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SUMMARY

Elucidating the tumorigenic mechanism of R-2-hy-
droxyglutarate (R-2HG) is critical for determining
how NADP+-IDH mutations cause cancer. Here we
report that R-2HG induces cancerous metabolism
and apoptosis resistance through promoting hy-
persuccinylation. By competitive inhibition of the
mitochondrial tricarboxylic acid cycle enzyme succi-
nate dehydrogenase (SDH), R-2HG preferentially
induced succinyl-CoA accumulation and hyper-
succinylation in the mitochondria. IDH1 mutation-
bearing glioma samples and cells were hyper-
succinylated in the mitochondria. IDH1 mutation or
SDH inactivation resulted in hypersuccinylation,
causing respiration inhibition and inducing cancerous
metabolism and mitochondrial depolarization.
These mitochondrial dysfunctions induced BCL-2
accumulation at the mitochondrial membrane, lead-
ing to apoptosis resistance of hypersuccinylated
cells. Relief of hypersuccinylation by overexpressing
the desuccinylase SIRT5 or supplementing glycine
rescued mitochondrial dysfunctions, reversed
BCL-2 accumulation, and slowed the oncogenic
growth of hypersuccinylated IDH1 R132C-harboring
HT1080 cells. Thus, R-2HG-induced hypersuccinyla-
tion contributes to the tumorigenicity of NADP+-IDH
mutations, suggesting the potential of hypersucciny-
Molec
lation inhibition as an intervention for hypersuccinyla-
tion-related tumors.

INTRODUCTION

Somatic mutations in the single arginine residue in the isocitrate

dehydrogenase IDH1 or IDH2 have been identified in gliomas,

acute myeloid leukemia, and other types of tumors (Amary

et al., 2011; Parsons et al., 2008; Wang et al., 2013; Yan et al.,

2009). IDH1 and IDH2 mutations gain them activities to reduce

alpha-ketoglutarate (a-KG) to R-2-hydroxyglutarate (R-2HG) in

the presence of NADPH (Dang et al., 2009). The proposed onco-

genic mechanism of IDH1 or IDH2 mutations is accumulation of

R-2HG, which is an analog of a-KG and inhibits a-KG-dependent

dioxygenases (Xu et al., 2011). This mechanism is similar to the

fumarate/succinate accumulation resulting from fumarate hy-

dratase (FH) mutations (Isaacs et al., 2005) and the succinate

accumulation resulting from succinate dehydrogenase (SDH)

mutations (Selak et al., 2005). The a-KG-dependent dioxyge-

nases, such as JmjC domain-containing histone demethylases

and methylcytosine dioxygenase (Ten-Eleven-Translocation,

TET), which mark 5-methylcytosine (5mC) for DNA demethyla-

tion, are particularly affected by such mutations. This hypothesis

has been supported by observations that R-2HG decreased

5-hydroxylmethylcytosine (5hmC) levels in cells overexpressing

TET (Xiao et al., 2012; Xu et al., 2011), and that the hypermethy-

lator phenotype was associated with IDH1, IDH2, FH, and SDH

mutations (Christensen et al., 2011; Killian et al., 2013; Letouzé

et al., 2013; Lu et al., 2012; Turcan et al., 2012). Nevertheless,
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a direct causal mechanism is yet to be established between mu-

tation-induced hypermethylation and tumorigenicity.

Although R-2HG alone is capable of promoting leukemogen-

esis (Losman et al., 2013) and inhibition of R-2HG production

using the small molecule AGI5198 could curb tumor growth, no

significant histone and DNA methylation decrease was resulted

when R-2HG production was inhibited by AGI5198 (Rohle

et al., 2013), indicating that the R-2HG-induced elevation of

methylation may be dispensable for tumorigenicity, and high-

lighting alternative tumorigenic mechanisms of R-2HG. IDH1/2

mutations induce dependence of the apoptosis inhibitor BCL-2

in acute myeloid leukemia (Chan et al., 2015), suggesting that

the tumorigenic effect of IDH1/2 mutations may include altered

apoptosis.

Metabolites associated protein regulations including feed-

back inhibition, allosteric regulation, and posttranslational

modification (PTM) (Li et al., 2013). Metabolite-derived PTMs

are increasingly appreciated for their roles in physiological

regulation because they are widespread. For example, lysine

acetylation is known to regulate the functions of many proteins

(Grunstein, 1997; Hirschey et al., 2010; Zhao et al., 2010).

Lysine succinylation (hereafter referred to as succinylation)

was recently identified as a particularly common and wide-

spread PTM, whose level is regulated by the desuccinylase

SIRT5 (Du et al., 2011; Park et al., 2013; Rardin et al., 2013;

Zhang et al., 2011) in cells. However, the pathologic effects of

either hyper- or hyposuccinylation remain largely unexplored.

Succinylation employs succinyl-CoA to modify lysines (Du

et al., 2011), and is also known to regulate the functions of its

substrates (Zhang et al., 2011). Succinyl-CoA is an immediate

upstream metabolite of succinate and fumarate, two known

tricarboxylic acid (TCA) cycle oncometabolites, and is in equilib-

rium with succinate at interconversion free energies (DG’0) close

to zero in isolated pig heart mitochondria (Nelson and Cox,

2008). Thus, succinate accumulation would be expected to

significantly increase succinyl-CoA levels. Together, these

facts have led to the hypothesis that hypersuccinylation would

be induced in tumors with FH and SDH mutations. Notably,

R-2HG is a structural analog of both succinate and fumarate

and could serve as an inhibitor of both FH and SDH. Therefore,

expression of IDH1 or IDH2 mutations in cells would cause FH

and SDH inhibition via R-2HG accumulation, thereby simulating

the effects of SDH and FH mutations to induce hypersuccinyla-

tion. In the current study, we examined whether and how IDH1

and IDH2mutations promote cancer transformation by inducing

hypersuccinylation.
Figure 1. R-2HG Accumulates Succinate by Inhibiting SDH

(A) Chemical structures of fumarate, succinate, and 2HG.

(B) Relative specific activities of recombinant FH and the purified SDH complex w

fumarate or succinate was used as substrate. All activities were normalized to th

(C) Lineweaver-Burk plots showed that R-2HG competitively inhibited SDH. Erro

(D) The inhibitory constant (Ki) was calculated from a Dixon plot; the IC50 was ca

(E) Lineweaver-Burk plots showed that R-2HG competitively inhibited FH. Error

(F) Dixon plot derived Ki and IC50. For IC50, fumarate concentration was 1 mM.

(G–I) Relative levels of cellular succinate, fumarate, and malate were compared b

HEK293T cells treated with 0.75 mMNPA, and (I) HEK293T cells overexpressing I

Error bars are ± SD (n = 3).

See also Figure S1 and Table S1.

Molec
RESULTS

R-2-HG Competitively Inhibits SDH and FH In Vitro
Since R-2HG is a structural analog of succinate and fumarate

(Figure 1A), it would compete for the succinate- and fumarate-

binding sites and inhibit activities of SDH and FH, respectively.

This idea was tested by using recombinant FH and purified

SDH complex in mitochondria from human embryonic kidney

HEK293T cells. When succinate was used at physiologic

concentrations of approximately 1 mM (Bennett et al., 2009),

R-2HG dose-dependently inhibited SDH activity (Figure 1B). Ki-

netic analysis revealed a competitive mode for R-2HG to inhibit

SDH (Figure 1C), and confirmed that R-2HG binds to the succi-

nate-binding site of SDH. Moreover, Dixon plot analysis showed

that the Ki of R-2HG was 3.86 mM, and the IC50 value at 1 mM

succinate for R-2HG on SDH was 9.7 mM (Figure 1D). These

represent SDH and can be inhibited at R-2HG concentrations

that are readily available inNADP+-IDHmutation-bearing cancer

cells, which accumulate R-2HG up to 5–35 mM (Dang et al.,

2009; Xu et al., 2011).

When fumarate was used at 1 mM, the specific activity of FH

was dose-dependently inhibited by R-2HG (Figure 1B). Linewea-

ver-Burk plots revealed that R-2HG competitively inhibited FH

(Figure 1E). Moreover, the Ki of R-2HG was 5.40 mM, and the

IC50 value at 1 mM fumarate for R-2HG on FH was 21.6 mM (Fig-

ure 1F). These results demonstrated that while R-2HG inhibited

FH and SDH with similar potency, the same concentration of

R-2HG resulted in stronger inhibition to SDH when the sub-

strate concentrations of FH and SDH were near physiological

concentrations.

R-2HG Inhibits SDH More Completely Than FH in
Cultured Cells
To understand how SDH and FH are separately inhibited by

R-2HG in cells, we detected the concentrations of succinate

(the substrate for SDH), fumarate (the product of SDH and the

substrate for FH), and malate (the product of FH), using different

approaches for manipulating R-2HG levels. Treatment of 10 mM

membrane-permeable R-2HG ester dimethyl-R-2HG (DMHG)

(Xiao et al., 2012) elevated cellular R-2HG levels in U87MG glio-

blastoma cells from 2 mM to 6.8 mM (see Figure S1 and Table S1

available online), increased cellular succinate levels by more

than 10-fold, but decreased cellular fumarate and malate levels

by more than 50% (Figure 1G). These results showed that

R-2HG inhibits SDH more efficiently in cells. Supporting this

notion, SDH inhibitor 3-nitropropionic acid (3-NPA) treatment
ere assayed in the presence of indicated concentrations of R-2HG when 1 mM

ose of without R-2HG in the reaction. Error bars are ± SD.

r bars are ± SD.

lculated at a succinate concentration of 1 mM.

bars are ± SD.

etween HEK293T cells and (G) HEK293T cells treated with 10 mM DMHG, (H)

DH1R132H. Levels of metabolites in HEK293T cells (Table S1) were set as 100%.

ular Cell 60, 661–675, November 19, 2015 ª2015 Elsevier Inc. 663



to cells resulted in similar changes to these metabolites (Fig-

ure 1H). Moreover, IDH1R132H overexpression in HEK293T cells

increased cellular succinate levels by 220% and decreased

fumarate and malate levels by approximately 50% (Figure 1I),

and confirmed that IDH1R132H expression results in SDH inhibi-

tion and the accumulation of succinate in cells.

SDH Inactivation Induces Succinyl-CoA Accumulation
and Hypersuccinylation
Treatment by dimethyl-succinate (DMS) caused an approxi-

mately 4-fold increase in succinyl-CoA levels and induced hy-

persuccinylation, as detected with an in house-designed anti-

pan-succinyllysine antibody (a-SucK) (Figure S2), in U87MG

cells (Figure 2A). Moreover, inactivating SDH by depleting the

SDHA or SDHB subunits of the SDH complex using small hairpin

RNAs (shRNAs) resulted in 500% and 290% increases in succi-

nyl-CoA levels and hypersuccinylation (Figure 2B), respectively.

Furthermore, inhibiting SDH using 750 mM 3-NPA led to a 210%

increase of succinyl-CoA and hypersuccinylation (Figure 2C)

in HEK293T cells. These results confirmed that SDH inacti-

vation would induce hypersuccinylation by accumulating suc-

cinyl-CoA.

Succinyl-CoA has been reported to spontaneously modify

lysine (Colak et al., 2013; Wagner and Payne, 2013; Weinert

et al., 2013). We confirmed this by incubating synthetic N termi-

nus blocked peptides with succinyl-CoA at a 1:2 molar ratio and

found that only the peptides containing lysine, but not those

devoid of lysine, were succinylated by succinyl-CoA (Figure 2D).

Moreover, incubation of succinyl-CoA with bovine serum albu-

min (BSA) resulted in dose-dependent BSA succinylation (Fig-

ure 2E). These results suggest that the levels of succinyl-CoA

determine levels of succinylation.

NADP+-IDH Mutations Induce Hypersuccinylation by
Producing R-2HG
DMHG treatments caused an elevation of succinyl-CoA and

hypersuccinylation in both U87MG cells (Figure 3A) and primary

mouse hepatocytes (Figure 3B), and confirmed that R-2HG in-

hibits SDH and induces hypersuccinylation. Notably, R-2HG

treatment had negligible effects on malonylation and glutaryla-

tion (Figure S3A), the other substrates of SIRT5 besides succi-

nylation (Du et al., 2011), and showed that R-2HG specifically

affects succinylation levels.

IDH1R132H, but not a catalytically inactive and R-2HG-

nonproducing IDH1K212Q mutant (Figure S3B), stably overex-

pressed at levels comparable to endogenous IDH1 (Figures

S3C) resulted in a 280% increase in cellular succinyl-CoA levels

and hypersuccinylation (Figures 3C). Moreover, inhibiting the

oxidative decarboxylation activity of IDH1 with oxalomalate

(Zhao et al., 2009) failed to induce hypersuccinylation in

U87MG cells (Figure 3D). Hypersuccinylation was also pre-

vented by the inhibition of R-2-HG production by IDH1R132H

with AGI5198 (Rohle et al., 2013) when IDH1R132H was ectopi-

cally expressed in U87MG cells (Figure 3E). These results

conclusively showed that R-2HG production, rather than the

loss of catalytic activity in IDH1R132H, induces hypersucci-

nylation. Consistently, overexpression of IDH2R172M, another

R-2-HG-producing NADP+-IDH mutant that promotes cancer
664 Molecular Cell 60, 661–675, November 19, 2015 ª2015 Elsevier
(Figueroa et al., 2010), induced hypersuccinylation in U87MG

cells (Figure 3F).

IDH1 Mutation-Bearing Gliomas and IDH1R132H-
Expressing Cells Are Preferentially Hypersuccinylated
in the Mitochondria
To test the pathological relevance of hypersuccinylation,

we collected and sequenced glioma samples for IDH1 muta-

tions. The identified ten IDH1 mutation-bearing samples

were matched with an equal number of randomly selected

IDH1 wild-type glioma samples (Table S2) and were subjected

to immunohistochemistry (IHC) analysis for succinylation

levels. IDH1 mutation-bearing glioma samples were more

highly succinylated than wild-type IDH1 samples (Figures 4A

and S4A), and confirmed that hypersuccinylation is induced

in IDH1-mutation-bearing cancer cells. Notably, although suc-

cinylation signals were detected throughout the cells, intense

succinylation signals were found to localize to the mitochon-

dria (Figure 4B), suggesting that IDH1 mutations preferentially

induce hypersuccinylation in the mitochondria. Moreover, the

succinylation signals of R-2HG-producing IDH1R132C-mutation

bearing fibrosarcoma HT1080 cells (Jin et al., 2012; Rohle

et al., 2013) were also found to overlap with mitochondrial sig-

nals (Figure 4C). Furthermore, stable expression of IDH1R132H

(Figure S4B) in U87MG cells enhanced the global succiny-

lation and concentrated succinylation to the mitochondria

(Figure 4D). These findings provided direct evidence that

IDH1R132H preferentially induces hypersuccinylation in the

mitochondria.

Compartmentalized High Succinyl-CoA Levels Cause
More Severe Hypersuccinylation in the Mitochondria
The fact that succinyl-CoA is produced and constrained within

the mitochondria may explain the preferred hypersuccinylation

in the mitochondria. Indeed, the succinylation levels of mito-

chondrial proteins from HEK293T cells were more highly succi-

nylated than those of cytosolic and nuclear proteins (Figure 4E),

which confirmed the hypothesis that mitochondrial proteins are

highly succinylated. Moreover, knockdown of SDHB by shRNA

significantly increased the succinylation levels of mitochondrial

proteins but barely increased the succinylation levels of cytosolic

and nuclear proteins (Figure 4E). These results verified that

SDH inactivation induced more severe proteins hypersuccinyla-

tion in the mitochondria than in cytosol and nuclear. Consistent

with the observation that IDH1R132H overexpression inactivated

SDH, overexpression of IDH1R132H in U87MG cells significantly

increased the levels of succinylation in mitochondrial proteins,

but only mildly increased the levels of succinylation in cyto-

solic and nuclear proteins (Figure 4F). Collectively, these results

showed that the events that inactivate SDH, such as overex-

pressing IDH1R132H, preferentially promote hypersuccinylation

in the mitochondria.

HypersuccinylationRegulatesHistonesMethylation, the
Gene Expression and Activities of Metabolic Enzymes
We examined hypersuccinylation effects in the nuclei,

cytosol, and mitochondria, respectively. IDH1R132H overex-

pression increased succinylation levels of histones (Figure 5A);
Inc.
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Figure 2. Inactivation of SDH Induces Hypersuccinylation by Accumulating Succinate and Succinyl-CoA

(A) DMS was added to the culture media to reach a final concentration of 10 mM. The succinyl-CoA levels (left, n = 4; error bars are ± SD) and succinylation levels

of treated and untreated cells were compared.

(B) SDHA or SDHB was knocked down by independent shRNAs (knockdown efficiencies were confirmed, right bottom). The succinyl-CoA levels of shRNA #2

knockdown and control cells were determined byGC-MS (left, n = 4; error bars are ± SD). Succinylation levels of knockdown and control cells were determined by

western blot (right, upper). Succinylation levels were normalized by proteins levels stained with Coomassie brilliant blue (CBB).

(C) 3-NPA was added to the culture media at a final concentration of 0.75 mM. The succinyl-CoA levels (left, n = 4; error bars are ± SD) and succinylation levels

(right) of treated and untreated cells were compared.

(D) Themodification products between synthetic N terminus blocked peptides and succinyl-CoA were analyzed byMS, andm/z values were indicated by arrows.

(E) The succinylation levels of BSA that was incubated with indicated concentrations of succinyl-CoA were determined.

See also Figure S2 and Table S1.
overexpression of SIRT5 reversed the H3K4me1, H3K36me2,

and H3K36me3 hypermethylation induced by DMHG treat-

ment (Figure 5B); IDH1R132H overexpression or SIRT5 knock-
Molec
down (Figure S5A) resulted in similar changes in gene

expression (Figures 5C, S5B, and S5C), and IDH1R132H over-

expression-induced gene expression alterations were partially
ular Cell 60, 661–675, November 19, 2015 ª2015 Elsevier Inc. 665



D

E

BA

C 

F

U87MG 

AGI5198 
+ 
+ 

R132H

α-actin

α-SucK

α-IDH1

_ +
_ _

+
+

_ +
_ _

CBBWB

-130

-70

-42

-22

O.E. 
Endo.

CBB WB

α-SucK

OMA _ +

U87MG
_ +

-130 

-70 

-42 

-22 

**

DMHG 

R
el

at
iv

e 
S

uc
-C

oA
 L

ev
el

 (%
) 

100

_

_

_

300

0 

200

400 _

+_ CBBWB

α-SucK

DMHG

U87MG
_ + _ +

-130

-70

-42

-22

CBBWB

α-SucK

DMHG

Primary Mice 
Hepatocytes 
_ + _ +

-130 

-70 

-42 

-22 

NS 

**

R132H
K212Q 

500 _

R
el

at
iv

e 
S

uc
-C

oA
 L

ev
el

 (%
)

100

_

_

_

400

0 

200

_
_

_
_

+ 
+

_

300

WB

α-actin

α-SucK

R132H
K212Q

_
_

_
_

+
+

α-IDH1

U87MG
_

_
_

_
+

+

CBB

-130

-70

-42

-22

O.E.
Endo.

O.E. 
Endo.

_

α-actin

α-SucK

R172M +

α-IDH2

U87MG
_ + 

CBBWB

-130 

-70 

-42 

-22 

Figure 3. NADP+-IDH Mutations Induce

Hypersuccinylation by Accumulating R-2HG

(A) DMHG was added to the culture media to reach

a final concentration of 10 mM. The succinyl-CoA

levels (left, n = 4; error bars are ± SD) and the

succinylation levels of treated and untreated cells

were determined.

(B) The succinylation levels of 10 mM DMHG

treated and untreated primary mice hepatocytes

were determined. Cells were harvested after 24 hr

of treatment.

(C) IDH1R132H (R132H) and IDH1K212Q (K212Q) were

each overexpressed (O.E.) at levels comparable to

that of endogenous (Endo.) level, and the succinyl-

CoA levels (left, n = 4; error bars are ± SD) and

succinylation levels (right) of IDH1 overexpressing

and control cells were determined.

(D) The succinylation levels of 5 mM oxalomalate

(OMA) treated and control cells were determined

after 10 hr of treatment.

(E) R132H was overexpressed in cells cultured

in the presence or absence of AGI5198 (1.5 mM).

The level of succinylation from control cells

and R132H overexpressing cells with or without

AGI5198 treatment were compared 48 hr after

transfection.

(F) The succinylation levels of IDH2R172M (R172M)

overexpressing and control cells were determined

48 hr after R172M transfection.

See also Figure S3.
reversed by SIRT5 overexpression (Figures 5D, S5B, and S5D)

in U87MG cells. Moreover, knockdown of SIRT5 or IDH1R132H

overexpression in HEK293T cells increased succinylation

levels but inhibited the specific activities of cytosolic phospho-

glycerate kinase (PGK) and IDH1 (Figures 5E, 5F, S5E, and

S5F). Moreover, in vitro SIRT5 treatment of these two enzymes

purified from IDH1R132H-expressing HEK293T cells enhanced

their activity by 22%–63% (Figure 5G). Further, affinity enrich-

ment followed by mass spectrometry (MS) analysis (Adam

et al., 2011; Ooi et al., 2011) identified succinylation sites in

PDHA1, the catalytic subunit of the pyruvate dehydrogenase

complex, SDHB, and cytochrome c oxidase (COX) (Fig-

ure S5G). Estimated by peptide counting, IDH1R132H overex-

pression increased succinylation levels of identified sites

from around 20% to about 60% (Figure S5H). Lysine-to-gluta-
666 Molecular Cell 60, 661–675, November 19, 2015 ª2015 Elsevier Inc.
mate switches at the succinylation site

to mimic succinylation resulted in de-

creases in the specific activities of all

enzymes (Figure 5H), and suggested

that succinylation negatively regulates

activities of these enzymes. Confirming

this notion, IDH1R132H overexpression

that decreased the specific activities

of all three enzymes was reversed

by SIRT5 overexpression in U87MG

cells (Figure 5I). Collectively, these re-

sults showed that hypersuccinylation,

although induced at different levels in

distinct compartments of cells, exerts
broad impacts in functions of nuclear, cytosolic, and mito-

chondrial proteins.

Hypersuccinylation Depolarizes the Mitochondria and
Induces Cancerous Metabolism
Inactivation of SDH and COX, components of the mitochondrial

electron transport chain, by hypersuccinylation implied that

hypersuccinylation impairs oxidative phosphorylation. In line

with this hypothesis, the oxygen consumption rates (OCRs) of

primary mouse hepatocytes were decreased by 10 mM DMS

or 5 mM DMHG treatment; but SIRT5 overexpression rendered

the OCR of mouse hepatocytes resistant to DMHG (Figure 5J)

and DMS (Figure S5I) treatment. Notably, different from reported

results showing that SIRT5 knockout enhanced complex II func-

tion and OCR in liver mitochondria from Sirt5-knockout c57/129



BA 

C 

FE

D

Figure 4. NADP+-IDH Mutations Prefer-

entially Induce Mitochondrial Hypersucci-

nylation

(A) Representative images of IHC (left) and

quantification (right, n = 10; error bars are ± SD)

of succinylation in IDH1 mutation-bearing and in

IDH1 wild-type glioma samples.

(B) Overlap of succinylation signals with mito-

chondria signals in IDH1 mutation-bearing glioma

samples (scale bar, 5 mm).

(C) Overlap of succinylation signals with mito-

chondria signals in IDH1R132C mutant-bearing

HT1080 cells (scale bar, 10 mm).

(D) The changes in the intensity of succinylation in

themitochondria and in other compartments of the

cells were compared between control and stably

R132H-expressing cells (scale bar, 10 mm).

(E) Nuclear, cytosolic, and mitochondria fractions

and SDHB-knockdown HEK293T cells were ob-

tained, and the levels of succinylation between

fractions of control cells and SDHB-knockdown

cells were compared. The purity of each fraction

was confirmed by its specific marker.

(F) R132H was overexpressed. Cytosolic, nuclear,

and mitochondria fractions of IDH1 mutant-

expressing and control cells were obtained. The

levels of succinylation among cytosolic, nuclear,

and mitochondrial proteins of each cell were

compared.

See also Figure S4 and Table S2.
mice (Park et al., 2013), SIRT5 depletion inhibited, rather than

improved, theOCR ofMEFs of c57/129mice in the present study

(Figure 5K).

Overexpression of IDH1R132H in U87MG cells increased

lactate production (Figure 5L) and the ratio of pyruvate/citrate

(Figure 5M); however, these effects were reversed by SIRT5

overexpression. These results showed that IDH1R132H over-

expression induces the Warburg effect and inhibition of hy-

persuccinylation relief it. Notably, SIRT5 knockdown caused

decreased lactate production (Figure S5J), suggesting other

SIRT5-controlled PTMs, such as malonylation and glutarylation,

may exert different effects on metabolism (Nishida et al., 2015).

As further support that hypersuccinylation impairs mito-

chondrial functions, mitochondrial membrane potential was

decreasedby shRNA-inducedknockdownofSIRT5 (FigureS5K),

as detected by both flow cytometry and immunofluorescence

(Figures 5N and S5L). Moreover, IDH1R132H overexpression

caused a decrease in mitochondria membrane potential, which

was rescued by SIRT5 overexpression (Figures 5O and S5M).
Molecular Cell 60, 661–675, N
Furthermore, depletion of both the ADP-

forming and GDP-forming succinyl-CoA

synthetases by small interfering RNAs

(siRNAs) in HEK293T cells increased

succinyl-CoA and succinylation levels,

but decreased succinate levels (Figures

S5N–S5P) and mitochondrial membrane

potential (Figure 5P), suggesting that

hypersuccinylation alone is sufficient to

depolarize the mitochondria. Collectively,
these results confirmed that IDH1 mutations induce mitochon-

drial depolarization and respiration impairment.

Hypersuccinylation Induces the Mitochondria
Membrane Localization of BCL-2 and Promotes
Apoptosis Resistance
Mitochondrial stress often results in apoptosis (Maloyan et al.,

2005). The apoptosis-promoting effect of IDH1 mutation was

confirmed by the fact that overexpression of IDH1R132H in

U87MG cells mildly increased their apoptosis rate (Figure 6A),

and conversely, knockout of IDH1R132C in the IDH1R132C muta-

tion-harboring HT1080 cells reduced their apoptosis rate (Fig-

ure 6B). However, these results contradict with the fact that

IDH1mutations are tumorigenic, as apoptosis generally prevents

tumor development. To explain this apparent conflict, we spec-

ulated that IDH1mutation-harboring cells may acquire the ability

to survive apoptotic stimuli. Indeed, IDH1R132H overexpression

slightly increased the apoptosis rate of U87MG cells but dimin-

ished the response of apoptosis rates of cells to apoptosis
ovember 19, 2015 ª2015 Elsevier Inc. 667
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inducer sodium butyrate as well as physiological stresses such

as low glucose and hypoxia (Figure 6C), demonstrating that

IDH1R132H overexpression confers apoptosis resistance to cells.

This was in line with both IDH1R132C knockout (Ma et al., 2015)

and SIRT5 overexpression sensitizing HT1080 cells to stress-

induced apoptosis (Figures 6D and 6E). Moreover, SDHB knock-

down also induced apoptosis resistance in HEK293T cells in a

SIRT5 overexpression-reversible manner (Figure 6F). Together,

these results confirmed that hypersuccinylation results in

apoptosis resistance in cells.

Since the mitochondrial membrane potential is maintained, at

least partially, by BCL-2 family proteins (Harris and Thompson,

2000), and IDH1/2 mutations were found to induce BCL-2

dependence in acute myeloid leukemia (Chan et al., 2015),

we tested the role of BCL-2 in hypersuccinylation-induced

apoptosis resistance. IDH1R132H-overexpressing U87MG cells

treated with ABT-199, a specific BCL-2 inhibitor, showed more

severe apoptosis than U87MG cells, whereas overexpression

of BCL-2 in U87MGcells decreased the ABT-199-induced differ-

ence in apoptosis (Figure 6G). Similarly, ABT-199 treatment

induced more severe apoptosis in SDHB-knockdown

HEK293T cells than in HEK293T cells, whereas BCL-2 over-

expression inhibited this difference (Figure 6H). These results

confirmed an indispensable role of BCL-2 in hypersuccinyla-

tion-induced apoptosis resistance.

Mechanistically, neither IDH1R132H overexpression in U87MG

cells nor SDHB knockdown in HEK293T cells increased total

BCL-2 levels (Figures 6I and 6J), in line with the previous obser-

vation that IDH1R132H overexpression did not alter total cellular

BCL-2 levels (Chan et al., 2015). However, both manipulations

induced the accumulation of BCL-2 in the mitochondrial

membrane (Figures 6I and 6J). Moreover, SIRT5 knockdown

also promoted BCL-2 to the mitochondrial membrane (Fig-
Figure 5. Hypersuccinylation Regulates Nuclear and Cytosolic Functio

(A) Succinylation levels of isolated control histones and IDH1R132H-expressing hi

(B) Cells with and without SIRT5 overexpression were treated with DMHG. Histo

(C) Gene transcription levels of cells of U87MG, U87MG expressing IDH1R132H, an

compared.

(D) Gene transcription levels of cells of U87MG, U87MGexpressing IDH1R132H, an

compared.

(E and F) The relative specific activities (upper panels, n = 4; error bars are ± S

HEK293T cells. Comparisons were made between (E) control and SIRT5 knockd

(G) Enzymes purified from IDH1R132H-expressing HEK293T cells were treated w

determined and compared. All activities were normalized to that of untreated en

(H) Relative specific activities of PDHA1, SDH, and COX lysine-to-glutamate m

enzymes. Error bars: ± SD.

(I) The relative specific activities of PDHA1, SDH, and COX overexpressed and

coexpressing U87MG cells were compared. Error bars, ± SD.

(J) Oxygen consumption rates (OCR) were detected (bottom) for untransfected

treated by DMHG. OCR under oligomycin, carbonyl cyanide-m-chlorophenylhy

indicated were obtained. Error bars, ± SEM.

(K) OCR of MEFs of c57/129 mice and Sirt5 knockout c57/129 mice were detect

(L and M) Cellular lactate, pyruvate, and citrate levels were detected for U87MG

cells. Lactate (L) and pyruvate/citrate ratios (M) among these cells were compar

(N) Mitochondrial membrane potential was probed by JC-1 staining. Percentages

detected by flow cytometry. Error bars, ± SD.

(O) JC-1 staining of cell depolarization for HEK293T, IDH1R132H-expressing HEK

were used as a positive control. Error bars, ± SD.

(P) The percentages of depolarized HEK293T and SUCLA2/G2 double-knockdow

See also Figure S5.

Molec
ure 6K). Collectively, these results suggest that hypersucciny-

lation recruits BCL-2 to the mitochondrial membrane, an event

known to prevent apoptosis and induce cancers (Zamzami

et al., 1996).

Although SIRT5 overexpression in HT1080 cells (Figure 6E)

and SDHB-knockdown HEK293T cells (Figure 6F) abolished

their apoptosis resistance, overexpression of a mitochondria

localization-defective but functional (Figures S6A and S6B)

mutant, SIRT5D50, failed to do so. These are consistent with

that overexpression of SIRT5, but not SIRT5D50, reversed the

mitochondria membrane accumulation of BCL-2 (Figure 6L).

Together, these results demonstrated that mitochondria hyper-

succinylation is the major contributor of the observed apoptosis

resistance of cells.

Relief of Hypersuccinylation Slows the Oncogenic
Growth of HT1080 Cells
The tumor-promoting effects of IDH1 mutation-induced hyper-

succinylation were demonstrated. Stable overexpression of

SIRT5 slowed the growth of HT1080 cells that harbor the

R-2HG-producing IDH1R132C mutation (Jin et al., 2012), but not

HEK293T cells (Figure 7A), consistent with AGI5198 treatment

decreasing succinylation in HT1080 cells (Figure 7B), and

implying that R-2HG-driven hypersuccinylation promotes the

oncogenic growth of HT1080 cells. Moreover, overexpression

of SIRT5, but not catalytic inactive SIRT5R105M, effectively

decreased succinylation levels in HT1080 cells (Figure 7C).

This, together with the fact that SIRT5-expressing HT1080 cell-

produced xenografts were 75% smaller than those of HT1080

cells (Figure 7D), supported the idea that hypersuccinylation pro-

motes the oncogenic growth of HT1080 cells.

Succinyl-CoA can be condensedwith glycine by D-aminolevu-

linate synthase 1 to form 5-aminolevulinate and enter the heme
ns and Impairs Mitochondrial Functions

stones were determined.

ne methylation levels were measured.

d U87MG with SIRT5 knockdown by shRNA were analyzed by microarray and

dU87MGcoexpressing IDH1R132H andSIRT5were analyzed bymicroarray and

D) and succinylation levels (bottom panels) of Flag-tagged PGK and IDH1 in

own cells and (F) control and IDH1R132H-expressing cells.

ith SIRT5 in vitro. The activities of both untreated and treated enzymes were

zymes. Error bars, ± SD.

utants were determined. All activities were normalized to those of wild-type

purified from U87MG, IDH1R132H-expressing U87MG, and IDH1R132H/SIRT5-

and SIRT5-transfected (>80 efficiency) primary mouse hepatocytes that were

drazone (FCCP), and antimycin A/rotenone treatments, respectively, at times

ed (bottom) and quantified (upper). Error bars, ± SEM.

, IDH1R132H-expressing U87MG, and SIRT5/ IDH1R132H coexpressing U87MG

ed. Error bars, ± SD.

of depolarized cells in HEK293T and in SIRT5-knockdown HEK293T cells were

293T, and SIRT5/IDH1R132H coexpressing HEK293T cells; CCCP-treated cells

n HEK293T cells were determined. Error bars, ± SD.
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biosynthesis pathway. Therefore, glycine supplementation

may facilitate removal of succinyl-CoA and inhibit succinylation.

Indeed, hypersuccinylation induced by IDH1R132H overexpres-

sion was successfully relieved by glycine supplementation (Fig-

ure 7E), and glycine supplementation not only lowered the

cellular succinyl-CoA levels but also dose-dependently inhibited

the hypersuccinylation caused by SDHA or SDHB knockdown

(Figure 7F). Moreover, the OCR of HT10180 cells was increased

upon treatment with glycine (Figure 7G). Furthermore, HT1080

xenografts from mice fed 5% glycine chow not only were 67%

smaller (Figure 7H) but were also lower succinylated (Figure S7A)

than those fed with normal chow. These data all confirmed that

inhibiting succinylation blocked the oncogenic growth of

HT1080 cells.

DISCUSSION

In the current study, we demonstrated that IDH1/2 mutation-

produced R-2HG promotes tumorigenesis through inducing

hypersuccinylation-promoted cancerous metabolism and

apoptosis resistance (Figure 7I). Deregulation of a single onco-

metabolite such as R-2HG has the same outcomes as those of

multiple genes mutations to accomplish cancer transforma-

tion (Koivunen et al., 2012). This makes pathological sense

because deregulated metabolites can affect the functions of

a number of proteins/pathways through either noncovalent

binding or covalent modification (Li et al., 2013). Moreover,

different from other spontaneous lysine modifications such as

lysine homocysteinylation (Jakubowski et al., 2000), lysine suc-

cinylation causes mitochondrial stress, since succinyl-CoA is

produced inside the mitochondria. The preferred mitochondrial

impairment by hypersuccinylation explained that elevated

levels of homocysteine thiolactone are associated with coro-

nary artery and neural tube defects (Blom and Smulders,

2011), while elevated succinyl-CoA levels are cancerous.

Furthermore, deficiencies in FH or SDH are associated with

lactic acidosis (Jaberi et al., 2013; Zinn et al., 1986); a mutation

in any one of the four yeast SDH genes leads to loss of SDH

function and an inability to grow by respiration (Lemire and
Figure 6. Hypersuccinylation Recruits BCL-2 to the Mitochondria Mem

(A and B) The percentages of apoptotic cells of U87MG and IDH1R132H-express

detected by flow cytometry (n = 3, error bars, ± SD).

(C) The percentages of apoptotic U87MG and IDH1R132H-expressing U87MG ce

sodium butyrate (5 mM, left), under normal (25 mM) and low (1 mM) glucose (mid

(right).

(D) The percentages of apoptotic HT1080 and IDH1R132C-knockout HT1080 cells w

culture media (n = 3; error bars, ± SD).

(E and F) The percentages of apoptotic HT1080 cells, SIRT5- and SIRT5D50-ex

SIRT5- and SIRT5D50-expressing SDHB knockdown HEK293T cells (F) under the

error bars, ± SD).

(G) The percentages of apoptotic U87MG, BCL-2-expressing U87MG, IDH1R132

under the absence and presence of ABT-199 (5 mM) in the culture media were m

(H) The percentages of apoptotic HEK293T and SDHB knockdown HEK293T cell

and presence of ABT-199 (n = 3; error bars, ± SD).

(I and J) BCL-2 levels in the lysate and in the mitochondrial membrane of U8

knockdown HEK293T cells (J) were detected by western blot.

(K) BCL-2 levels in the mitochondria membrane of HEK293T and SIRT5-knockdo

(L) BCL-2 levels in the mitochondria membrane of HT1080, SIRT5- and SIRT5D5

See also Figure S6.

Molec
Oyedotun, 2002), supporting that SDH inactivation induces

cancerous metabolism.

IDH1/2 mutation-induced hypersuccinylation imposes

stresses to mitochondria and triggers apoptosis resistance in

IDH1/2 mutation-harboring cells by promoting antiapoptotic

protein BCL-2 to the membrane of the mitochondria, an event

known to promote tumorigenesis (Igney and Krammer, 2002).

It is worth noting that the recruitment of BCL-2 to the mito-

chondrial membrane not only provides a tumor-promoting

mechanism for IDH1/2 mutations but also may account for

the unexplained observations that patients with IDH mutant-

associated gliomas actually have a better prognosis (Ogura

et al., 2015; Sabha et al., 2014; Sanson et al., 2009), as

BCL-2 was found to be an independent indicator of favorable

prognosis in early-stage breast cancer (Dawson et al., 2010)

and in ovarian carcinoma (Herod et al., 1996). The tumorigenic

mechanism of hypersuccinylation described above may also

apply to SDH and FH mutations, as inactivation of SDH led

to hypersuccinylation, and papillary 2 renal cell carcinoma

samples with FH mutations were hypersuccinylated (Fig-

ure S7B, Table S3).

SIRT5 overexpression reversed cancerous metabolism and

apoptosis resistance induced by IDH1R132H-expressing or SDH

inactivation, highlighted the tumor-suppressor role of the desuc-

cinylase SIRT5, and was consistent with the downregulation of

SIRT5 observed in squamous cell carcinoma (Lai et al., 2013).

SIRT5 was also found to play oncogenic roles in lung carcinoma

cells, potentially via activation of SOD1 and/or NRF2 (Lin et al.,

2013; Lu et al., 2014). These, together with that relief of hyper-

succinylation by either SIRT5 overexpression or glycine supple-

mentation, resulted in inhibited growth of hypersuccinylated

tumors, and shed light on alternative intervening approaches

for IDH1/2, SDH, and FH mutation-related cancers.
EXPERIMENTAL PROCEDURES

Enzymatic Assays

Previously established methods were adopted for assays for metabolic en-

zymes. Detailed protocols are provided in the Supplemental Information.
brane and Induces Apoptosis Resistance

ing U87MG cells (A), HT1080, and IDH1R132C-knockout HT1080 cells (B) were

lls were detected (n = 3; error bars, ± SD) under the absence and presence of

dle) in the culture media and the absence and presence of hypoxia treatments

ere detected under the absence and presence of sodium butyrate (5mM) in the

pressing HT1080 cells (E), and HEK293T and SDHB-knockdown HEK293T,

absence and presence of sodium butyrate (5 mM) in the culture media (n = 3;

H-expressing U87MG, and BCL-2- and IDH1R132H coexpressing U87MG cells

easured (n = 3; error bars, ± SD).

s that were and were not expressing BCL-2 were measured under the absence

7MG and IDH1R132H-expressing U87MG cells (I), and HEK293T and SDHB-

wn HEK293T cells.
0-expressing HT1080 cells were determined.
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Cell Respiration Assays

Primary mice hepatocytes or HT1080 cells were seeded into XFe24 Cell Cul-

ture Microplates. Basal OCR; OCRs under treatments of oligomycin, FCCP,

and rotenone; and antimycin A were each determined.

GC-MS Analysis

Metabolites were derivatized by methoxyamine hydrochloride before GC-MS

analysis. Succinyl-CoA was converted to succinate before being subjected to

GC-MS analysis.

Immunohistochemistry and Immunofluorescence

Succinylation was probed by a-SucK, mitochondria was probed by a-Mito,

and mitochondrial membrane potential was probed by JC1. Tissue sections

were prepared from formalin-fixed, paraffin-embedded specimens. Standard

IHC procedures were followed. For immunofluorescence, permeabilized cells

samples and tissue samples were blocked with 3% BSA, followed by incuba-

tion with primary and secondary antibodies and mounting samples with vecta

shield mounting medium. Images were obtained on confocal laser scanning

microscope.

Apoptosis Analysis

FITC Annexin V Apoptosis Detection Kit 1 (BD) was used to detect the

apoptotic cells. Data were collected on Accuri C6 flow cytometer (BD

Biosciences).

Human Samples and Animal Rights

Human samples were acquired from Fudan University Shanghai Cancer

Center and the Affiliated Hospital of Guiyang Medical College with informed

consent from the patients. The procedures related to human samples and

animal manipulations were approved by Ethics Committee or Animal Welfare

Committee of Fudan University.

Xenografts

HT1080 cells or HT1080 cells stably overexpressing SIRT5 were heterotrans-

plantated into the Balb/C nude mice subcutaneously. The mice were main-

tained under conditions as specified, and the xenografts were obtained,

weighted, and further analyzed for other properties.

Statistics

Pooled results were expressed as mean ± SD or SEM. Comparisons between

groups were made by unpaired two-tailed Student’s t test. Differences were

considered statistically significant if p value was smaller than 0.05. Signifi-

cance was indicated as *p < 0.05, **p < 0.01, and ***p < 0.001.

ACCESSION NUMBERS

Microarray data of this study are available at Gene Expression Omnibus (GEO)

repository under accession number GSE73662.
Figure 7. Inhibiting Hypersuccinylation RestoresMitochondrial Functio

Cells

(A) Growth curves of HT1080 (blue) and HEK293T (red) cells with or without SIRT

Error bars, ± SEM.

(B) Succinylation levels of HT1080 cells treated or not treated by AGI5198 were

(C) Succinylation levels of HT1080 and SIRT5- or SIRT5R105M-overexpressing HT

(D) HT1080 cells and HT1080 cells stably overexpressing SIRT5 were used to

expressing HT1080 cells (left) and their weights (right) are shown. Error bars, ± S

(E) Succinylation levels of U87MG, R132H-expressing U87MG and glycine treate

(F) The succinyl-CoA level of HT1080 cells (left, glycine = 100 mM) and the succiny

at the indicated glycine levels were determined.

(G) Oxygen consumption rates (OCR) of HT1080 cells and 100 mM glycine-treat

(H) Balb/C nude mice subcutaneously injected with HT1080 cells were fed norm

weights (down) of the xenografts generated from the two groups of mice are sho

(I) Schematic diagram of the proposed mechanism by which IDH1/2 mutations p

See also Figure S7.
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