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Withaferin A suppresses skin tumor promotion by inhibiting
proteasome-dependent isocitrate dehydrogenase 1 degradation
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Background: The metabolic enzyme isocitrate dehydrogenase 1 (IDH1) belonging to B-decarboxylase
dehydrogenase family has been identified as a tumor suppressor. Withaferin A (WA), a bioactive compound
derived from Withania somnifera, has the anti-tumor activity. Based on the data set that WA inhibited
12-O-tetradecanoylphorbol-13-acetate (TPA)-induced IDHI inactivation and mitochondrial dysfunction,
we focused on how WA suppressed the skin carcinogenesis mediated by IDHI.

Methods: The mRNA levels of IDH1 were measured after treated with TPA and/or WA. The expression
of IDHI, lactate dehydrogenase (LDH) involved in glycolysis, hypoxia inducible factor-1a (HIF-1a) and its
target gene glucose transporter-1 (Glutl) were detected. The activities of proteasome and the mitochondrial
complex I related to mitochondrial functions were determined. The enzymatic activities of LDH, proline
hydroxylase (PHD) and vascular endothelial growth factor (VEGF) were analyzed.

Results: The qPCR data have shown the mRINA levels of IDH1 were no difference with TPA and/or WA
treatment. Next, data demonstrated that WA could stabilize IDH1 by inhibiting the ubiquitin-proteasome
pathway (UPP). Followed by illuminating the mechanism of IDH1 inhibiting tumorigenesis, the results
mirrored that upregulated IDH1 suppressed LDH activity whereas increased mitochondrial complex I
activity. Furthermore, via its product a-KG, upregulated IDH1 activated PHD, and inhibited HIF-1o and its
downstream signaling pathway.

Conclusions: Our results indicate that WA inhibits tumor promotion partially via stabilizing IDHI,
leading to inactivating the HIF-1o signaling.
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Introduction

A metabolic shift often accompanies carcinogenesis. Cancer
cells lean to utilizing a high rate of glycolysis to generate
energy instead of oxidative phosphorylation (OXPHOS)
even in the presence of oxygen, known as the “Warburg
Effect” (1) or aerobic glycolysis. An important benefit of
enhanced aerobic glycolysis is that the largely produced
metabolic intermediates serve as the building blocks for
biosynthesis (2). Associated with the metabolic switch is
the dysregulation of crucial metabolic enzymes. Isocitrate
dehydrogenases (IDHs) as the most pivotal metabolic
enzyme catalyze the nicotinamide adenine dinucleotide
(NAD")-dependent or nicotinamide adenine dinucleotide
phosphate (NADP")-dependent transformation of isocitrate
to a-ketoglutarate (3). IDHs possess three isoforms: IDH3
is the main form of IDH involved in the TCA cycle, and
no mutation in any of the IDH3 subunits is reported
in cancer cells at present. IDHI and IDH2 mutations
have been reported in gliomas and acute myelogenous
leukemia (4). Mutant IDHs produce 2-hydroxyglutarate.
It is possible to regulate the hypermethylation of RIP3
promotor mediated by DNA methyltransferase (DNMT'1),
impairing necroptosis to contribute to tumorigenesis (5);
therefore, 2-hydroxyglutarate has been recognized as an
onco-metabolite (6). Unlike IDH2/3, IDHI1 located in
cytosol, whose substrate and product could shuttle between
mitochondria and cytosol, has been determined as a tumor
suppressor since its stability plays an essential role in
carcinogenesis (7). Our previous study demonstrated that
the protein and activity levels of IDH1 were inhibited
by tumor promoter treatment, not IDH2. Therefore,
maintaining the expression and activity levels of IDH1
would be of importance to carcinogenesis inhibiting.

As one of the major bioactive compounds derived from
Withania somnifera, Withaferin A (WA) has been used for
the treatment of nervous and sexual disorders (8). Recent
studies have demonstrated the anti-tumor potential of WA,
which shows that WA exerts the anti-proliferation activity
in non-small cell lung cancers (9), osteosarcoma (10), breast
cancer (11), prostate cancer (12), colon cancer (13), and
pancreatic cancer (14), either in vitro or in vivo. Meanwhile,
a clinical trial of WA has been launched for treatment of
metastatic melanoma (15). Our early studies have shown
that WA inhibits skin cell transformation and blocks
tumor promoter-induced metabolic alterations (16), which
make WA a potential chemopreventive agent. However,
the molecular mechanisms of chemoprevention could be
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different from its anti-tumor activities.

Increasing evidences show that ubiquitin-proteasome
pathway (UPP) inducing degradation of tumor suppressors
plays a contributing role during carcinogenesis (17,18).
In detail, to cooperate with ubiquitin-activating enzymes
E1 and ubiquitin-conjugating enzymes E2, ubiquitin E3
ligases combine and modify specific substrates leading to
their degradation by 26S proteasome (19). This ubiquitin
E3 ligase pathway is crucial during tumorigenesis (20,21),
which may also serve as the target for chemoprevention.
Based on computer simulation (22) and experimental data
(17,23), it has been proved that WA could bind to the
208, 26S proteasome core complex, to inhibit the UPP.
In present study, we will examine whether WA may target
UPP, thereby stabilize IDH1 as an important mechanism of
chemoprevention.

Methods
Cell lines, reagents, and treatment

Murine skin epidermal JB6 Cl-41 P+ cells (purchased
from American Type Culture Collection) were grown in
EMEM (Gibco) medium containing 5% fetal bovine serum
(FBS), penicillin and streptomycin in a 37 °C incubator
under 5% CO,. WA, dissolved in dimethyl sulfoxide
(DMSO; Sigma, St Louis, MO, USA), was purchased
from ChromaDex (ASB-00023250; Irvine, CA, USA).
12-O-tetradecanoylphorbol-13-acetate (TPA; P1585,
Sigma), MG-132 (HY-13259; MCE, Monmouth Junction,
NJ, USA), and cycloheximide (CHX; C7698, Sigma) were
dissolved in DMSO.

Isolation of total RNA and real-time PCR

Total RNA was isolated from cells using E.Z.N.A total
RNA kit IT (OMEGA, Norcross, GA, USA) following the
manufacturer’s instruction. Two pg of the purified RNA
was reverse transcribed using HiScript IT First Strand
cDNA Synthesis kit (Vazyme, Nanjing, China) according
to the manufacturer’s instruction. The mRNA level of
IDHI was determined by quantitative real-time PCR
analysis using qPCR SYBR Green Master mix (Vazyme)
which was normalized to 18S RNA as the internal control.
IDHI1 primer: GACTCAGTCGCCCAAGGT (Sense),
GCAGCCTCTGCTTCTACC (Antisense); Nrf2
primer: TGGACGGGACTATTGAAGGCTG (Sense),
GCCGCCTTTTCAGTAGATGGAGG (Antisense); 18S
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RNA primer: CTCAACACGGGAAACCTCAC (Sense),
CGCTCCACCAACTAAGAACG (Antisense). Each sample
was analyzed in triplicate, and the expression levels were
normalized using the 27**“* -based fold change method.

Preparation of whole-cell lysate

Whole-cell lysate was extracted from cultured JB6 P+ cells
in RIPA lysis buffer (Thermo Fisher Scientific, Waltham,
MA, USA) containing the protease inhibitor cocktail
(Thermo Fisher Scientific). The supernatant collected to
measure the protein concentration was detected by BCA
assay (CWBIO, CW00145).

Western blot analysis

Forty micrograms of whole-cell lysate were separated by
10% SDS-PAGE and transferred onto PVDF membranes.
Antibodies against IDH1 (1:5,000), ubiquitin (1:2,000) and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH;
1:5,000) were purchased from Abcam (Cambridge,
MA, USA). Antibody against B-actin (1:1,000), lactate
dehydrogenase (LDH; 1:1,000), glucose transporter 1 (Glutl;
1:1,000), and HIF-1a (1:1,000) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). The membranes
were incubated with horseradish peroxidase conjugated
anti-rabbit or anti-mouse secondary antibodies (1:5,000,
Thermo Fisher Scientific). The blots were detected by Biokit
Technology Maxilumin™-WB Pico Chemiluminescence
Substrate reagent (Baizhi, Bejing, China) and exposed
to GeneGnome XRQ chemiluminescence film (Gene
Company Limited, Winooski, VT, USA).

Proteasome 20S activity assay

JB6 P+ cells were seeded in a 96-well plate before treated
with TPA and/or WA. Proteasome activity was detected
using Proteasome 20S Activity Assay Kit (Sigma) according
to the manufacturer’s instruction. Proteasome assay loading
solution was added to each well, and the plate was incubated
for 2 h at 37 °C protecting from light. The fluorescence
densities were monitored at Aex =490 nm and Aem =525
nm. The proteasome activity was calculated according to
manufacturer’s instructions (Gene Company Limited).

Immunoprecipitation

For identification of ubiquitinated IDH1 protein, 2 mg
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of whole-cell lysate were freshly prepared. An aliquot
of the supernatant was incubated with anti-isocitrate
dehydrogenase antibody (6 pL. Abs to 2,000 pg protein in
500 pL cell lysate) overnight at 4 °C with gentle rotation. 25
pL of pre-cooled protein G agarose slurry (Cell Signaling
Technology, Danvers, MA, USA) was then added and
incubated at 4 °C for 2 hours to capture the immune-
complex, which was then centrifuged at 12,000xg at 4 °C
for 2 minutes to collect the conjugates. After washing three
times, the conjugates were resuspended with 2 times loading
buffer, which were then analyzed by western blot analysis.
The membranes were hybridized with primary antibodies
followed by incubation with appropriate HRP-conjugated
secondary antibodies.

IDH1 siRNA and vector transfections

Cells were seeded at 2x10° per well in 6-well tissue culture
plates, and transfection was started when cells became
70-80% confluent. For each transfection, 2 pL of the IDH1
siRNA duplex (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) was diluted into 100 pLL of siRNA transfection
medium (Santa Cruz Biotechnology) and labeled as Solution
A. Solution B consisted of 2 pL of transfection reagent
(Santa Cruz Biotechnology) diluted into 100 pL of siRNA
transfection medium. Solution A and B were mixed gently
and incubated for 30 min at room temperature. Cells were
washed once with 2 mL of siRNA transfection medium.
For each transfection, 0.8 mL of siRNA transfection
medium was added to each tube containing the solution
A/B mixture, mixed and directly added to the washed cells.
Six hours later, 2 mL of 1x normal growth medium was
added to the cells containing the transfection mixture. The
cells were incubated for additional 24 h and subjected to
western blot analysis.

For IDH1 overexpression, the cells were washed with
PBS and incubated with Opti-MEM medium (Gibco) for
30 min. Five microliter of Lipofectamine 2000 Transfection
Reagent (Invitrogen by Thermo Fisher Scientific,
Waltham, MA, USA) was diluted with Opti-MEM medium
into 125 pL, 2.5 pg of pcDNA3.1 vector or pcDNA3.1-
IDH1 plasmid was diluted with Opti-MEM medium into
125 pL. The diluted DNA was added to Lipofectamine
2000 reagent (lipo: DNA ratio =1:1), followed by mixed
gently and incubated for 5 min at room temperature. For
each transfection, the DNA-lipid complex was added
to cells. Four hours later, the Opti-MEM containing
the transfection complx was replaced by normal growth
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medium. After 48 h, cells were collected and assayed.

Alpba-ketoglutarate quantitative assay

Cells treated with TPA and/or WA were collected and
resuspended with a-KG Buffer. The supernatant was
deproteinized by passing through a 10 kD MWCO spin
filter (Thermo Scientific Pierce). Two microliters of the
whole-cell lysate filtrate was diluted to 50 pL with a-KG
Buffer. Alpha-ketoglutarate concentrations were measured
using a-Ketoglutarate Assay Kit (Sigma) according to
the manufacturer’s instructions. For each sample, the
concentration of a-KG was recorded by spectrophotometry
at 570 nm, and calculated by the equation provided by the
manufacturer (Gene Company Limited).

Mitochondrial complex I activity assay

The collected cells were lysed by homogenization. The
supernatant was collected by centrifugation at 600 g for
5 min at 4 °C. After then, the precipitate was collected by
centrifugation at 11,000 g for 10min at 4 °C. Mitochondrial
samples were obtained followed by the precipitate was
ultrasonically disrupted on ice. Mitochondrial complex I
activity was measured using Mitochondrial Respiratory Chain
Complex I Activity Assay Kit (Solarbio, Beijing, China)
according to the manufacturer’s instruction. The content of
complex I was determined at the initiation and 2-min later
respectively, which was recorded by spectrophotometry at
340 nm, and calculated by the equation provided by the
manufacturer (Gene Company Limited).

LDH activity assay

Cells were resuspended by LDH assay buffer, and then
the supernatant was collected. LDH activity was measured
using LDH Activity Assay Kit (Sigma) according to the
manufacturer’s instructions. The content of LDH was
monitored by spectrophotometry at 450 nm, and calculated
by the equation provided by the manufacturer (Gene
Company Limited).

Mouse vascular endothelial cell growth factor quantitative
assay

Cells gathered were resuspended with PBS, and the process
that samples frozen at -80 °C for 10 min was repeated three
times. The collected supernatant was the sample solution
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applied to measure the concentration of vascular endothelial
growth factor (VEGF). Mouse VEGF concentration
was measured using Mouse VEGF ELISA Kit (Yuanmu
Biological Technology, Shanghai, China) according to the
manufacturer’s instructions (Gene Company Limited).

PHD quantitative assay

Cells gathered were resuspended and frozen at -80 °C for
10 min, which was repeated three times. The collected
supernatant was applied to measure the concentration
of proline hydroxylase (PHD). PHD concentration was
measured using PHD ELISA Kit (Xinyu Biological
Technology, Shanghai, China) according to the
manufacturer’s instructions, which was recorded by
spectrophotometry at 450 nm, and calculated by the equation
from manufacturer recommended (Gene Company Limited).

Statistical analysis

One-way analysis of variance (ANOVA) followed by
Newman-Keuls post-test was used for multi-group
comparisons. All of the experiments have been repeated at
least three times. P<0.05 was considered significant.

Results

Downregulation of IDH1 is predominantly due to tumor
promoter TPA-induced protein degradation

As an important metabolic enzyme, IDHI reversibly
converts isocitrate to a-ketoglutarate in cytosol. Previously
we have demonstrated that WA inhibits tumor promoter
TPA-induced IDHI1 inactivation in JB6 P+ cells (Figure SI).
To detect if the expression of IDHI1 could be regulated
in transcription level, the mRNA levels of IDH1 were
detected. Data showed that the IDH1 mRNA levels were
no significantly changed after TPA and/or WA treatment
(Figure 1A). These results suggest that IDHI1 might be
regulated at translation or post-translation level but not in
transcription level.

To further investigate how IDH1 was regulated, a protein
synthesis inhibitor cycloheximide (CHX) was employed.
JB6 P+ cells were pre-treated with CHX for 4 hours
and then treated with TPA and/or WA for 24 hours. The
effect of WA on IDHI protein levels was not changed when
cells were pretreated with CHX (Figure 1B,C). Therefore,
we speculated WA may be able to stabilize IDHI1 at the
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Figure 1 WA inhibited the UPP to stabilize IDH1 protein. (A) JB6 P+ cells were treated with TPA: 5 nM; WA: 0.625 pM; WA/TPA: co-
treatment for 24 h. Measurement of the mRNA levels of IDHI. (B) Cells were pretreated with CHX (10 pg/mL) for 4 h followed by TPA
and/or WA for 24 h. Western blot analysis for IDH1 protein. B-actin served as the loading control. (C) Densitometric analysis for blots
shown in (B). (D) Cells were treated the same as described in (A). Measurement of the proteasome 20S activity. (E) Cells were pretreated
with 10 pM MG132 for 4 h followed by TPA and/or WA treatments for 24 h. Western blot analysis for IDH1 protein. (F) Densitometric
analysis for blots shown in (E). Multi-group analyses were performed using a one-way ANOVA followed by Newman-Keuls post-test.
*, TPA compared with the DMSO treatment, P<0.05. ¥, WA/TPA compared with the TPA treatment, P<0.05. n=3 in each group. WA,
Withaferin A; UPP, ubiquitin-proteasome pathway; IDHI, isocitrate dehydrogenase 1; TPA, 12-O-tetradecanoylphorbol-13-acetate; CHX,
cycloheximide; DMSO, dissolved in dimethyl sulfoxide.

post-translation stage. pathway. However, WA attenuated the positive effect of

The inhibition of target protein degradation through TPA on proteasome (Figure 1D), thereby maintaining
the ubiquitin-proteasome proteolytic pathway which plays protein stability. When the proteasome inhibitor MG132
an essential role in the protein metabolism is a recently was applied, the protein levels of IDH1 were restored
developed approach to cancer treatment. Proteasome to normal levels (Figure 1E,F). From the effect of WA/
26S is the most common form of the proteasome, which TPA on JB6 P+ cells decreased by MG132 pretreated, we
contains one 20S core particle structure. We first measured speculated that WA prevented the downregulation and
the proteasome activity in JB6 P+ cells after treated by degradation of IDHI via inhibiting the UPP. For further
TPA and/or WA. TPA-induced significantly increases in investigation, we detected the ubiquitination of IDHI.
proteasome activities (Figure 1D), which contributed to IDHI proteins were immuno-precipitated, and detected
the degradation of protein by activating the proteasome with an anti-ubiquitin antibody. IDH1 expression levels
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Densitometric analysis for total un-ubiquitinated IDH1 protein after immunoprecipitation normalized to IgG heavy chain. (D) Western blot

analysis for ubiquitinated-IDH1 (Ub-IDHI). (E) Densitometric analysis for the ubiquitinated protein in whole-cell lysis. (F) Densitometric

analysis for the ubiquitinated-IDH1 protein after immunoprecipitation. Multi-group analyses were performed using a one-way ANOVA
followed by Newman-Keuls post-test. *, TPA compared with the DMSO treatment, P<0.05. *, WA/TPA compared with the TPA treatment,
P<0.05. WA, Withaferin A; UPP, ubiquitin-proteasome pathway; IDHI, isocitrate dehydrogenase 1; TPA, 12-O-tetradecanoylphorbol-13-

acetate; CHX, cycloheximide; DMSO, dissolved in dimethyl sulfoxide.

were significantly increased after WA treatment in contrast
with that TPA treatment both in the whole-cell lysate and
the lysate followed by immunoprecipitation (Figure 24,B,C).
However, increased ubiquitinated IDH1 was observed after
TPA treatment before and after immunoprecipitation,
indicating that TPA induced the ubiquitination and
degradation of IDH1 protein (Figure 2D,E,F). In contrast,
WA treatment reduced the ubiquitinated IDHI and
proteasome activity. These results further demonstrate that
WA could stabilize IDH1 by inhibiting the UPP.

IDH1, as a possible tumor suppressor, inbibits aerobic

glycolysis and maintains mitochondrial functions

To explore how altered levels of IDH1 affects cellular

© Translational Cancer Research. All rights reserved.

metabolism, we either overexpressed or knocked
down IDH1 in JB6 P+ cells. At first, JB6 P+ cells were
transfected with either control siRNA or siRNA to
IDHI, and the transfection efficiency was monitored
by the IDH1 expression (Figure S2A,B). Similarly, cells
were transfected with the pcDNA3.1 or pcDNA3.1-
IDHI1 vector, and the transfection efficiency was also
detected by the IDH1 expression (Figure S2C,D). The
concentration of a-KG@G, the product of IDHI, was
detected in these transfected cells. Alpha ketoglutarate
levels were significantly increased in pcDNA3.1-IDHI
compared with siRNA-IDH1-transfected cells (Figure 34).
Next, we measured mitochondrial complex I activity,
a marker for mitochondrial functions. The complex I
activity was significantly increased in pcDNA3.1-IDH1-
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transfected, but slightly decreased in siRNA-IDH1-
transfected cells (Figure 3B). The collected data mirrored
that IDHI functioned in protecting the mitochondria from
dysfunction. To observe the impact of IDHI1 on glycolysis
in carcinogenesis, the expression levels of LDH which is
the essential enzyme involved in glycolysis, were detected.
WA suppressed the TPA-induced upregulation of LDH
expression (Figure 3C,D). WA as an anti-tumor agent might
block the tumorigenesis on account of reducing the energy
supply provided by glycolysis. Overexpression of IDH1
also inhibited LDH expression, which was reversed by
knockdown of IDH1 (Figure 3E,F). In addition, the LDH
activity was determined by using the same samples collected
from JB6 P+ cells which were transfected with pcDNA3.1-
IDHI1. IDH1 overexpression reduced the activity of LDH
(Figure 3@G). These observations indicate that IDH1 might
ward off tumorigenesis just as WA, which was mediated by
the inhibition on glycolysis.

WA suppresses the HIF-1a pathway

Hypoxia inducible factor-lo (HIF-1a) is indispensable
in hypoxia, which regulates the biological metabolism of
cancer cells to maintain their proliferation. As a cofactor,
a-KG produced from IDHI1 regulates the activity of PHD,
and PHD inhibits HIF-1a activity. Here we measured the
expression of HIF-1a targeted genes, including glucose
transport protein (Glut) and VEGF. The expression
levels of Glutl and HIF-1a were increased after TPA
treatment, which were inhibited by WA (Figure 4A4,B).
IDHI1 overexpression also inhibited the expression of Glut
and HIF-1a, but the downregulation of IDHI1 enhanced
its expression (Figure 4C,D). It was consistent that WA
and IDH1 overexpression had the similar impact on the
downstream of HIF-1a. Then, the results revealed that WA
decreased the levels of VEGF (upper panel), but increased
the levels of PHD (lower panel) (Figure 4E). The reduced
levels of VEGF by either WA or IDHI1 overexpression
(Figure 4F) were consistent with the results of Glutl
and HIF-1a, which demonstrated that WA might be an
inhibition agent to HIF-1a pathway. The finding that
increased level of PHD coincided with the accumulation of
a-KG when IDH1 was overexpressed also further supported
the connection between PHD and IDHI. Collectively,
our results indicate that WA stabilizes IDH1 during tumor
promotion, and maintains the activity of PHD which
inhibits the activation of HIF-1a, serving as an important
mechanism of chemoprevention.
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Discussion

IDH1 converts isocitrate to a-KG in the cytoplasm,
which activates dioxygenases. Another metabolic enzyme
glutamate dehydrogenase (GDH) also converts glutamate to
a-KG (24). Our early studies have demonstrated neither
TPA nor WA treatment alters GDH activity (16), suggesting
that the changes in the a-KG levels mainly come from IDH.
Alpha-KG shuttles between the cytosol and mitochondria
so that IDH1 is indirectly involved in the tri-carboxylic acid
cycle (TCA) (25). Our data have demonstrated that elevated
levels of IDHI1 increases whereas reduced levels of IDH1
decreases mitochondrial complex I activity, suggesting that
IDHI1 could maintain the normal mitochondrial functions.
Tumorigenesis is often associated with a metabolic shift.
Cancer cells predominantly produce energy by a high rate
of glycolysis followed by lactic acid fermentation even in the
presence of oxygen, known as the “Warburg Effect” (1). Our
data show that WA could significantly block the expression
of LDH, and overexpression of IDHI also inhibits both the
expression and activity levels of LDH, suggesting a possible
mechanism that IDH1 suppresses tumor promotion via
inhibiting glycolysis.

WA is a bioactive compound derived from Withania
somnifera, which has been used in clinic for the treatment
of nervous and sexual disorders (8). Our preliminary studies
have shown that WA inhibited skin tumorigenesis both
in vitro and in vivo combined with the overexpression and
increased enzyme activity of IDH1 (16,26). Nevertheless,
how WA acts as a chemopreventive agent mediated by
IDHI is unclear. It is timely and significant to understand
the mechanism of WA in chemoprevention. Our early
studies show that WA could block tumor promoter TPA-
induced inactivation of IDH1 during tumor promotion (16).
As a target gene of nuclear factor erythroid 2-related factor
2 (Nrf2), the promoter of IDH1 includes the antioxidant
response element (ARE) which is the binding site of Nrf2
(27,28). We measured the mRINA level of Nrf2 (Figure S3),
and results show that TPA treatment suppresses the mRINA
levels of Nrf2, which is blocked by WA. However, the
mRNA levels of IDH1 are not significantly changed during
these treatments (Figure 1A4), suggesting the effects on
IDHLI are not due to its gene transcription. When applying
the protein synthesis inhibitor CHX, the protein levels of
IDH1 do not show significant differences between different
treatments, suggesting the effects on IDHI are not due to
protein synthesis or the modification of post-translation.
Therefore, we focus on whether WA stabilizes IDH1
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Figure 3 The effect of IDHI on LDH and complex I activities. JB6 P+ cells were transfected with pcDNA3.1-IDHI or siRNA-IDH1 for
6 h. (A) The concentrations of 0-KG. (B) The activity of mitochondrial complex I. (C) JB6 P+ cells were treated same as before. Western
blot analysis for endogenous LDH. (D) Densitometric analysis for blots shown in (C). (E) Western blot analysis for endogenous LDH.
(F) Densitometric analysis for blots shown in (E). (G) Detection of LDH activity. Multi-group analyses were performed using a one-
way ANOVA followed by Newman-Keuls post-test. *, pcDNA3.1-IDH1 compared with the pcDNA3.1 treatment, P<0.05. ¥, siRNA-
IDHI compared with the pcDNA3.1-IDH1 treatment, P<0.05. WA, Withaferin A; UPP, ubiquitin-proteasome pathway; IDH1, isocitrate
dehydrogenase 1; TPA, 12-O-tetradecanoylphorbol-13-acetate; CHX, cycloheximide; DMSO, dissolved in dimethyl sulfoxide.
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Figure 4 Both WA and IDHI inhibited the HIF-1a signaling. Western blot analysis for HIF-1o and Glutl after WA treatment (A) or
IDHI1 vector transfection (C) in JB6 P+ cells. (B) Densitometric analysis for blots shown in (A). (D) Densitometric analysis for blots shown
in (C). Detection of the activity of VEGF (upper panel) and PHD (lower panel) after WA treatment (E) or IDH1 vector transfection (F).
Multi-group analyses were performed using a one-way ANOVA followed by Newman-Keuls post-test. *, TPA compared with the DMSO
treatment, P<0.05. ¥, WA/TPA compared with the TPA treatment, P<0.05. **, pcDNA3.1-IDH1 compared with pcDNA3.1 treatment,
P<0.05. ™, siRNA-TDHI1 compared with the control siRNA treatment, P<0.05. $, siRNA-IDH1 compared with the pcDNA3.1-IDH1
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during post-translation stage. There are two major and
fundamentally different mechanisms by which cells degrade
proteins, the lysosome and the proteasome (29,30). The
UPP is a principal and highly effective protein-degradation
pathway in the eukaryotic cells (31), which regulates a wild
range of cellular biology including cell growth (32), cell
signaling (33), cell immunity (34), cell differentiation (35),
and other important cellular physiological processes. The
disturbance in the ubiquitination process may lead to
tumor promotion (36). WA has showed anti-angiogenesis
pharmacological activities through targeting the UPP (37).
Therefore, we measure the proteasome activity and in deed,
WA suppresses TPA induced proteasome activity. Followed
by employing the proteasome inhibitor MG132, WA
prevented the downregulation and degradation of IDH1
induced by tumor promoter TPA via inhibiting the UPP. It
is further demonstrated by results showing that WA blocks
TPA-induced ubiquitination of IDH1, which is consistent
with the function of WA as a proteasome inhibitor (38).
Since the modification of IDHI1 by ubiquitin is of great
significance in regulating its degradation and activity,
thereby furthermore generates biological effect, what kind
of ubiquitinations occurs in IDH1? Which sites of IDH1
are modified by ubiquitin? The studies on the detection of
ubiquitination sites are further conducting to explore the
detail mechanism.

As a downstream molecular of a-KG, PHD inhibits the
HIF-1la-induced signal pathway involved in tumorigenesis
(39,40). Our data are showing that PHD activity is
induced by WA treatment, as well IDHI1 overexpression,
establishing a link WA to HIF-1o. It is further supported
by the data that WA blocks TPA-induced activation of
Glutl and VEGEF, both the target molecules of HIF-1a and
contributing to tumorigenesis (41,42).

Conclusions

Taken together, our present study has demonstrated a novel
mechanism of how WA, as a potential chemopreventive agent,
inhibits tumor promotion, starting from stabilizing IDH1
to inactivating HIF-1a signaling. These results uncover the
mechanism of tumor suppressor gene IDHI1 as a promising
molecular target for chemoprevention, and WA might provide
a guide for the discovery of chemopreventive chemicals.
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Figure S1 The effect of WA or TPA on IDHI protein expression and activity. WA inhibited tumor promoter TPA-induced both IDH1
protein (A) and activity (C) downregulation in JB6 P+ cells. (B) Densitometric analysis for blots shown in (A). Multi-group analyses were
performed using a one-way ANOVA followed by Newman-Keuls post-test. *, TPA compared with the DMSO treatment, P<0.05. *, WA/
TPA compared with the TPA treatment, P<0.05. n=3 in each group. WA, Withaferin A; UPP, ubiquitin-proteasome pathway; IDHI,
isocitrate dehydrogenase 1; TPA, 12-O-tetradecanoylphorbol-13-acetate; CHX, cycloheximide; DMSO, dissolved in dimethyl sulfoxide.
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Figure S2 The corresponding data about the overexpression and knockdown of IDHI1. JB6 P+ cells were transfected with control siRNA
or siRNA-IDHI1(A) and pcDNA3.1 or pcDNA3.1-IDHI(C) for 6 h. (B) Densitometric analysis for blots shown in (A). (D) Densitometric
analysis for blots shown in (C). Western blot analysis for IDHI. *, TPA compared with the DMSO treatment, P<0.05; *, WA/TPA compared
with the TPA treatment, P<0.05. WA, Withaferin A; UPP, ubiquitin-proteasome pathway; IDHI, isocitrate dehydrogenase 1; TPA,
12-O-tetradecanoylphorbol-13-acetate; CHX, cycloheximide; DMSO, dissolved in dimethyl sulfoxide.
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Figure S3 WA suppressed TPA-induced downregulation of the mRNA levels of Nrf2. JB6 P+ cells were treated same as before.
Measurement of the mRNA levels of Nrf2. Multi-group analyses were performed using a one-way ANOVA followed by Newman-Keuls
post-test. *, TPA compared with the DMSO treatment, P<0.05. ¥, WA/TPA compared with the TPA treatment, P<0.05. n=3 in each group.
WA, Withaferin A; UPP, ubiquitin-proteasome pathway; IDHI, isocitrate dehydrogenase 1; TPA, 12-O-tetradecanoylphorbol-13-acetate;
CHX, cycloheximide; DMSO, dissolved in dimethyl sulfoxide.



