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SUMMARY

It is unclear how the Warburg effect that exemplifies enhanced glycolysis in the cytosol is
coordinated with suppressed mitochondrial pyruvate metabolism. We demonstrate here that
hypoxia, EGFR activation, and expression of K-Ras G12V and B-Raf V600E induce
mitochondrial translocation of phosphoglycerate kinase 1 (PGK1); this is mediated by ERK-
dependent PGK1 S203 phosphorylation and subsequent PIN1-mediated c/s—trans isomerization.
Mitochondrial PGK1 acts as a protein kinase to phosphorylate pyruvate dehydrogenase kinase 1
(PDHK1) at T338, which activates PDHK1 to phosphorylate and inhibit the pyruvate
dehydrogenase (PDH) complex. This reduces mitochondrial pyruvate utilization, suppresses
reactive oxygen species production, increases lactate production, and promotes brain
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tumorigenesis. Furthermore, PGK1 S203 and PDHK1 T338 phosphorylation levels correlate with
PDH S293 inactivating phosphorylation levels and poor prognosis in glioblastoma patients. This
work highlights that PGK1 act as a protein kinase in coordinating glycolysis and the TCA cycle,
which is instrumental in cancer metabolism and tumorigenesis.

INTRODUCTION

Most cancer cells even in the presence of ample oxygen predominantly produce energy by a
high rate of glycolysis followed by lactic acid fermentation in the cytosol, rather than by
oxidation of pyruvate in mitochondria as in most normal cells. This tumor-specific Warburg
effect promotes tumor progression (Yang and Lu, 2013 2015y ‘wjtochondrial oxidative
phosphorylation is regulated by the availability of oxygen and pyruvate, which are the
terminal electron acceptor and the primary carbon source, respectively (Kim etal, 2006).
Mitochondrial pyruvate metabolism is regulated by pyruvate dehydrogenase kinase (PDHK
or PDK), which has 4 isoforms (PDHK1-4), and pyruvate dehydrogenase (PDH) (Roche
and Hiromasa, 2007y ppHK 1, whose expression is upregulated by hypoxia-inducible factor
la (HIF1a), phosphorylates S293 of the PDH Ela subunit and inactivates the PDH complex
that normally converts pyruvate to acetyl-coA and CO»; this results in an inhibition of
pyruvate metabolism and tricarboxylic acid (TCA) cycle-coupled electron transport and thus
attenuation of mitochondrial respiration and ROS production (Kim etal., 2006, Papandreou
etal., 2006). By excluding pyruvate from mitochondrial consumption, PDHKZ1 induction
may promote glycolysis and increase the rate of conversion of pyruvate to lactate.

Phosphoglycerate kinase 1 (PGK1), the first ATP-generating enzyme in the glycolytic
pathway, catalyzes the transfer of the high-energy phosphate from the 1-position of 1,3-
diphosphoglycerate (1,3-BPG) to ADP, which leads to the generation of 3-phosphoglycerate
(3-PG) and ATP (Bernstein and Hol, 1998y pGK1 expression is upregulated in human
breast cancer (£hang etal., 2005 hancreatic ductal adenocarcinoma (Hwang et al., 2006y
radioresistant astrocytomas (Yan etal., 2012y ‘and multidrug-resistant ovarian cancer cells
(Duan etal., 2002y 55 \well as in metastatic gastric cancer, colon cancer, and hepatocellular
carcinoma cells (Ahmad etal., 2013. Aietal., 2011. Zieker et al., 2010)_ In spite of its
overexpression in many types of human cancer, the mechanisms underlying PGK1-promoted
tumor development remain largely unclear.

In this report, we demonstrate that hypoxia, activation of EGFR, and expression of K-Ras
G12V and B-Raf V600E induces ERK1/2 phosphorylation-dependent and PIN1 cis—trans
isomerization-regulated mitochondrial translocation of PGK1. Mitochondrial PGK1, acting
as a protein kinase, phosphorylates and activates PDHKZ1. This phosphorylation inhibits
mitochondrial pyruvate metabolism and ROS production and enhances lactate production,
thereby promoting tumor development.
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Mitochondrial Translocation of PGK1 Is Mediated by ERK1/2-Dependent Phosphorylation

Metabolic enzymes execute their primary metabolic functions in cytosol and mitochondria.
However, in response to extracellular stimuli, these enzymes, which include pyruvate kinase
M2 (PKM2) and fumarase, possess functions that are not directly linked with their normal
role in metabolism when their subcellular localization is altered (1ang etal., 2015. Lu,
2012a b. Yang etal., 2011y Tq determine whether PGK1 has subcellular compartment-
dependent functions, we examined its cellular distribution upon hypoxia stimulation. IF
analyses of U87 human glioblastoma (GBM) cells showed that hypoxia induced the
perinuclear accumulation of PGK1 (Figure 1A), which was diminished by expression of
short hairpin RNA (shRNA) targeting PGK1 (Figure S1A). Co-staining the cells with an
anti-PGK1 antibody and MitoTracker, a fluorescent mitochondrial dye, showed that PGK1
co-localized with mitochondria under hypoxic conditions (Figure 1A). Cell fractionation
analyses confirmed this and showed that hypoxia, which resulted in HIF1a accumulation
(Figure S1B, left panel), induced about 12% of cytosolic PGK1 translocation to
mitochondria (right panel). Prolonged hypoxic stimulation enhances HIF1a-depdendent
PGK1 expression (Kim etal., 2006y ‘However, SIRNA depletion of HIF1a did not block
hypoxia-induced mitochondrial translocation of PGK1, indicating that this process occurs
independently of HIF1a (Figure S1C).

To determine whether PGK1 binds the outer membrane of mitochondria or translocates into
them, we performed a proteinase K protection assay using mitochondria isolated from U87
and U251 GBM cells. Outer membrane marker TOM20, but not PGK1 and the
intramitochondrial marker COX 1V, was completely digested by proteinase K treatment,
whereas upon Triton X-100 treatment, which solubilizes the outer and inner membranes of
mitochondria, PGK1 and COX IV were accessible to proteinase K digestion (Figure S1D).
In contrast, brief digitonin treatment, which damages the mitochondrial outer membrane, but
not the inner membrane, had limited effect on the accessibility of mitochondrial PGK1 for
proteinase K digestion (Figure S1E). In addition, upon mitochondrial subfractionation,
PGK1 was co-isolated with the mitochondrial matrix protein MnSOD, but not with the inner
membrane protein TIMM22 and intermembrane space protein cytochrome ¢ (Figure 1B),
indicating that PGK1 translocated into the mitochondrial matrix. These findings were further
supported by immunogold transmission electron microscopy analyses (Figure 1C).

MAP kinase activation plays instrumental roles in hypoxia-induced cellular activities
(Kronblad et al., 2005 pretreatment of U87 cells with the JNK inhibitor SP600125, p38
inhibitor SB203580, MEK/ERK inhibitor U0126 blocked hypoxia-induced phosphorylation
of c-Jun, MAPK/APK2 (a p38 substrate), and ERK1/2 respectively (Figure S1F).
Immunoblotting analyses revealed that only MEK/ERK inhibition significantly reduced the
hypoxia-induced mitochondrial translocation of PGK1 in U87 (Figure 1D) and U251 cells
(Figure S1G). These results were supported by the results of IF analyses (Figure S1H). In
addition, expression of the Flag-ERK2 K52R kinase-dead mutant blocked the hypoxia-
(Figure S1I) and active HA-MEK1 Q56P mutant- (Figure S1J) induced mitochondrial
translocation of PGK1. These results indicate that ERK1/2 activation is required and
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sufficient for mitochondrial translocation of PGK1. In line with this conclusion, EGF
stimulation (Figure 1E) or expression of oncogenic K-Ras G12V in BXPC-3 human
pancreatic cancer cells (with no endogenous Ras mutation) and B-Raf V600E in CHL1
human melanoma cells (with no endogenous B-Raf mutation) (Flockhart etal., 2009. Yun et
al,, 2009) (Figure 1F) induced mitochondrial translocation of PGK1; notably, this
translocation was blocked by U0126 treatment or ERK2 K52R expression.

We next performed co-immoprecipitation (IP) analyses and showed that ERK1/2 associated
with PGK1 upon hypoxia stimulation (Figure S1K). An in vitro GST pull-down assay with
purified recombinant active His-ERK2 and GST-PGK1 revealed that these two proteins
interact directly (Figure S1L). MAP kinases contain a docking groove, which consists of the
common docking (CD) domain and glutamate/aspartate (ED) sites (-U @nd Xu, 2006y p316
and D319 in the CD domain and T157 and T158 in the ED sites of ERK2 are important for
the recognition of its substrates (LU and Xu, 2006) co-|p assays revealed that endogenous
PGK1 bound poorly to Flag-ERK2 D316/D319N and to Flag-ERK2 T157/T158E, and
completely failed to bind an ERK2 mutant with combined CD domain/ED sites mutations
(Figure S1M). These results indicate that PGK1 binds to the ERK?2 docking groove.

ERK substrates often have a docking motif, which is characterized by a cluster of basic
residues followed by an LXL motif (L represents leucine, but can also be isoleucine or
valine; X represents any amino acid) (Yang et al., 2012by - apalysis of the PGK1 amino acid
sequence with the Scansite program identified three putative ERK-binding sequences, 74-
DKYSLEPVAVE-84, 170-HRAHSSMVGVN-180, and 273-AEKNGVKITLP-283, which
contain LXL motifs at V81/V83, V177/V179, and VV278/1280/L.282, respectively.
Streptavidin pull-down of S-Flag-Biotin (SFB)-PGK1 proteins showed that only PGK1
V278A/1280R/L282R mutation markedly reduced binding to ERK1/2 (Figure SIN). These
results indicate that the ERK2 docking groove binds to a docking motif in PGK1 at \V278/
1280/L.282.

To determine whether PGK1 is a substrate of ERK1/2, we performed an in vitro kinase assay
and showed that purified and active ERK2 phosphorylated bacterially purified PGK1 (Figure
1G). An analysis of PGK1 amino acid sequences revealed that PGK1 has a P-X-S/TP (where
X can be any amino acid) ERK1/2 phosphorylation motif at S203. Mutation of S203 to Ala
abolished ERK2-mediated PGK1 phosphorylation in vitro, as demonstrated by
autoradiography and immunoblotting analyses using a specific anti-PGK1 pS203 antibody
(Figure 1G). IF analysis showed that hypoxia stimulation resulted in accumulation of
phosphorylated PGK1 S203 in mitochondria (Figure S2A). In addition, U0126 treatment and
PGK1 S203A mutation (Figure 1H), but not SP600125 treatment (Figure S2B), abolished
hypoxia-induced PGK1 S203 phosphorylation. In line with these findings, expression of
ERK2 K52R mutant reduced active MEK1 Q56P-induced PGK1 S203 phosphorylation
(Figure S2C). Notably, PGK1 S203A was resistant to hypoxia-induced mitochondrial
translocation (Figures 11 and S2D). In contrast, a phosphorylation-mimic PGK1 S203D
mutant was able to accumulate in mitochondria in the absence of hypoxia stimulation
(Figures 11 and S2D), indicating that ERK1/2-mediated PGK1 S203 phosphorylation is
required for mitochondrial translocation of PGK1.
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Hypoxia results in EGFR activation (Franovic etal., 2007) Treatment with EGFR inhibitors
AG1478 or gefitinib blocked hypoxia-induced EGFR phosphorylation (Figure S2E), ERK
activation, and phosphorylation and mitochondrial translocation of PGK1 in U87 cells
(Figure S2F). These results indicated that hypoxia induces ERK activation and
mitochondrial translocation of PGK1 through activation of EGFR. Consistent with this
finding, EGF-induced PGK1 S203 phosphorylation (Figure S2G) and S203
phosphorylation-dependent mitochondrial translocation of PGK1 (Figure S2H) were also
observed. In addition, ERK2 K52R expression blocked K-Ras G12V- and B-Raf V600E-
induced PGK1 S203 phosphorylation (Figure S21). These findings indicated that hypoxia,
activation of EGFR, and expression of oncogenic K-Ras and B-Raf all induce ERK-
dependent phosphorylation and mitochondrial translocation of PGK1.

PIN1 Binds to and cis—trans Isomerizes Phosphorylated PGK1 for Mitochondrial
Translocation of PGK1

The peptidyl-proline isomerase protein never in mitosis gene A interacting-1 (PIN1)
recognizes phosphorylated pS/TP-peptide sequences and catalyzes their cis-trans
isomerization. PIN1 can regulate subcellular redistribution of its substrates (LU and Hunter,
2014). Co-IP analyses showed that hypoxia stimulation significantly increased the
interaction between endogenous PIN1 and PGK1, which was blocked by U0126 treatment
(Figure 2A). In addition, hypoxia stimulation induced strong binding of endogenous PGK1
to wild-type (WT) GST-PIN1 but not substrate-binding deficient GST-PIN1 WW domain
mutant (Figure 2B). Unlike WT PGK1, PGK1 S203A failed to interact with GST-PIN1
(Figure 2C). The requirement of ERK1/2 activity for the interaction between PIN1 and
PGK1 was confirmed by an in vitro binding assay, which showed that purified His-PGK1
bound to purified WT GST-PIN1 but not GST-PIN1 WW mutant, only in the presence of
ERK2 and ATP (Figure 2D). In addition, purified PGK1 S203D, but not PGK1 S203A, was
able to pull down either purified GST-PIN1 (Figure 2E) or endogenous PIN1 in U87 cells
without hypoxia stimulation (Figure 2F).

To further examine whether the PGK1 pS203/P204 motif is a PIN1 substrate, we
synthesized PGK1 oligopeptides containing phosphorylated or nonphosphorylated S203/
P204. WT GST-PINL, but not a catalytically inactive GST-PIN1 C113A mutant, isomerized
the pS203/P204 peptide (Figure 2G, left panel) but not its nonphosphorylated counterpart
(Figure 2G, right panel). In addition, GST-PIN1 isomerized the phosphorylation-mimic
D203/P204 peptide, but at a lower efficiency than for the pS203/P204 peptide (Figure 2G,
left panel). Consistent with this finding, His-tagged D203/P204 peptide bound to GST-PIN1
with a lower efficiency than the pS203/P204 peptide, but with a higher affinity than its
nonphosphorylated counterpart (Figure S2J). Cell fraction analysis demonstrated that about
15% of PGK1 S203D translocated into the mitochondria (Figure S2K), and this rate was
moderately increased by PIN1 overexpression (Figure S2K), reflecting the low efficiency of
PGK1 S203D/P204 isomerization by PIN1. These results suggested that PIN1 specifically
isomerizes the PGK1 pS203/P204 motif.

Next we showed that PIN1 deficiency completely blocked the hypoxia-induced
mitochondrial translocation of PGK1, whereas this block was rescued by reconstituted
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expression of WT PIN1 but not the PIN1 C113A catalytically-inactive mutant in PINI~/~
mouse embryonic fibroblasts (Figure 2H). In addition, PIN1 deficiency blocked the
mitochondrial translocation of the PGK1 S203D mutant, and the failure of PGK1 S203D
translocation was rescued by reconstituted expression of WT PIN1 but not the PIN1 C113A
mutant (Figure 21). These results indicate that ERK1/2-mediated PGK1 phosphorylation
leads to the binding of PIN1 to PGKZ1, which in turn leads to the cis—transisomerization and
subsequent mitochondrial translocation of PGK1.

PIN1 Regulates Binding of PGK1 to the TOM Complex

Nearly all mitochondrial pre-proteins are imported via the translocase of the outer
membrane (TOM) complex containing three receptor proteins, TOM20, TOM70, and
TOM22. TOM20 acts as a general import receptor and is the initial recognition site for
substrates with presequences. Presequences, which are often located at the N-terminus of
precursor proteins and form positively charged amphipathic a helices, are the classic type of
mitochondrial targeting signals (Chacinska et al., 2009y A stryctural analysis of PGK1
revealed that it contains an a-helix (amino acids 38-53) at its N-terminus (Figure S2L)
(Michelson et al., 1985y co-|p analyses showed that hypoxia stimulation resulted in an
interaction between PGK1 and TOM20 (Figure 3A). PIN1 deficiency abrogated this
interaction, which was rescued by reconstituted expression of WT PIN1 but not the PIN1
C113A mutant (Figure 3B). In addition, incubation of purified WT GST-PGK1 or GST-
PGK1 S203D mutant with purified His-TOMZ20 in the presence or absence of PIN1 showed
that GST-PGK1 S203D, but not WT GST-PGK1, was able to bind to TOM20 only in the
presence of PIN1 (Figure 3C). These results indicate that PIN1 is required for
phosphorylated PGK1 to bind to the TOM complex.

To determine the presequence of PGK1 needed for its mitochondrial translocation, we
expressed a C-terminally SFB-tagged PGK1 A1-57 protein lacking residues 1-57 containing
the a-helix and found that this mutant failed to interact with TOM20 (Figure 3D). Combined
mutation of positively charged R39 and K41, or K48 in the a-helix into Ala revaled that
PGK1 R39/K41A, but not PGK1 K48A, abrogated the PGK1 and TOMZ20 interaction
(Figure 3E), strongly suggesting that R39/K41 are key residues involved in PGK1 binding to
the TOM complex. Notably, neither the PGK1 A1-57 mutant (Figure 3F) nor the PGK1
R39/K41A mutant (Figures 3G and 3H) was able to translocate into mitochondria upon
hypoxia stimulation of U87 cells, as demonstrated by immunoblotting (Figures 3F and 3G)
and IF (Figure 3H) analyses. Similar results for PGK1 R39/K41A were observed in U251
cells (Figure S2M). Given that PGK1 R39/K41 are not directly exposed on the surface of the
PGK1 protein (Figure S2N), these results strongly suggest that PIN1-dependent c/is—trans
isomerization of the pS203P204 bond in PGK1 exposes the mitochondrial targeting signal
containing R39/K41 residues for recognition of PGK1 by the TOM complex. To further
support this conclusion, we incubated purified GST-PGK1 S203D mutant with or without
purified PIN1 for isomerization, which was followed by IP with a specific anti-PGK1
antibody that recognizes 38-QRIKAA-43. Immunoblotting analyses with an anti-GST
antibody showed that anti-PGK1 antibody against 38-QRIKAA-43 successfully recognized
GST-PGK1 S203D only in the presence of PIN1 (Figure S20). These results suggested that
PIN1-regulated isomerization of PGK1 exposes the 38-QRIKAA-43 residues so that they
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can be recognized by both the peptide-specific antibody and the TOM complex for
mitochondrial translocation of PGK1.

Mitochondrial PGK1 Phosphorylates PDHK1

Hypoxia enhances the glycolytic pathway and results in pyruvate being converted into
lactate rather than being used for mitochondrial oxidation (SéMenza, 2010y s expected,
hypoxia decreased the PDH complex—mediated conversion rate of 14C-labeled pyruvate

to 14C-labeled CO; in isolated mitochondria (Figure 4A). Of note, PGK1 depletion
significantly counteracted the suppression of pyruvate to CO, conversion observed with
hypoxia, and this suppression was rescued by reconstituted expression of RNA interference-
resistant (r) VV5-tagged WT PGKZ1, but not of rPGK1 S203A or rPGK1 R39/K41A (Figures
4A and S3A). Similar results were obtained for hypoxia- or EGF-stimulated cells incubated
with [1-14C]-pyruvate (Figure S3B). These results indicate that mitochondrial PGK1
regulates the activity of the PDH complex.

In line with this finding, co-I1P analyses showed that hypoxia induced an interaction between
endogenous PGK1 and PDHK1 (Figure 4B). In addition, PDHKZ1, but not PDHK2, PDHK3,
or PDHK4, interacted with endogenous PGK1 upon hypoxic stimulation (Figure S3C).
Furthermore, purified PGK1 directly bound to purified PDHKZ1 in an in vitro binding assay
(Figure 4C). These results indicated that hypoxia results in direct interaction between PGK1
and PDHK1.

PGK1-catalyzed conversion of 1,3-BPG to 3-PG and ATP is a reversible reaction (Bernstein
and Hol, 1998y qch that PGK 1 can also utilize ATP as a phosphate donor. To test whether
PGKZ1 might act as a protein kinase to phosphorylate PDHK1, we performed an in vitro
phosphorylation assay by mixing highly purified recombiant PGK1 and PDHK1 (Figure
S3D) in the presence of ATP (Figure 4D). Liquid chromatography-coupled Orbitrap mass
spectrometry (LC-MS/MS) analyses of tryptic digests of PDHK1 showed that PGK1
phosphorylates PDHK1 at S337 or T338 (Figure 4D). Phosphoamino acid analysis showed
that PGK1 phosphorylates PDHK1 predominantly at threonine (Figure S3E), suggesting that
PDHKZ1 T338 is phosphorylated. In addition, WT PGK1, but not a PGK1 T378P kinase-
dead mutant (Chiarelli et al., 2012y ‘a5 aple to phosphorylate WT PDHKZ, but not PDHK1
T338A, which was detected by both autoradiography and an anti-phospho-PDHK1 T338
antibody (Figures 4E and S3F). In contrast, mutation of the adjacent PDHK1 S337A had no
effect on PGK1-mediated PDHK1 phosphorylation (Figure S3G). This phosphorylation was
abrogated by incubation with an excess amount of 3-PG (Figure S3H), suggesting that
PDHK?1 and 3-PG compete with each other for phosphorylation by PGK1.

To support that ATP is the physiological phosphate donor for PGK1-mediated PDHK1
phosphorylation, we mixed a mitochondrial lysate with purified PGK1 in the presence of
exogenous ATPase. The presence of ATPase, which hydrolyzes mitochondrial ATP,
abrogated PGK1-mediated PDHK1 T338 phosphorylation (Figure S3I). Given that the Km
(0.56 + 0.053 mM) of ATP for PGK1-dependent PDHK phosphorylation (Figure S3J) is
much lower than the physiological mitochondrial concentrations of ATP in U87 and U251
cells, which range from 2.5 to 3.5 mM under normoxic and hypoxic conditions (Figure
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S3K), these results suggests that PGK1 is able to efficiently phosphorylate PDHKL1 in
mitochondria utilizing ATP.

Depletion of phosphorylated PDHK1 from a mitochondrial extract using a PDHK1 pT338
antibody largely reduced the amount of PDHKZ1 in mitochondria, suggesting that the
majority of mitochondrial PDHK1 was phosphorylated by PGK1 upon hypoxic stimulation
(Figure S3L). Mitochondrial fraction analyses showed that both WT rPGK1 and rPGK1
T378P (Figure S3M) were able to translocate into mitochondria (Figure S3N). However,
PGK1 depletion-blocked hypoxia-induced PDHK1 T338 phosphorylation was rescued by
reconstituted expression of WT rPGK1 but not that of rPGK1 T378P (Figure S30). In
addition, expression of rPGK1 S203A, which had comparable glycolytic activity to its WT
counterpart (Figure S3P), failed to induce PDHK1 T338 phosphorylation under hypoxic
conditions (Figure 4F). PDHK1 is known to be phosphorylated at tyrosine residues by
FOP2-fibroblast growth factor receptor (FGFR) 1, an oncogenic, soluble FGFR1 fusion
protein (Hitosugi etal., 2011y consistent with this previous finding, hypoxic stimulation did
not alter PDHK1 Y243 phosphorylation (Figure S3Q). Given that the majority of
mitochondrial PDHK1 was phosphorylated by PGKZ1, these results suggest that FGFR is not
involved in the regulation of PDHK1 during hypoxia. These results indicated that PGK1
functions as a protein kinase and phosphorylates PDHK1 T338 in mitochondria under
hypoxic condition.

PDHK1 phosphorylation by PGK1 activates PDHK 1

To determine whether PGK1 regulates PDHK1 activity by phosphorylation, we examined
the effect of PGK1 on PDHK1-phosphorylated PDH (Ela) by performing an in vitro protein
kinase assay. We showed that PDHK1-dependent PDH S293 phosphorylation was
significantly enhanced by purified WT PGK1 but not PGK1 T378P (Figure 5A). In addition,
PDHK1 T338A, whose basal PDH phosphorylation activity was the same as WT PDHK1,
did not exhibit PGK1-enhanced PDH phosphorylation (Figure 5A). These in vitro results
were validated in U87 and U251 cells, which showed that PGK1 depletion blocked hypoxia-
induced PDH phosphorylation and that this defect in phosphorylation was rescued by
reconstituted expression of WT rPGK1 but not rPGK1 S203A (Figure 5B), rPGK1 T378P
(Figure S4A), or rPGK1 R39/K41A (Figure S4B) that had comparable glycolytic activity to
its WT counterpart (Figure S30). Notably, cells expressing mitochondria translocation-
defective rPGK1 R39/K41A did not exhibit increased PDH phosphorylation, although
PDHK1 expression was dramatically enhanced by long-term hypoxic stimulation (Figure
S4C). These results indicated that hypoxia-enhanced PDHK1 expression is not sufficient for
full activation of PDHK1, which requires PGK1-dependent phosphorylation.

In line with these results, PDHK1 depletion or reconstituted expression of rPDHK1 T338A
blocked hypoxia-induced PDH phosphorylation (Figure 5C). In addition, EGF treatment
(Figure 5D) or expression of K-Ras G12V and B-Raf V600E (Figure 5E) resulted in
enhanced phosphorylation of PDHK1 T338 and PDH S293, which was blocked by
reconstituted expression of rPGK1 S203A (Figure 5D) or ERK2 K52R expression (Figure
5E). Furthermore, expression of dominant negative H-Ras N17 mutant blocked EGF-
induced phosphorylation and motchondrial translocation of PGK1 and PDHK1
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phosphorylation in EGFR-overexpressing 3Y1 rat fibroblasts (Figures S4D). Simialr
inhibitory results were also observed by U0126 treatment of Pancl pancreatic cancer cells
with endogenously expressed K-Ras G12D mutant (Figures S4E).

To further validate our findings in vivo, we used CRISPR/Cas9 genome editing knock-in
technology to replace endogenous PGK1 and PDHK1 with PGK1 S203A and PDHK1
T338A, respectively, in U87 cells (Figures S4F and S4G). Deficiency of PGK1
phosphorylation blocked short-time hypoxia- and/or EGFR activation-induced mitochondrial
translocation of PGK1 and phosphorylation of PDHK1 T338 (Figure 5F). In addition, PGK1
S203 and PDHK1 T338 phosphorylation-dependent PDH S293 phosphorylation was also
observed (Figures 5F and 5G). Notably, hypoxic stimulation of these PGK1 S203A knock-in
cells, which enhanced expression of PGK1 S203A and PDHK1, resulted in a limited
increase in PDH S293 phosphorylation when compared with stimulation of their parental
cells (Figure S4H), further supporting that mitochondrial PGK1-dependent phosphorylation
and activation of PDHK1 play major roles in PDH inhibition.

All together, these results indicated that hypoxia, activation of EGFR, and expression of K-
Ras G12V and B-Raf V600E all result in PGK1-mediated phosphorylation of PDHK1,
which enhances PDHK?1 activity promoting PDH phosphorylation and inhibition.

PGK1-Mediated PDHK1 Phosphorylation Inhibits Mitochondrial Pyruvate Metabolism and
Promotes Lactate Production

To determine the role of PGK1-dependent PDHK1 phosphorylation in regulating
mitochondrial function, we mixed 14C-labeled pyruvate with isolated mitochondria from
hypoxia-stimulated U87 cells. We showed that PDHK1 depletion (Figure 5C, left panel)
acting similarly to rPGK1 S203A expression (Figure 4A) significantly enhanced the
conversion rate of [1-14C]-labeled pyruvate to 1C-labeled CO, and counteracted the
suppression induced by hypoxia (Figure 6A). These effects were abrogated by reconstituted
expression of WT rPDHKZ1. In contrast, rPDHK1 T338A expression was unable to suppress
PDH-dependent pyruvate metabolism upon hypoxic stimulation (Figure 6A). Similar results
were also obtained with hypoxia-stimulated U87 cells incubated with [1-14C]-pyruvate
(Figure S5A). In line with this finding, production of acetyl-CoA levels in mitochondria of
U87 cells (Figure 6B) and U251 cells (Figure S5B) was suppressed by hypoxia, and this
suppression was abrogated by depletion of PDHK1 and restored by reconstituted expression
of WT rPDHKZ1, but not rPDHK1 T338A. Notably, hypoxic stimulation of U87 (Figure 6C)
and U251 cells (Figure S5C) for 24 h enhanced ROS production, which was further
increased by PDHK1 depletion. Reconstituted expression of WT rPDHK1 greatly
suppressed ROS production compared to expression of rPDHK1 T338A (Figures 6C and
S5C). Consistent with this finding, rPGK1 R39/K41A expression enhanced ROS production
compared to expression of WT rPGK1 (Figure S5D). Furthermore, PGK1 depletion induced
higher ROS production (Figure S5E) and mitochondrial membrane potential inhibition
(Figure S5F), which was further enhanced by the addition of exogenous pyruvate. These
results indicate that mitochondrial PGK1-mediated PDHK1 phosphorylation is instrumental
in suppressing PDH-dependent pyruvate metabolism and mitochondrial ROS production
under hypoxic condition.
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Hypoxia enhances glycolysis (Kim etal., 2006). We detected increased cytosolic pyruvate
levels (Figure 6D) and lactate production (Figure 6E) in U87 cells with short term-hypoxic
stimulation, which did not alter PGK1 and PDHK1 expression (Figures 1D and 4F).
Notably, this increase was blocked by depletion of PGK1 (left panels) or PDHK1 (right
panels), which was restored by reconstituted expression of WT rPGK1 or rPDHKZ1 but not
rPGK1 S203A or rPDHK1 T338A, respectively. In addition, reconstituted expression of
rPGK1 S203D, which translocated into mitochondria for upregulation of PDHK1 activity,
enhanced lactate production in contrast to reconstituted expression of WT rPGK1 (Figure
S5G).

As expected, EGF stimulation inhibited the conversion of pyruvate to CO, in vivo (Figure
S5H); suppressed oxygen consumption rate (OCR) (Figures 6F and S51) and mitochondrial
oxidation activity (Figure 6G); and increased extracellular acidification rate (ECAR)
(Figures 6H and S5J). These effects were lacking in knock-in cells expressing PGK1 S203A
or PDHK1 T338A, treatment of cells with dicholoroacetate (DCA) PDHK inhibitor, or
depletion of PGK1 or PDHK1, which can be rescued by reconstituted expression of WT
rPGK1 or WT rPDHK1, but not with rPGK1 S203A or rPDHK1 T338A mutants. Of note,

a 3H-glucose labeling experiment demonstrated that the EGF-enhanced glycolytic rate was
not obviously affected by knock-in of expression of PGK1 S203A (Figure S5K). These
results further supported that the PGK1 mutants do not oberviuosly alter the glycolytic
activity of PGK1 and that mitochondrial PGK1-mediated PDHK1 phosphorylation increases
the amount of cytosolic pyruvate and lactate by attenuating mitochondrial pyruvate
metabolism.

Mitochondrial PGK1-Dependent PDHK1 Phosphorylation Promotes Cell Proliferation and
Brain Tumorigenesis and Indicates a Poor Prognosis in GBM Patients

Mitochondrial PGK1-regulated cell metabolism and ROS production likely regulates cell
proliferation. As expected, depletion of PGK1 or PDHK1 inhibited proliferation of U87
cells under hypoxic conditions (Figure S6A). Reconstituted expression of WT rPGK1 or
rPDHK1 restored cell proliferation. In contrast, reconstituted expression of rPGK1 S203A
and rPDHK1 T338A resulted in only partial rescue of these deleterious effects on cells. The
cell proliferation defect was also observed in the cells with knock-in of expression of PGK1
S203A or PDHK1 T338A (Figure 7A). Treatment with N-acetyl-L-cysteine (NAC), a
scavenger of free radicals, which reduced hypoxia-induced ROS production in mitochondria
(Anastasiou et al., 2011, partially rescued growth inhibition of U87 cells induced by
reconstituted expression of PGK1 R39/K41A mutant under hypoxic condition (Figure S6B).
Under normoxic conditions, knock-in of expression of PGK1 S203A (Figure S6C) or
PDHKZ1 T338A (Figure S6D) in U87 cells expressing active EGFRvIII mutant inhibited cell
proliferation. In contrast, enhanced proliferation of cells expressing rPGK1 S203D was
observed (Figure S6E). These results indicate that mitochondrial PGK1-dependent PDHK1
phosphorylation promotes cell proliferation under both hypoxic and normoxic conditions.

To investigate the mitochondrial function of PGK1 in brain tumor development, we
intracranially injected athymic nude mice with U87 and GSC11 human primary GBM cells
(Figure S6F) with or without depletion of PGK1 or PDHKZ1 and reconstituted expression of
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their WT counterparts, rPGK1 S203A, rPGK1 S203D, rPGK1 R39/K41A, or rPDHK1
T338A. Dissection of the mice’s brains revealed tumor growth in all of the animals injected
with U87 cells (Figure 7B) or GSC11 cells (Figure S6G). In contrast, we detected no tumor
growth or much smaller tumors in the brains of mice injected with the cells with depleted
PGK1 or PDHK1, respectively. This tumor inhibition was abrogated by reconstituted
expression of WT rPGK1 or rPDHK1 but not rPGK1 S203A, rPGK1 R39/K41A, or
rPDHK1 T338, whereas rPGK1 S203D expression enhanced tumor growth (Figures 7B and
S6G). Immunohistochemical (IHC) staining revealed strong phosphorylation of PGK1 S203
and PDHK1 T338 in U87 cells with reconstituted expression of their WT counterparts but
not with reconstituted expression of rPGK1 S203A or rPDHK1 T338A (Figure S6H). Ki67
staining (Figure S61) and a terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay (Figure S6J) of tumor specimens revealed rapid cellular proliferation and
few apoptotic cells with reconstituted expression of WT rPGK1 or rPDHKZ, in contrast to
the slower cell proliferation and more apoptotic cells with reconstituted expression of
rPGK1 S203A or rPDHK1 T338A. These results indicated that mitochondrial PGK1-
dependent PDHK1 phosphorylation promotes brain tumorigenesis.

We next analyzed 50 human primary GBM specimens with specificity-validated antibodies
(Figures S7A and S7B) (Kaplon etal., 2013y \we showed that the phosphorylation levels of
ERK1/2, PGK1 S203, PDHK1 T338, and PDH S293 were positively correlated with each
other (Figure 7C). Quantification of the staining showed that these correlations were
significant (Figure S7C). We compared the survival duration of the 50 patients, all of whom
had received standard adjuvant radiotherapy after surgical resection of GBM followed by
treatment with an alkylating agent (temozolomide in most cases), with tumor
phosphorylation levels of PGK1 S203 and PDHK1 T338. The median survival duration was
201.3 and 192.4 weeks for patients whose tumors had low PGK1 S203 and PDHK1 T338
phosphorylation levels, respectively, and 90.2 and 82.9 weeks for those whose tumors had
high phosphorylation levels of PGK1 S203 and PDHK1 T338, respectively. In a Cox
multivariate model, the IHC scores of PGK1 S203 and PDHK1 T338 phosphorylation were
independent predictors of GBM patient survival after adjustment for patient age, which is a
relevant clinical covariate (Figure 7D). These results support a role for mitochondrial PGK1-
dependent PDHK1 phosphorylation in the clinical behavior of human GBM and reveal a
correlation among ERK1/2-dependent PGK1 phosphorylation, PGK1-dependent PDHK1
phosphorylation, and the clinical aggressiveness of GBM.

DISCUSSION

A tumor cell mass, developing initially in a vascular environment, can become severely
hypoxic as a result of massive expansion distant from the vasculature (GUise etal., 2014y 1
survive this hypoxic stress and support growth, the tumor cells upregulate glycolysis and
suppress pyruvate metabolism and oxidative phosphorylation in mitochondria so that
pyruvate is converted to lactate in the cytoplasm and exported (Gatenby and Gillies, 2004y
In normoxic conditions, activation of receptor tyrosine kinases or the presence of prevalent
K-Ras and B-Raf mutations promotes the Warburg effect (Tani etal., 1985. Yaffe et al.,
1997. Yang et al., 2012by \ne reveal here an important mechanism underlying the
coordinated regulation of glycolysis and the TCA cycle by subcellular compartment-specific
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regulation of the glycolytic enzyme PGK1: hypoxic stress, EGFR activation, or expression
of K-Ras G12V or B-Raf V600E results in ERK1/2-dependent phosphorylation of PGK1 at
S203, leading to PIN1-dependent PGK1 cis—transisomerization, binding of PGK1 to the
TOM complex, and subsequently mitochondrial translocation of PGK1. In mitochondria,
PGK1 directly interacts with and phosphorylates PDHK1 at T338. This phosphorylation
enhances PDHK1 activity and PDHK1-mediated PDH phosphorylation, which results in the
suppression of PDH-dependent pyruvate utilization and ROS production in mitochondria
and increased cytosolic production of pyruvate and lactate. This metabolic alteration
promotes cell proliferation and tumorigenesis (Figure 7E). The demonstration that PGK1
functions as a protein kinase highlights its dual roles as a glycolytic enzyme and protein
kinase in integrated regulation of glycolysis and mitochondrial metabolism.

In the glycolytic pathway, PGK1 and puruvate kinase are the only two ATP-generating
enzymes. PKM2 was reported as a protein kinase and utilizes the phosphate group from
phosphoenolpyruvate but not ATP to phosphorylate histone H3 and STAT3, thereby
regulating gene expression (G20 etal., 2012. Yang etal., 2012a) pK M2 was also shown to
phosphorylate Bub3 and myosin light chain 2 to promote mitosis and cytokinesis,
respectively (Jiang etal., 2014a; Jiang et al., 2014b). In addition, succinyl-5-
aminoimidazole-4-carboxamide-1-ribose-5'-phosphate (SAICAR) binds to and enhances the
protein kinase activity of PKM2 for phosphorylation of more than 100 proteins (Keller etal.,
2014). Of note, these findings from multiple groups were debated by a recent report, which
shows that protein phosphorylation spectrum PKM2-null lysates was not altered by
recombinant PKM2 and suggests that previously observed PKM2 protein kinase activity
might result from PKM2-associated protein kinases rather than PKM?2 itself. However,
PKM?2, as one out of more than 500 protein kinases in mammalian cells, might not be able to
alter autoradiography-generated phosphorylation spectrums of thousands of proteins in gels.
Importantly, PKM2 protein kinase activity was demonstrated and validated by a more recent
publication (L1 €tal., 2015) \yhich showed that the yeast PKM2 homolog can directly
phosphorylate histone H3 at T11 in vivo and in vitro. The current study shows that highly
purified PGK1 with no obvious protein kinase contamination phosphorylated highly purified
PDHK1 supporting that glycolytic enzymes can possess dual enzymatic activities,
functioning both as metabolic enzymes and protein kinases.

Hypoxic cells increase glycolysis with suppressed cellular respiration. The suppressed
cellular respiration was thought to result from the paucity of oxygen required for accepting
electrons from the mitochondrial respiratory chain and from the inhibition of mitochondrial
pyruvate metabolism and respiration, which can be regulated by several mechanisms,
including HIFLa-upregulated PDHK1 expression (KiM et al., 2006y | oyr study, a
deficiency in mitochondrial translocation of PGK1 induced by expression of PGK1 S203A,
which had no effect on hypoxia-enhanced PGK1 and PDHKZ1 expression, largely reduced
hypoxia-induced PDH phosphorylation. These results indicated that overexpression of
PGK1 and PDHK1 by itself is not sufficient to maximize its cellular activity in mitochondria
and that PGK1-mediated phosphorylation of PDHK1 and hypoxia-enhanced PDHK1
expression have a synergistic effect on regulating PDHK1 activity.
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Although tumor cells can regulate glycolysis and mitochondria simultaneously via HIF-
regulated expression of glycolytic genes and mitochondrial enzymes under hypoxic
conditions, this regulation, which does not occur in normoxic conditions, is a chronic
response and requires regulation of gene transcription. We found that activation of EGFR,
K-Ras, and B-Raf under normoxic conditions or hypoxia stimulation induced an immediate
or acute response in tumor cells by rapid mitochondrial translocation of PGK1, which led to
inhibition of mitochondrial pyruvate metabolism and increased cytosolic glycolysis. Thus,
our findings provide an instrumental concept of integrated regulation of glycolysis and the
TCA cycle and provide a critical insight into the Warburg effect induced by prevalent
oncogenes, such as EGFR, K-Ras, and B-Raf. Given that PGK1 expression is upregulated in
human cancer and is associated with tumor metastasis and drug resistance (Ahmad etal.,
2013, Duan et al., 2002) oyr findings—demonstrating that PGK1-dependent PDHK1 T338
phosphorylation promotes tumor cell proliferation and tumorigenesis and that the
phosphorylation levels of PGK1 S203 and PDHK1 T338 correlate with glioblastoma
prognosis—may provide a molecular basis for improved diagnosis and treatment of human
cancer.

EXPERIMENTAL PROCEDURES

Measurement of PGK1 Activity

Purified recombinant WT or mutant PGK1 (10 ng) was incubated in 100 pl of reaction
buffer (50 mM Tris-HCI pH 7.5, 5 mM MgCl,, 5 mM ATP, 0.2 mM NADH, 10 mM 3-
phosphoglycerate, and 10 U of GAPDH) at 25°C in 96-well plate and read at 339 nm in
kinetic mode for 5 minutes.

Streptavidin and GST Pull-Down Assays

Streptavidin or glutathione agarose beads were incubated with cell lysate (1 mg/ml) or
purified protein for 12 h. The beads were washed with the lysate buffer for three times.

TUNEL Assay

Mouse tumor tissues were sectioned with 5 um thickness. Apoptotic cells were detected by
using DeadEnd™ TUNEL Systems (Promega, Madison, WI) according to the
manufacturer’s instructions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mitochondrial Translocation of PGK 1 Is Mediated by ERK 1/2-Dependent
Phosphorylation

(B, D-I1), Immunoblotting and IP analyses were carried out using antibodies against the
indicated proteins.

(A) U87 cells were stimulated with or without hypoxia for 6 h and stained with an anti-
PGK1 antibody, MitoTracker, and DAPI.

(B) U87 and U251 cells were stimulated with hypoxia for 6 h. Proteins from mitochondrial
outer membrane (OM), intermembrane space (IMS), inner membrane (IM), and matrix (Ma)
were isolated.

(C) U87 cells were stimulated with or without hypoxia for 6 h. Electron microscopic
immunogold analysis with anti-PGK1 antibody was performed. Arrows indicate
representative staining of mitochondrial PGK1. Dashed circles indicate mitochondria.
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(D) Mitochondria fractions and total cell lysates were prepared from U87 cells pretreated
with SP600125 (25 pM), SB203580 (10 uM), or U0126 (20 uM) for 30 min before being
treated with hypoxia for 6 h. Cytosolic tubulin was used as a control.

(E) EGFR-overxpressed U87 (UB7/EGFR) cells pretreated with U0126 (20 pM) for 30 min
were stimulated with or without EGF (100 ng/ml) for 6 h. Mitochondria fractions and total
cell lysates were prepared.

(F) V5-KRAS G12V and the indicated Flag-ERK?2 proteins were stably expressed in
BxPC-3 cells (left panel). V5-BRAF V600E and the indicated Flag-ERK2 proteins were
stably expressed in CHLL1 cells (right panel). Mitochondria fractions and total cell lysates
were prepared.

(G) In vitro kinase assays were carried out by mixing purified active ERK2 with purified
WT GST-PGK1 or GST-PGK1 S203A in the presence of [y-32P]JATP. The reaction mixture
was separated for autoradiography and immunoblotting analyses.

(H) U87 cells expressing the indicated SFB-PGKZ1 proteins were pretreated with or without
U0126 (20 uM) for 30 min before hypoxic stimulation for 6 h. Streptavidin agarose beads
were used to pull down SFB-tagged proteins.

(I U87 cells expressing the indicated V5-tagged PGK1 proteins were treated with or
without hypoxia for 6 h. Mitochondria fractions and total cell lysates were prepared.

See also Figures S1 and S2.
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Figure 2. PIN1 Bindsto and cis-trans | somerizes Phosphorylated PGK 1 for Mitochondrial
Translocation of PGK 1

(A-F, H-1) Immunoblotting and IP analyses were carried out using antibodies against the
indicated proteins.
(A) U87 cells were pretreated with or without U0126 (20 uM) for 30 min before hypoxic
stimulation for 6 h.
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(B) U87 cells were treated with or without hypoxic stimulation for 6 h. A GST pull-down
assay with the indicted GST-proteins was performed. GST-PIN1 WWm: GST-PIN1 WW
mutant.

(C) U87 cells expressing the indicated PGK1 proteins were treated with or without hypoxic
stimulation for 6 h. A GST pull-down assay with GST-PIN1 proteins was performed.

(D) An in vitro protein kinase assay was performed by mixing purified recombinant PGK1
with or without purified active His-ERK2, which was followed by a GST pull-down assay
with the indicated GST-proteins.

(E) A GST pull-down assay was performed by mixing GST-PIN1 and the indicated purified
recombinant PGK1 proteins.

(F) U8T7 cells expressing the indicated SFB-PGKZ1 proteins were treated with or without
hypoxia for 6 h. A pull-down assay with streptavidin agarose beads was conducted.

(G) cis-transisomerization assays were performed by mixing synthesized phosphorylated or
nonphosphorylated oligopeptides of PGK1 containing the S203P204 motif or an
oligopeptide of PGK1 containing the D203P204 motif with purified wild-type GST-PIN1 or
GST-PIN1 C113A mutant. Data represent the means + SD of three independent experiments.
(H) PINI~ cells were reconstituted to express the indicated PIN1 proteins (left panel). The
total cell lysates and motochondrial fractions were prepared from the indicated cells treated
with or without hypoxia for 6 h (right panel).

(1) V5-PGK1 S203D was expressed in PINI** cells and PINI'~ cells with or without
reconstituted WT PIN1 or PIN1 C113A. Total cell lysates and mitochondrial fractions of the
cells were prepared.

See also Figure S2.
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Figure 3. PIN1 Regulates Binding of PGK 1 to the TOM Complex
(A-G) Immunoblotting and IP analyses were carried out using antibodies against the

indicated proteins.
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(A) U8 cells were treated with or without hypoxia for 6 h. Total cell lysates were prepared.
(B) PINI** and the indicated P/N17/~ cells were treated with hypoxia for 6 h.
(C) A GST pull-down assay was performed by mixing purified recombinant WT GST-PGK1
or GST-PGK1 S203D with His-TOMZ20 in the presence or absence of purified His-PIN1.

(D, E) U87 cells expressing the indicated SFB-PGK1 proteins were treated with or without
hypoxia for 6 h. Streptavidin agarose beads were used to pull down SFB-tagged proteins.
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(F, G) U87 cells expressing the indicated V5-tagged PGK1 proteins were treated with or
without hypoxia for 6 h. Total cell lysate, cytosolic, and mitochondrial fractions were
prepared.

(H) U87 cells expressing the indicated VV5-PGK1 proteins were stimulated with or without
hypoxia for 6 h and stained with an anti-V5 antibody, MitoTracker, and DAPI.

See also Figure S2.
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Figure 4. Mitochondrial PGK 1 Phosphorylates PDHK 1
(A-C, E-F) Immunoblotting analyses were performed with the indicated antibodies.

(A) U87 cells with or without PGK1 shRNA and with or without reconstituted expression of
WT rPGK1 or rPGK1 S203A were stimulated with or without hypoxia for 6 h. Isolated
mitochondrial fractions were mixed with 14C-labeled pyruvate, ADP, and malate under
normoxic condtions. 14C-CO, production rate was measured. Data represent the means + SD
of three independent experiments. *p < 0.01.
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(B) U8T7 cells were stimulated with or without hypoxia for 6 h. Mitochondrial fractions of
these cells were prepared. IP analyses with an anti-PGK1 antibody were performed.

(C) GST pull-down analyses were performed by mixing bacterially purified SUMO-PDHK1
proteins with purified GST or GST-PGK1.

(D) In vitro phosphorylation analyses were performed by mixing bacterially purified His-
PGK1 and SUMO-PDHKT1 in the presence of ATP. The mass spectrometry results of a
fragment spectrum of a peptide at m/z 756.346 (mass error, 4.2 ppm) matched to the
doubly charged peptide 331-LFNYMYp(ST)APRPR-343, suggesting that S337 or T338 was
phosphorylated. The Mascot score was 49, Expectation Value: 4.7E-004; the SEQUEST
score for this match was Xcorr = 3.5.

(E) In vitro phosphorylation analyses with autoradiography were performed by mixing
purified WT PGK1 or PGK1 T378P with purified WT PDHK1 or PDHK1 T338A in the
presence of [y-32P]ATP.

(F) U251 and U87 cells with or without PGK1 shRNA and with or without reconstituted
expression of WT rPGK1 or rPGK1 S203A were stimulated with or without hypoxia for 6 h.
See also Figure S3.

Mol Cell. Author manuscript; available in PMC 2016 September 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Lietal.

+ + 0 4

A B
His-PGK1 T378P - - - - +
His-PGK1WT - + - +

Sumo-PDHK1 T338A - - + + -
Sumo-PDHK1 WT + + - - +

His-PDH + + + + + V5.rPGK1S203A - - - - - . .

- — V5-rPGK1WT - - - - + + -

Fold 1 8 0.90.9 1 PGK1 shRNA - + + o+

WB: PDH pS293 Hypoxia- + - + - + -

eeeee us7 WB: PDH pS293

WB: PDH

WB: PDHK1 pT338

V5-rPGK1 S203A - - -
V5-rPGK1WT - - + -
PGK1shRNA - + +

PGK1 S203A-C1 -

PGK1 S203A-C2
PGK1WT

Hypoxia -

WB: PDH

U251 WB: PDH pS293

WB: PDHK1

e e o e
— -— -
WB: PDH

WB: PGK1
V5-rPGK18203A - - - - - - + o+
V5-rPGK1 WT - A
PGK1shRNA - - + + + + + +
+ EGF - + - + - + +

+

WB: PGK1
came eme GxE o
WB: Tubulin

-+
+ o+ -
+ -

+ 00 4
P
+

WB: PGK1

Total lysate

WB: COX IV

WB: Tubulin
WB: PGK1 pS203
e e o s i

WB: PGK1
WB: PDHK1 pT338
—— — — — o—

WB: PDHK1

A o
WB: PDH pS293
e e EEs e e
WB: PDH

- - =

WB: HIF1a

WB: Tubulin

= 3 -

WB: PDHK1 pT338
ST e e car oo o o

WB: PDHK1

WB: PDH pS293
= e o e

WB: PDH

PGK1S203A-C1 - - + + - -
PGK1S203A-C2 - - - - + +
PGKI1WT + + - - - -

EGFR + + + + + +

EGF - + - + - +

-
WB: PGK1
e = e D =

WB: COX IV

Mitochondria

WB: Tubulin
WB: PGK1 pS203
———— e

WB: PGK1
WB: PDHK1 pT338
o s e s

WB: PDHK1

. -

WB: PDH pS293

s > e— o =
WB: PDH

= == ==
WB: pERK1/2
DS B OOES S
WB: ERK1/2
e s o > s v
WB: EGFR
ot e At e

WB: Tubulin

Total lysate

WB: PDHK1 pT338
B —
WB: PDHK1
B
WB: PDH pS293
= o= e
WB: PDH

PDHK1 T338A-C1

PDHK1 T338A-C2

PDHK1 WT

EGFR

PDHK1 T338A-C1 - -

PDHK1 T338A-C2 - - -

PDHK1WT + + - -
Hypoxia - +

WB: PDHK1 pT338
e i s sy sy s
WB: PDHK1
e
WB: PDH pS293
e e s s e
WB: PDH

- e -
WB: HIF1a
e o s s s

WB: Tubulin

Figure 5. PDHK 1 Phosphorylation by PGK 1 Activates PDHK 1
Immunoblotting analyses were performed with the indicated antibodies.

(A) Bacterially purified His-PDH (Ela) with purified WT PDHK1 or PDHK1 T338A was
mixed with purified WT PGK1 or PGK1 T378P. In vitro phosphorylation analyses were
performed.
(B, C) U87 and U251 cells expressing PGK1 shRNA (B) or PDHK1 shRNA (C) with or
without reconstituted expression of the indicated proteins were stimulated with or without
hypoxia for 6 h.
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(D) UB7/EGFR cells expressing PGK1 shRNA and with or without reconstituted expression
of WT rPGK1 or rPGK1 S203A were stimulated with or without EGF (100 ng/ml) for 6 h.
(E) BxPC-3 cells were stably transfected with or without vectors expressing V5-KRAS
G12V and the indicated Flag-ERK2 proteins (left panel). CHL1 cells were stably transfected
with or without vectors expressing V5-BRAF V600E and the indicated Flag-ERK2 proteins
(right panel).

(F, G) Parental U87 cells and the indicated clones of U87 cells with PGK1 S203A (F) or
PDHK1 T338A (G) knock-in were stimulated with or without hypoxia (left panel) or EGF
(100 ng/ml) (right panel) for 6 h. Mitochondrial fractions and total cell lysates were
prepared.

See also Figure S4.
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Figure 6. PGK1-Mediated PDHK 1 Phosphorylation Inhibits Mitochondrial Pyruvate
M etabolism, Induces Hypoxia-lnduced ROS Production, and Promotes Glycolysis

(A—H) Data represent the means + SD of three independent experiments. *p < 0.01, #p
<0.05.

(A, B) U87 cells expressing PDHK1 shRNA with or without reconstituted expression of WT
rPDHK1 or rPDHK1 T338A were stimulated with or without hypoxia for 6 h. Mitochondrial
fractions of the cells were prepared and activity of PDH complex—mediated conversion

of 14C-pyruvate into 14C-CO, was measured (A). Levels of mitochondrial acetyl-CoA were
measured (B).

(C) U8 cells expressing PDHK1 shRNA with or without reconstituted expression of the
indicated proteins were stimulated with or without hypoxia for 24 h. Levels of mitochondrial
ROS were measured.

(D, E) U8T7 cells expressing PGK1 shRNA (left panel) or PDHK1 shRNA (right panel) with
or without reconstituted expression of the indicated proteins were cultured in no-serum
DMEM during hypoxia for 6 h. Levels of cytosolic pyruvate level were measured (D). The
media were collected for analysis of lactate production (E).

(F and H) Serum-starved parental U87 cells and the indicated clones of U87 cells with
PGK1 S203A (left panel) or PDHK1 T338A (right panel) knock-in were treated with or
without EGF (100 ng/ml) for 6 h. The glucose-dependent mitochondrial OCR (F) and ECAR
(H) in these cells were measured.
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(G) Serum-starved parental U87 cells and the indicated clones of U87 cells with PGK1
S203A (left panel) or PDHK1 T338A (right panel) knock-in were treated with or without
EGF (100 ng/ml) for 6 h and then incubated with 5 mM glucose spiked with 0.001 mM
U-14C glucose, 1-14C glucose, or 6-14C glucose for 2 h. The radioactivity levels of the cells
were normalized according to cell number.

See also Figure S5.
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Figure 7. Mitrochondrial PGK 1-Dependent PDHK 1 Phosphorylation Promotes Cell
Proliferation and Brain Tumorigenesisand Indicates a Poor Prognosisin GBM Patients

(A) Parental U87 cells (2 x 10°) and the indicated clones of U87 cells with PGK1 S203A
(upper panel) or PDHK1 T338A (lower panel) knock-in were plated for 3 days under
hypoxic conditions. The cells were then collected and counted. The data are presented as the
means = SD from three independent experiments.
(B) U87 cells with or without PGK1 shRNA or PDHK1 shRNA expression and with or
without reconstituted expression of the indicated proteins were intracranially injected into
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athymic nude mice. H&E-stained coronal brain sections show representative tumor
xenografts. Tumor volume was calculated.

(C) IHC staining with phospho-ERK1/2, PGK1 pS203, PDHK1 pT338, and PDH pS293
antibodies was performed on 50 human primary GBM specimens. Representative photos of
four tumors are shown.

(D) The survival time for 50 patients with low (1-4 staining scores, blue curve) versus high
(4.1-8 staining scores, red curve) phosphorylation levels of PGK1 S203 (low, 14 patients;
high, 36 patients) and PDHK1 T338 (low, 16 patients; high, 34 patients) were compared.
The table shows the multivariate analysis results after adjustment for patient age, indicating
the significance level of the association of PGK1 S203 (p = 0.016) and PDHK1 T338 (p =
0.017) phosphorylation with patient survival. Empty circles represent censored data from
patients alive at last clinical follow-up.

(E) A Mechanism of Mitochondrial PGK 1-Coordinated Glycolysisand TCA Cyclein
Tumorigenesis. Broken arrows: inhibited directions or reactions.

See also Figures S6, S7.
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