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Abstract

Tumor growth and progression is characteristically associated with the synergistic effects of uncontrolled cellular
proliferation and cell survival under stress. Pyruvate kinase M2 (PKM2) contributes to both of these effects. However,
the specific mechanism by which PKM2 promotes uncontrolled proliferation or cell survival under stress in different
nutritional environments is unclear. We show that succinylation mediated mitochondrial translocation of PKM2 under
glucose starvation plays a role in switching the cellular machinery from proliferation to cell survival mode and vice
versa. Mitochondrial PKM2 inhibits ubiquitination-mediated degradation of voltage-dependent anion channel 3
(VDAC3) and increases mitochondrial permeability to generate more ATP for cell survival under nutritional depletion.
We found there is a positive correlation of upregulation of mitochondrial PKM2 and upregulation of VDAC3 in human
colon cancer. This shows the mechanisms identified in this study in fact play a role in neoplastic biology. We therefore
developed a small molecule designated compound 8 that blocks mitochondrial translocation of PKM2 and inhibits
tumor development. Our data suggest that blocking PKM2 mitochondrial function with a small molecule inhibitor has

potential for cancer treatment.

Introduction

In the course of tumorigenesis, alterations in metabo-
lism are the earliest observed difference which distin-
guishes cancer and normal tissues. These metabolic
changes include the Warburg effect, which enables cancer
cells to balance limited nutrition and rapid prolifera-
tion"”. Evidence shows pyruvate kinase M2 (PKM2)
contributes significantly to cancer metabolism and is
important for aerobic glycolysis’®. Pyruvate kinase is
expressed in four isoforms in various tissues, and converts
phosphoenolpyruvate (PEP) to pyruvate’. The isoforms
PKL, PKR, and PKM1 are expressed mainly in normal
tissues. However, PKM2 is preferentially expressed in
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embryonic tissues and in most kinds of cancer
cells®”. PKM2 exists in equilibrium between low- and
high-activity states dependent on metabolic substrate
mediated conformational change'’. The allosteric regula-
tion of PKM2 provides cancer cells with the flexibility to
adapt to different microenvironments''™'*, Posttransla-
tional modification regulated nonglycolytic functions of
PKM2 also play a role in the coordination of different
microenvironments with cellular functions related to
proliferation and cell survival'>'>~'7,

PKM2 has also been identified as a potential succiny-
lation substrate of SIRT5'®. A recent study indicates
PKM2 is succinylated at K498, which affects reactive
oxygen species in tumor cells'’. It is intriguing that
mitochondrial PKM2 regulates oxidative stress-induced
apoptosis by stabilizing Bcl2*°. However, whether SIRT5-
mediated lysine de-succinylation regulates PKM2 func-
tion and thus plays a role in the regulation of mitochon-
drial function is unclear.
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The voltage-dependent anion channel proteins (VDAC)
are a small family of proteins that form an aqueous pore
through the outer mitochondrial membrane, which allows
exchange of metabolites. Three distinct VDAC isoforms
are coded in humans®!. In proliferating cells, VDACs
which allow mediated fluxes of ATP/ADP and other
respiratory substrates across the outer mitochondrial
membrane balance oxidative phosphorylation and aerobic
glycolysis to support energy requirements and biomass
formation®?.

In this study, we found PKM2 translocated into mito-
chondria and stabilizes VDAC3 in a succinylation
dependent manner, which increases mitochondrial per-
meability. We identified a small molecule designed com-
pound 8, which markedly reduces PKM2 activity.
Compound 8 blocks the interaction of PKM2 and
VDACS3, and blockage of PKM2 mitochondrial translo-
cation by this molecule inhibits tumor growth in vivo.

Results
Glucose starvation promotes mitochondrial translocation
of PKM2

A previous study showed oxidative stress induces
translocation of PKM2 to mitochondria and stabilizes
Bcl2 to inhibit apoptosis”. Here, we sought to determine
whether alterations in PKM2 mitochondrial translocation
are coordinated with stimulation by environmental fac-
tors. Treatment of HCT116 cells with epidermal growth
factor or insulin-induced or -inhibited nuclear transloca-
tion of PKM2 separately’®'®, but did not increase PKM2
mitochondrial translocation (Supplementary Figure Sla,
lanes 5, 6 vs. lane 4). On the other hand, glucose starva-
tion resulted in mitochondrial accumulation of PKM2 as
shown by western blot (Fig. 1a lane 4 vs. lane 3) and
immunofluorescence analysis (Fig. 1b). Glucose starvation
would be expected to cause an elevation of succinylami-
noimidazolecarboxamideribose-5'-phosphate  (SAICAR)
with subsequent nuclear translocation of PKM2*?3, This
raised the question as to whether SAICAR also mediates
mitochondrial translocation of PKM2. Adenylosuccinate
(ADSL) is an enzyme that converts SAICAR to AICAR to
decrease cellular SAICAR, and knockdown of ADSL
would therefore be expected to result in accumulation of
SAICAR®. We observed that knockdown of ADSL (Sup-
plementary Figure Slc) increased nuclear PKM2 without
alteration in mitochondrial PKM2 (Supplementary Fig-
ure S1b, lane 4 vs. lane 3). These results demonstrate that
the stimuli that drive translocation of PKM2 to the
nucleus versus the mitochondria are distinctly different.

Succinylation mediates mitochondrial translocation of
PKM2

To gain insight into the mitochondrial translocation of
PKM2 induced by glucose starvation, several
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posttranslational modifications, including acetylation,
phosphorylation, and succinylation of PKM2 were eval-
uated under glucose starvation. Succinylation of PKM2
was significantly higher under glucose starvation (Sup-
plementary Figure S1d, lane 2 vs. lane 1). Full-length
human PKM?2 was overexpressed in HCT116 cells, which
were then treated with varying concentrations of glucose.
Evaluation with a pan-succinyl lysine antibody showed the
succinylated PKM2 band decreased as glucose con-
centration increased (Fig. 1c, lane 2, 3 vs. lane 1). As a
positive control, co-overexpression of SIRT5 which is a
PKM2 de-succinylase abolished succinylation of PKM2
(Fig. 1c, lane 4 vs. lane 1)'®'°, Immunoprecipitation with
PKM2 antibody showed that endogenous PKM2 of
HCT116 cells was succinylated, and that this effect was
enhanced by glucose starvation (Fig. 1d, lane 3 vs. lane 2).
We also detected the succinylated PKM2 in other cancer
cell lines, which indicated succinylation of PKM2 is
extensive application for PKM2 regulation (Supplemen-
tary Figure Sle). We next investigated whether over-
expression of SIRT5 decreased mitochondrial PKM2
under glucose starvation. Based on the study of Du et al.*,
we constructed substrate interaction abolished mutants
by changing Argl05 to Met or Tyr102 to Phe and dual
mutation to Tyrl02 and Argl05. These residues are
important for binding succinyl groups and thus serve to
confirm inhibition is SIRT5 de-succinylase dependent.
We found that mutation of Tyrl02 to Phe and dual
mutation of SIRT5 failed to inhibit the mitochondrial
translocation of PKM2 under glucose starvation com-
pared to the WT SIRT5 (Fig. le, lanes 7, 8 vs. lane 5).
Treatment of HCT116 cells with 100 pM succinic acid
increased mitochondrial PKM2 (Fig. 1f, lane 4 vs. lane 3)
consistent with increased PKM2 succinylation (Fig. 1g).
These results argue that succinylation induces mito-
chondrial translocation of PKM2.

To specifically determine the primary site of
PKM2 succinylation, several lysine residues which were
previously identified by mass spectrometry (MS) and
informatics prediction were replaced with arginine (R),
which cannot be succinylated'®**. HCT116 cells were
individually transfected, and succinylation of every
mutant was tested. Substitution of the residue
K433 significantly reduced the overall succinylation level
of PKM2 compared to WT protein (Fig. 1h). The succi-
nylation mimic mutation K433E enhanced mitochondrial
translocation of PKM2, suggesting that K433 is the
primary site of PKM2 succinylation responsible for
mitochondrial translocation (Fig. 1i, lane 4 vs. lane 3).
Conversely, although K498 succinylation decreased PKM2
activity'®, the succinylation mimic mutation K498E had
no effect on mitochondrial translocation (Supplementary
Figure S1f, lane 4 vs. lane 3). PKM2 K433 is acetylated by
P300 upon stimulation by oncogenic signaling, resulting
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Fig. 1 (See legend on next page)
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Fig. 1 PKM2 localizes to mitochondria under glucose starvation. a, b PKM2 localizes to mitochondria under glucose starvation. Mitochondria
and nuclear fractions were prepared from HCT116 cells under glucose starvation for 10 h. Immunofluorescence analysis was carried out after 10 h of
glucose starvation. Mitochondria were identified with TOM40, nuclei were stained with DAPI, and an PKM2 monoclonal antibody was used to
indicate endogenous PKM2. ¢ Effect of glucose starvation on PKM2 succinylation in cells. Analysis of PKM2 succinylation in whole-cell extracts
prepared from HCT116 cells treated with increasing concentrations of glucose (0, 5, and 25 mM) or SIRT5 overexpression. Lysates prepared from these
cells were pulled down with Flag beads and analyzed with antibody to succinylated lysine. d Effect of glucose starvation on endogenous

PKM2 succinylation in cells. Analysis of PKM2 succinylation in whole-cell extracts prepared from HCT116 cells treated with increasing concentrations
of glucose (0 and 25 mM). Lysates prepared from these cells were enriched with PKM2 antibody and analyzed with antibody to succinylated lysine.
e SIRT5 inhibits PKM2 mitochondrial translocation. HCT116 cells were transfected with expression constructs of GFP-tagged vector control GFP-SIRTS.
After 10 h glucose starvation, western blot analysis of cytosolic and mitochondrial fractions was performed to evaluate translocation of PKM2 from
the cytosolic compartment to the mitochondria. Tubulin and TOM40 were used as cytosolic and mitochondrial loading controls, respectively.

f Succinic acids enhances PKM2 mitochondrial translocation. Mitochondrial and cytoplasmic fractions were prepared from HCT116 cells treated with
100 uM Succinic acid for 10 h. Western blot analysis of cytosolic and mitochondrial fractions was performed to evaluate translocation of PKM2 from
the cytosolic compartment to the mitochondria. g Succinic acid enhances PKM2 succinylation. Analysis of PKM2 succinylation in whole-cell extracts
prepared from HCT116 cells treated with or without 100 uM Succinic acid for 10 h. h Mutations K433R or K433E decreased PKM2 succinylation
compared to WT PKM2. HCT116 cells were transfected with indicated plasmids, and PKM2 protein was immunoprecipitated followed by western
analysis using either an anti-succinyl-lysine or anti-flag antibody to determine levels of succinylated and total PKM2 protein respectively. i Effect of
mutation K433E on PKM2 subcellular localization. HCT116 cells transfected with HA-PKM2 (WT) or HA-PKM2 K433E were collected for cytosolic and
mitochondrial fractionation followed by western analysis. The K433E mutation showed much more extensive localization to mitochondria as
compared with WT. j K433E promotes cell survival under glucose starvation. 5000 HCT116 cells stably infected with Flag-PKM2 or Flag-PKM2 K433E
virus were seeded into 96-well plates and live cell counts were measured in a blood cell counting chamber with trypan blue staining. The expression

_ efficiency of K433E and WT PKM2 is equal

J

in its translocation into the nucleus where it promotes cell
proliferation, and K433 is also an important site for
phosphotyrosine peptide binding. Moreover, K433E
abolishes both nuclear translocation and phosphotyrosine
peptide binding®®~>®, In view of the fact that under glu-
cose starvation tumor cells would be expected to arrest
proliferation to improve survival®’. We, therefore, eval-
uated the effect of K433E on cell proliferation and survival
in stable expression cell lines. The growth curves for cell
line under glucose starvation in which K433E was stably
overexpressed were significantly lower than the curves for
cells with stable overexpression of WT PKM2, but cells
with K433E overexpression showed longer survival
(Fig. 1j). These data indicate succinylation mediated
mitochondrial translocation of PKM2 is associated with
cell proliferation and cell survival.

PKM2 directly binds to and stabilizes VDAC3

To determine how mitochondrial PKM2 promotes cell
survival, Flag pull down assays coupled with MS was used
to identify PKM2-interacting proteins (Fig. 2a). Outer
mitochondrial membrane voltage-dependent anion
channel family proteins (VDAC 1-3) were in the pull-
down list. As VDACs affect outer mitochondrial mem-
brane permeability, which regulates coupled respiration
and cell survival®’, we evaluated interaction of PKM2 and
VDAGCs. Co-immunoprecipitation analysis of the three
members of the VDAC family showed VDAC3 binds to
PKM2 (Fig. 2b, lane 4 vs. lanes 2, 3). This interaction was
further confirmed in vivo in two cancer cell lines (Fig. 2c,
Supplementary Figure S2a) and in vitro (Figs 2d, e).
Moreover, PKM1 showed almost no interaction with
VDAC3 (Supplementary Figure S2b lane 2 vs. lane 3).
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However, the PKM2 succinylation mimic mutation K433E
bound to VDAC3 more strongly than WT PKM2 (Fig. 2f,
lane 4 vs. lane 2). Glucose starvation also elevated the
interaction of VDAC3 and PKM2, which is in accords
with increased succinylation level of PKM2 upon gluocose
deprivation (Fig. 2g, lane 3 vs. lane 2). These results
indicate binding of PKM2 to VDAC3 is enhanced by
succinylation and glucose deprivation. We also mapped
the sequences of VDAC3 for PKM2 interaction. We
analyzed the structure of VDAC3 on the uniprot website
and found that the amino acid sequences of VDAC3 are
mainly trans-membrane. Only the N-terminus which may
be exposed to the cytosol under certain circumstances as
described in a previous study®’, and the cytosolic
sequences between two transmembrane sequences might
serve as the PKM2 binding domain. Therefore, we con-
structed a series of VDAC3 deletions and found that
deletions 49—54, 78—-80, or 132—137 completely abolished
interaction with PKM2 (Supplementary Figure S2c, lanes
4, 5, 7 vs. lane 2). As PKM2 has protein kinase function,
we analyzed phosphorylation levels of VDAC3. There was
no evidence of VDAC3 phosphorylation by PKM2 (data
not shown). However, we found VDAC3 was down-
regulated when PKM2 was knocked down, and upregu-
lated when PKM2 was overexpressed with no variation in
its transcription level (Fig. 2h, lanes 2, 3 vs. lane 1, 2i, lanes
3, 4 vs. lane 2, Supplementary Figure S2d). Treatment
with MG132 which is a proteasome inhibitor also upre-
gulated VDAC3 (Fig. 2i, lane 1 vs. lane 2) suggesting
PKM2 may interfere with proteasome degradation of
VDACS3. A previous study demonstrated VDACS3 is ubi-
quitinated and degraded by Parkin, which is an E3
ligase®>. To demonstrate PKM2 positively affects
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Fig. 2 PKM2 directly binds to and stabilizes VDAC3. a VDAC3 peptide sequences were observed in the 31kDa band. Flag pull down and MS
analysis of PKM2 associated proteins purified from transfected HCT116 cells. b Co-immunoprecipitation analysis showed that only VDAC3 binds
directly to PKM2. ¢ Western blot analysis of the endogenous interaction of PKM2 and VDAC3. HCT116 cell lysates were subject to
immunoprecipitation with control IgG and anti-VDAC3 antibodies. d, e In vitro binding assay of purified His-tagged-PKM2 and GST-tagged-VDAC3.
f K433E enhanced the interaction of PKM2 and VDAC3. Stagged-WT PKM2, a succinylation mimic K433E and a succinylation null mutant K433R and
flag-VDAC3 were co-transfected into HCT116 cells for Stag bead pull down that specially pulls down Stagged proteins. g Glucose starvation
enhanced the interaction of PKM2 and VDAC3. HCT116 cells were transfected with HA-tagged VDACS3, cells were harvested and subjected to Stag
pull down assay after 8 h glucose starvation. h Western blot analysis of VDAC3 and PKM2 in HCT116 cell lysates after RNA-interference-mediated
knockdown of PKM2. i Ectopic expression of Flag-PKM2 in HCT116 cells upregulates VDAC3 in a dose-dependent manner. Treatment with the
proteasome inhibitor MG132 at 10 uM for 8 h also caused VDAC3 upregulation. j Expression levels of VDAC3 and PKM2 protein analyzed with
immunoblotting in PKM2 control (shControl) and PKM2 knockdown (shPKM2). Cells were treated with cycloheximide (CHX, 150 pg/ml) at indicated
times. k In vivo VDAC3 ubiquitination assay. Cellular level VDAC3 ubiquitination assays were carried out in PKM2 WT or knockout MEFs. Cells were co-
transfected with His-HA-ubiquitin (Ub) and GFP-Parkin, immunoprecipitated with VDAC3 antibody and immunoblotted with antibodies to HA,
VDAC3, PKM2, or GFP. Cells were treated with MG132 (10 uM) for 8 h before harvest. I In vivo VDAC ubiquitination assay. Cellular level VDAC
ubiquitination assays were carried out in HCT116 cells. Cells were co-transfected with His-HA-ubiquitin (Ub), Flag-VDAC3, GFP-Parkin, and cMyc-PKM2
plasmids, immunoprecipitated with Flag beads and immunoblotted with antibodies to HA and Flag. Cells were treated with MG132 (10 uM) for 8 h

before harvest

VDAC3 stability, cells were treated with the protein
synthesis inhibitor cycloheximide. The half-life of VDAC3
was shortened in PKM2 knockdown cells (Fig. 2j). We,
therefore, evaluated the ubiquitination level of VDAC3.
Knockout of PKM2 enhanced ubiquitination of VDAC3
(Fig. 2k). Conversely, ectopic overexpression of
PKM2 significantly inhibited ubiquitination of VDAC3
(Fig. 21, lane 4 vs. lane 3). These results show PKM2 sta-
bilizes VDAC3 through inhibiting ubiquitination depen-
dent degradation.

PKM2 and VDAC3 increase mitochondrial permeability
under nutritional stress

VDAC:s affect outer mitochondrial membrane perme-
ability and cell survival. We found glucose starvation
increased mitochondrial permeability®®, which demon-
strated mitochondrial membrane permeability correlates
with cell survival under glucose starvation (Fig. 3a). We
next evaluated mitochondrial permeability with or with-
out PKM2 knockdown. The VDAC conductance state
limits the passage of anionic metabolites and affects ATP/
ADP exchange with the cytosol which will influence
mitochondrial uptake of NADH?’. Therefore, we deter-
mined the rate of NADH oxidation to evaluate purified
mitochondrial ~ permeability®®*®,  RNA-interference-
mediated knockdown of PKM2 brought about a
decrease in the rate of NADH oxidation in purified
mitochondria (Fig. 3b). This suggested that the uptake of
NADH for these mitochondria was reduced, which is
consistent with the result of VDAC3 knockdown (Fig. 3b).
Previous study shown that VDAC mediate rapid voltage-
gated changes in membrane permeability, which could
elevate or decrease overall mitochondrial activity®*.
Cytochrome ¢ oxidation represents a critical feature of
mitochondrial activity in coupling electron transport and
oxidative phosphorylation. To demonstrate mitochondrial
PKM2 and VDACS3 affect mitochondrial activity directly,

Official journal of the Cell Death Differentiation Association

we sought to determine whether knockdown of PKM2
and VDAC3 impaired mitochondrial respirasome by
measuring the complex IV (cytochrome c oxidase, COX)
activity. After 12h glucose starvation, knockdown of
PKM2 and VDAC3 decreased about 40% COX activity,
which showed none significant differences in normal
glucose medium (Fig. 3c). This result indicated that
deficiency of PKM2 and VDAC3 impaired mitochondrial
permeability and respiration. We thus investigated the
ATP levels of PKM2 and VDACS3 knockdown cells under
glucose starvation. Cellular ATP levels decreased after
knockdown of PKM2 or VDAC3 (Fig. 3d). The PKM2
K433E succinylation mimic mutant increased mitochon-
drial PKM2, and we therefore compared NADH oxidation
in HCT116 cells with K433E or ectopic overexpression of
WT PKM2. In cells with K433E, oxidation of NADH was
significantly more rapid than in cells with WT PKM?2
(Fig. 3e). These results indicate mitochondrial PKM2 may
increase mitochondrial permeability and ATP generation
to support cell survival upon glucose starvation.

PKM2 and VDAC3 promote cell survival under nutritional
stress and tumor development

We further investigated the effect of PKM2 and VDAC3
on cell survival and tumor development. VDAC3 knock-
down sensitizes cells to glucose starvation induced death
which is consistent with the result of PKM2 knockdown
(Fig. 4a). Overexpression of VDAC3, but not over-
expression of the interaction null mutants partially res-
cued the effect of PKM2 knockdown (Supplementary
Figure S3a). We next investigated the effect of VDAC3
depletion on cell growth in xenograft tumor models in
immunodeficient mice. VDAC3 knockdown suppressed
growth of HCT116 tumor cells, which is in accord with
the result of PKM2 knock down (Fig. 4b, c). To further
determine whether the association of mitochondrial
PKM2 with VDAC3 influences human cancer biology,



Qi et al. Cell Death and Disease (2019)10:170

Page 7 of 16

a b
1.54 o
2.0- g ‘_|***I

Qo *o E—d-; * :

© — (—

e ? 1.54 o= 1.0 =

c s .

L © >

® > ° o

T 0 1.0{ = X 2

X 2 °o%

°® T o 0.51

<0):~_,0.5- <V

4 2

0.025IM0 M LA
m m N N )
& F G O
9 4;§‘ *§§ Q
LS

9 )

C

[ Glucose starvation Oh

0
MOCK PKM2 K433E

Fig. 3 (See legend on next page)

S 1.57 3 Glucose starvation 12h
- | *
‘Z‘ g *%k%
=0 T
© £ ke ud m —
® 0 10-
¢ - T —
o=
(& R
(]
$ N 0.5
+= (©
©
®E
o
=
= 0-0 | L) | I ] ] I !
CHFFL LSHFFE
ST F STV
FFE S &
F & 9 F e e
e
*
1000+
*%%
2 —
® _. 800-
o b
s=
- O
= € 600-
2
8% a00{ _
e
<~ 2004
=

o

Relative ATP value

200007 +FH—
*%
.ﬁ?"""‘*
15000-
10000-
5000
e L) ) L]
» Y
€ &
¢ &
& 2 &f

Official journal of the Cell Death Differentiation Association



Qi et al. Cell Death and Disease (2019)10:170

Page 8 of 16

(see figure on previous page)

oxidation rate assays

Fig. 3 PKM2 increases outer mitochondrial membrane permeability and maintain mitochondrial activity upon nutrition stress. a Outer
mitochondrial membrane permeability as determined by the NADH oxidation rate in isolated mitochondria from HCT116 cells after 0 or 25 mM
glucose treatment for 6 h. b RNA-interference-mediated knockdown of PKM2 or VDAC3 caused a decrease in the rate of NADH oxidation.

Mitochondria isolated from HCT116 cells were used for NADH oxidation assays. ¢ Mitochondria from PKM2 and VDAC3 knockdown HCT116 cells
were analyzed for COX activity after 12 h glucose starvation. Data are presented as mean + SEM of three independent experiments. d PKM2 and
VDAC3 maintain cellular ATP levels. ATP levels of indicated HCT116 cells were measured using the Cell Titer-Glo Luminescent Cell Viability Assay.
e K433E enhances the NADH oxidation rate. Stagged-PKM2 and the succinylation mimic K433E were co-transfected into HCT116 cells for NADH

mitochondria were isolated from human colon cancer and
adjacent normal tissue. We observed upregulation of
mitochondrial PKM2 in 6 of 8 tumor specimens and
observed upregulation of VDACS3 in 5 of 8 cancer speci-
mens as compared to adjacent nonneoplastic control tis-
sues where neither of these molecules showed
upregulation (Fig. 4d, Supplementary Figure S3b, c lane 4
vs. lane 3 for each patient, Supplementary Figure S3d).
Increased levels of mitochondrial PKM2 and upregulated
VDAC3 showed a significant positive correlation (R =
0.745, P=0.035) in these colorectal carcinomas (Fig. 4e).
As mitochondrial PKM2-VDAC3 contributes to tumor
development, we investigated mitochondrial PKM2 and
VDACS3 to determine whether they are upregulated in
early stages of tumorigenesis in a mouse model. As the
gastrointestinal tract has been reported to express PKM2
in adults®, an azoxymethane (AOM) and dextran sulfate
sodium (DSS)-induced colorectal cancer mouse model
was established to evaluate the translocation of PKM2
from the cytosol to the mitochondria. Mouse colon and
rectum were evaluated at weeks 5 and 8 according to the
AOM/DSS protocol (Fig. 4f). Mitochondrial PKM2
increased in the eighth week, and there was an associated
increase in VDAC3 protein levels at that time (Fig. 4g,
lane 4 vs. lane 3). No solid tumor was observed at these
this time points. However, we observed solid tumor on
the 80th day after induction, which is consistent with the
typical course of AOM/DSS where tumor formation is
generally observed after the 10th week>®, which indicates
that mitochondrial PKM2 and VDAC3 contribute to
metabolic reprogramming in malignant transformation.
These data suggest mitochondrial PKM2 and
VDACS3 support metabolic reprogramming of tumor cells,
and thereby defend against environmental stress during
tumorigenesis. This raises the possibility colon cancer
may be treated by specifically interfering with the
PKM2-VDACS3 axis, and we next set out to screen small
molecules for interference with the PKM2-VDAC3 axis.

Identification and characterization of PKM2 inhibitors

A random screening of an in-house small molecule
library (~1000 total molecules) was undertaken to identify
new PKM2 modulators, which can block the interaction
of PKM2 and VDAC3. The activity of these test
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compounds was assessed with a fluorescent PK-LDH
coupled assay by a previously reported method (Supple-
mentary Figure S4a)*’. This resulted in the discovery of
NP-1, which is a potent small molecule inhibitor of
PKM2. We found NP-1 inhibitory activity was more
powerful than shikonin, which is a reported PKM2 inhi-
bitor (Supplementary Figure S4b)**. NP-1 displayed
highly selective, dose-dependent inhibition of PKM2 with
less inhibition of PKM1 and PKL (Supplementary Fig-
ure S4c). We undertook structural optimization by che-
mical modification. We designed new compounds
utilizing a methyl group instead of the NP-1 chlorine
moiety. Synthesis of target compounds was carried out
according to the six-step protocol outlined in Supple-
mentary Figure S4d, which was based on a previously
described procedure®**°,

We tested modifications of target compounds for PKM2
inhibitory activity. Compound 8 (Fig. 5a) demonstrated
the greatest PKM2 inhibitory activity (Table 1), with an
IC50 of 0.77 um.Evaluation of the structure—activity
relationship (SAR) of compound 8 showed that the
naphthoquinone unit is a pharmacophore which is crucial
for inhibition of PKM2 activity, and substitution of a 3-
methyl group for this naphthoquinone resulted in a 12-
fold decrease in activity. Substitution of 3-H with naph-
thoquinone in compound 8 resulted in higher PKM2
inhibitory activity than that of the lead compound NP-1.
The IC50 of compound 8 was about threefold lower than
that of NP-1 (Table 1). We also evaluated the interaction
of PKM2 and compound 8 with MicroCaliTC200, and
determined that compound 8 binds PKM2 with a KD
value of about 11 uM (Fig. 5b). These findings confirmed
compound 8 is a PKM2 inhibitor of high selectivity, which
is more potent than its antecedent compound NP-1.

We assessed the anti-tumor effects of compound 8 by
evaluation of cancer cell viability. Compound 8 reduced
cell viability with an IC50 of about 5 uM in MTT reduc-
tion assays in HCT116, MCF7, and H1299 cells (Table 2).
We also found compound 8 inhibition of PKM2 activity in
cancer cells was dose dependent (Fig. 5¢). To determine
whether cancer cell death brought about by compound 8
is PKM2 dependent, PKM2 was knocked down in
HCT116 cells using two different shRNA sequences that
specifically targeted exon 10 without interfering with
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(see figure on previous page)

mitochondrial PKM2 and VDAC3

Fig. 4 PKM2 and VDAC3 promote cell survival and tumor development under nutritional stress. a PKM2 and VDAC3 promote cell survival
under nutritional stress. Survival of HCT116 cells in glucose-free media was measured with the Trypan blue exclusion method. b, ¢ VDAC3 promotes
tumor development. Tumor volume of VDAC3-kd HCT116 xenografts (n =5). d PKM2 and VDAC3 are upregulated in human colon cancer. Fresh
colon cancer and matched surrounding normal tissue from the same given patient were homogenized, and cytosolic and mitochondria fractions
were separated. PKM2 was determined by western analysis. N (normal tissue), T (colon cancer). e Positive correlation of mitochondrial PKM2 and
VDAC3 protein levels in human colon cancer. Statistical significance was determined with the x’-test. R is the correlation coefficient.

f, g Mitochondrial PKM2 and VDAC3 increased before solid tumor formation. f Sketch outlining the AOM/DSS-induced CRC mode. C57 mice were
treated 1x with or without AOM, followed by periodic administration of 2% DSS in water. n =12 per group. g Intestine issues were analyzed for

PKM1 expression. Compound 8 is an inhibitor which
causes a loss of function of PKM2. If PKM2 is a specially
targeted by compound 8, its knockdown should render
cells more vulnerable to compound 8-mediated PKM2
inhibition since shRNA and compound 8 work synergis-
tically by reducing the intracellular drug target con-
centration. Downregulation of PKM2 expression partially
enhanced cell toxicity of compound 8 as shown increased
apoptotic cells in PKM2 knockdown cells (Fig. 5d). These
results demonstrated that the effects of compound 8 on
cancer cell viability are PKM2 dependent.

Compound 8 blocks PKM2 mitochondrial translocation
under nutritional stress and inhibits tumor growth in vivo

We, therefore, sought to determine whether compound
8 interferes with the PKM2-VDAC3 axis. We demon-
strated that 20 pM of compound 8 can restrain PKM2
mitochondrial translocation (Fig. 6a, lane 6 vs. lane 5).
Compound 8 treatment abolished its interaction with
VDACS3 (Fig. 6b, lane 2 vs. lane 1). As expected, com-
pound 8 caused VDAC3 degradation (Fig. 6¢). The rate of
NADH oxidation in purified mitochondria from com-
pound 8 treated cells was reduced (Fig. 6d, €). Compound
8 also inhibited cellular ATP production in a
concentration-dependent manner (Fig. 6f). The antic-
ancer properties of compound 8 were tested in xenograft
cancer models to determine whether it inhibited tumor
growth in vivo. Colon cancer xenograft growth was sig-
nificantly reduced by treatment with 15mg/kg of com-
pound 8 (Fig. 6g). These results suggest that compound 8
mediates a substantial decrease in mitochondrial PKM2 in
cancer cells, which may offer a potential strategy for
treatment of tumor. No similar findings have been
reported with use of other PKM2 inhibitors.

Discussion

PKM2 has been shown to play a central role in metabolic
reprogramming during cancer progression. Tumor cells
regulate PKM2 to support cell growth and survival by
multiple pathways, which include PKM2 localization,
expression, posttranslational modification, and allosteric
regulation. In this study, we describe succinylation
dependent mitochondrial translocation of PKM2 under
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glucose starvation. Mitochondrial PKM2 increases mito-
chondrial permeability by specially stabilizing VDACS3,
which contributes to cell survival under glucose starvation.
This serves to explain the upregulation of mitochondrial
PKM2 and VDACS3 in human colon cancer and to show
how these molecules promote tumor development in vivo.
In mammals, three isoforms (VDACI1, VDAC2, and
VDAC3) have been identified*'~**. Compared to VDAC1
and VDAC?2, cysteines of VDAC3 are more preferentially
exposed to the mitochondrial intermembrane space and
can be oxidized regulation which may distinguish VDAC3
function from other isoforms*>*°. Under glucose starva-
tion, enhanced mitochondrial respiration may alter the
VDAC3 oxidation status and mediate the specific PKM2
interaction which need to be further investigated. Among
the three PKM2 interacted cytosol-exposed loops of
VDACS3, the amino acids 132-137 showed the least
identity to VDACI1 and VDACS3, which may also respon-
sible for the specific PKM2 interaction.

PKM2 regulation offers several potential strategies for
targeting PKM2 to treat cancer, such as activating or
inhibiting pyruvate kinase, and blocking PKM2 protein
kinase activity. Many PKM2 activators have been identi-
fied in recent years. However, only a small number of
PKM2 inhibitors have been reported, and their mechan-
isms of action are unclear. Compound 3, which inhibits
PKM2 activity at micromolar concentrations was identi-
fied in a high-throughput screen, but this agent shows
little suppression of tumor cell proliferation below 200
uM?”. Shikonin inhibits PKM2 and induces cell apoptosis
at low concentrations, but shikonon is a multitarget drug
which hinders further study of its mechanism®®. In this
study, we identify a novel chemical class of PKM2 inhi-
bitors. Compound 8 inhibits PKM2 response, and has a
selectivity which is greater than compound 3 or shikonin
which is regarded as the most potent PKM2 inhibitor
reported to date. Moreover, compound 8 induces tumor
cell death at a low concentration.

We performed binding pocket exploration and docking
to predict the binding site of compound 8. Our findings
raised the possibility compound 8 inhibits PKM2 by
binding at the same site as phenylalanine*’. However,
mutation of amino acids around this binding site did not



Qi et al. Cell Death and Disease (2019)10:170 Page 11 of 16

a b Time (min)
0 10 20 30 40 50
f i\‘ \‘ 1‘ | Y L “ l‘ [ ‘
OH O OH (0] 9 Cl ‘ ‘
NN /ﬂ.\ /L\/,/:\\\ o //\\\\ /u\ S ,P\ /_" 8 | 1
Xy X O l_5\] 2
‘\/7; | T e | N 2 §
I cl = .5.00 |
OH O (0]
Shikonin NP-1 OH OH
o) o P : T
J§ 5~ H . 0.0 -w
0 /\OP\ 4 = -® L
K/‘ ] NF2— Y £ 1 = .
PN N N. ) %
I e A = @ 20 = i
O \ g w .
N [}
Compound 8 Compound 3 7 " Data: pkm2_NOH
[ - Model: OneSites
g -0+ .
© K 8.63E4 £3.63E4 M’
£ g= n A Biscammciday
00 0.5 10 15 2.0
Molar Ratio
c d
o
i L B b
§ 809 " .
] } ' T
(7]
1001 -
= S 60 T
= 3
,.E' 90- %
-§ > 404 =
v 80+ re
& >
o
g 0 ‘s 20-
& t
Gc T T T ] 1 8 0
0 5 10 15 20 Iq-, T T T
Compound 8 (uM) o ‘O\ e ,;8'1'
& ¢ ¢
o » S
€) Q~l~ Q~l~
& o
) 9

Fig. 5 Identification and characterization of PKM2 inhibitors. a PKM2 inhibitors. Shikonin and compound 3 are known PKM2 inhibitors; NP-1
was the initial hit in the screen; Compound 8 is an NP-1 derivative with a higher level of PKM2 inhibitory activity. b Compound 8 binds to PKM2
with a KD value of about 11 uM measured by MicroCal iTC200. ¢ Compound 8 inhibits PKM2 activity in HCT116 cells in a dose dependent manner.

d Compound 8 increased the apoptosis of PKM2 knockdown cells. cells were harvested and subjected to annexin v stain assay after 12 h 20 uM
compound 8 treatment

influence the inhibitory activity of compound 8, and it is  investigation will focus on structural studies of the com-
therefore possible that there is an as yet unidentified site  pound 8 complex, which may lead to identification of
where inhibitory activity is regulated. Further = compounds with higher inhibitory activity and selectivity.
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Table 1 Evaluation of PKM2 inhibitory activity and
selectivity of shikonin and target compounds

Compounds R R ICso (PKM2) ICso (PKM1) ICso (PKL)
8 H  CHy 077+030  1048+152 2038+354
10 CH; CH; 1393£317 nd. nd.

NP-1 CHy I 293+£077 1373114  6962+626
Shikonin 8824262 12964337  3925+653

n.d. not determined

Table 2 Evaluation of target compound effects on
viability of cancer cells (uM)

Compounds ICso (HCT116) 1Cso (MCF7) 1Cso (H1299)
8 519+1.74 540+ 1.14 475+1.15
10 1220+ 224 9.70+2.10 946+ 1.86
NP-1 1426 +3.57 1751+6.34 817+192

Materials and methods
Purification of recombinant pyruvate kinase isoforms and
VDAC3

Human ¢DNA for PKM2, PKM1, and VDAC3 were
separately cloned into a pET28a (+) and pGEX-4T-1
vector with an N-terminal His-tag and N-terminal GST-
tag and purified from the Escherichia coli strain BL21
(Invitrogen) using Ni—agarose beads and GST agarose
beads (Qiagen) as described previously’. PKL was pur-
chased from Sino Biological Inc. in China.

PKM2 activity assay

Pyruvate kinase activity was measured with a fluor-
escent pyruvate kinase—lactate dehydrogenase coupled
assay as described previously. All compounds were tested
in a kinetic mode by coupling the generation of pyruvate
by pyruvate kinase to the depletion of NADH through
lactate dehydrogenase. For PKM2, 40 pL of buffer (50 mM
Tris—HCI, pH 7.5, 10 mM KCl, 5mM MgCl,), 1uL of
compound and 5 puL of enzyme solution were dispensed
into Corning black solid 96-well plates and incubated for
15 min. Totally, 55 pL of substrate mix (final concentra-
tion, 0.5 mM PEP, 40 mM ADP, 0.12 mM NADH, 0.25
mM FBP, and 1 unit LDH) were then added, and the
plates were placed in a FlexStation3 (Molecular Devices),
followed by determination of NADH fluorescence at 30 s
exposure intervals for 3—6 min. Data were collected on a
FlexStation3.

HCT116 cells were seeded overnight into 6-well plates
at 1,000,000 cells/well in DMEM media. Test compounds
were added for 6 h. Cells were washed two times with ice-
cold phosphate-buffered saline (PBS) and lysed in lysis
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buffer. Lysate was analyzed for pyruvate kinase activity as
described above.

Cell culture

Cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% FBS at 37 °C in
5% CO,. The human cancer cell line HCT116 was
obtained from the American Type Culture Collection
(ATCC) in 2009 and maintained according to ATCC
recommendations. This cell line was authenticated by
Beijing Micro read Genetics in November 2016 using STR
profiling. For low glucose stimulation, HCT116 cells were
incubated in medium without glucose for 10 h.

Cell viability test

Cells were seeded in 96-well plates at 5000 cells/well in
DMEM media overnight. Cells were treated with different
concentrations of test compound for 48 h at 37 °C in 5%
CO,. Cell viability was assayed with the MTS assay
(Promega) and trypan blue staining according to the
manufacturer’s instructions.

shRNA constructs and lentiviral production

Two shRNAs with PKM2 specific exon 10 sequence
knockdown were used (5-CCGGGGGTGAACTTTGC
CATGAATGCTCGAGCATTCATGGCAAAGTTCACC
CTTTTTG-3; 5-CCGGTCATTGCTGTGACCCGGAA
TCCTCGAGGATTCCGGGTCACAGCAATGATTTTT
G-3'), and a shRNA with no effect on PKM2 levels was
employed as a control (5-CCGGGAGGCTTCTTA
TAAGTGTTTACTCGAGTAAACACTTATAAGAAGC
CTCTTTTTG-3). Lentivirus was packaged using a three-
plasmid system. ShRNAs were inserted into the pLKO.1-
puro vector and co-transfected into 293T cells together
with PAX2 and PMD2G. Lentivirus was harvested 36 h
after transfection.

Isolation of mitochondria

HCT116 cells were harvested and washed two times
with cold PBS. Cells were then homogenized in a buffer
(220 mM mannitol, 70 mM sucrose, 2 mM EGTA, 5 mM
MOPS-Tris pH 7.4, 2mM Taurine, 0.2% BSA). The
homogenate was spun for 5 min at 800g.The supernatant
containing the cytoplasmic and mitochondrial fractions
were transferred to a fresh tube and spun for 5min at
12,000g. The pellet contained the mitochondrial fraction
and the supernatant contained the cytoplasmic fraction.

NADH oxidation assay

NADH oxidation in the mitochondria was measured by
resuspending mitochondria isolated from HCT116 cells
after knockdown or overexpression of PKM2, K433E,
K433R, PKM1, or treatment with 20 pM compound 8
for 8h in 25 mM NADH. Absorbance was monitored at
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A =340nm. Hypotonically shocked mitochondria were
run as a control in parallel assays for mitochondrial
intactness.

Co-immunoprecipitation assay

About 2.5 mg whole cellular extracts were prepared in
700 ul RIPA buffer (50 mM Tris-HCIl, pH 8.0, 150 mM
NaCl, 1.5 mM MgCl,, 0.1% sodium dodecyl sulfate (SDS),
0.5%  deoxycholate, 0.5% NP-40, 1mM phe-
nylmethylsulfonyl fluoride (PMSF), 1x protease inhibitor
cocktail (Roche)). A 4 pl of the mouse VDAC3 antibody
and preimmune serum (homemade) were added into
whole cellular extracts and incubated 3 h at 4 °C, followed
by addition of 20 pl protein A/G agarose (Santa Cruz, sc-
2003; only for IP with unconjugated antibodies noted
above) for 1 h. Then samples were spun for 1 min at 2200g
and added RIPA buffer diluted with PBS (1:9) for washing
three times. The binding components were eluted by
boiling with 2x SDS-polyacrylamide gel electrophoresis
(PAGE) loading buffer, and were analyzed with western
blot in 10% SDS-PAGE gel. PKM2 (D78A4) XP° Rabbit
mAb (#4053, CST) and VDAC3 Rabbit pAb (bs-7647R,
Bioss) were used to blot PKM2 and VDACS3 separately.
For Flag or S-tag pull down, 20 ul Flag M2 Affinity Gel
(Sigma, A2220), or S-protein agarose (EMD Millipore
Corp., Billerica, MA USA, 69704-4) were added into
whole cellular extracts and incubated 3 h at 4°C. After
washing with RIPA buffer diluted with PBS (1:9) three
times, the binding components were eluted by boiling
with 2x SDS-PAGE loading buffer, and were analyzed
with western blot.

GST-VDAC3, His-PKM2 protein, and in vitro pulldown assay

GST-VDACS3 and His-PKM2 were prepared by bacterial
purification. For His-pulldown assays, 2.5 ug of His or
2.5 pg of His-PKM2 was incubated with in vitro translated
GST-VDAC3,and the solution was incubated with
Ni-NTA agarose. Proteins were eluted and resolved on an
8% SDS-PAGE gel for Western blot analysis using anti-
GST or anti-His antibody.

Measurement of ATP

HCT116 cells were cultured in DMEM containing 10%
FBS and seeded into six-well plates. Twenty-four hour
after seeding, the medium was changed to DMEM con-
taining 10 or 20 pM compound 8 for 8 h. ATP levels were
measured using the Cell Titer-Glo Luminescent Cell
Viability Assay (Promega).

Western blotting

Cells were lysed in buffer containing 50 mM Tris pH8.0,
2mM EDTA, 150mM NaCl, 0.5% Nonidet P-40, 10%
glycerol and protease inhibitor PMSF. Western blot ana-
lysis was carried out based on standard methods. The
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following commercial antibodies were used as probes:
anti-Flag antibody (Sigma, F3165), anti-HA antibody
(Sigma, H3663), anti-a-Tubulin (EasyBio, BE0026-100),
anti-PKM2 (RuiYingBio, RLT3777), anti-TOM 40 (Santa
Cruz sc-365467), anti-succinyllysine antibody (PTM BIO
PTM-901), anti-GAPDH (SanJian).

RT-qPCR

Following treatment with compound 8 (20 uM) for 8 h
or knockdown of ADSL, PKM2, or VDAC3 were screened
with puromycin for 5 days, and total HCT116 cell RNA
was extracted using TRIzol (Invitrogen). cDNA synthesis
was carried out using a cDNA synthesis kit (Tansgene).
Quantitative PCR (qPCR) then was carried out using
SYBR Green Master Mix (Transgene) in a bio-red Real-
time PCR machine.

Xenograft experiments

All animal procedures were performed in accordance
with guidelines approved by the Animal Experimentation
Ethics Committee of Peking University. Female nude mice
(BALB/C, 4-6 weeks old) were injected with 2.0 x 106
HCT116 cells subcutaneously in the armpit. Approxi-
mately, 10 days later, pairs of mice (N =7) were injected
with compound 8 or vehicle control. Intraperitoneal
injection was performed in the mouse. The animals were
injected once every two days. Tumor measurements were
performed once every 2 days. Tumor volume was calcu-
lated using the following equation: V = L(S2)7/6, where L
is the longer and S is the shorter of the two tumor
dimensions.

Chemistry
Chemical synthesis and characterization is provided in
the Supplementary information.

Statistical analysis

The statistical significance of differences between var-
ious groups was calculated with the two-tailed paired ¢
test, and error bars represent standard error of the mean
(SEM). Statistical analysis, unless otherwise indicated, was
performed using GraphPad Prism 5. P values of less than
0.05 were considered statistically significant. *P < 0.05,
**P < 0.005, and ***P < 0.001. Data are shown as mean +
SEM.

Acknowledgments

We thank X. Zhao and H. Liu for mass spectrometry analysis. We thank Y. Li for
providing clinical tumor samples from colorectal cancer patients. This study
was supported by the National Natural Science Foundation of China (Key
grants #81430056) and the China Postdoctoral Science Foundation
(2014M560026 and 2015T80028).

Author details
'Institute of Systems Biomedicine, Peking University Health Science Center,
Beijing 100191, China. “Beijing Key Laboratory of Tumor Systems Biology,



Qi et al. Cell Death and Disease (2019)10:170

Peking University Health Science Center, Beijing 100191, China. *Peking-
Tsinghua Center for Life Sciences, Peking University Health Science Center,
Beijing, China. “Department of Pathology, School of Basic Medical Sciences,
Peking University Health Science Center, Beijing 100191, China

Authors' contributions

Y.Y. and H.Q. conceived of and designed the study. Chemical synthesis, small
molecule structure determination, and some cellular and enzyme activity
assays were performed by X.N. with guidance from J.L. HQ, and C.Y. designed
and carried out cellular biology experiments with guidance from Y.Y. and Y.J.
The pattern diagrams were graphed by X.J. XN, and H.Q. performed and
analyzed the mouse study and the binding study of PKM2 with compound 8.
The manuscript was written by XN, HQ, MAM, and Y.Y.

Conflict of interests
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/541419-018-1271-9).

Received: 6 August 2018 Revised: 22 October 2018 Accepted: 28 November
2018
Published online: 20 February 2019

References

1. Kroemer, G. & Pouyssegur, J. Tumor cell metabolism: cancer's Achilles' heel.
Cancer Cell 13, 472-482 (2008).

2. Warburg, O. On the origin of cancer cells. Science 123, 309-314 (1956).

3. Chaneton, B. & Gottlieb, E. Rocking cell metabolism: revised functions of the
key glycolytic regulator PKM2 in cancer. Trends Biochem. Sci. 37, 309-316
(2012).

4. Keller, K E, Tan, I. S. & Lee, Y. S. SAICAR stimulates pyruvate kinase isoform M2
and promotes cancer cell survival in glucose-limited conditions. Science 338,
1069-1072 (2012).

5. Tamada, M, Suematsu, M. & Saya, H. Pyruvate kinase M2: multiple faces for
conferring benefits on cancer cells. Clin. Cancer Res. 18, 5554-5561 (2012).

6. Wong, N, De Melo, J. & Tang, D. PKM2, a Central Point of Regulation in Cancer
Metabolism. Int. J. Cell Biol. 2013, 242513 (2013).

7. Jurica, M. S. et al. The allosteric regulation of pyruvate kinase by fructose-1,6-
bisphosphate. Structure 6, 195-210 (1998).

8. Christofk, H. R. et al. The M2 splice isoform of pyruvate kinase is important for
cancer metabolism and tumour growth. Nature 452, 230-233 (2008).

9. Yang, W. & Lu, Z Pyruvate kinase M2 at a glance. J. Cell Sci. 128, 1655-1660
(2015).

10. Gui, D. Y, Lewis, C. A & Vander Heiden, M. G. Allosteric regulation of PKV2
allows cellular adaptation to different physiological states. Sci. Signal. 6, pe7
(2013).

11. Gao, X, Wang, H, Yang, J. J, Liu, X. & Liu, Z. R. Pyruvate kinase M2 regulates
gene transcription by acting as a protein kinase. Mol. Cell 45, 598-609 (2012).

12, Lu, Z PKM2 functions as a histone kinase. Cell Cycle 11, 4101-4102 (2012).

13. Yang, W. et al. Nuclear PKM2 regulates beta-catenin transactivation upon EGFR
activation. Nature 480, 118-122 (2011).

14. Yang, W. & Lu, Z Regulation and function of pyruvate kinase M2 in cancer.
Cancer Lett. 339, 153-158 (2013).

15. Yang, W. et al. ERK1/2-dependent phosphorylation and nuclear translocation
of PKM2 promotes the Warburg effect. Nat. Cell Biol. 14, 1295-1304 (2012).

16. Yang, W. et al. PKM2 phosphorylates histone H3 and promotes gene tran-
scription and tumorigenesis. Cell 150, 685-696 (2012).

17. Ly, F. et al. PKM2 methylation by CARM1 activates aerobic glycolysis to
promote tumorigenesis. Nat. Cell Biol. 19, 1358-1370 (2017).

18. Park, J. et al. SIRT5-mediated lysine desuccinylation impacts diverse metabolic
pathways. Mol. Cell 50, 919-930 (2013).

Official journal of the Cell Death Differentiation Association

20.

21,

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 15 of 16

Xiangyun, Y. et al. Desuccinylation of pyruvate kinase M2 by SIRTS
contributes to antioxidant response and tumor growth. Oncotarget 8,
6984-6993 (2017).

Liang, J. et al. Mitochondrial PKM2 regulates oxidative stress-induced apop-
tosis by stabilizing Bcl2. Cell Res. 27, 329-351 (2017).

Shoshan-Barmatz, V. et al. VDAC, a multi-functional mitochondrial protein
regulating cell life and death. Mol. Asp. Med. 31, 227-285 (2010).
Maldonado, E. N. & Lemasters, J. J. Warburg revisited: regulation of mito-
chondrial metabolism by voltage-dependent anion channels in cancer cells. J.
Pharmacol. Exp. Ther. 342, 637-641 (2012).

Keller, K. E, Doctor, Z. M, Dwyer, Z. W. & Lee, Y. S. SAICAR induces protein
kinase activity of PKM2 that is necessary for sustained proliferative signaling of
cancer cells. Mol. Cell 53, 700-709 (2014).

Du, J. et al Sirt5 is a NAD-dependent protein lysine demalonylase and
desuccinylase. Science 334, 806-809 (2011).

Wang, F. et al. SIRT5 desuccinylates and activates pyruvate kinase M2 to block
macrophage IL-1beta production and to prevent DSS-induced colitis in mice.
Cell Rep. 19, 2331-2344 (2017).

Lv, L. et al. Acetylation targets the M2 isoform of pyruvate kinase for degra-
dation through chaperone-mediated autophagy and promotes tumor
growth. Mol. Cell 42, 719-730 (2011).

Lv, L. et al. Mitogenic and oncogenic stimulation of K433 acetylation promotes
PKM2 protein kinase activity and nuclear localization. Mol. Cell 52, 340-352
(2013).

Christofk, H. R, Vander Heiden, M. G, Wu, N, Asara, J. M. & Cantley, L. C.
Pyruvate kinase M2 is a phosphotyrosine-binding protein. Nature 452,
181-186 (2008).

Sen, N, Satija, Y. K & Das, S. PGC-Talpha, a key modulator of p53, promotes cell
survival upon metabolic stress. Mol. Cell 44, 621-634 (2011).

Vander Heiden, M. G. et al. Outer mitochondrial membrane permeability can
regulate coupled respiration and cell survival. Proc. Natl Acad. Sci. USA 97,
4666-4671 (2000).

De Pinto, V, Reina, S, Gupta, A, Messina, A. & Mahalakshmi, R. Role of cysteines
in - mammalian VDAC isoforms' function. Biochim. Biophys. Acta 1857,
1219-1227 (2016).

Sun, Y, Vashisht, A. A, Tchieu, J, Wohlschlegel, J. A. & Dreier, L. Voltage-
dependent anion channels (VDACs) recruit Parkin @ to  defective
mitochondria to promote mitochondrial autophagy. J. Biol Chem. 287,
40652-40660 (2012).

Yagoda, N. et al. RAS-RAF-MEK-dependent oxidative cell death involving
voltage-dependent anion channels. Nature 447, 864-868 (2007).
Rostovtseva, T. & Colombini, M. VDAC channels mediate and gate the flow of
ATP: implications for the regulation of mitochondrial function. Biophys. J. 72,
1954 (1997).

Dayton, T. L. et al. Germline loss of PKM2 promotes metabolic distress and
hepatocellular carcinoma. Genes Dev. 30, 1020-1033 (2016).

Neufert, C, Becker, C. & Neurath, M. F. An inducible mouse model of colon
carcinogenesis for the analysis of sporadic and inflammation-driven tumor
progression. Nat. Protoc. 2, 1998-2004 (2007).

Vander Heiden, M. G. et al. Identification of small molecule inhibitors of
pyruvate kinase M2. Biochem. Pharmacol. 79, 1118-1124 (2010).

Chen, J. et al. Shikonin and its analogs inhibit cancer cell glycolysis by tar-
geting tumor pyruvate kinase-M2. Oncogene 30, 4297-4306 (2011).

Flader, C, Liu, J. & Borch, R. F. Development of novel quinone phosphor-
odiamidate prodrugs targeted to DT-diaphorase. J. Med. Chem. 43, 3157-3167
(2000).

Malkinson, A. M. et al. Elevated DT-diaphorase activity and messenger
RNA content in human non-small cell lung carcinoma: relationship to the
response of lung tumor xenografts to mitomycin Cl. Cancer Res. 52,
4752-4757 (1992).

Cesar, Md. C. & Wilson, J. E. All three isoforms of the voltage-dependent anion
channel (VDACT, VDAC2, and VDAC3) are present in mitochondria from
bovine, rabbit, and rat brain. Arch. Biochem. Biophys. 422, 191-196 (2004).
Blachlydyson, E, Baldini, A, Litt, M, Mccabe, E. R. & Forte, M. Human genes
encoding the voltage-dependent anion channel (VDAC) of the outer mito-
chondrial membrane: mapping and identification of two new isoforms.
Genomics 20, 62-67 (1994).

Sampson, MJ, Lovell, RS. & Craigen, WJ. The murine voltage-dependent
anion channel gene family. Conserved structure and function. J. Biol. Chem.
272, 18966-18973 (1997).


https://doi.org/10.1038/s41419-018-1271-9
https://doi.org/10.1038/s41419-018-1271-9

Qi et al. Cell Death and Disease (2019)10:170

44, Xu, X, Decker, W, Sampson, M. J, Craigen, W. J. & Colombini, M. Mouse VDAC
isoforms expressed in yeast: channel properties and their roles in mitochon-
drial outer membrane permeability. J. Membr. Biol. 170, 89-102 (1999).

45. Reina, S. et al. VDAC3 as a sensor of oxidative state of the intermembrane
space of mitochondria: the putative role of cysteine residue modifications.
Oncotarget 7, 2249-2268 (2016).

Official journal of the Cell Death Differentiation Association

46.

47.

Page 16 of 16

Riemer, J, Bulleid, N. & Herrmann, J. M. Disulfide formation in the ER and
mitochondria: two solutions to a common process. Science 324, 1284-1287
(2009).

Morgan, H. P. et al. M2 pyruvate kinase provides a mechanism for nutrient
sensing and regulation of cell proliferation. Proc. Natl Acad. Sci. USA 110,
5881-5886 (2013).



	Succinylation-dependent mitochondrial translocation of PKM2 promotes cell survival in response to nutritional stress
	Introduction
	Results
	Glucose starvation promotes mitochondrial translocation of PKM2
	Succinylation mediates mitochondrial translocation of PKM2
	PKM2 directly binds to and stabilizes VDAC3
	PKM2 and VDAC3 increase mitochondrial permeability under nutritional stress
	PKM2 and VDAC3 promote cell survival under nutritional stress and tumor development
	Identification and characterization of PKM2 inhibitors
	Compound 8 blocks PKM2 mitochondrial translocation under nutritional stress and inhibits tumor growth in�vivo

	Discussion
	Materials and methods
	Purification of recombinant pyruvate kinase isoforms and VDAC3
	PKM2 activity assay
	Cell culture
	Cell viability test
	shRNA constructs and lentiviral production
	Isolation of mitochondria
	NADH oxidation assay
	Co-immunoprecipitation assay
	GST-VDAC3, His-PKM2 protein, and in�vitro pulldown assay
	Measurement of ATP
	Western blotting
	RT-qPCR
	Xenograft experiments
	Chemistry
	Statistical analysis

	ACKNOWLEDGMENTS
	ACKNOWLEDGMENTS




