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Celastrol induces apoptosis and autophagy via the
ROS/JNK signaling pathway in human osteosarcoma
cells: an in vitro and in vivo study

H-Y Li", J Zhang', L-L Sun', B-H Li', H-L Gao', T Xie', N Zhang' and Z-M Ye*'

Osteosarcoma is the most common primary malignant tumor of bone, the long-term survival of which has stagnated in the past
several decades. Celastrol, a triterpene from traditional Chinese medicine, has been proved to possess potent anti-tumor effect on
various cancers. However, the effect of celastrol on human osteosarcoma and the underlying mechanisms remains to be
elucidated. We reported here that celastrol could inhibit cell proliferation by causing G2/M phase arrest. Exposure to celastrol
resulted in the activation of caspase-3, -8, and -9, indicating that celastrol induced apoptosis through both extrinsic and intrinsic
pathways. Autophagy occurred in celastrol-treated cells as evidenced by formation of autophagosome and accumulation of LC3B-
IIl. The celastrol-induced cell death was remarkably restored by the combination of autophagy and apoptosis inhibitors.
Furthermore, inhibition of apoptosis enhanced autophagy while suppression of autophagy diminished apoptosis. Celastrol also
induced JNK activation and ROS generation. The JNK inhibitor significantly attenuated celastrol-triggered apoptosis and
autophagy while ROS scavenger could completely reverse them. The ROS scavenger also prevented G2/M phase arrest and
phosphorylation of JNK. Importantly, we found that celastrol had the similar effects on primary osteosarcoma cells. Finally, in vivo,
celastrol suppressed tumor growth in the mouse xenograft model. Taken together, our results revealed that celastrol caused G2/M
phase arrest, induced apoptosis and autophagy via the ROS/UNK signaling pathway in human osteosarcoma cells. Celastrol is

therefore a promising candidate for development of antitumor drugs targeting osteosarcoma.
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Osteosarcoma is the most common primary malignant tumor
of bone, occurring predominantly in children and adolescents
with a very high propensity for local invasion and early
systemic metastases.” The 5-year survival of patients with
localized osteosarcoma has improved to 60% due to the multi-
agent, dose-intensive chemotherapy in conjunction with
gradually improved surgical techniques, but has remained
largely unchanged during the last three decades.? Atthe same
time, the high-dose use of chemotherapeutic drugs is limited
due to their systemic toxicity. Therefore, the development of
novel therapies for the management of osteosarcoma is
especially urgent.

Celastrol, a triterpenoid isolated from the traditional Chinese
medicine ‘Thunder of God Vine’, has been used in the
treatment of autoimmune and neurodegenerative diseases.*™®
Recently, celastrol has attracted great attention for its potent
anticancer effects and its diverse molecular targets involved in
tumorigenesis have been reported.>'2 Although these
molecular targets have positive correlations with inhibition of
tumors, it is not clear which, if any, is the direct target or the
principal mediator. Meanwhile, whether celastrol suppresses
the growth of human osteosarcoma has never been investi-
gated before.

Cell cycle deregulation is a hallmark of tumor cells and
defective checkpoint function results in genetic modifications

that contribute to tumorigenesis.'® The G2/M checkpoint is
one of the conspicuous targets for anticancer drugs. The
cyclin B1/ Cdc2 complex, which plays a key role in promoting
the G2/M phase transition, is regulated by a range of proteins,
including Cdc2, Cdc25C, Chk1/2 and p21."4'¢

Cell death could be classified into apoptosis, autophagy,
necrosis, cornification and tentative definitions of atypical cell
death modalities.!” Apoptosis, as the type-l programmed cell
death (PCD), plays a key role in chemotherapies against a
variety of cancers.'® Autophagy is regarded as type-Il PCD
and the caspase-independent cell death pathway.'® In some
cellular settings, autophagy serves as a cell survival pathway,
suppressing apoptosis, and, in others, it can lead to cell death
itself, either in collaboration with apoptosis or as a back-up
mechanism when the former is defective.2® Whether celastrol
can induce apoptosis or autophagy, what roles do they have
and the interplay between each other in celastrol-induced cell
death of osteosarcoma remain to be determined.

Reactive oxygen species (ROS), active forms of
oxygen, generate as by-products from cellular metabolism.?
A moderate increase in ROS can promote cell proliferation and
differentiation, whereas excessive amounts of ROS can
interfere with cellular signaling pathways by causing oxidative
damage to lipids, proteins and DNA.2272% |nterestingly,
accumulating evidence suggests that cancer cells are under
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increased oxidative stress, and therefore more vulnerable to
damage by further ROS insults induced by exogenous
agents.?® Furthermore, ROS could affect various signaling
pathways such as MAPK signal transduction cascades.?®%’
As a stress-activated protein kinase (SAPK) of the MAPK
family, JNK plays a pivotal role in many cellular events,
including apoptosis and autophagy.22° Accordingly, targeted
inhibition of related signaling pathways, particularly the ROS/
JNK signaling, may be effective in the treatment of human
cancers.

In the present study, we elucidated the inhibitory effect of
celastrol on osteosarcoma cell lines and primary cells in vitro
and in vivo. We further explored the molecular mechanisms,
that is, induction of G2/M phase arrest, apoptosis and
autophagy mediated by the ROS/JNK signaling pathway.

Results

Celastrol inhibits the proliferation of osteosarcoma and
less cytotoxic to fibroblasts. To investigate the effect of
celastrol on growth, HOS, MG-63, U-20S and Saos-2 cells
were exposed to various concentrations for 24 and 48h
(Figure 1a). The ICsq values of celastrol for 24 h were 2.55 uM
for HOS, 1.97 uM for MG-63, 2.11 uM for U-20S and 1.05 uM
for Saos-2 cells. Colony formation assay showed fewer
colonies formed after celastrol treatment (Figure 1b). Inter-
estingly, human fibroblasts showed strong resistance to
celastrol, the 1Csqy values for which were 22.11, 8.33 and
6.32 uM, respectively (Figure 1c). These results show that
celastrol inhibits the proliferation of osteosarcoma in a dose-
and time-dependent manner and less cytotoxic against
normal cells.

Celastrol induces G2/M phase arrest by regulating cell
cycle-regulated proteins. To determine whether celastrol
inhibits cell proliferation by inducing cell cycle arrest, we
examined the distribution of cell cycle in cells treated with
celastrol. As shown in Figures 1d and e, celastrol led to the
accumulation of cells in G2/M phase and a corresponding
decrease in GO/G1 and S phases in both HOS and MG-63
cells. To elucidate the mechanisms, we measured the
expressions of cell cycle-regulated proteins. Celastrol upre-
gulated the expressions of phospho-Chk2, Chk2, phospho-
Cdc25C, phospho-Cdc2, p21, cyclin B1 and downregulated
the levels of Cdc25C and Cdc2 (Figure 1f). All the data
suggest that celastrol induces G2/M phase arrest by altering
the key molecules of G2/M cell cycle regulator markers.

Celastrol induces mitochondria-mediated apoptosis. To
determine whether apoptosis is responsible for the inhibition
of cell growth induced by celastrol, we performed Hoechst
33258 staining, TEM and flow cytometry assay. Figures 2a
and 3e show that celastrol-induced apoptotic chromatin
condensation and DNA fragmentation were clearly observed.
To quantify the apoptosis, cells treated with celastrol were
stained with annexin V-PE/7-AAD. The proportion of apopto-
sis was negligible for control cells, whereas 24 h of exposure
of cells to celastrol resulted in a dose-dependent increase of
both early and late apoptotic cells (Figure 2b). Next, we
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investigated the effect of celastrol on mitochondria. Figure 2c
reveals that mitochondrial membrane potential (MMP) sharply
decreased following celastrol treatment. Overall, these results
clearly indicate that celastrol induces mitochondria-mediated
apoptosis.

Celastrol induces caspase-dependent apoptosis through
the extrinsic and intrinsic pathways. Apoptosis can be
induced either by extrinsic stimuli through cell surface death
receptors or by intrinsic stimuli through the mitochondrial
signaling pathway.®° Thus, we attempted to determine which
pathway was involved. As shown in Figure 2d, celastrol
markedly activated caspase-3, -8 -9 and led to PARP
cleavage. To confirm caspase results, we performed caspase
activity assay. Figure 2f shows that caspase-3, -8 and -9
activities increased with escalating doses of celastrol. Then
we investigated DR4, DR5, TRAIL, Fas and FasL proteins,
major members of the extrinsic pathway. Figure 2e demon-
strates that celastrol upregulated the expression of DR5, but
had minimal effect on DR4, TRAIL, Fas or FasL (data not
shown). Moreover, following celastrol treatment, Bid, the
BH3-only pro-apoptotic Bcl-2 family member, was cleaved by
active caspase-8 to truncated Bid (tBid), which translocated
to mitochondria to trigger the intrinsic pathway (Figure 2e).3!
To further confirm these findings, we investigated the roles of
caspases using z-VAD-fmk, z-IETD-fmk and z-LEHD-fmk. As
expected, we observed a moderate inhibitory role of either
z-IETD-fmk or z-LEHD-fmk in the celastrol-induced apoptosis
while z-VAD-fmk had a more potent inhibitory effect
(Figure 2g). All the data imply that celastrol induces
caspase-dependent apoptosis by activating both the extrinsic
and intrinsic pathways.

Celastrol triggers autophagy, which contributes to
celastrol-induced cell death. To understand the role of
apoptosis in the celastrol-induced cell death, we examined
cell viability in the presence of z-VAD-fmk. Unexpectedly, we
found that z-VAD-fmk only caused a partial reduction in the
celastrol-induced cell death (Figure 3a), implying that other
forms of cell death may be involved. Then we investigated the
expressions of AIF and Endo G, two important factors that
mediate apoptosis through the caspase-independent
pathway.>2%® Figure 3b shows that celastrol had minimal
effect on the release of AIF or Endo G from mitochondria into
cytosol. Next, we measured the autophagy marker protein
LC3B to determine whether autophagy was induced.
Figure 3c shows that celastrol increased the level of
LC3B-Il in HOS and MG-63 cells. We also observed that
celastrol led to the accumulation of bright red acidic
vesicles resembling autolysosomes (Figure 3d). TEM
was used to directly demonstrate autophagosome forma-
tion. Figure 3e shows that, concurrent with apoptotic
chromatin condensation, numerous large autophagic
vacuoles in the cytoplasm were observed, in which the
vacuolar contents were degraded, evidence for the impact
of celastrol in the regulation of autophagic formation in
osteosarcoma cells.

Autophagy could either promote cell survival or act as an
alternative mechanism of programmed cell death.®* To clarify
the role of autophagy, cell viability in the presence of 3-MA, the
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Figure 1  Celastrol inhibits cell proliferation and induces G2/M phase arrest in human osteosarcoma cells. (a) The anti-proliferative effect of celastrol on four osteosarcoma
cell lines was determined by MTS. Cells were treated with various concentrations of celastrol for 24 and 48 h. Control group contained 0.1% DMSO. Data represented the mean of
five replicates. Each performed in triplicate. (b) Colony formation assay of HOS and MG-63 cells with control or celastrol. (¢) Comparison of the effect of celastrol on three normal
human primary skin fibroblast samples with that on osteosarcoma cells for 24 h. (d, e) Celastrol induced G2/M phase arrest. Cells were treated with control or celastrol for 24 h
and analyzed by flow cytometry. The percentage of cell cycle distribution was presented as the mean + S.D. from three independent experiments. (f) HOS cells were treated with
celastrol for 24 h. The expressions of cell cycle-regulated proteins were measured by western blot. *P<0.05, significantly different compared with control
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Figure 2 Evidence that celastrol induces apoptosis in osteosarcoma cells. (a) Apoptotic morphological changes were evaluated by fluorescent microscopy using Hoechst
33258 staining. Arrows indicate chromatin condensation and DNA fragmentation. Bar: 50 um. (b) HOS and MG-63 cells treated with celastrol were stained with annexin V-PE/7-
AAD and analyzed by flow cytometry. The chart illustrates apoptosis proportion from three separate experiments. (¢) The mitochondrial membrane potential was measured with
JC-1 fluorescent probe and assessed by flow cytometry. The chart illustrates changes of JC-1 red/green rate from three independent experiments. (d, e) Cells were treated with
various concentrations of celastrol for 24 h or incubated with celastrol (3 M) for different hours. The expressions of cleaved PARP, caspase-3, -8, -9, DR5 and Bid were
determined by western blot. (f) Caspase activity assay of cells treated with various concentrations of celastrol for 24 h. (g) HOS cells were incubated with or without celastrol for
24 h after 2 h pre-treatment with caspase inhibitors, z-IETD-fmk (10 M), z-LEHD-fmk (40 «M) or z-VAD-fmk (20 xM). Then cells were stained with annexin V-PE/7-AAD and
analyzed by flow cytometry. Results are expressed as the mean + S.D. from three independent experiments. *P< 0.05 versus control, “P<0.05 versus celastrol treatment
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Figure 3 Celastrol induces autophagy, which contributes to cell death. (a) Cells were pretreated with z-VAD-fmk (20 M) for 2 h and then incubated with control or celastrol for
24 h. Cell viability was assessed by MTS. (b) The levels of AIF and Endo G in the mitochondria and cytosol were determined by western blot in HOS cells. (c) Cells were treated
with various concentrations of celastrol for 24 h or incubated with celastrol (3 M) for different hours. The level of LC3B was measured by western blot. (d) Cells treated with or
without celastrol for 24 h were collected and stained with acridine orange. Representative images of acridine orange-stained cells captured by fluorescent microscopy (x400) were
shown. Bar: 50 um. (e) Transmission electron microscopy was utilized to observe the formation of autophagosome and ultrastructural change of nucleus. Arrows indicate
autophagosomes containing intact and degraded cellular debris. Asterisks indicate nuclear condensation. Bar: 1 um. (f) z-VAD-fmk (20 M), 3-MA (2.5 mM for HOS, 5 mM for
MG-63) or combination of them was added to cells 2 h before celastrol treatment. After 24 h, cell viability was determined. *P< 0.05 versus control, *P< 0.05 versus celastrol
treatment

Cell Death and Disease



Celastrol induces apoptosis and autophagy
H-Y Li et al

L)

autophagy inhibitor, was assessed. We also analyzed cell
viability in response to the combination of z-VAD-fmk and
3-MA to confirm the coactivation of these two cell death forms.
3-MA moderately diminished celastrol-induced cell death by
~10% (Figure 3f). Interestingly, combination of z-VAD-fmk and
3-MA potently abolished the cell death.

These data reveal that autophagy induced by celastrol
serves a pro-death function, and celastrol triggers both
apoptosis and autophagic cell death in osteosarcoma cells.

Celastrol induces JNK activation, which is required in
celastrol-induced apoptosis. We investigated the effect of
celastrol on JNK activation. Figure 4c shows that celastrol
increased the level of JNK phosphorylation in both HOS and
MG-63 cells. To determine the contribution of activated JNK
to celastrol-induced apoptosis or cell cycle arrest, we used
the specific JNK inhibitor, SP600125 (SP). MTS assay
showed that SP could effectively reduce the cell death
caused by celastrol (Figure 5a). Flow cytometry assay
indicated that SP attenuated the celastrol-induced apoptosis
and inhibited depolarization of mitochondria (Figures 5c
and d). Western blot analysis showed that SP inhibited JNK
phosphorylation and activation of apoptosis-related proteins
to a great extent (Figure 5f). However, SP failed to restore
the celastrol-induced increase in the G2/M population
(Figure 5b). These results suggest that the activation of
JNK is required for celastrol-induced apoptosis but not
involved in G2/M phase arrest.

Celastrol induces ROS generation, which is the proximal
event of JNK and acts as an initiator in celastrol-induced
apoptosis and G2/M phase arrest. ROS have been shown
to participate in the regulation of apoptosis and cell cycle
arrest,®®®® and also promote the sustained JNK
activation.?®3” As shown in Figure 4a, ROS generation was
initiated by 1 uM celastrol and explosively increased by 2,
3 uM celastrol at 12 h. To further confirm the role of ROS in
celastrol-induced cell death, NAC, ROS scavenger, was
used. Figure 4b shows that NAC blocked the increased ROS
induced by celastrol. MTS assay showed that NAC reversed
the cell death (Figure 5a). In contrast to the effect of JNK
inhibitor, NAC much more potently abolished the apoptosis
and the decrement of MMP (Figures 5¢ and d). Western blot
analysis demonstrated that NAC completely inhibited
celastrol-induced activation of apoptosis-related proteins
(Figure 5f). NAC also had a hard inhibitory effect on
celastrol-induced G2/M phase arrest by reversing the key
molecules of G2/M cell cycle regulator markers (Figures 5b
and e). Furthermore, NAC strongly blocked JNK phosphor-
ylation while the JNK inhibitor did not suppress but even
slightly elevated ROS generation (Figures 5f and g). All these
results reveal that ROS is the proximal event of JNK and most
likely acts as an initiator in celastrol-induced apoptosis and
G2/M phase arrest.

Autophagy is mediated by JNK activation and ROS
generation. To determine the importance of JNK activation
and ROS generation in celastrol-induced autophagy, we
analyzed the level of LC3B-II in the presence of SP or NAC.
As shown in Figure 6b, both SP and NAC significantly
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suppressed the increased expression of LC3B-II induced by
celastrol. Large autophagic vacuoles were scarcely observed
in cells pretreated with SP or NAC (Figure 6a). The
quantitative analysis of AO-stained cells revealed that SP
and NAC potently diminished the intensity of red fluorescence
(Figure 6d). These results suggest that autophagy triggered
by celastrol is dependent on JNK activation and ROS
generation.

Inhibition of apoptosis enhances autophagy while
suppression of autophagy diminishes apoptosis. Over-
whelming evidence has elucidated the complex relationship
between apoptosis and autophagy.?® We subsequently
investigated their interplay. First, the inhibition of apoptosis
on autophagy was determined. Figures 6¢ and e show that
z-VAD-fmk increased accumulation of AO-staining red
acidic vesicles induced by celastrol. Western blot assay
demonstrated that inhibition of apoptosis enhanced the
expression of LC3B-II (Figure 6g). This suggests that part of
apoptotic cell death may have shifted to autophagic cell
death when apoptosis was inhibited. Next, we examined the
inhibition of autophagy on apoptosis. Celastrol-induced
apoptosis was moderately blocked by 3MA, despite slight
apoptosis was observed in HOS cells treated with
3MA alone (Figure 6f). Figure 6g shows that 3MA
diminished cleavage of caspase-3 and PARP to a certain
extent. These results suggest that inhibition of apoptosis
enhances autophagy while autophagy might contribute to
apoptosis.

Celastrol has the similar effects on primary osteosarcoma
cells. We obtained primary cells derived from nine
patients suffered from osteosarcoma to verify whether
celastrol has the similar effects on clinical specimens.
As expected, celastrol inhibited the proliferation of all
primary cells. Supplementary Table S1 demonstrates the
ICs5o values of celastrol and the information of specimens.
We chose two types of cells, namely OS-718 and 0S-1227,
to determine whether celastrol induces apoptosis, auto-
phagy, ROS and JNK activation. As expected, celastrol
treatment activated caspase-3, -8, -9, DR5 and cleavage
of PARP, Bid, upregulated the expression of LC3B-l,
increased JNK phosphorylation and ROS generation dose
dependently (Supplementary Figures S1A-C). These data
reveal that celastrol has the similar effects on primary
osteosarcoma cells.

Celastrol inhibits growth of osteosarcoma in vivo. In vivo
effect of celastrol on osteosarcoma was determined via
intraperitoneal administration in a tumor-transplanted mouse
model. Celastrol at doses of 1 and 2mg/kg resulted in
significant decrease in tumor volume by 42.9 and 50.2%,
respectively, after 7 days of drug administration (Figure 7a).
Itis worth noting that 1 and 2 mg/kg celastrol treatment caused
5.7 and 9% of weight loss in mice, respectively (Figure 7b).
H&E staining and TUNEL assay demonstrated more dead
cells and the evident increase in apoptosis proportion in
celastrol-treated tumor tissues (Figure 7d). Figure 7c shows
that celastrol increased levels of cleaved caspase-3, LC3B-II
and phospho-JNK. Immunohistochemistry demonstrated the
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increase in mean areas that stained positively for cleaved mean optical density (MOD) (Figures 7d and e). All the
caspase-3 and phospho-JNK in celastrol-treated tumor results reveal that celastrol inhibits growth of osteosarcoma
tissues, which was quantified by IPP software in terms of in vivo with low levels of toxicity.
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Figure 5 Roles of ROS and JNK in G2/M phase arrest and apoptosis induced by celastrol. HOS cells were preincubated with SP600125 (40 M) or NAC (5 mM) for 1 h, and
then treated with celastrol (3 M) for 24 h. (a) Cell viability was measured by MTS. (b) Cell cycle was evaluated by flow cytometry. The percentage of cell cycle distribution was
presented in histograms. (¢, d) Induction of apoptosis and changes of mitochondrial membrane potential were assessed by flow cytometry. Quantitative analysis in histograms
was presented. (e) The expressions of cell cycle-regulated proteins were measured by western blot. (f) Changes of apoptosis-related proteins. phospho-JNK and total JNK were
measured by western blot. (g) The level of ROS was determined by flow cytometry. Quantitative analysis of ROS generation was shown in histograms. *P< 0.05 versus control,
#P<0.05 versus celastrol treatment
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Figure 6 Roles of ROS and JNK in autophagy and the interplay between apoptosis and autophagy. HOS cells were preincubated with SP600125 (40 xM), NAC (5 mM) for
1h, or 3MA (2.5 mM), z-VAD-fmk (20 M) for 2 h, and then treated with celastrol (3 M) for 24 h. (a) Transmission electron microscopy was utilized to evaluate the changes of
autophagosome and nucleus. Arrows indicate autophagosomes and asterisks indicate nuclear condensation. Bar: 1 um. (b) The expression of LC3B was analyzed by western
blot. (c—€) The level of acridine orange staining was determined by fluorescence microscopy (x400) and flow cytometry. Representative images were presented. Quantitative
analysis of red fluorescence representing acidic vesicles was shown in histograms. Bar: 50 zm. (f) Cells were stained with annexin V-PE/7-AAD and analyzed by flow cytometry.
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Figure 7 Celastrol inhibits growth of human osteosarcoma xenograft in vivo. HOS cells were inoculated subcutaneously in the right flank of BALB/c-nu mice. Intraperitoneal
administration of vehicle or celastrol (1 or 2 mg/kg) daily was started when tumor volume reached around 200 mm?>. When the tumors of control group reached around 1600 mm?,
all mice were killed. (a, b) Tumor sizes and body weights were measured daily. (c) The levels of cleaved caspase-3, phospho-JNK and total JNK in tumor xenograft tissues were
measured by western blot. (d) The apoptotic status of tumor tissues was assessed by TUNEL assay. H&E staining was used to evaluate the histology. The expression levels of
cleaved caspase-3 and phospho-JNK were also examined by immunohistochemistry. Representative images were presented. Bar: 50 zm. (e) Mean optical density of cleaved
caspase-3 and phospho-JNK was quantified by Image Pro-Plus. *P<0.05, significantly different compared with control

Discussion

Despite the prognosis of localized osteosarcoma has mark-
edly improved due to new therapeutic developments, the long-
term survival has stagnated in the past several decades.
Innovative drugs are needed for further improvement of
outcome in osteosarcoma patients. Many reports have high-
lighted that celastrol is becoming an effective, safe and
desirable approach to the treatment of cancers.*'2 Our
results presented here confirm that celastrol could inhibit
proliferation of human osteosarcoma in vitro and in vivo
through G2/M arrest, apoptosis and autophagy mediated by
the ROS/JNK signaling pathway.

Cell Death and Disease

Anticancer insights derived from cell cycle research have
given birth to the idea of cell cycle G2 checkpoint abrogation
as a cancer-cell-specific therapy.®® The cyclin B1/Cdc2
complex, which is kept inactive by phosphorylation of Cdc2,
has a key role in promoting the G2/M phase transition.®® At the
onset of mitosis, Cdc25C, a dual specificity phosphatase, is
activated for dephosphorylation of Cdc2. The checkpoint
kinases Chk1 and Chk2 phosphorylate Cdc25C, which
downregulates Cdc25C activity.'*'® Our studies showed that
celastrol caused G2/M phase arrest through upregulation of
phospho-Chk2, Chk2, phospho-Cdc25C, phospho-Cdc2, p21
and downregulation of Cdc2, Chk2. However, surprisingly,
celastrol increased the level of cyclin B1. Similar results had



been reported before.*>*' This may be explained by the fact
that suppression of Cdc2 activity could prevent cyclin B1
degradation by ubiquitin-dependent proteolysis, which led to
the increase of cyclin B1.*" In addition, p21 has an important
role in G2/M checkpoint through inhibition of the Cdc2/cyclin
B1 complex in a p53-dependent or independent manner. 642
As HOS is p53-mutant, it is most likely that upregulation of p21
was mediated in a p53-independent manner and the specific
mechanism needs to be further explored.

Apoptosis is a major route to eradicate cancers. Here, we
revealed that celastrol induced apoptosis by activating both
extrinsic and intrinsic pathways. Surprisingly, the caspase
inhibitor could not entirely prevent the cell death, leading us to
other caspase-independent pathways. Lee et al.'® and Yang
et al.*® found that AIF played a critical role in celastrol-induced
apoptosis independent of caspases. Besides that, Endo G,
another apoptogenic protein in the intermembrane space of
mitochondria, can translocate to the nucleus and directly
digest nuclear DNA in the absence of caspase activity.®®
Accordingly, we examined the expressions of these two
proteins. However, no detectable change of AIF or Endo-G
from mitochondria to cytosol was observed in celastrol-
treated cells.

Autophagy, another caspase-independent cell death path-
way, was investigated. We found that autophagy was induced
as evidenced by accumulation of AO-staining acidic vesicles,
formation of autophagosomes observed with TEM and
upregulation of LC3B-IIl. We also revealed that the celastrol-
induced cell death, moderately diminished by 3-MA, was
markedly restored by combination of 3-MA and z-VAD-fmk,
indicating that celastrol induced cell death through both
apoptosis and autophagy. Several studies reported that
autophagy served as a kind of survival mechanism in
celastrol-treated cancers.**~*® In contrast, our study revealed
that autophagy induced by celastrol contributed to the
cell death.

Considerable evidence has delineated the complex inter-
play between apoptosis and autophagy, which can cooperate,
antagonize or assist each other.2>*" In our study, z-VAD-fmk
increased accumulation of AO-staining acidic vesicles and the
expression of LC3B-Il, indicating that, when apoptosis was
blocked, cells preferentially died through an autophagic
pathway. In contrast, suppression of autophagy diminished
cleavage of caspase-3 and PARP, indicating that autophagy
contributed to apoptosis. Further work is needed to clarify the
molecular connections between apoptosis and autophagy.

Next, we explored the upstream pathways. It is well-
documented that excessive generation of ROS could interfere
with cellular signaling pathways,???* and JNK also has a
pivotal role in many cellular events.?8298 |n the present study,
celastrol induced a significant increase in ROS generation and
JNK' phosphorylation. The ROS inhibitor, NAC, completely
reversed the celastrol-induced inhibition of cell proliferation,
apoptosis and autophagy, while the JNK inhibitor significantly
attenuated them. Moreover, NAC strongly blocked the G2/M
phase arrest but the JNK inhibitor failed to, indicating that ROS
but not JNK modulated the celastrol-induced cell cycle arrest.
In addition, JNK phosphorylation was potently abolished by
NAC but ROS generation was not attenuated by the JNK
inhibitor, implying that ROS is the proximal event of JNK. From
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these data, we concluded that celastrol induced apoptosis and
autophagy through the ROS/JNK signaling pathway and ROS
had a vital role in G2/M phase arrest caused by celastrol.

Interestingly, previous studies have reported that celastrol
has antioxidant properties on microglia and endothelial cells,
also attenuates hypertension-induced oxidative stress in
vascular smooth muscle cells (VSMCs).**° These findings
conflict with our results that celastrol induces ROS generation
in osteosarcoma cells. On one hand, this discrepancy may be
attributed to the difference between non-cancerous cells
(microglia, endothelial cells and VSMCs) and cancer cells
(osteosarcoma). On the other hand, dose probably matters.
Celastrol suppresses oxidative stress at nanomolar concen-
trations (10—-100 nmol/l). However, in our study, the concen-
tration of celastrol inducing detectable ROS is no less than
1 uM, consistent with the dose of celastrol in other cancers.'?
Taken together, the effect of celastrol on oxidative stress is
most likely dependent on cell type and concentration.

Yang et al.** demonstrated that treatment of prostate tumor-
bearing nude mice with celastrol resulted in significant
inhibition (65—93%) of the tumor growth without overall gross
toxicity.® In our study in vivo, we found that celastrol at doses
of 1 and 2 mg/kg significantly inhibited tumor growth (42.9—
50.2%). Western blot and immunohistochemical analysis
confirmed the increase in cleaved caspase-3, LC3B-Il and
phospho-JNK following celastrol treatment. It is noteworthy
that celastrol caused 5.7-9% of weight loss in mice, revealing
that high dose of celastrol may have a few side effects to some
extent.

In conclusion, our study is the first to demonstrate that
celastrol can effectively inhibit the proliferation of osteo-
sarcoma cells by causing G2/M phase arrest, and lead to cell
death by inducing apoptosis and autophagy mediated by the
ROS/JNK signaling pathway (Figure 8). In the osteosarcoma
xenograft model, celastrol also shows significant antitumor
activity with low levels of toxicity. This compelling evidence
expands our understanding of the benefits and clinical
application of celastrol therapy.

Materials and methods

Reagents and antibodies. Celastrol with purity greater than 98%, N-Acetyl-
L-cysteine (NAC), SP600125, 3-Methyladenine (3-MA) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Dulbecco’s Modified Eagle Medium (DMEM), RPMI
1640 Medium, fetal bovine serum (FBS), penicillin, streptomycin, PBS and 0.25%
trypsin were purchased from Gibco/BRL (Gaithersburg, MD, USA). The broad-
spectrum caspase inhibitor (z-VAD-fmk) was obtained from Millipore (Billerica, MA,
USA). Caspase-8 specific inhibitor (z-IETD-fmk) and caspase-9 specific inhibitor
(z-LEHD-fmk) were purchased from BioVision (Mountain View, CA, USA).
Antibodies against TRAIL and DR4 were obtained from ProteinTech Group
(Chicago, IL, USA). Antibodies against caspase-3, caspase-8, caspase-9, poly
(ADPribose) polymerase (PARP), DR5, Bid, Fas, FasL, phospho-JNK, JNK, LC3B,
phospho-Cdc2, Cdc2, phospho-Cdc25C, Cde25C, cyclin B1, phospho-Chk2, Chk2,
p21, AIF, Endo G and GAPDH were purchased from Cell Signaling Technology
(Beverly, MA, USA).

Cell and cell culture. The human osteosarcoma cell lines HOS (CRL-
1547TM, ATCC), MG-63 (CRL-1427TM, ATCC), U-20S (HTB-96TM, ATCC), Saos-2
(HTB-85TM, ATCC) were from Cell Bank of Shanghai Institute of Biochemistry and
Cell Biology, Chinese Academy of Sciences (Shanghai, China). OS-718 and
08-1227 are primary osteosarcoma cells derived from patients. FB-1,-2 and -3 are
human primary skin fibroblasts, the gift from Dr Zheng Min. HOS, MG-63, Saos-2
and primary cells were cultured in DMEM, U-20S in RPMI 1640, supplemented with
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Figure 8 A schematic diagram of the pathways in which celastrol induces cell growth inhibition and cell death in osteosarcoma

10% FBS, 100 U/ml penicillin and 100 xg/ml streptomycin. Cells were maintained at
37°C in a humidified incubator of 5% CO,.

All procedures involved clinical specimens were approved by the Human Research
Ethics Committee of the Second Affiliated Hospital of Zhejiang University School of
Medicine, China.

Cell viability assay. The anti-proliferative effect of celastrol on osteosarcoma
cells was determined by the MTS kit (cellTiter96AQ, Promega, Madison, WI, USA).
Briefly, cells were seeded in 96-well plates with a density of 3-7x 10° cells/well.
After 12 h, they were treated with various concentrations of celastrol (0-8 xM) for
different periods of time (0-48 h). The fresh mixture of MTS and PMS was added
and incubated for 2-4 h at 37 °C following the manufacturer’s protocol. A MR7000
microplate reader (Dynatech, NV, USA) was used to measure the absorbance at
490 nm, and ICs values were calculated using the probit model. Data represented
the mean of five replicates. Each performed in triplicate.

Clone formation assay. Cells were seeded at 100 cells/well in six-well plates
and dispersed evenly by shaking the dishes slightly. After attachment, cells were
treated with celastrol at varying concentrations (0-2 M) for about 14 days when the
cells grew to visible colonies. The medium was discarded and the cells were
washed with PBS twice. After being fixed with 4% paraformaldehyde for 20 min,
washed with PBS, the cells were stained with 0.1% crystal violet for 15 min. Finally,
the dye was washed with PBS. The clones with more than 50 cells were counted
under an ordinary optical microscope.

Morphological apoptosis. Characteristic apoptotic morphological changes
were assessed by fluorescent microscopy using Hoechst 33258 staining. In brief,
cells were exposed to celastrol for 24 h and then stained with Hoechst 33258 for
10 min. After being washed twice with PBS, cells were observed with a fluorescence
microscope (Olympus, Tokyo, Japan) to determine nuclei fragmentation and
chromatin condensation.

Transmission electron microscopy observation. Changes in cell
ultra-structure caused by celastrol were visualized using transmission electron
microscopy (TEM). Apoptosis was assessed by observation of nuclear condensa-
tion and autophagy was evaluated by examining autophagosome formation. The
treated cells were fixed with 2.5% glutaraldehyde and post-fixed with 1% osmium
tetroxide. After being dehydrated in increasing concentrations of alcohol, the cell
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pellets were embedded in epon. Representative areas were chosen for ultrathin
sectioning and examined on a transmission electron microscope at a magnification
of x 10 000.

Apoptosis analysis. Apoptosis was determined by Annexin V-PE/7-AAD kit
(BD Biosciences, San Diego, CA, USA). In brief, cells were seeded in six-well plates
with a density of 2x10° cells/well and treated with celastrol at concentrations
ranging from 0 to 3 uM for 24 h. The cells were incubated with PE-conjugated
annexin V and 7-AAD for 15 min at room temperature in the dark. Then cells were
washed with ice-cold PBS, resuspended with 300l PBS. Samples were
analyzed by flow cytometer (FACSCalibur, BD, San Jose, CA, USA) and
CELLQuest software (FACSCalibur).

Analysis of caspase-3, -8, -9 activities. Caspase activities were measured
using Caspase Activity Kit (Beyotime biotechnologies, Jiangsu, China) according to
the manufacturer’s instructions. Lysates of cells were prepared after being treated
with various concentrations of celastrol for 24 h. Activities of caspase-3, -8 and -9
were measured by substrate peptides Ac-DEVD-pNA, Ac-I[ETD-pNA and Ac-LEHD-
pNA, respectively. The release of pNA was quantified by measuring the absorbance
with the MR7000 microplate reader at 405 nm. Caspase activity was expressed as
the ratio of treated cells to the control.

Measurement of mitochondrial membrane potential. The mitochon-
drial membrane potential (MMP) was measured with JC-1 fluorescent probe
(Beyotime). In brief, 2x10° cells were exposed to celastrol (0-3 uM) for 24 h.
Collected cells were incubated with JC-1 for 20 min at 37 °C. The stained cells were
washed twice and analyzed by a flow cytometer. Mitochondrial depolarization was
indicated by a decrease in the red/green fluorescence intensity ratio.

Measurement of ROS. Generation of intracellular ROS was measured by a
ROS Assay with DCFH-DA (Beyotime). In brief, cells were plated at a density of
2x10° cells/well in six-well plates and exposed to celastrol (0-3 uM) for 12 h. Then
the cells were incubated with DCFH-DA (10 M) for 30 min at 37 °C. The level of
ROS was determined by fluorescence microscopy and flow cytometer.

Cell cycle analysis. Cell cycle was monitored by flow cytometry with
PI/RNase staining buffer (BD Biosciences). In brief, 5x 10° cells were exposed to
celastrol and fixed with 70% ethanol at —20°C overnight. Then the cells were



stained with PI/RNase staining buffer for 15 min and analyzed by flow cytometer and
ModFit LT software (FACSCalibur). For each measurement, 2x10* cells were
analyzed and the representative measurements were shown.

Detection of acidic vesicular organelle. To detect the formation of acidic
vesicular organelle (AVO), cells were stained with acridine orange (AO)
(Sigma-Aldrich). In the stained cells, the cytoplasm and nucleus fluoresce bright
green, while the acidic vesicular organelles fluoresce bright red. In brief, 2x 10°
cells were exposed to celastrol for 24 h. After being rinsed with fresh medium, the
cells were incubated with AO (1 g/ml) for 15 min at 37 °C. Cells were washed three
times with PBS and then observed under fluorescence microscopy. To quantify the
development of AVO, the stained cells were also analyzed by flow cytometer.

Western blot analysis. Cells were seeded at a density of 5x10° cells in
60-mm dishes and treated with celastrol for 24 h, followed by centrifugation.
The pellets were lysed in RIPA lysis buffer containing protease inhibitor cocktail
(Sigma-Aldrich) for 30 min on ice. Cell lysates were centrifuged at 13000 g for
15min and the supernatant was collected. To examine the subcellular location of
AIF, cytosolic extracts were prepared according to the manual provided in the
mitochondria isolation kit (Pierce, Waltham, MA, USA). Protein content was
quantified using a BCA protein assay kit (Pierce) according to the manufacturer’s
instruction. Equal amounts of protein (40 ng) were separated by electrophoresis on
10-12% SDS-PAGE at 100V for 1.5h. Then the proteins were transferred onto
polyvinylidene difluoride (PVDF) membrane (Millipore) at 250 mA for 2h. The
membranes were blocked with 5% bovine serum albumin (Sigma-Aldrich) for 1 h at
room temperature and then incubated with primary antibody at 4 °C overnight. After
being washed five times with TBST, the membranes were incubated with an HRP-
conjugated secondary antibody for 1h at room temperature. Each band was
visualized by enhanced chemiluminescence kit (Millipore).

Human osteosarcoma xenograft experiment. Female BALB/c-nu
mice, aged 4 weeks, were purchased from Shanghai Laboratory Animal Center
of Chinese Academy of Sciences. They were maintained under specific pathogen-
free conditions and supplied with sterilized food and water. On day 0, 5 x 10° HOS
cells suspended in 0.1 ml PBS were inoculated subcutaneously in the right flank of
each mouse (six mice each group). On day 9, when the tumors reached palpable
size of around 200 mm° mice were randomly assigned to three groups and
received daily intraperitoneal injection with 100 I of vehicle (10% DMSO, 70%
Cremophor/ethanol (3: 1), and 20% PBS), and 1 or 2mg/kg of celastrol. Tumor
sizes were measured daily to observe dynamic changes in tumor growth and
calculated by a standard formula: length x width®2. Body weights were also
measured daily. After 7 days of drug administration, when the tumors of control
group reached around 1600 mm®, all mice were killed. Tumors were dissected and
stored in liquid nitrogen or fixed in formalin for further analysis. All treatment
protocols were approved by the Animal Care and Use Committee of Zhejiang
University, China.

TUNEL assay. The terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling (TUNEL) assay was used to evaluate the apoptotic response of tumor
tissues with In Situ Cell Death Detection Kit, Fluorescein (Roche Diagnostics,
Mannheim, Germany). In brief, after being deparaffinized and hydrated, slides were
washed with PBS twice and incubated with proteinase K (20 pg/ml) for 25 min at
37 °C. After a second round of washes, slides were incubated with TUNEL reaction
mixture prepared freshly for 1 h at 37 °C in a moist chamber. After being washed
twice, the slides were observed under fluorescence microscopy.

Tumor histology. Formalin-fixed, paraffin-embedded tumor specimens were
cut into serial sections (5m). Following a hydration process, the slides were
stained with hematoxylin for 15 min and immersed in 1% hydrochloric acid in 75%
ethanol for 30 s. Before dehydration, the slides were stained with eosin for 5 min.
Finally, the slides were immersed in xylene and mounted.

Immunohistochemical analysis and quantification. For inmunohisto-
chemical staining, slides were deparaffinized in xylene and hydrated with graded
alcohol, and treated with 3% H,O, for 15min to block endogenous peroxidase
activity. Antigen retrieval was completed in boiling sodium citrate buffer (PH 6.0) for
10min. Then slides were incubated with 10% normal goat serum for 15 min,
followed by incubation with cleaved caspase 3 and phospho-JNK antibodies at 4 °C
overnight in a moist chamber. After being washed three times with PBS, slides were
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incubated with the secondary antibody at 37 °C for 30 min. Immunoreactivity was
visualized by incubation with DAB (Sigma-Aldrich). Hematoxylin was used for
background counterstaining.

For quantification, three random x400 microscopic fields per slide were
photographed using a DP70 CCD camera (Olympus) coupled to an AX-70
microscope (Olympus). Image pro-plus 6.0 (IPP, Media Cybernetics, BD Biosciences)
was used for digital photographs analysis referencing the method introduced by
Xavier et al.*° The measure parameters included density mean, area sum and IOD.
After the background staining correction, the optical density was calibrated and the
area of interest was set through: hue, 0-30; saturation, 0-255; intensity, 0-230. Then
the image was converted to gray scale image and values were counted.

Statistical analysis. The quantitative data were shown as means + S.D. and
the statistical differences were calculated by one-way ANOVA analysis of variance
with Dunnett’s test or unpaired Student’s t-test. The Mann-Whitney U-test was used
to examine the significance of cleaved caspase 3 and phospho-JNK expression
determined by IPP.

All statistical analyses were performed using the SPSS software (version 16.0,
SPSS, Chicago, IL, USA). Tests were two-tailed and statistical significance was
defined as P<0.05.

Conflict of Interest
The authors declare no conflict of interest.

Acknowledgements. We thank Dr Zheng Min (Department of Dermatology,
Zhejiang, China) for the gift of human primary skin fibroblasts. This research was in
part supported by grants from the National Natural Science Foundation of China
(No.81172547).

. Raymond AK, Jaffe N. Osteosarcoma multidisciplinary approach to the management from

the pathologist's perspective. Cancer Treat Res 2009; 152: 63-84.

2. Ando K, Heymann MF, Stresing V, Mori K, Redini F, Heymann D. Current therapeutic
strategies and novel approaches in osteosarcoma. Cancers (Basel) 2013; 5: 591-616.

3. Tao XL, Cush JJ, Garret M, Lipsky PE. A phase | study of ethyl acetate extract of the Chinese
antirheumatic herb Tripterygium wilfordii Hook F in rheumatoid arthritis. J Rheumatol 2001;
28: 2160-2167.

4. Allison AC, Cacabelos R, Lombardi VRM, Alvarez XA, Vigo C. Celastrol, a potent antioxidant
and anti-inflammatory drug, as a possible treatment for Alzheimer's disease. Prog Neuro-
Psychoph 2001; 25: 1341-1357.

5. LiH, Zhang YY, Huang XY, Sun YN, Jia YF, Li D. Beneficial effect of tripterine on systemic
lupus erythematosus induced by active chromatin in BALB/c mice. Eur J Pharmacol 2005;
512: 231-237.

6. PengB, XuL, CaoF, Wei T, Yang C, Uzan G et al. HSP90 inhibitor, celastrol, arrests human
monocytic leukemia cell U937 at GO/G1 in thiol-containing agents reversible way. Mol
Cancer 2010; 9: 79.

7. Kannaiyan R, Manu KA, Chen L, Li F, Rajendran P, Subramaniam A et al. Celastrol
inhibits tumor cell proliferation and promotes apoptosis through the activation of c-Jun
N-terminal kinase and suppression of PI3 K/Akt signaling pathways. Apoptosis 2011; 16:
1028-1041.

8. Sethi G, Ahn KS, Pandey MK, Aggarwal BB. Celastrol, a novel triterpene, potentiates
TNF-induced apoptosis and suppresses invasion of tumor cells by inhibiting NF-kappaB-
regulated gene products and TAK1-mediated NF-kappaB activation. Blood 2007; 109:
2727-2735.

9. Yang H, Chen D, Cui QC, Yuan X, Dou QP. Celastrol, a triterpene extracted from the Chinese
"Thunder of God Vine," is a potent proteasome inhibitor and suppresses human prostate
cancer growth in nude mice. Cancer Res 2006; 66: 4758-4765.

10. Rajendran P, Li F, Shanmugam MK, Kannaiyan R, Goh JN, Wong KF et al. Celastrol
suppresses growth and induces apoptosis of human hepatocellular carcinoma through the
modulation of STAT3/JAK2 signaling cascade in vitro and in vivo. Cancer Prev Res (Phila)
2012; 5: 631-643.

11. Huang Y, Zhou'Y, Fan Y, Zhou D. Celastrol inhibits the growth of human glioma xenografts in
nude mice through suppressing VEGFR expression. Cancer Lett 2008; 264: 101-106.

12. Lee JH, Won YS, Park KH, Lee MK, Tachibana H, Yamada K et al. Celastrol inhibits growth
and induces apoptotic cell death in melanoma cells via the activation ROS-dependent
mitochondrial pathway and the suppression of PIBK/AKT signaling. Apoptosis 2012; 17:
1275-1286.

13. Stewart ZA, Westfall MD, Pietenpol JA. Cell-cycle dysregulation and anticancer therapy.
Trends Pharmacol Sci. 2003; 24: 139-145.

14. Peng CY, Graves PR, Thoma RS, Wu Z, Shaw AS, Piwnica-Worms H. Mitotic and G2

checkpoint control: regulation of 14-3-3 protein binding by phosphorylation of Cdc25C on

serine-216. Science 1997; 277: 1501-1505.

Cell Death and Disease



G

Celastrol induces apoptosis and autophagy
H-Y Li et al

15.

16.

17.

18.

19.

20.

22.

23.

24,

25.

26.

217.

28.

29.

30.
31.

32.

33.

34,
35.

36.

21.

Singh SV, Herman-Antosiewicz A, Singh AV, Lew KL, Srivastava SK, Kamath R et al.
Sulforaphane-induced G2/M phase cell cycle arrest involves checkpoint kinase
2-mediated phosphorylation of cell division cycle 25C. J Biol Chem 2004; 279:
25813-25822.

Zhang R, Wang Y, Li J, Jin H, Song S, Huang C. The Chinese herb isolate YHL-14
induces G2/M arrest in human cancer cells by up-regulating p21 expression through
P53-independent cascade. J Biol Chem 2014; 289: 6394-6403.

Kroemer G, Galluzzi L, Vandenabeele P, Abrams J, Alnemri ES, Baehrecke EH et al.
Classification of cell death: recommendations of the Nomenclature Committee on Cell
Death 2009. Cell Death Differ 2009; 16: 3-11.

Zimmermann KC, Bonzon C, Green DR. The machinery of programmed cell death.
Pharmacol Ther 2001; 92: 57-70.

de Bruin EC, Medema JP. Apoptosis and non-apoptotic deaths in cancer development and
treatment response. Cancer Treat Rev 2008; 34: 737-749.

Eisenberg-Lerner A, Bialik S, Simon HU, Kimchi A. Life and death partners: apoptosis,
autophagy and the cross-talk between them. Cell Death Differ 2009; 16: 966-975.
Fruehauf JP, Meyskens FL Jr. Reactive oxygen species: a breath of life or death? Clin
Cancer Res 2007; 13: 789-794.

Trachootham D, Alexandre J, Huang P. Targeting cancer cells by ROS-mediated
mechanisms: a radical therapeutic approach? Nat Rev Drug Discov 2009; 8:
579-591.

Chen Y, McMillan-Ward E, Kong J, Israels SJ, Gibson SB. Mitochondrial electron-transport-
chain inhibitors of complexes | and Il induce autophagic cell death mediated by reactive
oxygen species. J Cell Sci 2007; 120: 4155-4166.

Simon HU, Haj-Yehia A, Levi-Schaffer F. Role of reactive oxygen species (ROS) in apoptosis
induction. Apoptosis 2000; 5: 415-418.

Pelicano H, Carney D, Huang P. ROS stress in cancer cells and therapeutic implications.
Drug Resist Updat 2004; 7: 97-110.

Shen HM, Liu ZG. JNK signaling pathway is a key modulator in cell death mediated by
reactive oxygen and nitrogen species. Free Radical Biol Med 2006; 40: 928-939.

Avisetti DR, Babu KS, Kalivendi SV. Activation of p38/JNK pathway is responsible for
embelin induced apoptosis in lung cancer cells: transitional role of reactive oxygen species.
PL0oS One 2014; 9: e87050.

Kyriakis JM, Banerjee P, Nikolakaki E, Dai T, Rubie EA, Ahmad MF et al
The stress-activated protein kinase subfamily of c-Jun kinases. Nature 1994; 369:
156-160.

Tsujimoto Y, Shimizu S. Another way to die: autophagic programmed cell death. Cell Death
Differ 2005; 12: 1528-1534.

Adams JM. Ways of dying: multiple pathways to apoptosis. Genes Dev2003; 17: 2481-2495.
Kantari C, Walczak H. Caspase-8 and bid: caught in the act between death receptors and
mitochondria. Biochim Biophys Acta 2011; 1813: 558-563.

Krantic S, Mechawar N, Reix S, Quirion R. Apoptosis-inducing factor: a matter of neuron life
and death. Prog Neurobiol 2007; 81: 179-196.

Li LY, Luo L, Wang XD. Endonuclease G is an apoptotic DNase when released from
mitochondria. Nature 2001; 412: 95-99.

Gozuacik D, Kimchi A. Autophagy and cell death. Curr Top Dev Biol 2007; 78: 217-245.
Fleury C, Mignotte B, Vayssiere JL. Mitochondrial reactive oxygen species in cell death
signaling. Biochimie 2002; 84: 131-141.

Sauer H, Wartenberg M, Hescheler J. Reactive oxygen species as intracellular messengers
during cell growth and differentiation. Cell Physiol Biochem 2001; 11: 173-186.

37.

38.
39.
40.

41,

42,

43,
44,

45.

46.

47.

48.
49.

50.

Kamata H, Honda S, Maeda S, Chang L, Hirata H, Karin M. Reactive oxygen species
promote TNFalpha-induced death and sustained JNK activation by inhibiting MAP kinase
phosphatases. Cell 2005; 120: 649-661.

Kawabe T. G2 checkpoint abrogators as anticancer drugs. Mol Cancer Therap 2004; 3:
513-519.

Nurse P. Universal control mechanism regulating onset of M-phase. Nature 1990; 344:
503-508.

Knowles LM, Milner JA. Dially! disulfide inhibits p34(cdc2) kinase activity through changes in
complex formation and phosphorylation. Carcinogenesis 2000; 21: 1129-1134.

Lin H, Liu XY, Subramanian B, Nakeff A, Valeriote F, Chen BD. Mitotic arrest induced
by XK469, a novel antitumor agent, is correlated with the inhibition of cyclin B1 ubiquitination.
Int J Cancer 2002; 97: 121-128.

Lakin ND, Jackson SP. Regulation of p53 in response to DNA damage. Oncogene 1999; 18:
7644-7655.

Yang HS, Kim JY, Lee JH, Lee BW, Park KH, Shim KH et al. Celastrol isolated from
Tripterygium regelii induces apoptosis through both caspase-dependent and -independent
pathways in human breast cancer cells. Food Chem Toxicol 2011; 49: 527-532.

Wang WB, Feng LX, Yue QX, Wu WY, Guan SH, Jiang BH et al. Paraptosis accompanied by
autophagy and apoptosis was induced by celastrol, a natural compound with influence on
proteasome, ER stress and Hsp90. J Cell Physiol 2012; 227: 2196-2206.

Deng YN, Shi J, Liu J, Qu QM. Celastrol protects human neuroblastoma SH-SY5Y cells from
rotenone-induced injury through induction of autophagy. Neurochem Int 2013; 63: 1-9.
Zhao X, Gao S, Ren H, Huang H, Ji W, Hao J. Inhibition of autophagy strengthens celastrol-
induced apoptosis in human pancreatic cancer in vitro and in vivo models. Curr Mol Med
2014; 14: 555-563.

Nikoletopoulou V, Markaki M, Palikaras K, Tavernarakis N. Crosstalk between apoptosis,
necrosis and autophagy. Bba-Mol Cell Res 2013; 1833: 3448-3459.

Goss VL, Cross JV, Ma KW, Qian YY, Mola PW, Templeton DJ. SAPK/JNK regulates cdc2/
cyclin B kinase through phosphorylation and inhibition of cdc25¢. Cell Signalling 2003; 15:
709-718.

Yu X, Tao W, Jiang F, Li C, Lin J, Liu C. Celastrol attenuates hypertension-induced
inflammation and oxidative stress in vascular smooth muscle cells via induction of heme
oxygenase-1. Am J Hypertens 2010; 23: 895-903.

Xavier LL, Viola GG, Ferraz AC, Da Cunha C, Deonizio JMD, Netto CA et al. A simple and
fast densitometric method for the analysis of tyrosine hydroxylase immunoreactivity in the
substantia nigra pars compacta and in the ventral tegmental area. Brain Res Protoc 2005;
16: 58-64.

Cell Death and Disease is an open-access journal
published by Nature Publishing Group. This work is

licensed under a Creative Commons Attribution 4.0 International
Licence. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in the credit line; if the material is not included under the
Creative Commons licence, users will need to obtain permission from
the licence holder to reproduce the material. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0

Supplementary Information accompanies this paper on Cell Death and Disease website (http://www.nature.com/cddis)

Cell Death and Disease


http://creativecommons.org/licenses/by/4.0

	title_link
	Results
	Celastrol inhibits the proliferation of osteosarcoma and less cytotoxic to fibroblasts
	Celastrol induces G2/M phase arrest by regulating cell cycle-regulated proteins
	Celastrol induces mitochondria-mediated apoptosis
	Celastrol induces caspase-dependent apoptosis through the extrinsic and intrinsic pathways
	Celastrol triggers autophagy, which contributes to celastrol-induced cell death

	Figure 1 Celastrol inhibits cell proliferation and induces G2/M phase arrest in human osteosarcoma cells.
	Figure 2 Evidence that celastrol induces apoptosis in osteosarcoma cells.
	Figure 3 Celastrol induces autophagy, which contributes to cell death.
	Celastrol induces JNK activation, which is required in celastrol-induced apoptosis
	Celastrol induces ROS generation, which is the proximal event of JNK and acts as an initiator in celastrol-induced apoptosis and G2/M phase arrest
	Autophagy is mediated by JNK activation and ROS generation
	Inhibition of apoptosis enhances autophagy while suppression of autophagy diminishes apoptosis
	Celastrol has the similar effects on primary osteosarcoma cells
	Celastrol inhibits growth of osteosarcoma in�vivo

	Figure 4 ROS generation and JNK activation are triggered by celastrol.
	Figure 5 Roles of ROS and JNK in G2/M phase arrest and apoptosis induced by celastrol.
	Discussion
	Figure 6 Roles of ROS and JNK in autophagy and the interplay between apoptosis and autophagy.
	Figure 7 Celastrol inhibits growth of human osteosarcoma xenograft in�vivo.
	Materials and methods
	Reagents and antibodies
	Cell and cell culture
	Cell viability assay
	Clone formation assay
	Morphological apoptosis
	Transmission electron microscopy observation
	Apoptosis analysis
	Analysis of caspase-3, -8, -9 activities
	Measurement of mitochondrial membrane potential
	Measurement of ROS
	Cell cycle analysis

	Figure 8 A schematic diagram of the pathways in which celastrol induces cell growth inhibition and cell death in osteosarcoma
	Detection of acidic vesicular organelle
	Western blot analysis
	Human osteosarcoma xenograft experiment
	TUNEL assay
	Tumor histology
	Immunohistochemical analysis and quantification
	Statistical analysis
	We thank Dr Zheng Min (Department of Dermatology, Zhejiang, China) for the gift of human primary skin fibroblasts. This research was in part supported by grants from the National Natural Science Foundation of China (No.81172547).PCDprogrammed cell�deathJN

	ACKNOWLEDGEMENTS




