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Background: Celastrol is a major active component of the thunder god vine (Zripterygium
wilfordii) used in traditional Chinese medicine to treat chronic inflammatory and autoimmune
diseases. Celastrol inhibits PI3K—Akt-mTOR signaling, which is frequently dysregulated in
tumors and critical for tumor-cell proliferation and survival, but the underlying mechanisms are
still not fully understood. In the present study, we investigated detailed mechanisms of celastrol
inhibition of mTOR signaling in breast cancer cells.

Methods: First, we evaluated the effect of celastrol on breast cancer-cell growth using MTT
assays. Second, we examined the effects of celastrol on mTOR phosphorylation and expres-
sion using Western blot. Furthermore, we investigated the cause of mTOR downregulation by
celastrol using immunoprecipitation assays. In addition, we evaluated the effect of celastrol on
an MDA-MB231 cell-derived xenograft model.

Results: Celastrol suppressed breast cancer cell growth in vitro and in vivo. Celastrol inhibited
mTOR phosphorylation and induced mTOR ubiquitination, resulting in its proteasomal degrada-
tion. Mechanistically, we found that mTOR is a client of Hsp90—Cdc37 chaperone complex, and
celastrol disrupts mTOR interaction with chaperone Hsp90 while promoting mTOR association
with cochaperone Cdc37.

Conclusion: Our study reveals that celastrol suppresses mTOR signaling, at least in part through
regulating its association with chaperones and inducing its ubiquitination.

Keywords: celastrol, mTOR, Hsp90, Cdc37, ubiquitin, Chinese medicine

Introduction
The PI3K—Akt—mTOR signaling pathway is frequently dysregulated in cancers,
including breast cancer, and is critical for tumor-cell proliferation and survival.'
PI3K transmits extracellular signals into a cell by generating phospholipids, which
facilitates the phosphorylation and activation of Akt. mTOR is a key component of the
PI3K-Akt signaling pathway and exists as two complexes: mMTORC1 and mTORC2.23
mTORCI1 contains mTOR, Raptor, and mLSTS, and is activated by growth factors
via the PI3K-Akt-TSC1/2 pathway. mTORC2 comprises mTOR, Rictor, mSinl,
PRRS and mLSTS, and phosphorylates several AGC kinases, such as Akt and SGK,
in response to growth factors.>* mTORC2-mediated Akt phosphorylation at Ser473
is critical for full Akt activation and signaling. mTORCI1 stimulates protein synthesis,
ribosome biogenesis, anabolic metabolism through its downstream targets, such as S6K
and 4EBP1, and inhibits autophagy. mMTORC2 controls cytoskeleton organization and
promotes cell proliferation and survival by activating AGC-kinase family members
(i.e., Akt, SGK, and PKC).3

Because it is frequently dysregulated in tumor cells, mTOR signaling has emerged
as an attractive target for cancer treatment.** A series of inhibitors targeting the
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mTOR pathway have recently been evaluated in preclinical
and clinical studies as single agent or in combination with
the traditional treatment,*” e.g., the mTORCI inhibitor
everolimus combined with endocrine therapy has been
developed to treat advance hormone-receptor-positive breast
cancer patients.®’

Celastrol is a pharmacologically active compound
extracted the from thunder god vine (Tripterygium wilfordii)
that has been used in traditional Chinese medicine to treat
chronic inflammatory and autoimmune diseases (i.e., rheu-
matoid arthritis) for hundreds of years.!° Recently, studies
have shown that celastrol exhibits therapeutic potential in
cancers, including leukemia, melanoma, prostate, gastric,
colon, and breast cancers.'"!? Celastrol has been reported to
suppress PI3K—Akt—-mTOR signaling,'*"** but the underly-
ing mechanisms are still not fully understood. In the current
study, we found that celastrol can suppress mTOR signaling
by inhibiting mTOR phosphorylation and inducing mTOR
ubiquitin-dependent degradation.

Methods

Reagents

MTT, MG132, and chloroquine were purchased from Sigma-
Aldrich (St Louis, MO, USA). Rabbit antibodies to mTOR,
p-mTOR (S2481), Akt, p-Akt (S473), CDK4 (D9G3E),
ubiquitin, Cdc37 (D11A3), and Hsp90, were purchased
from Cell Signaling Technology (Beverly, MA, USA). Anti-
Flag (M2), anti-HA, anti-Flag M2 affinity agarose gel, and
anti-HA affinity gel were purchased from Sigma-Aldrich.
Celastrol was purchased from Aladdin (Shanghai, China).
pcDNA3-Flag-mTOR was a gift from Jie Chen (Addgene
plasmid 26603). pcDNA3-HA-Hsp90c. and pcDNA3-HA-
Cdc37 were gifts from Dr Len Neckers (National Institutes
of Health, USA). All inserts in the constructs were verified
by DNA sequencing.

Cell culture

MCF7 cells and MDA-MB231 cells were purchased from
ATCC and cultured in DMEM supplemented with 10% FBS
(Thermo Fisher Scientific, Waltham, MA, USA) and anti-
biotics (100 U/mL penicillin and 100 pg/mL streptomycin)
in 5% CO, at 37°C. All cells were monitored routinely for
Mycoplasma infection, and all cells used in the experiments
were Mycoplasma-free.

MTT assay

Cells (10%/mL) were seeded into 96-well plates and cultured in
normal growth conditions for 1 day, then treated with different

doses of celastrol for 24 or 48 hours. Cell viability was mea-
sured by MTT assay using a standard protocol, and OD was
read at 570 nm using ELISA plate reader (Bio-Rad).

Western blot

Whole-cell proteins were extracted with RIPA lysis buffer
and protein concentrations was measured with a BCA
protein-assay kit. Subsequently, proteins were separated
by SDS-PAGE and transferred to polyvinylidene difluoride
membranes (Millipore, Billerica, MA, USA). Immunoblot-
ting was performed as described previously.'¢

Immunoprecipitation

Cellsina 10 cm dish were lysed in 1 mL of immunoprecipita-
tion (IP) lysis buffer A (50 mM Tris HCL, pH 7.4, 150 mM
NaCl, I mM EDTA, 1% Triton X-100, and complete protease-
inhibitor mixture) or IP lysis buffer B (20 mM HEPES,
pH 7.2, 100 mM NaCl, 1 mM MgCl,, 0.1% Nonidet P40,
10 mM molybdate, and complete protease-inhibitor mixture)
on ice for 50 minutes. Lysis buffer B was used for detection
of interaction between mTOR and chaperones Hsp90 and
Cdc37, and lysis buffer A was used in all the other immuno-
precipitation experiments. After centrifugation at 14,000 rpm
for 5 minutes, the supernatants were collected and incubated
with 30 UL protein A/G agarose for 3 hours at 4°C on a rock-
ing platform for preclearing. An equivalent amount of each
precleared lysate was incubated with 50 UL anti-Flag affinity
gel or anti-HA affinity gel overnight for IP overnight at 4°C
with rotation. Immunoprecipitates were washed with 900 uL
IP lysis buffer four times, 15 minutes each time. The final
immunoprecipitates were resuspended in 50 uL 2 X SDS load-
ing buffer and boiled for subsequent Western blot analysis.

Immunohistochemistry staining

Tumor sections were dewaxed, soaked in ethanol, and
then blocked with 3% H,O,. Aspecific immunoreactivity
was blocked with diluted normal rabbit serum at room
temperature. Sections were then incubated overnight at 4°C
with specific primary antibody diluted in blocking buffer.
After being washed with PBS, sections were further incubated
with biotinylated secondary antibody (diluted 1:50), stained
with a freshly prepared diaminobenzidine solution, and then
counterstained with Mayer’s hematoxylin.

Orthotopic implantation model and

treatment
Female nude mice 5 weeks old weighing 18-22 g were
obtained from HFK Bioscience (Beijing, China), and
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experiments were performed in accordance with national
guidelines for animal care and use and approved by the
Animal Care and Use Committee of the Third Military
Medical University. An orthotopic implantation model was
established in nude mice at the fourth breast with MDA-
MB231 cells (4x10° cells/0.2 mL). When tumors had grown
to approximately 10 mm?®, mice bearing the xenograft were
divided randomly into two groups (six mice/group) and
were intragastrically administered normal saline (0.1 mL)
or celastrol (3 mg/kg). Tumor growth was measured every
4 days after treatment. The inhibition rate of tumor growth
was determined until 48 days after treatment. Tumor volume
(V) was measured using a slide caliper and calculated using
the formula: V (mm?®) = 0.5 x ab% a and b represented the
long diameter and perpendicular short diameter (mm) of the
tumor, respectively.

Statistical analysis

All results from MTT and tumor size are presented as
means + SD. Data were analyzed by Student’s #-test or ANOVA,
and P<<0.05 was considered statistically significant.

Results
Celastrol suppresses breast cancer-cell

growth in vitro and in vivo

To evaluate the effect of celastrol on breast cancer-cell
growth, we treated the breast cancer cell lines MCF7 and
MDA-MB231 with different concentrations (0.5-8.0 uM)
of celastrol for 24 hours and 48 hours, respectively. MTT
assays showed that celastrol suppressed cell growth in both
cell lines in dose- and time-dependent manners and that
MDA-MB231 cells were more sensitive to celastrol than
MCFT7 cells (Figure 1A and B).

We further examined the antitumor effect of celastrol
in an MDA-MB231 cell orthotopic implantation mouse
model. Celastrol significantly inhibited tumor growth,
suggesting that celastrol has an anti-breast cancer effect
in vivo (Figure 1C). Analysis of the proliferative index in
tumor sections showed that expression of Ki67, a marker of
proliferation, was much lower in celastrol-treated mice than
control-group mice (Figure 1D).

Celastrol inhibits mTOR phosphorylation
and expression

Given that celastrol suppresses PI3K—Akt-mTOR signal-
ing, which plays a pivotal role in breast cancer,'*'* we
examined the effects of celastrol on mTOR phosphorylation
and expression. As shown in Figure 2A, celastrol inhibited

mTOR phosphorylation at Ser2481, which is associated
with mTORC2 activity.!” Celastrol inhibition of mTORC2
activity was further supported by the result that celastrol time-
dependently decreased Akt Ser473 phosphorylation, which
is mediated by mTORC2.'® Interestingly, we repeatedly
observed that mTOR expression was reduced by celastrol in
MCF7 and MDA-MB231 cells (Figure 2B and C), suggesting
that celastrol can also reduce mTOR expression.

Celastrol induces mTOR proteasomal

degradation
Since celastrol can downregulate mTOR expression, we fur-
ther tested whether celastrol promoted mTOR degradation.
To this end, we first examined the effect of the proteasome
inhibitor MG 132 or the lysosome inhibitor chloroquine on
celastrol-induced mTOR downregulation. The result showed
that celastrol-induced mTOR downregulation was attenuated
by MG132, but not by chloroquine (Figure 3A—C), suggesting
that celastrol may induce mTOR proteasomal degradation.
Given proteasomal degradation of a protein is
usually ubiquitin-dependent, we further investigated
whether celastrol induced mTOR ubiquitination. MCF7
cells were transfected with the Flag-mTOR expression
vector, then treated with celastrol. Flag-mTOR was immu-
noprecipitated from cell extracts using anti-Flag resin, and
ubiquitinated Flag-mTOR was detected by Western blotting
using an antiubiquitin antibody. As shown in Figure 3D, cel-
astrol treatment dramatically increased ubiquitinated mTOR
levels. Since increasing levels of ubiquitinated mTOR can
result from induction of mTOR ubiquitination, blocking
degradation of ubiquitinated mTOR, or both, we further
determined whether celastrol induced mTOR ubiquitina-
tion by examining the effect of celastrol on ubiquitinated
mTOR levels with preblocked proteasome activity. To this
end, we pretreated MCF7 cells expressing Flag-mTOR
with 15 uM MG132 to block proteasome activity and then
treated the cells with celastrol. As shown in Figure 3E,
15 uM MG132 alone robustly increased levels of ubiquit-
inated proteins, and its combination with celastrol did not
further increase overall ubiquitinated protein levels, but
the combination still dramatically increased ubiquitinated
Flag-mTOR levels, confirming that celastrol can induce
mTOR ubiquitination.

Celastrol alters mTOR association with
Hsp90 and Cdc37 chaperones

Hsp90 and its cochaperone Cdc37 interact with and stabilize
many kinases.!”?! mTOR is an atypical serine/threonine
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Figure | Effect of celastrol (Cel) on breast cancer-cell viability and xenograft growth.

) 503 100

Notes: MCF7 cells (A) and MDA-MB231 cells (B) were treated with different doses of Cel as indicated for 24 hours and 48 hours, respectively. Cell viability was measured
by MTT assay. *P<<0.05 vs control (Ctr) at 24 h. **P<<0.01 vs Ctr at 24 h. #P<<0.01 vs Ctr at 48 h. (C) Tumor-growth curves of xenografts derived from MDA-MB23| cells
with or without Cel treatment. **P<<0.01. (D) Histochemical staining of Kié7 in the xenografts with or without Cel treatment. Representative images shown.

kinase and has been suggested to be a client of Hsp90.22%
Surprisingly, there have no reports on the interaction between
mTOR and Cdc37.* To confirm the interaction between
mTOR and Hsp90 and test whether mTOR interacts with
Cdc37, reciprocal IP assays were performed. As shown in
Figure 4A, both HA-Cdc37 and HA-Hsp90 pulled down
endogenous mTOR from lysates of MCF7 cells expressing
HA-Cdc37 and HA-Hsp90, respectively. Flag-mTOR also
pulled down endogenous Hsp90 and Cdc37 in cell extracts of
MCFT7 cells expressing Flag-mTOR (Figure 4B), suggesting

that mTOR interacts with the Hsp90-Cdc37 chaperone
complex.

We then examined the effect of celastrol on the interaction
between mTOR and the Hsp90—Cdc37 chaperone complex.
Celastrol caused a decrease in the interaction between
Cdc37 and Hsp90 (Figure 4C and D), which is consistent
with previous reports.?’ Celastrol disrupted the interaction
between mTOR and Hsp90 while promoting mTOR associa-
tion with Cdc37 (Figure 4C and D). Since it was unexpected
that celastrol would promote the binding of mTOR to Cdc37,
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mTOR
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- | Akt
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GAPDH

Figure 2 Effect of celastrol (Cel) on mTOR phosphorylation and expression.
Notes: (A) MCF7 cells were treated with 5 uM Cel at indicated times, and then
subjected to Western blotting analysis. (B, C) MCF7 cells (B) and MDA-MB231 cells
(C) were treated with 5 uM or 2.5 uM celastrol at indicated times, respectively.
Cell extracts were subjected to Western blotting analysis.

we also examined the effect of celastrol on the interaction
between CDK4 and the Hsp90—-Cdc37 chaperone complex.
In contrast, CDK4, a well-known client of the Hsp90—Cdc37
chaperone complex,?? dissociated from both Hsp90 and
Cdc37 upon celastrol treatment (Figure 4D), implying
that celastrol-induced mTOR association with Cdc37 is
kinase-specific.

To examine the effects of Cdc37 on mTOR expression
upon celastrol treatment, we knocked down Cdc37 using
siRNA in MCF7 cells and then treated the cells with celastrol.
As shown in Figure S1 data, knockdown of Cdc37 slightly but
significantly attenuated celastrol-induced mTOR downregu-
lation, suggesting that increased interaction with Cdc37 upon
celastrol treatment may help promote mTOR degradation.

Discussion
Around 60% of the human kinome interacts with the
Hsp90-Cdc37 chaperone complex.’® Cdc37 is an Hsp90

cochaperone that facilitates the transfer of kinase clients
to Hsp90 and regulates activity and stability of client
kinases.??13! It is established that Hsp90 interacts with
mTOR,*? an atypical PI3K-family kinase. Surprisingly,
there have been no reports on the interaction between
mTOR and Cdc37.% In the current study, we confirmed that
mTOR interacted with both Hsp90 and Cdc37, indicating
that mTOR is indeed a client of the Hsp90—Cdc37 chaperone
complex. Numerous studies have shown that celastrol inhibits
Hsp90 activity.!*2632 Of note, celastrol is different from typi-
cal Hsp90 inhibitors (eg, geldanamycin or its derivatives)
that inhibit Hsp90 function by binding with high affinity to
the ADP-ATP binding pocket of Hsp90.** Celastrol inhibits
Hsp90 ATPase activity without blocking ATP binding and
disrupts Hsp90—Cdc37 complex formation.>?¢ Unexpectedly,
we found that celastrol promoted mTOR binding to Cdc37
while disrupting Hsp90 interactions with mTOR and Cdc37.
Since depletion of Cdc37 attenuated celastrol-induced mTOR
downregulation, increasing interaction with Cdc37 might
promote mTOR degradation. It is not surprising that Cdc37
alone was not able to compensate for loss of Hsp90 function,
because emerging evidence suggests that Cdc37 alone in
the absence of Hsp90 does not stabilize kinases.*® Interest-
ingly, we observed that knockdown of Cdc37 significantly
increased mTOR phosphorylation (Figure S1), implying that
increased interaction with Cdc37 upon celastrol treatment
may help lock mTOR in kinase-inactivity status. This idea
is favored by the fact that celastrol inhibits mTOR phos-
phorylation at Ser2481 and Akt phosphorylation at Ser473.

In the current study, we found that celastrol induced mTOR
ubiquitination, resulting in its proteasomal degradation. Since
celastrol has been reported to inhibit the chymotrypsin-

3436 increased mTOR

like activity of the 20S proteasome,
ubiquitination by celastrol could simply have resulted from
inhibition of proteasome activity. To rule out this possibil-
ity, we showed that celastrol still robustly induced mTOR
ubiquitination after pretreatment with a high concentra-
tion of the proteasomal inhibitor MG132, which blocks
proteasome activity. Together with the results showing that
celastrol downregulated mTOR-expression levels and this
effect being attenuated by MG132, our study suggests that
celastrol induces ubiquitin-dependent degradation of mTOR.
As mentioned, celastrol also has antiproteasome activity, so
it is quite possible that proteasomal degradation of mTOR
is partially inhibited by celastrol, such that the extent of
mTOR reduction upon celastrol treatment may be deter-
mined by the balance between celastrol induction of mTOR

OncoTargets and Therapy 2018:1 |

submit your manuscript

8981

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Li et al

Dove

mTOR Cel

IP: anti-Flag

C o ]
& E
o S
W > &
Q ¢4 & A\
F
A5 a E— mTOR

P- -q GAPDH

D _FlagmTor E  FagmTor
- A\
Q
s 5 m"o
@60 0,{5 O,{b
R
Anti-Ub -
> | Anti-Ub
i
| Anti-mTOR ﬁ
: =3
Anti-mTOR
Anti-Ub w
] Anti-Ub
s

Figure 3 The ubiquitin (Ub)—proteasome pathway was involved in celastrol (Cel)-induced mTOR downregulation.

Notes: MCF7 cells were treated with 5 UM Cel alone or combined with 15 uM MG132 (A) or 50 uM chloroquine (CQ) (B) for 24 hours. Cell extracts were subjected to
Western blotting analysis. (C) MDA-MB23| cells were treated with 2.5 uM Cel alone or combined with |5 tM MGI32 for 24 hours, and then subjected to Western blotting
analysis. (D, E) MCF7 cells were transfected with the vector expressing Flag-mTOR for 40 hours, and then treated with 5 UM Cel for the indicated time (D) or treated with
15 uM MG132 alone/combined with 5 uM Cel (E). Cell extracts were immunoprecipitated (IP) with anti-Flag resin, and precipitated proteins and whole-cell extracts (WCE)

were immunoblotted with the indicated antibodies.
Abbreviation: DMSO, dimethyl sulfoxide.

ubiquitin-dependent degradation and celastrol inhibition of
proteasomal activity.

Celastrol has attracted great interest recently, because
it is a natural compound and has anti-inflammatory and
anticancer activities.'®!'37 In addition, celastrol potentiates
the effects of various chemotherapeutic agents, including
radiation-induced suppression of melanoma proliferation,
oral squamous-cell carcinoma, and prostate cancer.'!

Our study reveals that celastrol can suppress mTOR
signaling through inhibiting mTOR phosphorylation and
inducing its ubiquitin-dependent degradation. Since mTOR
signaling is frequently dysregulated in cancer, mTOR
is a promising therapeutic target for cancer treatment.
Rapamycin, an mTOR-specific inhibitor mainly inhibiting
mTORCI activity through interference in mTOR-complex
assembly by binding to FK506-binding protein 12, is a
US Food and Drug Administration-approved drug for the

treatment of certain cancers, most significantly renal cancers.
Given that rapamycin efficacy varies by dose in different
tumors*“® and that the currently available mTOR inhibi-
tors used in the clinic can cause severe adverse effects, new
mTOR inhibitors are still in high demand. Celastrol is a
natural compound extracted from the thunder god vine that
has been used in traditional Chinese medicine to treat chronic
inflammatory and autoimmune diseases for hundreds of
years. Celastrol could be an alternative drug to target mTOR,
and may have fewer adverse effects. In addition, some tumor
cells that are insensitive to rapamycin might be sensitive to
celastrol. As sustained mTOR signaling is often involved
in drug resistance in many tumors, including endocrine
resistance in breast cancer,***! we propose the possibility
of a combination of endocrine therapy and celastrol as a
therapeutic strategy in the treatment of endocrine-resistant
breast cancer.
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Figure 4 Effect of celastrol on the association of mMTOR with Hsp90-Cdc37 chaperone complex.

Notes: (A) MCF7 cells were transfected with either empty vector or a vector expressing HA-tagged Hsp900. or HA-tagged Cdc37. Cell extracts were immunoprecipitated
(IP) with anti-HA resin. Precipitated proteins and whole-cell extracts (WCE) were immunoblotted with anti-mTOR and anti-HA antibodies. (B) Extracts from MCF7 cells
transiently transfected with either empty vector or Flag-mTOR-expression vector were immunoprecipitated with anti-Flag resin. Precipitated proteins and WCE were
immunoblotted for Hsp90, Cdc37, and Flag-mTOR. (C) MCF7 cells were transfected with Flag-mTOR-expression vector for 40 hours, then treated with 5 UM celastrol for
0, 2, and 5 hours. Cell extracts were immunoprecipitated with anti-Flag resin and precipitates immunoblotted using the relevant antibodies. (D) MCF7 cells were transfected
with Flag-Cdc37-expression vector for 40 hours, then treated with 5 UM celastrol for 0, 1.5, and 3 hours. Cell extracts were immunoprecipitated with anti-Flag resin and
precipitates immunoblotted using the relevant antibodies.

Abbreviation: DMSO, dimethyl sulfoxide.
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Figure S| Effect of Cdc37 knockdown on mTOR expression and phosphorylation upon celastrol (Cel) treatment.

Notes: MCF7 cells were transfected with siRNA negative control or Cdc37 siRNA for 40 hours, then treated with 5 uM Cel for 14 hours. Cell extracts were subjected to
Western blotting analysis. ERoL expression is not affected by Cel and thus served as a control.

Abbreviation: ERa, estrogen receptor alpha.
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