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SUMMARY

Two hallmarks of cancer cells are their resistance to
apoptosis and ability to thrive despite reduced levels
of vital serum components. c-jun N-terminal kinase
(JNK) activation is crucial for apoptosis triggered by
serum starvation (SS), and isocitrate dehydrogenase
1 (IDH1) mutations are tumorigenic, in part, because
they produce the abnormal metabolite 2-hydroxy-
glutarate (2-HG). However, it is unknown whether
2-HG-induced tumorigenesis is partially due to JNK
inhibition and thus defective SS-induced apoptosis.
We show here, using IDH1-R132Q knockin mutant
mouse cells, that 2-HG inhibits JNK activation
induced only by SS and not by UV or doxorubicin,
and thus can block apoptosis. Upon SS, Cdc42 nor-
mally disrupts mixed lineage kinase 3’s (MLK3’s)
auto-inhibition, triggering the MLK3-MKK4/7-JNK-
Bim apoptotic cascade. 2-HG binds to Cdc42 and
abolishes its association with MLK3, inactivating
MLK3 and apoptosis. Allograft tumor assays in
mice demonstrate that this mechanism contributes
to tumorigenesis driven by mutant IDH1, a result
confirmed by detection of JNK inactivation in human
gliomas harboring IDH1-R132H mutations.
INTRODUCTION

Isocitrate dehydrogenases (IDHs) normally convert isocitrate to

a-ketoglutarate (a-KG) in a NAD(P)+-dependent manner. Three
This is an open access article under the CC BY-N
IDH isozymes that operate in distinct subcellular compartments

exist: IDH1, IDH2, and IDH3. In the past few years, various so-

matic point mutations of IDH1 or IDH2 have been identified in

a broad range of cancers, including glioma (Hirata et al., 2015;

Parsons et al., 2008; Yan et al., 2009), sarcoma (Amary et al.,

2011), and acute myeloid leukemia (AML) (Mardis et al., 2009),

among others. These mutations, which include IDH1 R132H/

C/Q, IDH2 R140Q/W/L, and R172K/M/G/T/S, all confer a novel

catalytic activity on the mutant IDH protein that converts a-KG

to the oncometabolite 2-hydroxyglutarate (2-HG) (Dang et al.,

2009; Ward et al., 2010). In human glioma samples harboring

IDH1/2 mutations, 2-HG can accumulate to the astonishingly

high level of 5–35 mmol/g, which is �100-fold greater than its

level in a normal brain (Dang et al., 2009).

Due to its structural similarity to a-KG, 2-HG functions as

a competitive inhibitor of a-KG-dependent dioxygenases (Xu

et al., 2011). Accordingly, elevated levels of 2-HG inhibit TET2,

an a-KG-dependent dioxygenase that catalyzes the conversion

of 5-methylcytosine (5mC) to 5-hydroxylmethylcytosine

(5hmC), which is a prerequisite for DNA demethylation (Xu

et al., 2011). Several lines of evidence indicate that the excessive

2-HG production mediated by mutated IDH1 results in DNA hy-

permethylation (Noushmehr et al., 2010). In addition to its effects

on TET2, 2-HG blocks a-KG-dependent histone demethylases,

which disrupts cell differentiation (Lu et al., 2012). Furthermore,

2-HG increases murine hematopoietic progenitors in IDH1

R132Q-expressing mice (Sasaki et al., 2012b) and perturbs

collagen maturation by inhibiting a-KG-dependent dioxyge-

nases involved in this process (Sasaki et al., 2012a).With respect

to cancer, several groups have reported that 2-HGmay stimulate

tumorigenesis by inhibiting hypoxia-inducible factor (HIF) prolyl

hydroxylase (PHD), which stabilizes HIF-1a (Xu et al., 2011;

Zhao et al., 2009). However, other groups have shown that
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Figure 1. IDH1-R132H Inhibits JNK Phosphorylation Induced Only by SS

(A–D) HEK293T cells were transfected with the indicated plasmids, and 24 hr later, were left untreated (�) or subjected to (+) (A) SS for 9 hr, (B) UV (80 J/m2)

followed by culture for 4 hr, (C) 2.5 mMDox for 8 hr, or (D) 0.1 M sorbitol for 4 hr. Top: total cell lysates (TCLs) were subjected to immunoprecipitation (IP) with anti-

Flag M2 beads to isolate Flag-JNK1, and phospho-JNK and Flag-JNK were detected by WB. Bottom: WB of TCL of cells in the top panel to detect HA-IDH1 and

HA-IDH1-R132H.

(E) HEK293T cells were co-transfected with AP-1 firefly luciferase reporter plus renilla luciferase vector (as an internal control), together with empty vector or

vector expressing Flag-IDH1 or Flag-IDH1-R132H. Cells were left untreated (�) or subjected to SS (+) for 9 hr. Top: quantitation of firefly luciferase activity

following normalization to renilla luciferase activity. Results are the mean ±SD of three independent experiments (***p < 0.001, unpaired Student’s t test). Bottom:

WB to detect IDH proteins in the cells in the top panel. b-actin, loading control.

(F) WB to detect the indicated proteins in HEK293T cells that were transfected with control shRNA (Ctrl) or one of two different shRNAs against IDH1 (IDH1-1,

IDH1-2) and were left untreated or subjected to SS for 9 hr.
2-HG can downregulate HIF-1a, a function that may stimulate

tumorigenesis in situations in which HIF-1a functions as a tumor

suppressor (Koivunen et al., 2012). Taken together, these data

establish that 2-HG-mediated inhibition of various hydroxylation

reactions plays an important role in the tumorigenesis driven by

IDH1/2 mutations.

It is now clear that programmed cell death serves as a natural

barrier to cancer initiation and development. Because of their un-

controlled proliferation, cancer cells often find themselves in a

microenvironment characterized by hypoxia and a minimal sup-

ply of serum components. Such severe serum starvation (SS)

eventually induces the apoptosis of these tumor cells, restricting

the expansion of the growing cell mass (Izuishi et al., 2000; Ou

et al., 2006). It has long been known that activation of the c-jun

N-terminal kinase (JNK) signaling cascade is involved in neuronal

cell apoptosis induced by nerve growth factor deprivation (Xu

et al., 2001). This observation prompted us to investigate

whether part of the oncogenicity of the 2-HG produced by

mutant IDH enzymes was due to the effects of this abnormal

metabolite on tumor cell apoptosis. In particular, we determined

whether IDH1 mutation blocked the tumor cell apoptosis that

would normally be mediated by JNK activation under SS condi-

tions. Using murine IDH1-R132Q knockin mutant cells, we show

that SS-induced JNK activation and apoptosis are markedly

reduced by 2-HG. Mechanistically, 2-HG binds to Cdc42 and
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blocks its interaction with mixed lineage kinase 3 (MLK3), a ki-

nase acting upstream of MKK4/7. This inhibition consequently

switches off the MLK3-MKK4/7-JNK-Bim apoptotic cascade

that is triggered by SS.

RESULTS

IDH1-R132HMutation Robustly Inhibits SS-Induced JNK
Activation
Human brain tumors frequently bear loss-of-function mutations

of the MAPK10 gene encoding JNK3 kinase, indicating that

JNK may serve as a tumor suppressor in the brain (Yoshida

et al., 2001). To determine whether mutant IDH1 enzymes have

an inhibitory effect on JNK, we co-expressed JNK1 with wild-

type (WT) IDH1 or its R132H mutant in HEK293T cells and

monitored JNK phosphorylation as an indicator of JNK activity.

Compared to WT IDH1, IDH1-R132H strongly repressed JNK

activation induced by SS, but not that triggered by treatment

with UV, doxorubicin (Dox), or sorbitol (Figures 1A–1D). In line

with this result, the SS-triggered induction of the transcriptional

activity of activated protein-1 (AP-1) (as evaluated by an AP-1

luciferase reporter system) was also dramatically inhibited by

IDH1-R132H expression (Figure 1E). We then performed co-

immunoprecipitation assays to determine whether the inhibitory

effect of IDH1-R132H on JNK was due to a physical interaction
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Figure 2. JNK Inhibition Induced by IDH1-

R132H/Q Depends on 2-HG Production

(A) HEK293T cells were transfected with empty

vector or vector expressing Flag-WT IDH1, IDH1-

R132H, or IDH1-R132Q. Top: quantitation by

LC-MS of 2-HG levels relative to those in cells

expressing empty vector. Data are the mean ± SD

of three independent experiments (**p < 0.01, un-

paired Student’s t test). Bottom: WB to detect the

indicated proteins in the cells in the top panel.

(B) LC-MS quantitation of relative 2-HG production

by the IDH1-WTMEF cell line and the IDH1-KIMEF

cell line. Data are expressed relative to the WT

level and the mean ± SD of three independent

experiments.

(C) WB to detect the indicated proteins in IDH1

WT and IDH1-KI MEFs that were treated (+) or not

(�) with SS for 9 hr.

(D and E) WB to detect the indicated proteins in

(D) WT MEF or (E) U87 MG cells that were sub-

jected (+) or not (�) to SS for 9 hr and treated with

the indicated concentrations of TFMB-2-HG.

(F) WB to detect the indicated proteins in U87 MG

cells that were transfected with empty vector or

vector expressing Flag-human WT IDH1 or IDH1-

R132H and were pretreated (or not) with 1.5 mM

AGI-5198 for 2 days, followed by serum depri-

vation (or not) for another 9 hr in the presence of

AGI-5198, as indicated.

(G) WB to detect the indicated proteins in U87 MG

cells that were transfected with empty vector or

vector expressing the indicated Flag-IDH enzymes

and subjected (+) or not (�) to SS for 9 hr.
between them. However, neither WT nor mutated IDH1 was de-

tected in the immunoprecipitates of Flag-JNK and vice versa

(Figures S1A and S1B). These data demonstrate that the inhibi-

tion of SS-induced JNK activation mediated by mutated IDH1 is

not due to any physical interaction between them.

It has been noted that the tumor-associated IDH1 mutant

enzyme dominantly inhibits the activity of WT IDH1 by forming

heterodimers (Zhao et al., 2009). To assess the possibility that

IDH1-R132H might suppress SS-induced JNK activation

through a dominant-negative effect on WT IDH1, we knocked

down WT IDH1 expression in HEK293T cells using two different

small hairpin RNAs (shRNAs) and examined JNK activation.

However, loss of WT IDH1 had no discernible regulatory effect

on SS-induced JNK activation (Figure 1F). Thus, the IDH1-

R132H mutant enzyme’s inhibitory effects on JNK activation

are not due to a reduction in WT IDH1 activity.

JNK Inhibition Depends on 2-HG Production Caused by
IDH1-R132H/Q Mutation
The IDH1-R132H mutation is the most frequent alteration in hu-

man glioma and leads to extremely high levels of 2-HG. The

IDH1-R132Q mutation was initially observed in human chondro-

sarcoma and has been proven to exert the same enzymatic

activity and biological functions as IDH1-R132H (Hirata et al.,
2015; Inoue et al., 2016; Sasaki et al., 2012a, 2012b). To

compare 2-HG levels produced by these two mutant enzymes,

we overexpressed IDH1-R132H or IDH1-R132Q in HEK293T

cells and measured 2-HG levels using liquid chromatography-

spectrometry (LC-MS) (Dang et al., 2009). Intriguingly, cells

expressing IDH1-R132Q produced more 2-HG than did IDH1-

R132H-expressing cells (Figure 2A). This result prompted us to

utilize the IDH1-R132Q-LSL mouse (Inoue et al., 2016; Sasaki

et al., 2012a, 2012b) to investigate the inhibitory effect of mutant

IDH1 on JNK activation. IDH1WT/WT and IDH1WT/LSL MEF were

isolated from littermate embryos and infected with adenovirus-

expressing Cre recombinase to generate an IDH1 WT cell line

and an IDH1-R132Q knockin (KI) cell line, respectively. The ge-

notypes and IDH1 protein levels of these cell lines were validated

by PCR and western blotting (WB) (Figures S2A and S2B). It is

important to note that our IDH1-R132Q KI MEF line was hetero-

zygous and not homozygous for themutation (i.e., IDH1WT/R132Q;

designated hereafter as IDH1-KI MEF). This line was deemed

suitable for experiments because all somatic gain-of-function

mutations of IDH1 in human malignancies have been identified

exclusively in one allele (Figueroa et al., 2010). Just as observed

in our IDH1-R132Q-expressing HEK293T cells, IDH1-KI MEF

produced very high levels of 2-HG (Figure 2B) and exhibited

dramatic suppression of SS-induced JNK activation (Figure 2C).
Cell Reports 19, 389–400, April 11, 2017 391
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Figure 3. JNK Is the Only MAPK Regulated

by IDH1-R132H/Q in Response to SS

(A) WB to detect the indicated proteins in TCL or

IDH1 WT and IDH1-KI MEF that were subjected

(+) or not (�) to SS for 9 hr.

(B) WB to detect the indicated proteins in U87 MG

cells transfected with empty vector or vector ex-

pressing Flag-WT IDH1 or IDH1-R132Q mutant

that were subjected (+) or not (�) to SS for 9 hr.

(C) WB to detect the indicated proteins in U87 MG

cells that were subjected (+) or not (�) to SS

and exposed (+) or not (�) to 5 mM TFMB-2-HG

for 9 hr.
These data indicate that 2-HG may play a key role in the JNK

inhibition exerted by the IDH1-R132Q mutation.

To confirm the above result, we treated WT MEF with

increasing amounts of permeable trifluoromethyl benzyl-

(R)-2-HG (TFMB-2-HG) and examined JNK activation. As shown

in Figure 2D, SS-induced JNK activation was inhibited by TFMB-

2-HG in a dose-dependent manner. Similar results were

obtained using the U87 MG human glioma cell line, which ex-

presses WT IDH1 (Figure 2E). In addition, we transfected U87

MG cells with vectors expressing WT IDH1 or IDH1-R132H and

treated these cells with AGI-5198, a powerful and selective inhib-

itor of 2-HG production driven by IDH1-R132H (Rohle et al.,

2013). Indeed, AGI-5198 treatment of IDH1-R132H overex-

pressing U87 MG cells efficiently suppressed 2-HG production

(Figure S2C) and restored SS-induced JNKactivation (Figure 2F).

To further bolster this conclusion, we created a construct ex-

pressing IDH2-R140Q, an IDH2 mutant enzyme that also pro-

duces high levels of 2-HG (Ward et al., 2010). We transfected

U87 MG cells with vectors expressing WT IDH2 or IDH1-

R140Q and confirmed equivalent levels of 2-HG production as

overexpression of IDH1-R132Q (Figure S2D). We then deter-

mined the effects of IDH1-R140Q overexpression on JNK activa-

tion and observed inhibition of SS-induced JNK phosphorylation

to the same extent as that imposed by IDH1-R132Q overex-

pression (Figure 2G). Taken together, these data indicate that

IDH1/2 mutant enzymes block SS-induced JNK activation

because of their excessive 2-HG production.

Only SS-InducedActivation of JNK Is Regulated by IDH1-
R132H/Q Mutant Enzymes
Because SS affects the activity of not only JNK but also two

other MAPKs, p38 and ERK, we examined whether IDH1-

R132H/Qmutations influenced SS-induced alterations to the ac-

tivities of these twoMAPKs. We found that SS induced the same

levels of p38 activation and ERK inhibition in both IDH1 WT and

IDH1-KI MEF (Figure 3A), indicating that the changes to p38 and

ERK activities triggered by SS are not influenced by IDH1-

R132Q. Similarly, although overexpression of IDH1-R132Q in

U87 MG cells had effectively suppressed SS-induced JNK acti-

vation, it failed to alter SS-induced p38 activation or ERK inhibi-

tion (Figure 3B). Finally, although treatment of U87 MG cells with

exogenous TFMB-2-HG had markedly inhibited SS-triggered

JNK activation, there were not any noticeable regulatory effects
392 Cell Reports 19, 389–400, April 11, 2017
on the activities of p38 and ERK (Figure 3C). These results

demonstrate that under SS conditions and among the three

canonical MAPKs, only JNK is regulated by the 2-HG produced

by IDH1-R132H/Q.

2-HG Abrogates MLK3/MKK4/JNK Cascade Activation
in Response to SS
To elucidate the mechanisms underlying the inhibitory effects of

2-HG on JNK activation, we investigated the activation of

signaling cascades acting upstream of JNK. In response to

stress stimuli, such as proinflammatory cytokines, UV, osmotic

shock, and SS, JNK is activated by two upstream MAP kinases:

MKK4 and MKK7 (Garrington and Johnson, 1999). When we

examined whether MKK4/7 activation was influenced by 2-HG,

we found that SS-induced MKK4/7 phosphorylation was abol-

ished in WT MEF (Figure 4A) and U87 MG cells (Figure S3A)

treated with TFMB-2-HG. IDH1-KI MEF showed complete sup-

pression of MKK4/7 phosphorylation, regardless of TFMB-

2-HG treatment (Figure 4A). TotalMKK4/7 protein levelswere un-

changed in all cases. These data suggest that 2-HG’s effects on

SS-induced JNK are due to suppression of MKK4/7 activation.

SS-induced MKK4/7 phosphorylation is currently believed to

be mediated by members of the MLK family, which includes

MLK1–4 (Harris et al., 2002; Liu et al., 2000; Xu et al., 2001). To

determine how 2-HG suppresses MKK4/7 activation, we investi-

gated if 2-HG could downregulate the total protein levels of any

MLK family members. As shown in Figure 4A, the total protein

levels of MLK1–4 were comparable between WT MEF and

IDH1-KI MEF and were not decreased by treatment with

TFMB-2-HG. Thus, 2-HG-exerted inhibition of SS-induced

MKK4/7 activation does not occur through downregulation of

MLK family proteins. We next used shRNA knockdown to test

the contribution of each MLK member to SS-stimulated activa-

tion of MKK4/7 and JNK. Interestingly, only shRNA-mediated

interference with MLK3 expression prevented the activation of

MKK4/7 as well as JNK, demonstrating that MLK3, and not

MLK1, 2, or 4, is involved in SS-induced activation of JNK

signaling (Figure 4B). This observation was confirmed by a

knockdown experiment performed using a different shRNA

against MLK3 (Figure S3B). Because no difference was

observed in MLK3 protein levels between WT and IDH1-KI

MEF, we performed in vitro kinase assays to determine whether

MLK3 activity was directly inhibited by 2-HG. We overexpressed
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Figure 4. Mutated IDH1 Inactivates the

MLK3-MKK4/7-JNK Cascade in Response

to SS

(A) WB to detect the indicated proteins in IDH1WT

and IDH1-KI MEF that were subjected (+) or not

(�) to SS and exposed (+) or not (�) to 5 mM

TFMB-2-HG for 9 hr.

(B) WB to detect the indicated proteins in U87 MG

cells that expressed control (Ctrl) shRNA or

shRNA against the indicated MLK family mem-

bers and were subjected (+) or not (�) to SS for

9 hr.

(C and D) MKK4/7 DKO MEF transfected with

vector expressing Flag-MLK3 were treated with

the indicated combinations of SS and 5 mM

TFMB-2-HG for 9 hr. Flag-MLK3 was immuno-

precipitated from TCL of these cells and incu-

bated in an in vitro kinase assay with His-tagged

recombinant MKK4 (C) or His-MKK7 (D) for 30min

at 37�C before WB to detect the indicated

proteins.
Flag-MLK3 in double knockout (DKO) MEF lacking both MKK4

and MKK7 and treated these cells with various combinations

of SS and TFMB-2-HG. We then incubated the immunoprecipi-

tated Flag-MLK3 with bacterial recombinant MKK4 or MKK7

proteins in vitro and evaluated their phosphorylation status. SS

treatment significantly stimulated the kinase activity of MLK3

toward MKK4 and MKK7, as indicated by increased phosphory-

lation, whereas the addition of 2-HG treatment completely abro-

gated this effect (Figures 4C and 4D). These data demonstrate

that 2-HG-mediated inhibition of SS-induced JNK activation is

due to its suppression of MLK3 activity.

2-HGDisrupts the Interaction betweenMLK3 andCdc42
Previous studies have shown that the Rho family GTPases

Cdc42 and Rac1 can both bind to MLK3 and consequently acti-

vate theMLK3-MKK4/7-JNK cascade (Coso et al., 1995;Minden

et al., 1995; Teramoto et al., 1996). This binding of GTPases to

MLK3 is facilitated by the presence of a Cdc42/Rac1-binding

(CRIB) motif in MLK3 (Böck et al., 2000; Burbelo et al., 1995; Ter-

amoto et al., 1996). To verify the contribution of CRIBmotif to the

interaction between MLK3 and Cdc42/Rac1, we examined the

in vitro binding of Cdc42/Rac1 to MLK3DCRIB, a mutant MLK3

protein lacking the CRIB motif, and found that MLK3DCRIB

failed to interact with Cdc42/Rac1 (Figure 5A). In addition, in

contrast to WT MLK3, this deletion mutant was not activated

by SS and was not suppressed by 2-HG, as revealed by
Ce
in vitro kinase assays using MKK4 or

MKK7 as the substrate (Figures 5B and

5C). These results demonstrate that

the interaction of the CRIB motif in

MLK3 with Cdc42/Rac1 is essential for

SS-induced MLK3 activation as well as

for 2-HG-mediated MLK3 inhibition.

We next examined precisely how 2-HG

regulates MLK3 activity. An important

clue from a previous study was that

MLK3 activity is auto-inhibited when its
SH3 domain and a region close to the CRIB motif form an intra-

molecular interaction (Böck et al., 2000; Zhang and Gallo, 2001).

We speculated that Cdc42/Rac1 might activate MLK3 by

binding to MLK3 and disrupting its autoinhibition and that

2-HG might block MLK3 activation by disrupting its interaction

with Cdc42/Rac1. To test this hypothesis, we performed a series

of co-immunoprecipitation assays. As expected, SS dramati-

cally induced the interaction of MLK3 with Cdc42, and this effect

was abolished by 2-HG (Figure 5D). This result was further

confirmed by in vitro GST pull down assay showing that the

Cdc42-MLK3 immune complex was dissociated by 2-HG in a

dose-dependent manner (Figure 5E). Surprisingly, however,

2-HG failed to disrupt the interaction between MLK3 and Rac1

induced by SS (Figure 5F). These results imply that Cdc42, rather

than Rac1, is involved in 2-HG-mediated inhibition of SS-in-

duced MLK3 activity. To confirm this result, we created one

MLK3 protein with the point mutation Y53A in the SH3 domain,

and a second MLK3 protein with the point mutation P470A in

the SH3-interacting region close to the CRIB motif. Previous in-

vestigations have shown that these specific mutations can

disrupt MLK3’s capacity for intramolecular interaction (Zhang

and Gallo, 2001). Consistent with these observations, both of

our mutant MLK3 proteins showed constitutive kinase activity

toward MKK7 and were impervious to regulation by either

SS or 2-HG (Figure 5G). Nevertheless, the ability of these

mutant MLK3 proteins to associate with Cdc42 in response to
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Figure 5. 2-HG Disrupts the Interaction between MLK3 and Cdc42

(A) WB to detect the indicated proteins in HEK293T cells that were transfected with the indicated combinations of vectors, followed by IP, as indicated.

(B and C) MKK4/7 DKOMEF expressing MLK3 or MLK3DCRIB were treated with SS alone or in combination with 5 mM TFMB-2-HG, as indicated, for 9 hr. Flag-

tagged MLK3 and MLK3DCRIB were immunoprecipitated from TCL of these cells and incubated in an in vitro kinase assay with recombinant MKK4 (B) or MKK7

(C) for 30 min at 37�C before WB to detect the indicated proteins.

(D and F) HEK293T cells transfected with vectors expressing Flag-MLK3 plus (D) HA-Cdc42 or (F) HA-Rac1 were treated with SS and 5mM TFMB-2-HG as in (B).

IP and WB were performed to detect the indicated proteins.

(E) E. coli expressedHis-Cdc42 andGST-MLK3were incubated with indicated doses of 2-HG for 3 hr at 4�C.GST pull-down, SDS-PAGE, and Coomassie brilliant

blue staining were performed to detect the indicated proteins.

(G) MKK4/7 DKO MEF were transfected with vector expressing Flag-MLK3 or its Y53A or P470A mutants and treated with SS and 5 mM TFMB-2-HG as in (C).

IP, in vitro kinase assay, and WB were performed to detect the indicated proteins.

(H) HEK293T cells co-transfected with vectors expressing HA-Cdc42 and Flag-MLK3 or its mutants (as indicated) were treatedwith SS and 5mMTFMB-2-HG for

9 hr, followed by IP and WB as in (A).

(I) WB to detect the indicated proteins in U87 MG cells that expressed control shRNA or shRNA against Cdc42 and were subjected (+) or not (�) to SS for 9 hr.

(J)WB to detect Cdc42 in TCL ofWTMEF that were incubatedwith the indicated doses of 2-HG for 1 hr on ice and another 0.5 hr at room temperature, followed by

pronase digestion for 10 min.
SS remained intact and was still abrogated by 2-HG (Figure 5H).

These results validate our hypothesis that SS-induced activation

of MLK3 is due to Cdc42-mediated interference with MLK3’s

auto-inhibition. Because 2-HG disrupts the association of
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Cdc42 with MLK3, MLK3 is maintained in its auto-inhibited state

and cannot activate downstream kinases, such as JNK. In agree-

ment with this theory, knockdown of Cdc42 in U87 MG cells

abolished SS-induced JNK activation in vitro (Figure 5I).



To investigate how 2-HG disrupts the interaction between

Cdc42 and MLK3, we carried out drug affinity responsive target

stability (DARTS) assays in vitro (Fu et al., 2015; Lomenick et al.,

2009). These experiments showed that 2-HG could efficiently

protect Cdc42 and TET2 (as a positive control) from digestion

by pronase, implying the direct binding of 2-HG to Cdc42 (Fig-

ures 5J, S4A, and S4B). Moreover, the maximal fluorescence in-

tensity of GST-Cdc42 and a well-known 2-HG-binding protein

PHD2, but not GST, was quenched by 2-HG in a dose-depen-

dent manner (Figures S4C and S4D). These data provide addi-

tional evidence that 2-HG can bind directly to Cdc42 and disrupt

its interaction with MLK3.

SS-Induced Apoptosis Is Antagonized by Mutated IDH1
Because JNK activation plays a crucial role in SS-induced

apoptosis and our data indicated that IDH1-R132H/Q mutations

could dramatically block JNK activation, we examined whether

this inhibition allowed a cell to escape SS-induced apoptosis.

We exposed WT and IDH1-KI MEF to SS for 72 hr and assessed

their viability by Annexin V staining and flow cytometry.We found

that <45% of WT MEF survived this treatment, whereas IDH1-KI

MEF had a survival rate of close to 80% (Figure 6A). Consistent

with this result, overexpression of IDH1-R132H in U87 MG cells

markedly suppressed SS-induced cell death, and inhibition of

2-HG production with AGI-5198 rendered U87 MG cells once

again sensitive to SS (Figure 6B). Furthermore, 2-HG treatment

reduced the sensitivity of WTMEF to SS-induced death, demon-

strating that 2-HG plays a central role in the suppression of cell

death mediated by mutated IDH1 (Figure 6C). Moreover, inhibi-

tion of JNK activity with the small molecule inhibitor SP600125

increased the resistance of WT MEF to SS-induced apoptosis

(Figure 6D). Finally, overexpression of JNK-CA, a constitutively

active form of JNK (Zheng et al., 1999), efficiently induced the

apoptosis of WT MEF and IDH-KI MEF to the same extent,

even without SS exposure (Figure 6E). Collectively, these data

support our theory that IDH1 R132 mutations protect cells

from SS-induced apoptosis by suppressing JNK activation.

To confirm our data showing that MLK3 and Cdc42 are

required for SS-induced JNK activation and apoptosis (Figures

4B and 5I), we performed shRNA-mediated knockdown of either

MLK3 or Cdc42 in U87 MG cells and observed a pronounced

increase in cell survival in both cases (Figure 6F). Interestingly,

expression of a constitutively active form of MLK3 (MLK3

Y53A) in WT and IDH1-KI MEF triggered robust apoptosis

to the same extent (Figures 6G and 6H), consistent with our

examination of MKK7 activation (Figure 5G). In contrast, overex-

pression of the inactive DCRIB MLK3 mutant failed to induce the

death of WT or IDH1-KI MEF (Figures 6G and 6H). Taken

together, these data establish that the SS-induced apoptosis

mediated by JNK activation is antagonized by mutated IDH1

because of the effects of this abnormal enzyme on MLK3 and

Cdc42.

Mutant IDH1 Inhibits SS-Induced Apoptosis by
Diminishing Bim Phosphorylation
Caspase activation is a key event in apoptosis execution and is

often used as an indicator of its occurrence. We observed that

the cleavage of caspase3 in WT MEF cultures occurred much
earlier and more intensely than in IDH1-KI MEF cultures (Fig-

ure S5A), consistent with the MEF survival rates shown in

Figure 6A. It has been previously shown that JNK-mediated

phosphorylation of the BH3-only protein Bim at Ser65 is required

for neuronal apoptosis induced by survival factor withdrawal

(Putcha et al., 2003). As expected, we found by western blotting

that the phosphorylation of Bim was markedly higher in

SS-treated WT MEF than in IDH1-KI MEF (Figure S5A). The inhi-

bition of JNK activity by either SP600125 (Figure S5B) or 2-HG

(Figure S5C) abrogated Bim phosphorylation in SS-treated WT

MEF and blocked apoptosis, as indicated by caspase3 cleav-

age. Conversely, the restoration of JNK activity in IDH1-KI MEF

by overexpression of JNK-CA significantly increased Bim phos-

phorylation and caspase3 cleavage (Figure S5D). Lastly, we

treated U87 MG cells with SS plus 2-HG and found that JNK

phosphorylation, Bim phosphorylation, and caspase3 cleavage

were all inhibited in parallel (Figure S5E). These results indicate

that under the conditions of serum deprivation, 2-HG sup-

presses Bim phosphorylation by inhibiting JNK signaling and

thus protects cells from apoptotic death.

Tumorigenicity of IDH1-R132H/Q Mutant Enzymes
Depends on JNK Inhibition
The above data clearly establish that IDH1-R132 mutation abro-

gates SS-induced apoptosis by suppressing JNK activation.

Because apoptosis is a natural barrier to tumor progression,

we suspected that the tumorigenicity of the IDH1-R132H/Q

mutant enzymes might be due to their inhibition of JNK. To test

this possibility, we examined the relationship between JNK ac-

tivity and IDH1 mutation in clinical specimens from patients

with low-grade glioma. JNK activity and caspase-3 cleavage in

glioma samples with IDH1-R132H mutation was markedly lower

than in glioma samples expressing WT IDH1/2 (Figures 7A and

S6), in line with our theory that inhibition of JNK-mediated

apoptosis may be involved in the development of tumors driven

bymutant IDH1. We next used cBioPortal (Cerami et al., 2012) to

analyze phosphorylation levels of c-Jun, a JNK substrate, in

lower grade gliomas chosen from 268 patients annotated in

The Cancer Genome Atlas (TCGA) database. We found that

gliomas bearing an IDH1 R132 mutation (211 patients) had

much lower pS73-c-Jun levels than gliomas expressing WT

IDH1 (57 patients) (Figure S7A).

To confirm this observation in a living animal, we performed

tumor allograft assays, in which nude mice were injected with

2 3 106 WT MEF in the left flank and 2 3 106 IDH1-KI MEF in

the right flank and tumor growth was determined at 3 weeks

post-injection. As expected, IDH1-KI MEF displayed much

more potency in tumor formation than did WT MEF (Figure 7B,

left and middle panel), and JNK activity (Figure 7B, right panel)

and apoptotic rate (Figure S7B) in allograft tumors derived

from IDH1-KI MEF was dramatically suppressed, whereas prolif-

eration rate, as monitored by PCNA expression (Figure S7B),

was not influenced by the IDH1 R132Q mutant. Consistent

with these results, the tumorigenicity of IDH1-KI MEF was dimin-

ished by overexpression of JNK-CA (Figure 7C). These results

provide convincing evidence that the tumor-promoting ability

of the IDH1-R132 mutant enzymes depends, at least in part,

on their inhibitory effects on JNK-mediated apoptosis.
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Figure 6. SS-induced Cell Death Is Mediated by JNK and Antagonized by IDH1 Mutation

(A) Viability as determined by FITC-Annexin V staining and flow cytometry ofWTMEF and IDH1-KIMEF that were subjected to SS for the indicated times. Data are

the mean ± SD of three independent experiments. ***p < 0.001, unpaired Student’s t test. N.S., not significant.

(B) Viability determined as in (A) of U87 MG cells expressing control vector (Ctrl) or Flag-tagged WT IDH1 or IDH1-R132H, which were left untreated, deprived of

serum for 72 hr, or pretreated with 1.5 mM AGI-5198 for 2 days, followed by serum deprivation for 72 hr in the presence of AGI-5198.

(C)Viability determinedas in (A)ofWTMEFand IDH1-KIMEFthatwere left untreated,deprivedofserumfor72hr,orexposed to5mMTFMB-2-HGduringSS for72hr.

(D) Viability determined as in (A) of WT MEF and IDH1-KI MEF that were left untreated, deprived of serum for 72 hr, or exposed to SP600125 (10 mM) during

SS for 72 hr.

(E) Left: viability determined as in (A) of WTMEF and IDH1-KI MEF transfected with empty vector or vector expressing JNK-CA. Right: WB to detect the indicated

proteins in TCL of the cells in the left panel.

(F) Left: viability determined as in (A) of U87MG cells expressing control shRNA (shCtrl) or shRNA againstMLK3 orCdc42, whichwere left untreated or deprived of

serum for 72 hr. Right: WB to detect the indicated proteins in TCL of the cells in the left panel.

(G and H) WT MEF (G) and IDH1-KI MEF (H) were transfected with vector expressing Flag-WT MLK3, MLK3-DCRIB, or MLK3-Y53A. Viability (top panels) and

WB to detect the indicated proteins (bottom panels) were determined as in (E).
In conclusion, our study demonstrates that the high level of

2-HG produced by cancer-associated IDH mutations endows

cells with the ability to resist death induced by nutrient depriva-

tion, a scenario frequently encountered in a rapidly growing

tumor mass. We have further shown that this resistance is

due to disruption of the Cdc42-MLK3-MKK4/7-JNK-Bim pro-

apoptotic cascade. We propose that these effects play a critical

role in the tumorigenesis driven by IDH mutations (Figure 7D).
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DISCUSSION

Precisely how IDH1/2 mutations promote tumorigenesis has

been widely investigated in recent years. It is clear that 2-HG,

the product of the abnormal reaction mediated by these mutant

enzymes, has important effects, such as the promotion of DNA

and histone methylation, enhancement of HIF-1a stability, and

dysregulation of cellular redox status (Lu et al., 2012; Noushmehr



Figure 7. Tumor-Promoting Ability of the IDH1-R132 Mutant Enzyme Depends on Its Inhibitory Effect on JNK

(A) WB to detect the indicated proteins in clinical human glioma samples, some of which have WT IDH1 and some of which have an IDH1-R132H mutation (left).

Quantitation of signal intensities of WB bands of p-JNK (middle) and Cleaved caspase3 (right) using ImageJ software. p-JNK levels were normalized to total JNK

levels and cleaved caspase-3 were normalized to b-actin levels, respectively. Data were grouped by WT or mutant IDH1 expression and are presented as the

mean ± SEM (**p < 0.01, unpaired Student’s t test).

(B) Primary IDH1WT and IDH1-KI MEF were injected subcutaneously into contralateral flanks of nude mice (n = 5) and allograft tumors were allowed to form (see

Supplemental Experimental Procedures). Mice were sacrificed at 3 weeks post-injection. Left: gross appearance of a representative allograft tumor-bearing

mouse, and representative tumors isolated from IDH1 WT and IDH1-KI allograft-bearing mice. Middle: quantitation of tumor weights. Dots represent weights of

individual tumors in n = 5mice/group. Themean ±SEMare also indicated (**p < 0.01, unpaired Student’s t test). Right: WB to detect the indicated proteins in IDH1

WT and IDH1-KI allograft tumors.

(C) IDH1-KI MEF were infected with empty lentivirus (Vec) or lentivirus expressing JNK-CA (n = 5/group) and allograft tumor assays were performed and analyzed

as in (B).

(legend continued on next page)
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et al., 2010; Sasaki et al., 2012b; Turcan et al., 2012; Xu et al.,

2011; Zhao et al., 2009). All these aspects converge at the

molecular level on dioxygenases that use a-KG as a substrate,

so are inhibited by the high levels of 2-HG present in cells ex-

pressing IDH1/2 mutant enzymes. However, there has been little

investigation into the regulatory effects of 2-HG on enzymes

other than dioxygenases. A previous study revealed that 2-HG

can directly bind to and suppress ATP synthase (Fu et al.,

2015), suggesting that the identification of 2-HG-binding pro-

teins other than dioxygenases may be important to clarify how

2-HG promotes tumorigenesis. Given that 2-HG can reach con-

centrations as high as 5–35 mM in clinical samples harboring

IDH1/2 mutations (Dang et al., 2009), the matter may be vitally

important to resolve.

Our study has shown that Cdc42, a Rho family GTPase and

also an activator of MLK3 in response to SS, is a 2-HG binding

protein. In cells harboring mutated IDH1, 2-HG binding prevents

Cdc42’s association with MLK3. As a result, activation of the

MLK3-MKK4/7-JNK cascade is abolished in IDH1-mutated cells

because the unfolding of the MLK3 intramolecular loop induced

byCdc42 interaction is aprerequisite forSS-triggeredMLK3acti-

vation. To determine if the concentration of endogenous 2-HG in

IDH1mutant cells was sufficient to interact with Cdc42 and block

its association with MLK3, we used an intrinsic fluorescence

assay to measure the dissociation constant (Kd) of exogenous

2-HG complexed with Cdc42. We found that 2-HG has a Kd of

211.61 ± 16.99 mM, which is much lower than the millimolar

2-HG concentrations present in IDH1/2 mutant cells (Dang

et al., 2009). This result implies that the majority of Cdc42 mole-

cules in IDH1/2 mutant cells may be bound to 2-HG, consistent

with the result of our DARTS assays showing that a 400 mM con-

centration of 2-HG can protect Cdc42 from pronase digestion.

Cancer is a disease of dysregulation of not only cellular prolif-

eration and differentiation, but also apoptosis. Various types of

programmed cell death are triggered by particular physiological

stresses in specific contexts, and those mechanisms serve as

important natural barriers to cancer initiation and development.

Accordingly, a deficiency or inhibition of programmed cell death

often leads to tumorigenesis. Unlike normal cells, tumor cells in

rapidly expanding cancers are frequently exposed to hypoxia

and inadequate supplies of nutrients and growth factors. This

scenario is exacerbated in a solid tumor microenvironment

because these masses often have an inefficient or insufficient

vasculature and so a limited blood supply. Mammalian cells

have evolved various cellular processes, including autophagy

and apoptosis, to deal with nutrient starvation. Sublethal levels

of nutrient deficiency generally trigger autophagy, which pro-

vides a cell with a basic level of nutrients through digestion of

organelles and proteins unnecessary for maintaining survival

(Klionsky and Emr, 2000). However, severe nutrient deficiency

(as occurs in SS) eventually induces apoptosis. In the context
(D) A model proposing how SS-stimulated JNK-mediated apoptosis is inhibited by

Cdc42 associates with MLK3 at its CRIB motif, inducing successive phosphoryla

killing any incipient tumor cell. Right: in cells expressing mutated IDH1 and depriv

Cdc42 and prevent it from complexing to MLK3 at the CRIB motif. MLK3 is thus

MKK4/7-JNK-Bim cascade is not triggered, allowing the mutated cell to survive.

cause it to transform and become malignant.
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of cancer, this apoptosis acts as a mechanism to eliminate

rapidly proliferating tumor cells and limit the expanding

cancerous mass (Izuishi et al., 2000; Ou et al., 2006). Although

some cancer cells become tolerant to SS due to the acquisition

of mutations that drive excessive or constitutive activation of the

PI3K/AKT pathway (Izuishi et al., 2000), apoptosis may still play a

key role in preventing tumorigenesis at its very early stages

before incipient tumor cells acquire resistance to death induced

by nutrient deprivation. Relevant to our study, a well-character-

ized apoptotic pathway triggered by SS or survival factor

withdrawal involves JNK activation and subsequent Bim phos-

phorylation (Putcha et al., 2003).

We found out that SS induced JNK activation, and apoptosis

was dramatically inhibited by the high levels of 2-HG produced

by the IDH1-R132Q mutant enzyme. At the mechanistic level,

we established that 2-HG can bind directly to Cdc42 and block

its interaction with MLK3, thus switching off the Cdc42-MLK3-

MKK4/7-JNK cascade induced by SS. Nevertheless, two impor-

tant questions remain. First, how is Cdc42 activated to associate

with MLK3 in response to SS? To answer this question, we need

to identify the possible covalent modifications and binding part-

ners of Cdc42 that facilitate its interaction with MLK3. Second,

why is 2-HG-bound Cdc42 unable to interact with MLK3? One

possibility is that 2-HG induces a significant conformational

change in the Cdc42 protein structure that disrupts the interface

used for association with MLK3. Structural biology studies are

now under way, with the goal of defining the co-crystal structure

of 2-HG and Cdc42.

In conclusion, our study has revealed that 2-HG-mediated in-

hibition of SS-induced, JNK-mediated apoptosis may be a key

event in the tumorigenesis promoted by IDH1/2 mutations.

Such a mechanism represents an important complement to

the diverse aspects already pinpointed as underlying the initia-

tion and progression of various cancers harboring 2-HG-produc-

ing IDH1/2mutant enzymes. Noteworthily, the loss of expression

of the JNK3 gene in 10 of the 19 human brain-tumor cell lines was

found in the previous study (Yoshida et al., 2001), but most of

these cell lines are not IDH1 mutant cell lines. This might raise

an issue that IDH1/2 mutations are not the only mechanism to

block the JNK-mediated apoptosis in gliomas. JNK deficiency

caused by other mechanisms, such as allelic loss and promoter

methylation, may also lead to brain tumorigenesis.

EXPERIMENTAL PROCEDURES

Cell Lines, Reagents, Antibodies, and Constructs

Detailed information on cell lines, reagents, antibodies, and constructs is

described in the Supplemental Experimental Procedures.

In Vitro MLK3 Kinase Assay

Flag-tagged WT MLK3 or mutant MLK3, in which the CRIB motif was deleted

(MLK3DCRIB), was immunoprecipitated from untreated or SS-treated
2-HG in cells expressing mutated IDH1. Left: in WT cells deprived of nutrients,

tion of MKK4/7, JNK, and Bim. Caspase-mediated apoptosis is thus triggered,

ed of nutrients, the high levels of 2-HG produced by the mutant enzyme bind to

not activated even under conditions of nutrient insufficiency. As a result, the

This incipient tumor cell may then acquire additional oncogenic mutations that



MKK4/7 DKO MEF using anti-Flag M2 beads (Sigma). Immunoprecipitates

were washed three times in lysis buffer, twice in kinase buffer (10 mM HEPES

[pH = 7.4], 1 mMDTT, 5mMMgCl2, and 1mMATP), and incubated with 2 mg of

purified His-tagged MKK4 or MKK7 for 30 min at 37�C. Reactions were

stopped by the addition of gel-loading buffer and subjected to SDS-PAGE

to fractionate proteins, followed by WB with the appropriate antibodies.

Flow Cytometric Cell Death Assay

Cells cultured in six-well plates were left untreated or subjected to serum with-

drawal for the times indicated in the Figures. After treatment, suspended and

trypsinized cells were centrifuged at 8003 g for 5min, washed once with PBS,

and stained with FITC-conjugated Annexin V for 10 min at 37�C in the dark.

Percentages of apoptotic cells were quantified by sorting fluorescence-acti-

vated cell sorting using a flow cytometer.

DARTS Assay

DARTS assays were performed as described (Lomenick et al., 2009), with

somemodifications. For detailed information, please refer to the Supplemental

Experimental Procedures.

LC-MS

2-HG levels were determined by LC-MS as described previously (Dang et al.,

2009). For detailed information, please refer to the Supplemental Experimental

Procedures.

Animal Experiments and Patient Samples

All animal experimental protocols were approved by the institutional Animal

Care andUse Committee at XiamenUniversity. Glioma sampleswere obtained

with the approval of the research ethics boards of Xiamen University and

Huanhu Hospital. Written informed consent was obtained from all patients.

For detailed information, please refer to the Supplemental Experimental

Procedures.

Data Analysis

The two-tailed Student’s t test was used to compare differences between

treated groups and their controls. Differences were considered significant if

p values were lower than 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and seven figures and can be found with this article online at http://dx.doi.

org/10.1016/j.celrep.2017.03.053.
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