tative 2-DE gel images for control and celastrol-treated cells
(1.0uM for 48h) are shown in Figure 3a. Six upregulated
protein spots and four downregulated protein spots were
found as indicated by the arrowed spots in Figure 3a and by
the expanded plots in Figure 3b. Table 1 shows the intensity
values (average and their s.d.’s) of the spots and the fold
differences. The fold difference was represented by the ratio
of the intensity value of celastrol-treated group to the value of
control group. The differentially expressed protein spots were
then identified using MS/MS. The results of MS/MS analysis
are also shown in Table 1. The protein score, coverage and
best ion score of each spot are shown in Table 1. The
subcellular locations of the proteins are also shown in
Table 1. Notably, besides three proteins located in the
cytoplasm and one secreted protein, other six proteins were
located in the mitochondria (three proteins), ER (1 protein),
proteasome (1 protein) and nucleus (1 protein). The results
suggested the involvement of these organelles in the effects
of celastrol.

Induction of ER stress by celastrol and influence of ER
stress inhibitor on cytotoxicity of celastrol. To confirm
the results of proteomic study, the level of ER protein 29
(ERP29), a possible target-related protein of celastrol found
in 2-DE analysis, was checked using western blotting assay.
As shown in Figure 4a, the protein level of ERP29 was
increased in celastrol-treated cells compared with control.
The results were consistent with the result of 2-DE analysis.
As ERP29 is a ER stress-activated protein, an increase in its
expression level indicated that ER stress might be induced
in celastrol-treated cells. Therefore, the influence of celastrol
on ER stress markers was further observed. The time-
dependent changes of ER stress-related proteins including
pancreatic ER kinase (PERK), inositol-requiring enzyme 1
(IRE1), binding protein (Bip/GRP78), C/EBP-homologous
protein (CHOP), caspase-4, phosphorylated Jun kinase
(p-JNK), phosphorylated IRE1 (p-IRE1), phosphorylated
elF2o (p-elF22) and XBP1s are shown in Figure 4b. As
shown in Figure 4b, celastrol treatment induced the activation of
all three branches of ER stress (PERK, IRE1 and Bip). Signal
proteins downstream of ER stress, such as elF2x, CHOP,
JNK, XBP1s and caspases-4, were also activated. Further,
pretreatment of ER stress inhibitor salubrinal could partly
inhibit the cytotoxicty of celastrol (Figure 4c). The results
suggested the involvement of ER stress in cytotoxicity of
celastrol.

Celastrol induced translocation of Bax into
mitochondria and the role of BH-3-only proteins in
linking ER stress and mitochondrial apoptosis. As
shown in Figure 5a, consistent with the results of proteomic
analysis, protein level of mitochondrial import receptor
Tom22 (TOM22) was upregulated by celastrol. The increase
of TOM22 induced by celastrol could be observed in the
protein extract of whole cells and was obvious in that of
mitochondria fraction. At the same time, the level of the pro-
apoptotic protein Bax in the mitochondria fraction was also
increased by celastrol (Figure 4a). Results of real-time PCR
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analysis (Figure 5b) showed that celastrol upregulated
mRNA levels of almost all the translocase of outer
mitochondrial membrane (TOM) complex members except
TOM70. Among the TOM proteins, TOM22 exhibited
the strongest increase. The translocation of Bax into the
mitochondria induced by celastrol is clearly shown in
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Figure 3 Results of 2-DE analysis of cellular protein expression profiles of
control cells and cells treated with celastrol. (a) Representative 2-DE gel images of
control, celasrol (1 «M)-treated groups. Differentially expressed spots are shown by
the arrows. (b) The expanded region of differentially expressed protein spots in (a).
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Figure 5c. In the control cells, GFP-Bax signal (green
fluorescence) was distributed diffusely in the cytoplasm. On
the contrary, in celastrol-treated cells, Bax became punctate
and was colocalized with mitochondria (red fluorescence).
The statistical analysis of the percentage values of coloca-
lization is also shown in Figure 5c. The results indicated that
celastrol activated mitochondria-based Bax translocation,
which might induce apoptosis. To check whether BH-3-only
proteins were involved in the signal transduction between ER
stress and mitochondrial apoptosis, the expression levels of
BH-3-only proteins were checked using real-time PCR. As
shown in Figure 5d, among the eight BH-3-only proteins, the
expression levels of BIM and PUMA were increased in
celastrol-treated cells. Further work using siRNA for BIM
showed that RNAi of BIM could ameliorate the increase of
TOM22 (Figure 5e) induced by celastrol treatment. More-
over, RNAi of BIM could also partly inhibit apoptosis induced
by celastrol treatment (Figure 5f).

Differentially expressed proteins in ER/microsomal
vesicles-riched fraction of celastrol-treated cells compared
with control. Because of the important role of ER stress
in the effects of celastrol, proteomic analysis (iTRAQ-
based LC-MS) was conducted to check the influence of
celastrol on protein expression profiles of ER/microsomal
vesicles-rich fraction of cells. In the present study, totally
1999 unique proteins with >2 unique peptides were

Table 1 Summary of differentially expressed proteins under celastrol treatment and the results of protein identification using MALDI-TOF MS/MS

Spot volume (ppm)

NCBI Sequence Best
Target protein accession Protein coverage ion Celastrol Fold  Subcellular
Spot name number  Mr(Da) pl score (%) score Control treated difference location
1 Mitochondrial gil9910382 15511.8 4.27 115 66 43  304.0t254.6 527.5+169.5 1.74  Mitochondria
import receptor outer
Tom22 membrane
2 Cytochrome ¢ gil18999392 16751.7 6.3 169 36 48 2638.11£942.8 1533.0+758.9 0.58  Mitochondria
oxidase subunit inner
Va membrane
3 Eukaryotic trans- gil25453472 31102.8 4.9 180 54 50 183.4+73.8 299.2+122.4 1.63 Cytoplasmic
lation elongation and nuclear
factor 1 delta
isoform 2
4 Galectin-1 gil42542977 14583.2 5.34 88 38 37 2196.9+988.1 1146.8+501.7 0.52  Secreted,
extracellular
space
5 Proteasome sub- gil48145757 29171.5 5.7 216 51 53 252.6+99.7 411.0£152.9 1.63 Proteasome
unit beta type-4
6 Stathmin 1 gil62088144 15093 8.47 70 26 36 942.1+356.6 437.5+204.3 0.46  Cytoplasm,
cytoskeleton
7 NAD(P)H dehy-  qil56205043 21523.8 6.07 217 56 56  375.8£166.9 628.2+2457 1.67 Cytoplasm
drogenase,
quinone 2
8 Endoplasmic gil5803013 28975.2 6.77 158 33 29 416.7+226.8 786.6+387.1 1.89  Endoplasmic
reticulum protein reticulum
29 isoform 1 lumen
precursor
9 Isocitrate dehy-  @il5031777 39566.1 6.47 234 37 50 18392.7+773.3 674.3+287.2 0.46  Mitochondrial
drogenase 3 matrix
(NAD +) alpha
precursor
10  Splicing factor, gil4506901 19317.9 11.6 216 52 36 186.5+83.3 367.8+215.9 1.97  Nucleus

arginine/serine-
rich 3
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Figure 4 Effects of celastrol on ER stress-related proteins and influence of ER
stress inhibitor on cytotoxicity of celastrol. (a) Results of western blotting assay of
protein levels of ERP29 in control cells and cells treated with 1 M celastrol for 48 h.
(b) Results of western blotting assay of levels of ER stress-related proteins in control
cells and celastrol-treated cells (1 uM for different time periods). (¢) Results of
trypan blue exclusion assay of cell viability of celastrol-treated (48 h at different
concentrations) cells with or without pretreatment of 3 uM salubrinal for 0.5h.
*P<0.05 compared with control

Celastrol (M)

identified (Supplementary Table S1). Totally, 162 proteins
with at least 1.5-fold change between the control and
celastrol-treated group were found (Supplementary Table S2).
GO analysis of the 162 differentially expressed proteins
is shown in Supplementary Table S3. Only GO terms
containing more than five proteins are listed. As shown in
Supplementary Table S3, celastrol treatment induced
changes in pathways, mainly including cellular response
to stress, proteasomal ubiquitin-dependent process, cell
proliferation and cell death, regulation of gene expression,
cytoskeleton organization and cell motility.

Possible protein—protein interaction network of
celastrol. Protein—protein interaction (PPI) network was
established based on the total 172 possible target-related
proteins of celastrol including the 10 proteins found in 2-DE
analysis and 162 proteins found in iTRAQ-based LC-MS
analysis. Among the 172 proteins, 152 of them can link
together into one network through direct interaction or only
through one intermediate partner at the PPI level, as shown
in Figure 6a. The full names of the intermediate partners
in the network are shown in Supplementary Table S4.
Interestingly, In this network, glycogen synthase kinase-3f
(GSK3J) exhibited to be the target-related protein that had
the most numerous connections with other proteins in the
signal network (Figure 6b). The results suggested that
GSKS3/ might be a critical factor in the effects of celastrol.

Confirmation of the involvement of GSK3 in the effects
of celastrol. Western blotting assay result (Figure 6c)

ER stress-mediated apoptosis induced by celastrol
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Figure 5 Effects of celastrol on mitochondrial TOM complex, Bax translocation
and BH-3-only proteins. (a) Results of western blotting assay of protein levels of
TOM22 and Bax in control cells and cells treated with 1 uM celastrol for 48 h. The
levels of TOM 22 and Bax in protein samples of whole cell, cytoplasm fraction and
mitochondria fraction were examined. (b) Results of PCR analysis of mRNA levels
of members of TOM complex in control cells and celastrol-treated cells (1 M
celastrol for 24 h). (c) Results of confocal laser scanning microscope observation of
Bax translocation from cytoplasm to mitochondria in celastrol-treated cells (1 M
celastrol for 24 h). Both the representative and the statistical analysis results are
shown. *P<0.05 compared with control. (d) Results of PCR analysis of mRNA
levels of BH-3-only proteins in control cells and celastrol-treated cells (1 uM
celastrol for 24 h). (e) Results of PCR analysis of mRNA levels of TOM22 in control
cells and cells treated with scrambled siRNA or siRNA for BIM. For celastrol
treatment, cells were treated with 1 uM celastrol for 24h. *P<0.05 compared
with celastrol-treated control cells. (f) Results of flow cytometry analysis of apoptosis
in control cells and cells treated with scrambled siRNA or siRNA for BIM. For
celastrol treatment, cells were treated with 2 uM celastrol for 24 h. Annexin
V-positive cells were accepted as apoptotic cells. *P< 0.05 compared with celastrol-
treated control cells

showed the time-dependent change of GSK3p under
celastrol treatment. The result indicated that the protein level
of GSK3p was decreased by celastrol treatment. The result
was consistent with the result of iTRAQ-based LC-MS
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Figure 6 Role of GSK3 in signal network of celastrol and celastrol-induced apoptosis. (a) The constructed minimum PPI network of celastrol containing 152 experimental
identified proteins found in 2-DE and LC-MS and 34 intermediate proteins. The 152 proteins (red diamonds for LC-MS and cyan box dots for 2-DE) can link together into one
network through direct interaction or only one intermediate partner (green ellipse dots). (b) Degree distribution map of the proteins in PPI network of celastrol. Experimental
identified proteins are shown as diamonds, whereas the intermediate proteins are shown as round dots. In this graph, the colors were only related to degree in the network.
GSK3/ exhibited to have the biggest degree in all experimental identified proteins. (¢) Results of western blotting assay of time-dependent change in protein levels of GSK3/
and p-GSK3 (ser9) in cells treated with 1 M celastrol. (d) Statistical analysis result of flow cytometric analysis of apoptosis in celastrol-treated cells (0.5, 1, 2, 4 uM celastrol
for 48 h) with or without pretreatment of LiCL (1 mM for 1h). Annexin V-positive cells were accepted as apoptotic cells. *P<0.05 compared with corresponding celastrol-
treated group without pretreatment. (e) Statistical analysis result of flow cytometric analysis of apoptosis in celastrol-treated cells (4 M celastrol for 48 h) with or without
pretreatment of LiCL (1 mM for 1 h) and/or salubrinal (3 xM for 0.5 h). Annexin V-positive cells were accepted as apoptotic cells. *P < 0.05 compared with the corresponding

celastrol-treated group without pretreatment

analysis. Further, the activation state of GSK3f was also
checked. As shown in Figure 6c, after celastrol treatment,
Ser (9) phosphorylation of GSK3f was increased at 6 and
12h, but decreased subsequently at 24 and 48 h. To check
whether the change in GSK3f was only a consequence of
apoptosis or not, the effect of topotecan, a classical
apoptosis inducer, on GSK3p was also checked and
compared with that of celastrol. As shown in
Supplementary Figure S2, after 48-h treatment, the level of
p-GSK3p was decreased in celastrol-treated cells but
increased in topotecan-treated cells. The results indicated
that the activation of GSK3p by celastrol was not a
consequence of apoptosis. To confirm the role of GSK3p in
the effects of celastrol, LiCL, a GSK3p inhibitor, was used in
the present study. The capacity of LiCL to inhibit GSK3p is

Cell Death and Disease

shown in Supplementary Figure S3. LiCL at 1, 2 or 5mM all
could inhibit GSK3p. The influence of pretreatment of LiCL
(1mM for 1h) on celastrol-induced apoptosis is shown in
Figure 6d. Pretreatment of LiCL could significantly decreased
the percentage values of apoptotic cells after celastrol
treatment. Further, co-treatment of salubrinal, a ER stress
inhibitor, with LiCL could further decrease the percentage
values of apoptotic cells after celastrol treatment though the
difference was not significant compared with LiCL treatment
alone (Figure 6e).

Signal network by which celastrol induced apoptosis.
On the basis of the above results, a schematic illustration of
the signal network by which celastrol induced apoptosis
could be summarized (as shown in Figure 7).
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Figure 7 A schematic illustration of signal network in which celastrol induced
apoptosis

Discussion

Consistent with previous reports, apoptosis was induced in
Hela cells treated with celastrol. Inhibiting effects of celastrol
on proteasomal activities were also observed. By using
computational prediction and recombinant human protea-
some catalytic subunit $1, we found in the present study that
proteasome catalytic subunit 1 could serve as a direct target
of celastrol. The results suggested that the inhibiting effect of
celastrol on proteasome was direct, and signal cascades
downstream of proteasome inhibition might be activated by
celastrol. Results of proteomic analysis of cellular protein
expression profiles in cells with or without celastrol treatment
suggested possible target-related proteins of celastrol such as
ERP29, a ER stress-activated protein, and TOM22, a
mitochondrial membrane protein. The regulation of ERP29
and TOM22 by celastrol was confirmed. ERP29 is an
ER-resident chaperone that facilitates processing and transport
of proteins.'® Increased expression of ERP29 could result in
transcriptional activation of genes with tumor suppressive
function and lead to cell growth arrest.?° The increase of
ERP29 in celastrol-treated cells suggested the induction of
ER stress by celastrol. To be noted, the possible inducing
effect of celastrol on ER stress was first reported in our
previous report.® However, only in the present study, the
effect of celastrol on ER stress was studied in depth. Celastrol
induced activation of the three branches of ER stress and
related signal proteins. Increase in expression of Bip in
celastrol-treated cells was observed. Moreover, elF20 and
CHOP, markers of the PERK branch of ER stress,?' were
activated by celastrol. The activation of IRE1x and its
downstream protein JNK?2 were also induced by celastrol.
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Especially, the activation of CHOP and XBP1s suggested that
celastrol might induce transcription of ER stress target genes.
The fact that pretreatment of salubrinal, an ER stress inhibitor,
could ameliorate cell death induced by celastrol confirmed the
role of ER stress in the effects of celastrol.

The finding of TOM22 as a possible target-related protein of
celastrol led us to further study the translocation of Bax into
mitochondria in cells treated with celastrol. TOM complex on
the outer membrane of mitochondria was the entry gate for the
proteins that were imported into the mitochondria®® and was
also found to be necessary for tBid/Bax-induced cytochrome
C release.?*2> Especially, among the members of TOM
complex, TOM22 had been accepted as a mitochondrial
receptor for Bax®® and the cytosolic domain of TOM22 could
modulate the mitochondrial translocation and conformation of
Bax.?” Celastrol induced an increase in both mRNA level and
protein level of TOM 22. Moreover, consistent with the
increase in TOM22 level, translocation of Bax into mitochon-
dria was observed in celastrol-treated cells. These results
suggested the involvement of TOM22 and mitochondrial-
dependent Bax translocation in the apoptosis induced by
celastrol. However, Bax translocation independent of TOM
complex had also been reported before.?® The possibility of
involvement of other factors in Bax translocation induced by
celastrol could not be excluded.

To find the link between ER stress and mitochondrial
apoptosis induced by celastrol, the expression levels of BH-3-
only proteins were checked. The results indicated that the
expression levels of BIM and PUMA were increased by
celastrol. Further, siRNA for BIM could inhibit the increase in
TOM22 expression induced by celastrol. BIM, is a direct link
between ER stress and mitochondrial apoptosis and is
essential for ER stress-induced apoptosis in a diverse range
of cell types both in culture and within the whole animal.?-3°
Our results also showed that siRNA for BIM could inhibit
celastrol-induced apoptosis. The expression of BIM as well as
other BH-3-only proteins was reported to be regulated by
CHOP.3" Therefore, the sequential links between proteasome
inhibition, ER stress, CHOP, BIM, TOM22 and Bax transloca-
tion might indicate a clear pathway of mitochondrial apoptosis
induced by celastrol.

In further proteomic analysis of ER/microsomal vesicles-
enriched fraction, GSK3p was found to be the possible critical
target-related protein of celastrol. GSK3p is a multifunctional
serine/threonine kinase, which was initially identified as a key
regulator of insulin-dependent glycogen synthesis. It is now
well known that GSK3p functions in diverse cellular processes
including proliferation, differentiation, motility and survival and
is involved in energy metabolism, neuronal cell development,
body pattern formation and ER stress.®*™>® Moreover,
aberrant regulation of GSK3p has been implicated in a range
of human pathologies including neoplastic transformation and
tumor development.®63” Especially, GSK3f has been recog-
nized as an important modulator of apoptosis.®®° In the
present study, the protein level of GSK3f was slightly
decreased in celastrol-treated cells. More importantly, our
results showed that there was an increase in phosphorylated
GSK3p (Ser9) level at an early stage (6 h, 12h) of celastrol
treatment followed by a decrease at late stage (24, 48h).
GSK3f could be inhibited by phosphorylation (Ser9) and
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activated by dephosphorylation.*® The inhibition of GSK3p at an
early stage and activation at later stage of celastrol treatment
indicated that the regulation of GSK3f by celastrol was
complicated. Pretreatment of LiCL, a GSK3p inhibitor,*' could
significantly ameliorate celastrol-induced apoptosis. It was
reported that activation of GSK3/ could be regulated by multiple
factors. Proteasome inhibition”® and ER stress**** could
regulate the phosphoryaltion of GSK3p. At the same time,
GSK3p phosphorylation could also be regulated by heat shock
protein 90 (HSP90) and protein kinase B (Akt) pathway.*® To be
noted, HSP90 was reported to be a direct target of celastrol. The
direct inhibitive effect of celastrol on HSP90 and the decrease of
Akt in celastrol-treated cells had been reported.“® In our previous
report, we also observed the decrease of Akt in celastrol-treated
HeLa cells.® Therefore, we predicted that, under the concomitant
regulation of HSP90/Akt and ER stress resulted from protea-
some inhibition, GSK3p might be inhibited (phosphorylated) at
an early stage of celastrol treatment and then activated
(dephosphorylated) at late stage. By exhibiting the influence
on mitochondria permeability,*”*® Bax/Bcl-2°%° and caspases
activation,>® GSK3p might have critical role in the regulation of
apoptosis induced by celastrol. As a joint protein regulated by
different direct targets of celastrol, the important role of GSK3f in
the effects of celastrol deserved further study.

Based on the results of the present study, the possible
signal network by which celastrol induced apoptosis was
predicted (as shown in Figure 7). One of the main findings in
the present study is the clarification of the signal cascades
activated by celastrol through proteasome inhibition. Briefly,
by directly inhibiting proteosome activities, celastrol induced
ER stress, activated CHOP and XBP1s, increased transcrip-
tion of ER stress target genes such as BIM, induced Bax
translocation into mitochondria and finally activated mitochon-
drial apoptosis. Further, a second important observation in the
present study is the critical role of GSK3p in the effects of
celastrol. As a multi-target compound, celastrol might activate
complicated signal cascades in cells. Finding GSK3p as the
critical factor in the effects of celastrol would contribute to
understanding the mechanism of celastrol.

Materials and Methods

Chemicals. Celastrol with purity more than 98% was bought from Shanghai
Hotmed Sciences Co. Ltd. (Shanghai, China). Celastrol was dissolved in dimethyl
sulfoxide to the concentration of 0.01 M as a stock solution and kept at —20 °C. It
was then diluted in the culture medium to the final concentration as indicated in
every experiment. All reagents used in 2-DE analysis were purchased from Bio-Rad
Laboratories (Hercules, CA, USA) and all reagents used in iTRAQ-based LC-MS
were purchased from AB SCIEX Pte. Ltd. (Framingham, MA, USA). Other chemical
reagents, except where specially noted, were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

Cell culture and cell viability assay. The human cervical carcinoma cell
line HelLa (CCL-2) was obtained from the American Type Culture Collection
(Rockville, MD, USA). Hela cells were cultured in minimum essential medium
supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 mg/I
streptomycin (Invitrogen, Karlsruhe, Germany). Cell viability of cells with or without
celastrol treatment was measured by MTT assay or Trypan blue exclusion assay
as described before.®®" Detailed description of MTT and Trypan blue exclusion
assay can be found in Supplementary Materials and Methods.

Flow cytometric analysis of apoptosis induced by celastrol.
Flow cytometric analysis of cell apoptosis was conducted using apoptosis
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detection kit (Calbiochem, Merck KGaA, Darmstadt, Germany) according to the
manufacturer’s instructions. Briefly, after treatment, cells were collected, washed
with PBS and then resuspended in binding buffer and then incubated with Annexin
V-FITC and propidium iodide for 15 min in the dark. Then, flow cytometric analysis
was conducted using FACSCalibur Flow Cytometer and data analysis were
performed with CellQuest software (BD Biosciences, Sparks Glencoe, MD, USA).

Preparation of samples of total cellular proteins and samples of
mitochondria and cytoplasm fractions. Detailed information can be
found in Supplementary Materials and Methods.

Western blotting assay. For western blotting assay, the protein samples
were denatured by mixing with equal volume of 2 x sample loading buffer and
then boiling at 100 °C for 5min. An aliquot (100 pg as protein) of the supernatant
was loaded onto a 12% SDS gel, separated electrophoretically and transferred to
a PVDF membrane (Bio-Rad). After the PVDF membrane was incubated with
10mM TBS with 1.0% Tween-20 and 10% dehydrated skim milk to block
nonspecific protein binding, the membrane was incubated with primary antibodies
ovemnight at 4 °C. Detailed information of primary antibodies used can be found in
Supplementary materials and methods. Blots were then incubated with HRP-
conjugated goat anti-mouse IgG (Cell Signaling Technology, Danvers, MA, USA)
or HRP-conjugated goat anti-rabbit IgG (Cell Signaling Technology) for 2 h at room
temperature at a 1:1000 dilution and then visualized using chemiluminescence
(Pierce Biotechnology, Rockford, IL, USA).

Effects of celastrol on activities of cellular proteasome and
finding of proteasome catalytic subunit 1 as a direct target of
celastrol. To examine the effect of celastrol on cellular proteasome activities,
cells were treated with celastrol at different concentrations for 24 h, harvested,
washed with PBS and then lysed with proteasome activity assay buffer (10 mM
Tris-HCL, pH 7.8, 5mM adenosine triphosphate, 0.5mM dithiothreitol and 5mM
MgCL,e6H,0) for 30min at 4 °C. The homogenate was then centrifuged at
15000 x g for 30 min at 4 °C. The supernatant was collected as whole-cell extract
and the protein content in the supernatant was measured with the Bradford
reagent. The enzymatic activity of cellular proteasome in cell lysate was measured
similar to previous reports.**> Detailed information can be found in
Supplementary Materials and Methods.

The possible binding affinity between celastrol and the three proteasome catalytic
subunits was predicted using molecular operating environment (MOE) program
from the Chemical Computing Group Inc. as described previously.>* As there was
no information about human proteasome 3-D structure in PDB database, the 3D
structure of bovine proteasome (PDB ID: 1IRU) was used. The chain H, I, L of
bovine proteasome were the corresponding subunits to the human subunit 1, 2
and f5. The 3-D structure of celastrol (PubChem CID: 122724) was used for the
docking simulation. The active sites on the protein chain were searched using Site
Finder and dummy atoms were created from the resulting alpha spheres. The MOE-
Dock default parameters were used for the docking simulation. Refinement and
Rescoring 2 were set up to the Forcefield and Alpha HB, respectively.

To confirm the direct effect of celastrol on proteasome catalytic subunit 1, the
recombinant human proteasome 1 (also known as PSMB6, NM_002798) was
expressed. Detailed information about the expression of recombinant human
proteasome /31 can be found in Supplementary materials and methods. The purified
recombinant human proteasome 31 subunit was then used for enzyme activity.
Briefly, catalytic activity of the recombinant human proteasome 1 subunit was
assayed by adding recombinant f1 protein (50 ug) to 100 ul of assay buffer
containing 50 M Z-LLE-7-amido-4-methyl-coumarin (AMC) in the presence of
celastrol at different concentrations or not. The released AMC was detected using a
Microplate Reader.

2-DE analysis and MALDI-TOF MS/MS. For protein preparation, cells
were cultured in 75 cm? flasks at a density of 2 x 10° cells/flask and treated with
1 uM celastrol. After 48 h celastrol treatment, samples of total cellular proteins
were prepared as described above. 2-DE analysis and MALDI-TOF MS/MS were
conducted as described in our previous reports.3"*® Detailed information can be
found in Supplementary Materials and Methods.

Detection of change in ER stress-related proteins and influence
of ER stress inhibitor on cytotoxicity of celastrol. The influence of
celastrol (1 uM for 48 h) on protein level of ERP29 was checked using western



blotting assay as described above. Moreover, the time-dependent change in
protein levels of Bip, PERK, IRE1, CHOP, p-JNK, caspase-4, p-IRE1, p-elF2« and
XBP1s in cells with or without celastrol treatment (1 uM for 48h) were also
checked using western blotting assay. Further, to confirm the involvement of ER
stress in the cytotoxicity of celastrol, cell viability of celastrol-treated cells with or
without pretreatment of ER stress inhibitor salubrinal (3 uM for 0.5h) was
examined using trypan blue exclusion assay as described above.

Effects of celastrol on mitochondrial TOM complex and Bax
translocation into mitochondria. The influence of celastrol (1 uM for
48h) on protein levels of TOM22 and Bax was confirmed using western blotting
assay as described above. The protein levels of TOM22 and Bax in total cellular
protein, cytoplasm fraction and mitochondria fraction were all checked. The
influence of celastrol (1 uM for 24 h) on mRNA expression levels of components of
TOM complex including TOM5, TOM6, TOM7, TOM20, TOM22, TOM70 was
examined using real-time PCR analysis. Detailed information about PCR analysis
can be found in Supplementary Materials and Methods.

The influence of celastrol on Bax translocation was examined using cells
transfected with GFP-Bax plasmid. The GFP-Bax plasmid was kindly provided by
Professor Qi Hou (Institute of Materia Medica, Chinese Academy of Medical Sciences
and Peking Union Medical College). As shown in the previous reports of Professor Qi
Hou and et al,>*" the GFP-Bax plasmid was suitable for studying Bax translocation
from cytoplasm to mitochondria in apoptosis. Detailed information about transfection
of GFP-Bax can be found in Supplementary materials and methods. Cells transfected
with GFP-Bax were then treated with 1 M celastrol for 24h and stained with
mitochondria-staining marker Mito-tracker M7513 (Life Technologies) according to the
instructions of the manufacturer. Briefly, after PBS washes, cells were fixed in 4%
paraformaldehyde for 5min at 37 °C followed with PBS washes and then incubated
with pre-warmed Mito-Tracker M7513 solution (500 nM) for 30 min at 37 °C. The
fluorescence of GFP-Bax (green) and Mito-tracker M7513 (red) were observed with
an Olympus confocal laser scanning microscope. Quantification of colocalization of
the two labels (green and red) was conducted using the ‘Colocalization” module of
Imaris 7.2.3 (Bitplane AG, Saint Paul, MN, USA, www.bitplane.com). For each group,
control or celastrol-treated cells, three slides from different experiments were used for
quantification. For each slide, at least five fields of view were observed. A broad
region of interest was defined as all the voxels in which the intensity of one of the
labels was above a pixel intensity of 10 (in the 0-255 scale). Then, automatic
thresholding was used to calculate the thresholds for each label. Once the thresholds
were set, the program outputted the results of colocalization analysis.

Effects of celastrol on BH-3-only proteins and the role of BIM in
regulation of TOM22 and apoptosis. The influence of celastrol (1 uM
celastrol for 24h) on mRNA expression levels of BH-3-only proteins were
examined using real-time PCR analysis as described above. The primer pairs for
tBAD, BID, BIK, BMF, HRK, NOXA and PUMA are shown in Supplementary Table
S5. To check the role of BIM in regulation of TOM22 by celastrol, RNAi for BIM
was conducted. The siRNAs for BIM, 5’-UCUUACGACUGUUACGUUAUUATAT-3'
(sense) and 5'-pUAACGUAACAGUCGUAAGAUUTAT-3' (antisense), and nega-
tive control scrambled siRNA were synthesized by Life Tech Company (Shanghai,
China). Briefly, 8 x 10%/well Hela cells were seeded into six-well plates in
complete MEM medium without antibiotics. After culture overnight, cells were
transfected in MEM with 40 pM scrambled siRNA or with 40 pM BIM siRNA for
24h using the Lipofectamine RNAIMAX according to the manufacturer's
instructions. After transfection, the expression of BIM in cells was checked to
ensure the efficiency of BIM siRNA. Then, cells were treated with 1 M celastrol or
solvent control for 24h and then mRNA expression levels of TOM22 were
examined. The apoptosis in cells treated with scrambled siRNA, BIM siRNA,
scrambled siRNA -+ celastrol, BIM siRNA + celastrol for 24 h was also checked
using flow cytometry analysis as described above.

iTRAQ-based LC-MS analysis of protein expression profile of
ER/microsomal vesicles-enriched fraction of cells with or
without celastrol treatment. The ER/microsomal vesicles-enriched frac-
tion of cells with or without celastrol treatment (1 uM celastrol for 48 h) were
prepared similar to previous report.*® Detailed information can be found in
Supplementary Materials and Methods.

Bioinformatic analysis. The GO analysis was performed using DAVID
database (http://david.abce.nciferf.gov/) similar to previous report.>® Moreover,
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thePPI network based on both the proteins found in 2-DE analysis and LC-MS
was established as reported in our previous study.>® Briefly, based on PPI
database, Python programming language was used to fish out the direct partners
interacting with our experimental proteins. Then, another round of partner proteins
was also fished out. Through this way, the network was expanded step by step
until all experimental proteins could be included into one network. Then, the
network was clustered and simplified to @ minimum network through the Steiner
minimal tree algorithm. Finally, this network was export to pajek format. Further, to
show the relationship between the proteins, proteins in the network were
partitioned based on degree by pajek.

Regulation of GSK3p by celastrol and influence of GSK3p
inhibitor on apoptosis induced by celastrol. The time-dependent
change in levels of GSK3/ and p-GSK3f (Ser 9) in cells treated with celastrol
(1 M) was examined using western blotting assay as described above. To check
whether the change in GSK3/3 was caused by celastrol or just a consequence of
cell death, the effects of topotecan, a classical apoptosis inducer, on GSK3 were
also checked and compared with that of celastrol. Levels of GSK3 and p-GSK3p
in cells treated with celastrol (1 M) or topotecan (1 xM) for 48 h were checked
using western blotting assay. The inhibitive effects of LiCL, a specific GSK3p
inhibitor, on GSK3 were confirmed by checking the effects of LiCl (1, 2 or 5mM
for 1h) on the level of p-GSK3p using western blotting assay. Apoptosis rate of
celastrol-treated cells with or without pretreatment of LICL (1mM for 1h) was
examined using flow cytometry analysis as described above.

Statistical analysis. Values were expressed as mean = S.D. The statistical
significance of differences between control and treated groups was evaluated by a
non-paired two-tailed Student's t-test (GraphPad Prism4). All comparisons are
made relative to untreated controls and P<0.05 was considered statistically
significant. For each variable, three independent experiments were carried out
unless otherwise indicated.
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