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Isocitrate dehydrogenase (IDH) mutation is a common genetic
abnormality in human malignancies characterized by remarkable
metabolic reprogramming. Our present study demonstrated that
IDH1-mutated cells showed elevated levels of reactive oxygen spe-
cies and higher demands on Nrf2-guided glutathione de novo syn-
thesis. Our findings showed that triptolide, a diterpenoid epoxide
from Tripterygium wilfordii, served as a potent Nrf2 inhibitor, which
exhibited selective cytotoxicity to patient-derived IDH1-mutated gli-
oma cells in vitro and in vivo. Mechanistically, triptolide compromised
the expression of GCLC, GCLM, and SLC7A11, which disrupted gluta-
thione metabolism and established synthetic lethality with reactive
oxygen species derived from IDH1 mutant neomorphic activity. Our
findings highlight triptolide as a valuable therapeutic approach for
IDH1-mutated malignancies by targeting the Nrf2-driven glutathione
synthesis pathway.
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utations in isocitrate dehydrogenase (IDH1/2) are com-

mon genetic abnormalities in human malignancies such as
glioma, acute myeloid leukemia, cholangiocarcinoma, and
chondrosarcoma (1-6). Amino acid substitutions in arginine
residue (R132) of the catalytic center establish neomorphic ac-
tivity for the enzyme. In contrast to the wild-type enzymes, which
convert isocitrate into o-ketoglutarate (a-KG) through an
NADP* dependent way, the IDH1 mutant enzymes consume
a-KG for 2-hydroxyglutarate (2-HG) production, which also
transforms NADPH into NADP* (7, 8). Alterations in enzyme
catalytic function result in reprogramming of the Krebs cycle,
redox homeostasis, and energy metabolism (9-13). Moreover,
growing evidence shows that IDH1 mutations lead to a distinc-
tive pattern in cancer metabolism, cell biology, and resistance
signatures, suggesting that selective therapeutics may be possible
for this type of malignancy (14-18).

The development of an IDHI1 mutant enzyme inhibitor
showed promising therapeutic effect and durable remission in
IDH1-mutated hematopoietic malignancies (18). However, the
inhibitor showed less efficacy and response rate in solid tumors
such as glioma and chondrosarcoma. Moreover, suppression of
the mutant enzyme may relieve metabolic stress in cancer cells,
which supports cancer resistance to genotoxic therapies (19, 20).
On the other hand, targeting distinctive molecular patterns in
IDH1-mutated malignancies is effective. For example, we and our
colleagues showed that acquisition of IDH1 mutation disrupts
NAD™ metabolism and homologous DNA repair, which estab-
lishes vulnerability to NAD */PARP inhibitors (15, 21). Inhibition
of glutaminase appears to slow the proliferation of IDH1-mutated
glioma cells (22). The application of 5-azacytidine rectifies the
epigenetic reprogramming and induces tumor regression in
patient-derived IDH1-mutated xenografts (23).

Nuclear factor (erythroid-derived 2)-like 2 (NFE2L2, Nrf2) is
a transcriptional factor that governs the antioxidant pathway in
eukaryotic cells (24, 25). Our previous study showed that Nrf2
plays a critical protective role in IDHI-mutated glioma and
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supports oncogenesis (14, 26). However, an ideal chemical in-
hibitor for Nrf2 remains unavailable. In the present study, we
demonstrated that triptolide, a diterpenoid epoxide from Trip-
terygium wilfordii, exhibited robust and selective inhibitory effect
in patient-derived IDH1-mutated cells and a preclinical xeno-
graft model. Mechanistically, triptolide reduces the affinity of
Nrf2 to the promoter regions of essential regulatory genes for
glutathione metabolism, such as GCLC, GCLM, and SLC7A11.
Further, triptolide disrupts glutathione de novo synthesis, which
establishes synthetic lethality with intrinsic oxidative stress in
IDH1-mutated cells, which leads to oxidation of macromole-
cules, such as DNA oxidative damage and lipid peroxidation, and
subsequently, cytotoxicity and tumor suppression.

Results

Elevated Oxidative Stress in IDH1-Mutated Cells. To investigate the
redox homeostasis in IDH1-mutated cells, doxycycline-induced
IDH1-mutated cells were established based on the U251 MG cell
line. Remarkable accumulation of cellular reactive oxygen spe-
cies (ROS) was recorded at 24 h after IDH1 mutant enzymes
(IDH1R"32€ or IDH1R'¥?H) were induced (Fig. 14, **P < 0.01).
Moreover, we investigated accumulated oxidized lipids through
live-cell imaging. Significantly elevated lipid oxidation was
recorded after the acquisition of IDH1 mutants (Fig. 1 B and C,
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Fig. 1. IDH1 mutation increases ROS burden. (4) ROS level was quantified using the ROS-Glo H,0, kit in doxycycline (Dox)-induced IDH1-mutated U251 cells. Catalase
(0.1 mg/mL) was used as an ROS scavenger. n = 3. **P < 0.01. (B) Lipid peroxidation assay of Dox-induced IDH1-mutated U251 cells. Before lipid peroxidation, the emission
fluorescence showed at 590 nm (red). After lipid peroxidation, the emission fluorescence showed at 510 nm (green). (C) Lipid peroxidation was quantified using the ratio of
F510 nm to F590 nm. n = 5. **P < 0.01. (D) ROS level was quantified using ROS-Glo H,0, assay in BTIC lines treated with DMSO or 0.1 mg/mL catalase. n = 3. **P < 0.01. ()
Lipid peroxidation assay of BTIC lines. (F) Lipid peroxidation was quantified using the ratio of F590 nm to F510 nm. n = 5. Data are presented as mean + SEM. **P < 0.01.
(G) Flow cytometry analysis of ROS level using CM-H2DCFDA staining in BTIC lines. (H) Quantification of DCFDA using fluorescence intensity at 488 nm. n = 3. **P < 0.01.

*#P < 0.01). We further investigated the oxidative stress in
patient-derived brain tumor-initiating cells (BTIC). Consistent
with previous findings, elevated ROS accumulation was observed

and H, **P < 0.01). The elevated oxidative stress in IDHI1-
mutated cells was found reversible with the presence of exoge-
nous hydrogen peroxide scavenger catalase.

in BTIC with somatic IDH1 mutations, TB096 and TS603,
compared with IDH1 wild-type BTIC, GSC827, and GSC923
(Fig. 1D, **P < 0.01). Remarkable lipid peroxidation was also
observed in IDH1-mutated BTIC (Fig. 1 £ and F, **P < 0.01).
Finally, H2DCFDA flow cytometry analysis confirmed the ac-
cumulation of cellular ROS in IDH1-mutated BTIC (Fig. 1 G

Nrf2-Governed Glutathione Synthesis Pathway Is Up-Regulated in
IDH1-Mutated Cells. Cellular oxidative stress is strictly regulated
by the Nrf2-governed gene transcription (27, 28). In accordance
with the elevation of cellular oxidative stress, we recorded
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Fig. 2. Enhanced Nrf2-driven pathway activity in IDH1-mutated cells. (A) Relative luciferase activity of Dox-induced IDH1-mutated U251 cells transfected with the
pGL4.37 ARE-luciferase reporter vector. The luciferase activity was normalized by Renilla luciferase. n = 3. **P < 0.01. (B) Nrf2 activity was determined using a Cignal ARE-
luciferase reporter assay in BTIC lines. n = 3. **P < 0.01. (C) Promoter affinity of Nrf2 was measured by ChIP-PCR in U251 WT, R132C, and R132H cells. n = 3. **P < 0.01, *P <
0.05. (D) Gene expression assay quantified ROS generating and scavenging genes in BTIC lines. (E) gRT-PCR analysis of Nrf2-associated expression in BTIC lines. Each gene
was normalized to its control. n = 3. (F) Immunoblotting of SLC7A11 expression in BTIC and Dox-induced IDH1-mutated U251 cells. f-actin was used as an internal control.
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enhanced Nrf2 transcriptional activity by an ARE luciferase re-
porter assay in both IDHI1-induced U251 cells and patient-
derived BTIC. Cells harboring IDH1 mutations exhibited 2- to
threefold higher levels of Nrf2 transcriptional activity (Fig. 2 4
and B, **P < 0.01). This finding is further confirmed by chro-
matin immunoprecipitation assay (ChIP), showing that Nrf2
exhibited higher affinity to the promoter regions of antioxidant
genes, such as GCLC, GCLM, SLC7A11, and NQOI, in IDH1-
mutated cells (Fig. 2C, *P < 0.05, **P < 0.01). Furthermore,
gene expression analysis showed that in IDHI1-mutated BTIC
TS603, ROS scavenger genes were up-regulated, suggesting the
Nrf2-governed antioxidant pathway is activated. Notably, the
cystine-glutamate antiporter xCT (SLC7A411) showed the most
remarkable up-regulation in IDH1-mutated BTIC, which in-
creased sevenfold compared with IDH1 wild-type BTIC (Fig. 2 D
and E). Finally, immunoblotting confirmed that the protein ex-
pression of SLC7A411 was significantly up-regulated in induced
IDH1-mutated U251 cells as well as IDH1-mutated BTIC TS603
cells (Fig. 2F).

Glutathione de Novo Synthesis Supports Cellular Homeostasis in
IDH1-Mutated Cells. The xCT cystine/glutamate transporter
(SLC7A11) is a member of heterodimeric sodium-dependent
amino acid transporter that imports cystine and exports gluta-
mate. Several hallmark investigations showed that the SLC7A11
fuels glutathione de novo synthesis through internalizing cysteine
from the microenvironment (29). To understand the role of
SLC7A11 in IDH1-mutated cells, we investigated the alteration
of glutathione pool and redox status in IDHI1-mutated cells.
With small interfering RNA suppressing SLC7411 expression, a
significant decrease of both cellular GSH/GSSG ratio and the
total pool of glutathione was observed (Fig. 34, **P < 0.01; SI
Appendix, Fig. S1 A and B). Furthermore, genetic silencing of
SLC7A11 led to enhanced lipid peroxidation in IDH1-mutated
cells (Fig. 3 B and C, **P < 0.01). The ROS quantification assay
confirmed that the loss of SLC7A411 expression resulted in sub-
stantial ROS accumulation in IDHI-mutated cells (Fig. 3D,
**P < 0.01; SI Appendix, Fig. S1C). Additionally, genetic si-
lencing of SLC7A11 resulted in apoptotic changes in IDHI1-
mutated cells, whereas this phenomenon is not seen in cells
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with wild-type IDH1 (Fig. 3 E and F, **P < 0.01; SI Appendix,
Fig. S1 D and E). These findings suggest that SLC7411 played
vital roles in supporting glutathione de novo synthesis, which
protects IDH1-mutated cells from apoptotic cell death.

Triptolide Is a Potent Nrf2 Inhibitor that Compromises Glutathione
Synthesis. Considering the critical role of glutathione de novo
synthesis in IDH1-mutated glioma cells, targeting the Nrf2/
SLC7A11 axis may be effective against this type of malignancy.
Several chemical inhibitors for Nrf2 or SLC7411 have been
reported in previous studies. For example, brusatol, a plant-
derived quassinoid, has been reported for its potent inhibitory
effect on Nrf2 (30), whereas the substantial molecule weight and
toxicity profile prevents further clinical applications of this
compound. In the present study, we discovered that triptolide, a
diterpenoid epoxide from Tripterygium wilfordii, exhibited robust
inhibition to ARE-driven transcriptional activity at nanomolar
levels (Fig. 44). A ChIP assay confirmed that the affinity of Nrf2
to the promoter regions of GCLC, GCLM, SLC7A11, and NQOI
was strikingly compromised with the presence of triptolide
(Fig. 4B, *P < 0.05, **P < 0.01). Gene expression analysis in
TS603 showed that most of Nrf2 downstream genes were affected
by triptolide, suggesting that triptolide is a broad-spectrum in-
hibitor for Nrf2-governed gene transcription (Fig. 4C). Consis-
tently, the messenger ribonucleic acid (mRNA) level of SLC7411
decreased in IDH1-mutated BTIC TS603 and TB096 after trip-
tolide treatment, but not the IDH1 wild-type BTICs (Fig. 4D,
**P < 0.01; SI Appendix, Fig. S2A4). Similarly, triptolide exhibited a
potent inhibitory effect on Nrf2 transcriptional activity in IDH1-
mutated BTIC TS603 and TB096 (Fig. 4E, **P < 0.01; SI Ap-
pendix, Fig. S2B).

Triptolide Induces Oxidative Damage in IDH1-Mutated Cells. To fur-
ther analyze the impact of triptolide in IDH1-mutated cells, we
measured glutathione levels in BTICs under triptolide treatment.
The ratio of GSH/GSSG, as well as total amount of glutathione,
were depleted by triptolide treatment in IDH1-mutated BTIC
TS603 cells, but the effect was minimal in IDH1 wild-type
counterparts GS827 and GSC923 cells (Fig. 5 A and B, **P <
0.01). The depletion of the glutathione pool was in accordance
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Fig. 3. SLC7A11 plays a key role in the redox balance and survival of IDH1-mutated cells. (A) GSH/GSSG ratio was measured using GSH/GSSG-Glo assay in
TS603 cells with siRNA targeting SLC7A11. n = 3. **P < 0.01. (B) Lipid peroxidation assay of TS603 cells with siRNA targeting SLC7A11. Before lipid perox-
idation, the emission fluorescence showed at 590 nm (red). After lipid peroxidation, the emission fluorescence showed at 510 nm (green). (C) Lipid perox-
idation was quantified using the ratio of F510 nm to F590 nm. n = 5. **P < 0.01. (D) ROS-Glo H,0, assay of TS603 cells with siRNA targeting SLC7A11. (E)
Annexin V/Pl apoptosis assay of BTIC lines (IDH1"T G5C827 and IDH1R'32" 75603 cells) with siRNA targeting SLC7A11. (F) Quantification of apoptosis assay. n =

3. **P < 0.01.
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Fig. 4. Triptolide suppresses glutathione metabolism via the Nrf2 blockade. (A) ARE luciferase reporter assay in TS603 with triptolide treatment for 24 h.
Sulforaphane was used to induce Nrf2 activation. (B) The affinity of Nrf2 to the promoter of GCLC, GCLM, SLC7A11 was determined by ChIP-PCR assay in Dox-
induced IDH1-mutated U251 cells treated with DMSO or 30 nM triptolide. NQO1 promoter was used as a positive control. *P < 0.05, **P < 0.01. (C) Gene
expression assay quantified ROS generating and scavenging genes in TS603 cells treated with 30 nM triptolide for 24 h. n = 4. Data are presented as mean +
SEM. (D) SLC7A11 expression was quantified by qRT-PCR in BTIC lines treated with DMSO or 30 nM triptolide. n = 3. **P < 0.01. (E) Nrf2 transcriptional activity
was measured by ARE-luciferase reporter assay in BTIC lines (IDH1WT GSC827, IDH1WT GSC923, and IDH1R"32H 75603 cells). Cells were treated with DMSO or

30 nM triptolide for 24 h. n = 3. **P < 0.01.

with substantially elevated ROS, as well as remarkable lipid
peroxidation (Fig. 5 C-E and SI Appendix, Fig. S2C). Further-
more, the accumulation of ROS translated to oxidative damage
in IDH1-mutated cells. DNA electrophoresis and comet assay
revealed triptolide-induced DNA damage and DNA fragmen-
tation in IDHI1-mutated cells, whereas IDH1 wild-type cells
exhibited a minimal response to the same treatment (Fig. 5 F-H,
*#P < 0.01). We also confirmed DNA oxidation and DNA
damage in IDH1-mutated cells, evidenced by elevated 8-0xoG,
PARP cleavage, and YH2A X staining (Fig. 5 I and J, *P < 0.05;
SI Appendix, Fig. S2D).

Triptolide Exhibits Selective Cytotoxicity for IDH1-Mutated Cells. In
accordance with the elevated oxidative damage, our finding
revealed that triptolide effectively suppresses patient-derived
IDH1-mutated glioma cells. An EdU incorporation assay con-
firmed that triptolide reduced cellular proliferation by 75% in
IDH1-mutated cells, whereas minimal reduction was observed in
IDH1 wild-type cells (Fig. 6 A and B, **P < 0.01). Moreover,
sphere-formation assays showed that triptolide treatment sig-
nificantly reduced both sphere size and number in IDHI-
mutated, but not IDH1 wild-type cells (Fig. 6 C and D, **P <
0.01). A limited dilution assay showed decreased colony forma-
tion capability in IDH1-mutated BTIC TS603 cells (Fig. 6E; 0.37
intercept, dimethyl sulfoxide, DMSO = 33 cells per well, trip-
tolide = 196 cells per well), but not in IDH1 wild-type BTIC
GSC827 cells (0.37 intercept, DMSO = 58 cells per well, trip-
tolide = 63 cells per well). A caspase 3/7 activity assay showed
that triptolide treatment induced remarkable apoptosis in IDH1-
mutated cells, which can be rescued by ROS scavenger catalase
(Fig. 6F, **P < 0.01). Similarly, an annexin V/PI flow cytometry
assay recorded more apoptotic cells in IDHI1-mutated cells
compared with IDH1 wild-type cells after triptolide treatment.
Moreover, cytotoxicity could be reduced by combined treatment

40f 9 | www.pnas.org/cgi/doi/10.1073/pnas.1913633117

with catalase (Fig. 6 G and H, **P < 0.01; SI Appendix, Fig. S2 E
and F). These findings indicate that the disruption of redox
homeostasis is one of the principal causes of reduced cellular
proliferation and apoptotic cell death. Furthermore, a cell via-
bility assay showed that IDH1-mutated cells were more vulner-
able to triptolide treatment, with an ICsg of 15 nM, as opposed to
an ICsy of 60 nM for IDH1 wild-type cells, indicating that trip-
tolide exhibited stronger cytotoxicity for IDH1-mutated cells
(Fig. 61 and SI Appendix, Fig. S2G).

Triptolide as a Therapeutic Approach for IDH1-Mutated Malignancy
via Nrf2-Driven Glutathione Metabolism. Our in vitro findings sug-
gest that triptolide resulted in effective cytotoxicity in IDH1-
mutated glioma cells through a compromised Nrf2-driven
glutathione synthetic pathway. To further evaluate whether tripto-
lide could be used for cancer therapeutics, we established a
preclinical model with IDH1-mutated glioma xenograft. NSG
mice were s.c. injected with TS603 cells and randomly allocated
into two groups. Mice have received 0.5 mg/kg triptolide through
i.p. every 2 d for a total of 16 d after tumor formation (Fig. 74).
We found that triptolide significantly suppressed the growth of
TS603 xenograft compared with the solvent control (Fig. 7 B-D,
**P < 0.01). Moreover, immunohistochemistry staining showed
that triptolide inhibited the expression of Nrf2 and glutathione
metabolism-related genes, such as SLC7A11, GCLC, and GCLM
(Fig. 7E). We also recorded decreased proliferation marker Ki67
in triptolide-treated xenograft tissues, while DNA damage
marker YH2A.X was found elevated. Increased TUNEL signal
suggested the elevation of cellular apoptosis by triptolide treat-
ment (Fig. 7 F and G). Finally, through orthopotic xenograft
models, we showed that triptolide established strong suppressive
effects in patient-derived, IDH1-mutated intracranial tumors
(Fig. 7H. Overall survival: TS603, phosphate-buffered saline, PBS
=68 d, Trip = 82 d, *p = 0.0115; BT142, PBS = 67 d, Trip = 80.5
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Fig. 5. Triptolide disrupts ROS homeostasis and leads to oxidative DNA damage in IDH1-mutated cells. (A) GSH/GSSG ratio and (B) Total GSH quantification
were measured using GSH/GSSG-Glo assay in BTIC lines (IDH1WT G5C827, IDH1WT GSC923, and IDH17132H 75603 cells). n = 3. **P < 0.01. (C) ROS-Glo H,0, assay
of BTIC lines. n = 3. **P < 0.01. (D) Lipid peroxidation assay of BTIC lines. Before lipid peroxidation, the emission fluorescence showed at 590 nm (red). After
lipid peroxidation, the emission fluorescence showed at 510 nm (green). (E) Lipid peroxidation was quantified using the ratio of F510 nm to F590 nm. n = 5.
**P < 0.01. (F) Total genomic DNA electrophoresis analysis of BTIC lines after triptolide treatment. (G) The DNA fragmentation was measured by comet assay
in BTIC lines after triptolide treatment. (H) Quantification of the tail moments in G. n = 50. **P < 0.01. (/) The 8-0x0G level was measured by oxidative DNA
damage ELISA in BTIC lines. n = 3. *P < 0.05. (J) DNA damage was measured by immunoblotting of yH2A.X and cleaved PARP in BTIC lines. In this part, cells
were treated with DMSO, 30 nM triptolide, or triptolide combined with 0.1 mg/mL catalase.

d, **p = 0.0062). In contrast, triptolide showed minimal benefit to
the disease outcomes in both IDH1 wild-type intracranial xeno-
grafts (Overall survival: GSC827, PBS = 101.5 d, Trip = 102.5 d,
P = 0.6979; GSC923, PBS = 99 d, Trip = 102 d, P = 0.4415).
Overall, the data acquired from the orthotopic preclinical models
strongly suggest the therapeutic effect of triptolide in IDH1-mutated
malignancies.

Discussion

In the current study, we identified Nrf2 blockade using triptolide
as a selective therapeutic for IDH1-mutated malignancies. We
showed that the IDH1 mutant neomorphic activity prompted the
accumulation of ROS. Cancer cells develop an addiction to Nrf2-
governed pathways, such as the glutathione de novo synthesis.
Moreover, we found that triptolide potently suppressed Nrf2
protein stability and transcriptional activity, which established
synthetic lethality with intrinsic oxidative stress in IDH1-mutated
cells. Our results showed that triptolide exhibited selective cy-
totoxicity to patient-derived IDHI1-mutated cells in vitro and
in vivo, with significant suppression of antioxidant pathways and
tumor expansion.

Yu et al.

The neomorphic activity of the IDH1 mutant causes numerous
impacts in cellular biology, including metabolism reprogramming,
disrupted redox homeostasis, and genome-wide hypermethy-
lation. Our previous study demonstrated that IDH1-mutated
glioma cells exhibited high levels of ROS stress compared with
IDH1 wild-type cells. Accordingly, Nrf2-associated ROS scav-
enging pathways, like glutathione de novo synthesis, are highly
activated to maintain redox homeostasis and cell survival in
IDH1-mutated cells (Fig. 6) (14, 26, 31). Under the basal con-
dition, Nrf2 is regulated by Kelch-like ECH-associated protein 1
(Keapl), which binds to Nrf2 as a negative regulator to form
Cul3-Rbx1-E3 complex, leading to Nrf2 ubiquitination and
proteasomal degradation. With the presence of oxidative stress,
such as ROS and reactive nitrogen species, the conformational
change of Keap1 blocks the ubiquitination of Nrf2, which led to
the activation of Nrf2 (25). We believed that the activation of
Nrf2 is a consequence of ROS overload, as Nrf2 activity was
abolished by ROS scavengers in IDH1-mutated cells (Fig. 5).
However, the correlation between 2-HG-induced hyper-
methylation in IDH1-mutated cells and the activation of Nrf2
pathways needs further investigations.
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Fig. 6. Triptolide selectively suppresses IDH1-mutated cells. (4) EdU (green) incorporation assay of BTIC lines (IDH1WT GSC827 and IDH1R'32" T5603 cells)
treated with DMSO or 30 nM triptolide for 24 h. Cell nuclei were labeled with Hoechst 33342 (blue). Bar = 20 pm. (B) Quantification of EdU positive cells in A.
n =10. **P < 0.01. (C) Sphere formation assay of BTIC lines treated with DMSO or triptolide. Bar = 5 pm. (D) The number of spheres was recorded. n = 10.
**P < 0.01. (E) Limited dilution assay of BTIC lines treated with DMSO or 30 nM triptolide for 3 wk. The 0.37 intercept was labeled in dashed lines. (F) Caspase
3/7-Glo assay of BTIC lines with DMSO, 30 nM triptolide, or triptolide combined with 0.1 mg/mL catalase for 24 h. Luminescence was normalized to protein
quantification. n = 3. Data are presented as mean + SEM. **P < 0.01. (G) Annexin V/PI apoptosis analysis of BTIC lines with DMSO, 30 nM triptolide, or
combined with 0.1 mg/mL catalase for 96 h. (H) Quantification of apoptotic cells from G. n = 3. **P < 0.01. (/) Cell viability assay shows the dose-response curve

of triptolide in BTIC lines.

Constitutive activation of Nrf2 was observed in a variety of
malignancies, including breast, liver, lung, bladder, pancreatic,
ovarian, and endometrial cancers (32-38). Nrf2 serves numerous
supportive roles for cancer cells, including enhanced cancer
progression and therapy resistance (33, 35, 39, 40). Several
seminal studies proposed that the Nrf2 blockade has synergistic
toxicity with chemotherapy, resulting in attenuated cancer pro-
gression (41-43). We and several other investigations indicated
that triptolide shows the potent suppressive effect on Nrf2
transcriptional activity (Fig. 4) (44-46). Our results showed that
triptolide induced potent cytotoxicity in IDH1-mutated cells
in vitro and in vivo (Figs. 6 and 7), which likely resulted from the
synthetic lethality effect derived from IDH1 neomorphic activity
and Nrf2 blockade. We found that the nanomolar level of trip-
tolide mono treatment was sufficient to induce severe DNA
fragmentation and oxidative damage, which led to cell apoptosis
in IDH1-mutated cells (Figs. 5 and 6). Importantly, the cyto-
toxicity was found much less often in non-IDH1-mutated cells,

60f 9 | www.pnas.org/cgi/doi/10.1073/pnas.1913633117

suggesting that triptolide may serve as a selective therapy for
IDH1-mutated cancers, with less cytotoxicity to other somatic
cells with intact metabolic pathways. Several previous reports
showed that triptolide might suppress several oncogenes such as
NF-kB and c-Myc (47-49), suggesting that multiple mechanisms
may be involved in triptolide-induced cytotoxicity. Besides these
seminal findings, our study demonstrates triptolide acts on the
governing transcriptional factor Nrf2 and synergizes with an in-
trinsic deficiency in cancer cells, such as IDH1 mutant-associated
metabolic depletion.

Overall, the present study provides a proof-of-concept pre-
clinical study suggesting the potential value of triptolide as a
selective therapy for IDH1 mutated malignancies. However,
limitations such as the unclear mechanism of triptolide-induced
Nrf2 blockade, as well as the uncertain specificity of triptolide,
still need to be further investigated. The side effects and
blood-brain barrier penetration should also be validated to
translate our current study into clinical applications.

Yu et al.
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Fig. 7. Triptolide suppresses IDH1-mutated xenograft expansion in vivo. (A) Schematic illustration for the xenograft modeling and triptolide treatment. (B)

The tumor growth curve shows that triptolide suppresses tumor growth by

measuring tumor volume. n = 8. **P < 0.01. (C) Tumor imaging shows that

triptolide treatment suppressed IDH1-mutated xenograft in vivo. (D) Quantification of tumor weight shown in C. n = 8. **P < 0.01. (E) Immunohistochemistry

staining of the expression of Nrf2, SLC7A11m GCLC, and GCLM in TS603 xenog
staining of H&E, Ki67, yH2A.X, and TUNEL assay in TS603 xenograft tissues afte
density of immunohistochemistry staining in £ and F. n = 6. ***P < 0.001, **P
that received triptolide treatment.

Methods

Cell Culture and Reagents. The U251 MG cell line was obtained from Sigma-
Aldrich. Cells were cultured in DMEM/F12 (Life Technologies) supplemented
with 10% fetal bovine serum (FBS, Cellgro) and 1% penicillin/streptomycin
(Invitrogen).

The BTIC lines GSC827 and GSC923 were reported previously (50). TB096
was kindly provided by Hai Yan, Duke School of Medicine, Durham, NC (51).
TS603 cells was kindly provided by Timothy Chan, Memorial Sloan Kettering
Cancer Center, New York, NY (17). GSC827, GSC923, BT142, and TS603 cells
were cultured in the NBE medium, as previously described (52). The TB096
cell line was cultured in media containing a 1:1 combination of (complete
NeuroCult media supplemented with 20 ng/mL EGF, 10 ng/mL FGF, and 2 pg/mL

Yu et al.

raft tissues after mice received triptolide treatment. (F) immunohistochemistry
r mice received triptolide. Bar = 50 pm. (G) Quantification of integrated optical
< 0.01, *P < 0.05. (H) Kaplan-Meier analysis of intracranial xenografts in mice

heparin) : (DMEM + 10% Invitrogen FBS). Triptolide (MedChemExpress), brusatol
(Sigma), and AGI-5198 (Selleckchem) were dissolved in DMSO. ROS scavenger
catalase was purchased from Sigma.

Lentivirus Production and Stable Cell Line Generation. The doxycycline-
inducible pLVX-TetOne-Puro vector (Clontech) carrying IDH1 R132C or
R132H variants was transduced into U251 MG by lentivirus transduction.
U251 cells with stably expressed wild-type IDH1, R132C, or R132H variants
were generated using lentivirus transduction, as previously described (14).

Luciferase Reporter Assay. Nrf2-driven transcriptional activity was de-
termined using a reporter plasmid pGL4.37 [luc2P/ARE/Hygro] or Cignal Lenti
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ARE luciferase reporter assay (QIAGEN) with Dual-Luciferase Reporter Assay
System (Promega) as previously described (53, 54). Nine hundred nanograms
of the reporter plasmid and 100 nanograms of pRL-TK plasmid were trans-
fected to 100,000 cells by Lipofectamine 2000 (Invitrogen). The luminescence
signal was recorded using a microplate reader and normalized to the protein
or Renilla luciferase activity.

Animal Modeling and Treatment. All animal experiments were approved by
the National Cancer Institute (NCI) Animal Use and Care Committee. TS603
cells (5 x 108) were s.c. injected into 6-wk-old nonobese diabetic scid gamma
mouse (NSG) mice. When the tumor sizes were above 50 mm?3, mice were
randomly divided into two groups and treated intraperitoneally with DMSO
or triptolide (0.5 mg/kg) every other day. Each group contained eight mice.
Tumor size was measured using Vernier calipers. The mice were sacrificed
at day 16 after treatment, and tumors were harvested for analysis. For in-
tracranial xenograft model, 5 x 10° cells were injected into the cerebral
cortex of NSG mice. The mice were randomized into two groups (n =7 or 8
for each group) 30 d after injection. The mice were treated intraperitoneally
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