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PGK1 is a new member of the protein kinome
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In the glycolysis pathway, pyruvate kinase (PK) and phospho-
glycerate kinase 1 (PGK1) are the only 2 ATP-generating
enzymes. PK is a rate-limiting glycolytic enzyme that catalyzes
the conversion of phosphoenolpyruvate (PEP) and ADP to
pyruvate and ATP. Splicing inclusion of exon 9 and exon 10
from PKM pre-mRNA results in expression of the PKM1 and
PKM2 isoforms,1 respectively. Our previous studies demon-
strated that PKM2 but not PKM1 has dual enzymatic activities
as both a glycolytic enzyme and protein kinase. PKM2 uses
PEP as a phosphate donor to phosphorylate its protein sub-
strates, which include histone H3 T11, STAT3 Y705, Bub3
Y207, and MLC2 Y118.2 In addition, more than 100 protein
substrates of PKM2 were identified via protein array screening
analysis.3 Of note, a recent report debated that PKM2 lacks
evidence of being a protein kinase.4 However, these results
may owe to the drawbacks of using one-dimensional sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, which can-
not distinguish differences in the phosphorylation spectrum
between cells wild-type for PKM2 and PKM2-null cells.
Importantly, a more recent publication confirmed that the
yeast PKM2 homolog, acting as a protein kinase, directly
phosphorylated histone H3 T11 in the presence of PEP but
not ATP.5 Additionally, it was demonstrated that AKT1 sub-
strate 1 is a new protein substrate of PKM2.6 Taken together,
these reports support that PKM2 possesses protein kinase
activity (Fig. 1).

PGK1 is the first ATP-generating enzyme in the glycolysis
pathway. It catalyzes the reversible conversion of 1,3-diphos-
phoglycerate and ADP to 3-phosphoglycerate and ATP, respec-
tively. Our recent studies demonstrated that PGK1 translocates
into mitochondria under hypoxic stress, epidermal growth fac-
tor receptor (EGFR) activation, or expression of oncogenic K-
Ras G12V or the B-Raf V600E mutation. Mechanistically, mito-
chondrial translocation of PGK1 is mediated by extracellular
signal-regulated kinase (ERK) 1/2-dependent S203 phosphory-
lation, which results in PGK1 isomerization by Peptidyl-prolyl
cis/trans isomerase NIMA-interacting 1 (PIN1), and subse-
quent exposure of the presequence of PGK1 (38-QRIKAA-43)
to recognition by the mitochondrial translocase of the outer

membrane (TOM) complex. In mitochondria, PGK1 directly
phosphorylated pyruvate dehydrogenase kinase isozyme 1
(PDHK1) at T338 using ATP as a phosphate donor (Fig. 1).
PGK1-dependent phosphorylation of PDHK1 activated
PDHK1 and enhanced PDHK1-mediated pyruvate dehydroge-
nase E1a S293 phosphorylation, which inactivated pyruvate
dehydrogenase complex, an enzyme complex that converts
pyruvate and coenzyme A to acetyl-coenzyme A and CO2.
Thus, mitochondrial translocation of PGK1 resulted in inhibi-
tion of pyruvate oxidation in mitochondria and enhancement
of lactate production from pyruvate in cytosol. Deficiency in
mitochondrial translocation of PGK1 via CRISPR/Cas9-medi-
ated knock-in of PGK1 S203A or reconstituted expression of a
kinase-dead PGK1 T378P mutant in PGK1-depleted cells
blocked hypoxia- and EGFR activation-induced lactate produc-
tion and attenuation of mitochondrial pyruvate oxidation.
These results indicated that the protein kinase activity of mito-
chondrial PGK1 is a gatekeeper for the tricarboxylic acid
(TCA) cycle by shunting pyruvate from the mitochondria into
the cytosol for lactate production. In addition, we revealed that
hypoxia-enhanced expression of PDHK1 had a limited effect
on pyruvate dehydrogenase E1a S293 phosphorylation in
PGK1 mitochondrial translocation-deficient cells, which indi-
cated that PDHK1 relied on mitochondrial PGK1-dependent
phosphorylation of PDHK1 more than PDHK1 protein expres-
sion for its activity. Functional studies demonstrated that
replacement of endogenous PGK1 with mitochondrial translo-
cation-deficient mutant PGK1 S203A dramatically reduced the
growth of tumors orthotopically transplanted in the brains of
mice, which resulted from a low proliferation rate and
enhanced apoptosis of tumor cells. Immunohistochemical
staining of human glioblastoma tissues demonstrated that
PGK1 pS203 and PDHK1 pT338 are positively correlated with
each other, and the levels of PGK1 pS203 and PDHK1 pT338
staining are inversely correlated with survival duration in glio-
blastoma patients, supporting a pivotal role for PGK1-depen-
dent PDHK1 phosphorylation in glioblastoma progression.7

In summary, we expanded the protein kinome via character-
ization and demonstration of the protein kinase activities of the
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glycolytic enzymes PKM2 and PGK1. Mitochondrial PGK1,
although accounting for only about 12% of total intracellular
PGK1, rewires the metabolic pathway to support the rapid
growth of cancer cells by shunting mitochondrial pyruvate for
lactate production, which promotes glycolysis by anaplerosis of
NAD+ under hypoxic stress and activation of oncogenes, such
as EGFR, K-Ras G12V, and B-Raf V600E.7 Deciphering the
PGK1/PDHK1/pyruvate dehydrogenase complex axis, which
coordinates the regulation of mitochondrial metabolism and
glycolysis, provides a molecular basis for developing new thera-
peutic interventions for human cancer.
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Figure 1. PGK1 and PKM2 possess dual glycolytic enzyme and protein kinase func-
tions. PGK1 and PKM2 catalyze the 2 ATP-generating reactions in the glycolysis
pathway. Mitochondrial PGK1 phosphorylates PDHK1 using ATP as a phosphate
donor, and PKM2, but not PKM1, phosphorylates its protein substrates using PEP
as a phosphate donor.
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