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SUMMARY

Pyruvate kinase M2 (PKM2) is upregulated in multiple cancer types and contributes to the
Warburg effect by unclarified mechanisms. Here we demonstrate that EGFR-activated ERK?2
binds directly to PKM2 1429/L431 via the ERK2 docking groove and phosphorylates PKM2 Ser37
but not PKM1. Phosphorylated PKM2 Ser37 recruits PIN1 for cis-trans isomerization of PKM2,
which leads to PKM2 binding to importin a5 and nuclear translocation. Nuclear PKM2, acting as
a coactivator of p-catenin, induces c-Myc expression, resulting in the upregulation of GLUT1,
LDHA, and, in a positive feedback loop, PTB-dependent PKIM2 expression. Replacement of wild
type PKM2 with a nuclear translocation-deficient mutant (S37A) blocks the EGFR-promoted
Warburg effect and brain tumor development. In addition, levels of PKM2 S37 phosphorylation
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correlate with EGFR and ERK1/2 activity in human glioblastoma specimens. Our findings
highlight the importance of nuclear functions of PKMZ2 in the Warburg effect and tumorigenesis.

RESULTS

Many cancer cells exhibit elevated glucose uptake and lactate production, regardless of
oxygen availability. This phenomenon, known as aerobic glycolysis or the Warburg effect,
facilitates tumor cell growth.1=3 Glucose-metabolizing enzymes, including pyruvate kinase,
are often upregulated in cancer cells.* ® PKM2 arises from alternate splicing of PKM
(formerly PKM2) pre-mRNA leading to the inclusion of exon 10 (PKM2) and the exclusion
of exon 9 (PKM1) mediated by polypyrimidine-tract binding protein (PTB) and hnRNP
A1/2 splicing factors.8 7 Replacing PKM2 with the more active PKM1 isozyme in human
lung cancer cells fails to support the Warburg effect and inhibits tumor formation.8: 9
However, the mechanisms underlying the distinct role of PKM2 and PKM1 in the Warburg
effect remain unclear.

Work from our laboratory and others has demonstrated that PKM2 can function as a
transcriptional coactivator.19,11. 12 Under hypoxic conditions, prolyl-hydroxylated PKM2
interacts with HIF-1a to induce glycolytic gene expression, which promotes glucose
metabolism in cancer cells.11 Nevertheless, we are far from a complete understanding of the
mechanism that underlies PKM2-mediated glycolysis in normoxia. We recently reported
that the binding of nuclear PKMZ2 to phosphorylated -catenin Y333 is required for
epidermal growth factor receptor (EGFR)-induced [-catenin transactivation and cell cycle
progression.19: 13 Importantly, PKM2 functions as a protein kinase, phosphorylating histone
H3-T11 and leading to H3-K9 acetylation and transcription of genes, including CCND1
(coding for cyclin D1) and MYC.14

In this report, we demonstrate that extracellular signal-regulated kinase (ERK)
phosphorylation-dependent nuclear translocation of PKM2 is required for the autoregulation
of PKMZ2 expression and PKM2-dependent expression of glycolytic genes, which are
essential for the EGFR-promoted Warburg effect and tumorigenesis.

ERK is required for PKM2 nucleus translocation

To understand the mechanism of PKIM2 accumulation in the nucleus, we performed
immunofluorescence analysis and showed that PKM2, a primarily cytosolic protein,
translocated into the nucleus upon EGF stimulation in U251 human glioblastoma multiforme
(GBM) cells (Supplementary Fig. 1a, left panel). This result is in line with our findings that
EGFR activation by EGF or expression of the constitutively activated EGFRvIII mutant
promotes nuclear translocation of PKM2.10 In contrast, Flag-PKM1 did not show any
subcellular redistribution upon EGF stimulation (Supplementary Fig. 1a, right panel).
Treatment with EGFR inhibitor AG1478, which blocked EGF-induced phosphorylation of
EGFR and ERK1/2, abrogated EGF-induced nuclear accumulation of PKM2
(Supplementary Fig. 1b). Compared to the amount of cytosolic PKM2, nuclear PKM2 is a
small portion (Supplementary Fig. 1C), which may account for no reduction of cytoplasmic
PKM2 expression upon EGF treatment. Pretreatment of U87/EGFR (Fig. 1a) and U251 cells
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(Supplementary Fig. 1d) with the phosphoinositide 3-kinase inhibitor LY290042, Src
inhibitor SU6656, JNK inhibitor SP600125, and MEK/ERK inhibitor U0126 blocked EGF-
induced phosphorylation of AKT, c-Src, c-Jun, and ERK1/2, respectively (Supplementary
Fig. 1e). Immunoblotting analyses showed that only inhibition of MEK/ERK abrogated
EGF-induced nuclear translocation of PKM2 (Fig. 1a and Supplementary Fig. 1d). These
results were further supported by immunofluorescence analyses (Fig. 1b). In addition,
expression of the Flag-ERK2 K52R kinase-dead mutant blocked EGF-induced nuclear
accumulation of PKM2 (Fig. 1c, left panel). Furthermore, coexpression of the constitutively
active MEK1 Q56P mutant with Flag-tagged wild-type (WT) ERK2 or ERK2 K52R in
U251 cells (Fig. 1c, right panel) showed that expression of WT ERK2, but not ERK2 K52R,
induced nuclear translocation of PKM2. These results indicate that ERK activation is
required for EGF-induced nuclear translocation of PKM2.

To further determine the relationship between ERK1/2 and PKM2, we performed a co-
immunoprecipitation assay and revealed that EGF treatment resulted in ERK1/2 binding to
FLAG-PKM2 but not FLAG-PKML (Fig. 1d). Moreover, an in vitro GST pull-down assay
with mixed purified GST-ERK2 and His-PKM2 showed that these two proteins interacted
directly (Fig. 1e). MAP kinases bind to their substrates through a docking groove comprised
of an acidic common docking (CD) domain and glutamic acid-aspartic acid (ED) pockets.1®
Immunoblotting of the immunoprecipitated Flag-ERK2 proteins with an anti-PKM2
antibody showed that mutation of either the ERK2 CD domain (D316/319N) or the ED
pocket (T157/158E) reduced binding to endogenous PKM2, as compared with the WT
ERK2 control. Combined mutations at both the CD domain and ED pocket (T/E-D/N)
abrogated the binding of ERK2 to PKM2 entirely (Fig. 1f), indicating that ERK2 binds to
PKM?2 through its docking groove.

ERK substrates often have a docking (D) domain, which is characterized by a cluster of
basic residues followed by an LXL motif (L represents Leu, but can also be lle or Val; X
represents any amino acid).1> Analysis of the PKM2 amino acid sequence with the Scansite
program identified the putative ERK-binding sequence 422-KCCSGAIVLTKSGR-436 in
the aa 380-434 region, which contains LXL motifs at 1428/\V430 and 1429/L.431. This series
of amino acids is encoded by the PKM2-specific exon 10 and is thus unique to PKM2.
Immunoblotting of the immunoprecipitated Flag-PKM2 proteins with an anti-ERK1/2
antibody showed that a PKM2 1429/L.431A mutant, but not a PKM2 1428R/VV430A mutant,
drastically reduced its binding to ERK1/2 (Fig. 1g). These results indicate that the ERK2
docking groove binds to a D domain in PKM2 at 1429/L.431.

ERK2 phosphorylates PKM2 S37

An in vitro kinase assay by mixing purified PKM2 with active ERK2 showed that ERK2
phosphorylated PKM2 (Fig. 2a). Sequence analysis of PKM2 revealed that it contains an
ERK consensus phosphorylation motif (Ser-Pro)1® at the S37/P38 residues. The S37A
mutation completely abrogated the ERK2-dependent phosphorylation of PKM2 in vitro; this
finding was further validated by a specific phospho-PKM2 S37 antibody (Fig. 2a).

Because PKM1 and PKM2 share the identical N-terminal amino acid sequence (including
S37), we then tested whether ERK2-mediated phosphorylation of S37 is restricted to PKM2.
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Immunoblotting of the immunoprecipitated Flag-tagged PKM1 or PKM2 with the anti-
phospho-PKM2 S37 antibody showed that EGF treatment resulted in phosphorylation of
WT PKM2 (Fig. 2b, left panel) but not PKM1 (Fig. 2b, right panel) or the PKM2 S37A
mutant. Consistently, pretreatment with U0126 blocked EGF-induced S37 phosphorylation
and nuclear translocation of PKM2 (Fig. 2b, left panel; Supplementary Fig. 2a). In addition,
expression of constitutively active MEK1 Q56P with WT ERK2, but not with the ERK2
K52R mutant, induced PKM2 S37 phosphorylation (Fig. 2c). These results indicate that
ERK2 specifically phosphorylates PKM2 but not PKM1. This observation is consistent with
the presence of the D domain in PKM2 (but not in PKMZ1) that allows unique ERK1/2
binding (Figs. 1d, 1g).

Expression of Flag-tagged WT PKM2, the PKM2 S37A mutant, or a phosphorylation-mimic
PKM2 S37D mutant in U87/EGFR cells (Fig. 2d) showed that the Flag-PKM2 S37A mutant
was resistant to EGF-induced nuclear translocation, as determined by immunoblotting
analyses (Fig. 2e, top panel) or immunofluorescence analysis (Fig. 2f, left and middle
panels). Similar results were observed in U87/EGFR cells with depleted endogenous PKM2
and reconstituted expression of RNAi-resistant rPKM2 S37A (Supplementary Fig. 2b). In
contrast, the phosphorylation-mimic PKM2 S37D mutant had a higher level of nuclear
accumulation in the absence of EGF treatment than did WT PKM2 or the S37A mutant
(Figs. 2e, bottom panel and 2f right panel). These results indicate that PKM2
phosphorylation at S37 is required for nuclear translocation of PKM2.,

PKM2 S37 phosphorylation recruits PIN1

The peptidyl-proline isomerase protein interacting with never in mitosis A (NIMA)-1 (PIN1)
recognizes phosphorylated pS/TP-peptide sequences and catalyzes their cis-trans
isomerization.16: 17 EGF treatment induced a strong binding of endogenous PKM2 to His-
PIN1 immobilized on nickel agarose beads (Fig. 3a), whereas this binding was abrogated by
pretreatment of cells with U0126 (Fig. 3a) or S37A mutation of PKM2 (Fig. 3b). In addition,
a His-PIN1 WW domain mutant, which prevents the binding of PIN1 to a pS/TP substrate,’
failed to bind to endogenous PKM2 in U87/EGFR cells upon EGF treatment (Fig. 3c).
These results indicate that the PIN1 WW domain binds to the ERK1/2-phosphorylated S37
of PKM2.

To determine whether ERK1/2-dependent PKM2 phosphorylation is sufficient for PIN1
binding to PKM2, we mixed His-PKM2 with WT GST-PIN1 or a GST-PIN1 WW domain
mutant in the presence or absence of active ERK2. As shown in Fig. 3d (left panel),
phosphorylated PKM2, but not its nonphosphorylated counterpart, bound to WT PIN1, but
not the PIN1 WW domain mutant. In addition, the purified phosphorylation-mimic His-
PKM2 S37D mutant, but not His-PKM2 S37A, was able to interact with GST-PIN1 in the
absence of ERK2 (Fig. 3d, right panel). These in vitro results were validated by a co-
immunoprecipitation assay showing that EGF stimulation greatly increased the binding of
endogenous PIN1 to endogenous PKM2, which was blocked by U0126 pretreatment (Fig.
3e, left panel). In contrast to WT Flag-PKM2, the Flag-PKM2 S37D mutant was co-
immunoprecipitated with PIN1 in the absence of EGF treatment (Fig. 3e, right panel). These
results indicate that PKM2 S37 phosphorylation is sufficient for PIN1 binding to PKM2.
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To further examine whether the phosphorylated S37/P38 motif of PKM2 is a PIN1 substrate,
we synthesized oligopeptides of PKM2 containing phosphorylated or nonphosphorylated
S37/P38. As demonstrated in Fig. 3f, GST-WT PIN1 isomerized the phosphorylated
S37/P38 peptide much more efficiently than did a catalytically inactive GST-PIN1 C113A
mutant (left panel), whereas WT PINL1 failed to isomerize the nonphosphorylated
counterpart (right panel). These results strongly suggest that PIN1 specifically isomerizes
the phosphorylated S37/P38 within PKM2.

To determine the role of PIN1 in nuclear translocation of PKM2, we used EGF to treat
PIN1*/*, PIN17-, or PIN17- mouse embryonic fibroblasts (MEFs) with reconstituted
expression of WT PIN1 or a PIN1 C113A mutant (Fig. 3g, left panel). PIN1 deficiency
completely blocked EGF-induced nuclear translocation of human Flag-PKM2 whereas this
block was rescued by re-expression of WT PIN1 but not by expression of the PIN1 C113A
mutant (Fig. 3g, right panel). These results indicate that the catalytic activity of PIN1 is
required for EGF-induced nuclear translocation of PKM2. Furthermore, the nuclear
translocation of the phosphorylation-mimic Flag-PKM2 S37D mutant (Fig. 2e) was
inhibited by PIN1 deficiency (Fig. 3h). This observation indicate that phosphorylation of
PKM?2 by itself is not sufficient for PKM2 nuclear translocation, further supporting a role
for PIN1 in EGF-induced nuclear translocation of PKM2.

PIN1 regulates binding of PKM2 to importin a5

PIN1 contains an NLS18, We next tested whether PKM2 translocates together with PIN1
into the nucleus in a PIN1 NLS-dependent manner. A PIN1 NLS (L60/61A) mutant, which
was expressed in PIN17- cells, failed to accumulate in the nucleus (Supplementary Fig. 2c).
However, expression of this PIN1 mutant, whose catalytic activity was intact
(Supplementary Fig. 2d), still permitted EGF-induced nuclear translocation of Flag-PKM2
(Supplementary Fig. 2e). These results indicate that the nuclear translocation of PKM2 is not
mediated by the NLS of PIN1 and suggest that these two proteins separately translocate into
the nucleus. Furthermore, depletion of HIF1a, which is a PKM2-associated protein,11 did
not affect EGF-induced nuclear translocation of PKM2 and B-catenin Y333 phosphorylation
(which is required for B-catenin transactivation)1? (Supplementary Fig. 2f), suggesting
separate nuclear translocation processes for these two proteins and -catenin regulation
independent of HIF1a.

To test whether PKM2 contains a sterically inaccessible NLS that is exposed for importin
binding after PIN1-mediated cis-trans isomerization, we mutated the R399/400 and
R443/445/447 residues in the putative NLS sequences of the C-domain (aa 393-531)
encoded by PKM2-specific exon 1019 into alanine. Cell fractionation (Fig. 4a) and
immunofluorescence (Fig. 4b) analyses showed that Flag-PKM2 R399/400A, unlike the
R443/445/447A mutant or WT PKM2, was unable to translocate into the nucleus upon EGF
treatment. These results indicate that the NLS containing R399/400 in PKM2, but not in
PKML1, is essential for EGF-induced nuclear translocation of PKM2.

Importin o functions as an adaptor and links NLS-containing proteins to importin 8, which
then docks the ternary complex at the nuclear-pore complex (NPC) to facilitate the
translocation of these proteins across the nuclear envelope. Six importin a family members
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(al, a3, a4, a5, a6 and a7) have been identified in humans.20 Fig. 4c shows that EGF
treatment resulted in endogenous PKM2 binding to importin a5, but not to al, a3, a4, and
ab family members. In addition, purified GST-importin a5 was able to pull down WT Flag-
PKM2, but not Flag-PKM2 R399/400A, from EGF-treated U87/EGFR cells (Fig. 4d).
Furthermore, depletion of importin a5 with KPNAL (coding for importin a5) shRNA (Fig.
4e) largely blocked EGF-induced nuclear translocation of PKM2 and resulted in
accumulated phosphorylated PKM2 S37 in the cytosol (Fig. 4e).

To determine whether PIN1 plays a role in the binding of PKM2 to importin a5, we mixed
purified phosphorylation-mimic His-PKM2 S37D and GST-importin a5 in the presence or
absence of WT His-PIN1 or the His-PIN1 C113A mutant. As shown in Fig. 4f, PKM2 S37D
alone did not bind to importin a5. However, inclusion of WT PIN1, but not of the inactive
PIN1 C113A mutant, enabled PKM2 S37D to interact with importin a5. These results
strongly suggest that phosphorylation of PKM2 at S37, which by itself is not sufficient for
PKM2 nuclear translocation (Fig. 3h), leads to cis-trans isomerization of PKM2 by PIN1 to
expose intermolecularly- or intramolecularly-masked R399/400 of the PKM2 NLS for
binding to importin a5. In combination with our finding that the recruitment of PIN1 to
PKM?2 is mediated by both the binding of the ERK2 docking groove to PKM2-specific exon
10-encoded 1429/L431 region and the phosphorylation of PKM2 at S37, these results
highlight the significance of precise and sequential post-translational modifications of
PKM2 and its interactions with ERK1/2, PIN1, and importin a5 in its nuclear translocation.

Nuclear PKM2 regulates glycolytic gene expression

Previously, we demonstrated that nuclear PKMZ2 interacts with phosphorylated -catenin
Y333 for B-catenin transactivation.1? The TOP-FLASH TCF/LEF-1 luciferase reporter
analyses showed that PKM2 depletion significantly inhibited EGF-induced [3-catenin
transactivation, which was largely rescued by reconstituted expression of RNAi-resistant
WT rPKM2 but not those of rPKM2 S37A (Fig. 5a), WT Flag-PKM1, or Flag-PKM1 S37A
(Supplementary Fig. 3a). In addition, chromatin immunoprecipitation (ChIP) with an anti-f3-
catenin antibody showed that EGFR activation resulted in the binding of B-catenin to the
MYC promoter, which was inhibited by PKM2 depletion (Fig. 5b, Supplementary Fig. 3b).
Notably, this inhibition was abrogated by expression of WT rPKM2 but not that of rPKM2
S37A. In addition, PIN1 depletion by PIN1 shRNA also blocked EGF-induced p-catenin
transactivation (Fig. 5¢). These results indicate that PIN1-dependent nuclear translocation of
PKM2 plays a critical role in EGF-induced B-catenin transactivation.

c-Myc expression is known to be upregulated by PKM2-dependent B-catenin
transactivation.?!,14 c-Myc transcriptionally induces expression of GLUT1 and lactate
dehydrogenase A (LDHA)?2 23 and upregulates PTB expression, thereby regulating PKM
pre-mRNA splicing for generation of PKM2 mRNA.® 7 We next examined whether nuclear
translocation of PKM2 plays a role in c-Myc-dependent expression of downstream genes.
As shown in Fig. 5d, PKM2 depletion blocked EGF-enhanced expression of c-Myc, PTB,
GLUT1, and LDHA, which was rescued by reconstituted expression of WT rPKM2 but not
those of rPKM2 S37A, WT Flag-PKML1, or Flag-PKM1 S37A (Supplementary Fig. 3c). Of
note, EGF treatment resulted in PKM2 upregulation, which is in agreement with the
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enhanced expression of PTB by EGF (Fig. 5¢). Expression of Flag-PKM2 S37A or
R399/400A blocked EGF-induced upregulation of c-Myc, PTB, PKM2, GLUT1, and
LDHA. In line with these findings, c-Myc depletion blocked EGF-induced upregulation of
PTB, PKM2, GLUT1, and LDHA (Fig. 5f). These results indicate that nuclear translocation
of PKMZ2 plays a pivotal role in EGF-induced [-catenin transactivation, which results in a
subsequent upregulation of PTB, PKM2, LDHA, and GLUT1 expression in a c-Myc-
dependent manner.

Nuclear PKM2 is required for the Warburg effect

GLUT1 and LDHA are required for glucose uptake and the conversion of pyruvate to
lactate, respectively.® To investigate the role of nuclear translocation of PKM2 in EGFR-
regulated tumor cell glycolysis, we depleted PKM2 with PKM2 shRNA in EGFRvIII-
expressing U87 cells and reconstituted these cells with WT rPKM2, rPKM2 S37A (Fig. 6a),
and WT Flag-PKM1 (Supplementary Fig. 4a). PKM2 depletion significantly reduced
glucose consumption and lactate production (Fig. 6b), which were rescued by reconstituted
expression of WT PKM2, but not that of PKM2 S37A (Fig. 6b) or WT Flag-PKM1
(Supplementary Fig. 4b). Because the S37A mutation did not affect PKM2 kinase activity
(Supplementary Fig. 4c), these results indicate that nuclear translocation of PKM2, which
results in upregulation of PKM2 itself, GLUT1, and LDHA, is essential for the EGFR-
induced Warburg effect. These findings were further supported by the results showing that
depletion of GLUT1, LDHA, and PTB largely reduced glucose consumption and lactate
production (Supplementary Figs. 4d-4f).

Acting like EGF, platelet-derived growth factor (PDGF) induced nuclear translocation of
PKM2, which was blocked by pretreatment with U0126 (Supplementary Fig. 5a). In
addition, U0126 treatment blocked PDGF-induced glucose uptake and lactate production
(Supplementary Fig. 5b), suggesting that activation of both EGFR and PDGFR promote the
Warburg effect mediated by ERK1/2-dependent nuclear translocation of PKM2.

To determine the role of nuclear translocation of PKM2 in brain tumorigenesis, we
intracranially injected U87/EGFRvIII, U87/EGFRVIII-PKM2 shRNA, and U87/EGFRvIII-
PKM2 shRNA cells with reconstituted expression of WT rPKM2, rPKM2 S37A, WT Flag-
PKM1, and Flag-PKM1 S37A into athymic nude mice. Depletion of PKM2 abrogated the
growth of brain tumors, which was rescued by reconstituted expression of WT rPKM2, but
not that of rPKM2 S37A (Fig. 6¢, Supplementary Fig. 6a) or WT Flag-PKM1
(Supplementary Fig. 6b). Similar results on PKM2-dependent Warburg effect and
tumorigenesis were also obtained using human primary GSC11 GBM cells (Supplementary
Fig. 7a-c). In addition, depletion of GLUT1, LDHA, and PTB inhibited EGFRvIII-induced
brain tumor growth (Supplementary Fig. 7d). Furthermore, intratumoral injection of the
MEK inhibitor selumetinib inhibited tumor growth (Figs. 6d, ) and reduced ERK1/2
phosphorylation, PKM2 expression (Fig. 6f), and lactate production in tumor tissue (Fig.
6g). These results highlight the significance of ERK-dependent nuclear translocation of
PKM2 and PKM2-dependent gene transcription in the Warburg effect and brain tumor
development.
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To further determine whether our findings have clinical relevance, we examined the activity
of EGFR and ERK1/2 with PKIM2 S37 phosphorylation in serial sections of 48 human
primary GBM specimens by immunohistochemical (IHC) analyses by using antibodies with
validated specificities (Supplementary Fig. 7e). As shown in Fig. 7a, the levels of EGFR and
ERKZ1/2 activities correlated with the levels of PKM2 S37 phosphorylation. Quantification
of the staining showed that this correlation was statistically significant among different
specimens (Fig. 7b: r=0.77, p < 0.001, top panel; r = 0.78, p < 0.001, bottom panel). These
results strongly suggest that EGFR- and ERK1/2-induced PKM2 S37 phosphorylation
occurs in human GBM.

DISCUSSION

The Warburg effect, which was first reported in 1924,24 is a near-universal feature in
tumors. High aerobic glycolysis by malignant tumors is used clinically to diagnose and
monitor treatment responses of cancers by imaging uptake of 2-18F-deoxyglucose (FDG)
with positron emission tomography (PET).! Despite its widespread appreciation and clinical
application, the mechanisms underlying the Warburg effect remain largely unclear.l: 25
Here, we demonstrate that nuclear translocation of PKM2 is a cause of the Warburg effect.
Our study reveals an important mechanism underlying the Warburg effect: EGFR activation
promotes aerobic glycolysis by means of a PKM2-dependent positive feedback loop on its
own expression as well as the expression of GLUT1 and LDHA. EGFR activation results in
nuclear translocation of PKM2, which is mediated by the ERK1/2-dependent
phosphorylation of PKM2 S37 and consequently PIN1-catalized cis-trans isomerization of
PKM2 for binding to importin a5. Nuclear PKM2 regulates $-catenin transactivation-
dependent MYC transcription and, subsequently, the expression of GLUT1, LDHA, and
PTB-mediated PKM2 expression. The elevated expression of these rate-limiting glycolytic
genes plays a critical role in EGF-induced Warburg effect, featured by elevated glucose
uptake and higher lactate production in the presence of oxygen, which leads to enhanced
brain tumor development (Fig. 7c). Moreover, PKM2 S37 phosphorylation correlates with
EGFR and ERK1/2 activity in human GBM, implying that PKM2 nuclear translocation play
a significant role in the progression of these tumors in humans.

The mechanisms that accounted for the finding that PKM1 could not compensate for the loss
of PKM2 in the Warburg effect and tumorigenesis were not well understood.8 We
demonstrate here that PKM1, which lacks both a D domain and the NLS encoded by exon
10, did not bind activated ERK2 and was not phosphorylated at S37. PKM1 remained in
cytosol after EGF treatment. Although PKM1 and PKM?2 are both capable of converting
phosphoenolpyruvate (PEP) to pyruvate, only PKM2 is able to translocate to the nucleus to
conduct its unique nuclear functions. These functions include, but may not be limited to,
transactivation of B-catenin phosphorylated at Y333; histone H3 phosphorylation and
subsequent transcription of its downstream genes, such as MYC and CCND1; and promotion
of cell cycle progression10,14 and the Warburg effect. Given that c-Myc and cyclin D1 play
instrumental roles in cell proliferation, survival, and metabolism, our findings underscore
the significant role of the metabolic and nonmetabolic functions of PKM2 in a very broad
area of cellular activities. These findings also highlight the distinct functions of PKM2
relative to those of PKML1 in tumor development. Compared with the relatively well-studied
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cytosolic functions of PKM2, the illustrated nuclear functions of PKM2 in tumor
development and its regulatory mechanisms for expression of glycolic enzymes and cyclin
D1 provide important insights into PKM2-promoted tumor progression and targets for
treating human cancer.

Supplement
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Refer to Web version on PubMed Central for supplementary material.
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Figurel. ERK isrequired for PKM2 nucleustranslocation
Immunoblotting and immunoprecipitation analyses were performed with the indicated

antibodies.

a, Nuclear fractions were prepared from U87/EGFR cells pretreated with LY290042 (30
uM), SU6656 (4 uM), SP600125 (25 puM), and U0126 (20 pM) for 30 min before EGF (100
ng/ml) for 6 h. Nuclear PCNA and cytoplasmic tubulin were used as controls.
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b, U87/EGFR cells were pretreated with or without U0126 (20 uM) for 30 min before EGF
(100 ng/ml) for 6 h. Immunofluorescence analyses were performed with the indicated
antibodies. Nuclei were stained with Hoechst 33342 (blue).

¢, U251 cells were stably transfected with a vector with or without expressing Flag-ERK?2
K52R (left panel) or transiently transfected with vectors expressing MEK1 Q56P and
indicated Flag-tagged ERK?2 proteins (right panel). The cells were treated with or without
EGF (100 ng/ml) for 6 h, and the total cell lysates and nuclear fractions were prepared.

d, Flag-PKM2 or Flag-PKM1 was immunoprecipitated with an anti-Flag antibody from
UB7/EGFR cells treated with or without EGF (100 ng/ml) for 30 min.

e, Bacterially purified GST-ERK2 immobilized on glutathione agarose beads was mixed
with or without purified His-PKM2. GST pull-down analyses were performed. 10% of total
His-PKM2 was used as an input.

f, US7/EGFR cells transfected with vectors expressing the indicated Flag-tagged ERK
proteins were treated with or without EGF (100 ng/ml) for 30 min.

0, UB7/EGFR cells expressing the indicated Flag-PKM2 proteins were treated with or
without EGF (100 ng/ml) for 30 min.
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Figure 2. ERK2 phosphorylates PK M2 S37
Immunoblotting and immunoprecipitation analyses were performed with the indicated

antibodies.

a, In vitro kinase assays were performed with purified active ERK2, WT PKM2, and PKM2

S37A mutant.

b, Flag-PKM1 or Flag-PKM2 was immunoprecipitated with anti-Flag antibody from U87/
EGFR cells pretreated with or without U0126 (20 uM) for 30 min before EGF (100 ng/ml)

for 30 min.

¢, MEK1 Q56P and the indicated ERK2 proteins were transiently expressed in U87/EGFR

cells.

d, e, f, Total cell lysates (d) or nuclear fractions (e) were prepared from U87/EGFR cells
expressing Flag-tagged WT PKM2, PKM2 S37A, or PKM2 S37D, which had been treated
with or without EGF (100 ng/ml) for 6 h. (f) Immunofluorescence analyses were performed
with an anti-Flag antibody. Nuclei were stained with Hoechst 33342 (blue).
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Figure 3. PK M2 S37 phosphorylation recruits PIN1
Immunoprecipitation and immunoblotting analyses were performed with the indicated

antibodies.

a, His-PIN1 immobilized on nickel agarose beads was incubated with lysate of U87/EGFR
cells treated with or without U0126 (20 uM) for 30 min before EGF (100 ng/ml) stimulation

for 30 min.
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b, US7/EGFR cells transiently expressing WT Flag-PKM2 or Flag-PKM2 S37A were
treated with or without EGF (100 ng/ml) for 30 min. His-PIN1 immobilized on nickel
agarose beads was incubated with the cell lysates.

¢, His-PIN1 or His-PIN1 WW domain mutant (with substitutions at W11A, W34A, R14A,
and R17A) immobilized on nickel agarose beads was incubated with lysate of U87/EGFR
cells treated with or without EGF (100 ng/ml) for 30 min.

d, Purified GST-PIN1 on glutathione agarose beads was mixed with purified His-PKM2
with or without purified active ERK2 (left panel) or incubated with purified His-PKM2
S37A or His-PKM2 S37D mutant (right panel).

e, PIN1 was immunoprecipitated from U87/EGFR cells pretreated with or without U0126
(20 uM) for 30 min before EGF (100 ng/ml) stimulation for 30 min (left panel) or from U87/
EGFR cells expressing Flag-PKM2 or Flag-PKM2 S37D (right panel).

f, Cis-trans isomerization assays were performed by mixing synthesized phosphorylated or
nonphosphorylated oligopeptide of PKM2 containing the S37P motif with purified WT
GST-PIN1 or GST-PIN1 C113A mutant. Data represent the means + SD of three
independent experiments.

g, PIN17- cells were reconstituted to express the indicated PIN1 proteins (left panel). The
total cell lysates and nuclear fractions were prepared from the indicated cells treated with or
without EGF (100 ng/ml) for 6 h (right panel).

h, Total cell lysates and nuclear fractions of PIN17 cells or PIN17- cells expressing Flag-
PKM2 S37D were prepared.
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Figure 4. PIN1 regulates binding of PKM2 to importin a5
Immunoprecipitation and immunoblotting analyses were performed with the indicated

antibodies.

a, U87/EGFR cells expressing WT Flag-PKM2 or the indicated Flag-PKM2 mutants were
treated with or without EGF (100 ng/ml) for 6 h, and the total cell lysates and nuclear
fractions were prepared.

b, Immunofluorescence analyses of U87/EGFR cells expressing Flag-PKM2 R399/400A
were performed with an anti-Flag antibody. Nuclei were stained with Hoechst 33342.
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¢, The indicated Flag-importin a proteins and EGFR were coexpressed in 293T cells, which
were treated with EGF (100 ng/ml) for 30 min. Flag-importin a proteins were
immunoprecipitated with an anti-Flag antibody.

d, UB7/EGFR cells expressing WT Flag-PKM2 or Flag-PKM2 R399/400A were treated
with or without EGF (100 ng/ml) for 30 min. The cell lysate was mixed with purified GST-
importin a5 for a GST pull-down assay.

e, UB7/EGFR cells with or without depletion of importin a5 were treated with or without
EGF (100 ng/ml) for 6 h. The cytosolic and nuclear fractions were prepared.

f, Purified His-PKM2 S37D on nickel agarose beads was mixed with purified GST-importin
a5 in the presence or absence of purified WT His-PIN1 or His-PIN1 C113A. A GST pull-
down assay was performed.
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Figure 5. Nuclear PK M 2 regulates glycolytic gene expression
Immunoblotting analyses were performed with the indicated antibodies.

a, ¢, UB7/EGFR cells with or without PKM2 depletion and reconstituted expression of the
indicated PKM2 proteins (a) or U87/EGFR cells with or without PIN1 depletion (c) were
transfected with either TOP-FLASH or FOP-FLASH (control vector), which was followed
by EGF (100 ng/ml) treatment for 12 h. The relative levels of luciferase activity were
normalized to the levels of untreated cells and to the levels of luciferase activity of the
Renilla control plasmid. Data represent the means + SD of three independent experiments.
b, U87/EGFR cells with or without PKM2 depletion and reconstituted expression of the
indicated PKMZ2 proteins were treated with or without EGF (100 ng/ml) for 12 h. ChIP assay
was performed with an anti-p-catenin antibody for immunoprecipitation followed by PCR
with MYC promoter—specific primers.

d, UB7/EGFR cells with or without PKM2 depletion and reconstituted expression of WT
rPKM2 or rPKM2 S37A mutant were treated with or without EGF (100 ng/ml) for 24 h.

e, UB7/EGFR cells expressing Flag-PKM2 S37A or Flag-PKM2 R399/400A were treated
with or without EGF (100 ng/ml) for 24 h.
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f, UB7/EGFR cells with or without c-Myc depletion were treated with or without EGF (100
ng/ml) for 24 h.
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Figure 6. Nuclear PK M2 isrequired for the Warburg Effect
Immunoblotting analyses were performed with the indicated antibodies.

a, b, UB7/EGFRuvIII cells with or without PKM2 depletion and reconstituted expression of
WT rPKM2 or rPKM2 S37A mutant (a) were cultured in no-serum DMEM. The media were
collected for analysis of glucose consumption (b, left panel) or lactate production (b, right

panel). Data represent the means + SD of three independent experiments. *p < 0.01:

©
o

N h
o o

Lactate production (% control)
[=2]
o

0 g
Selumetinib

statistically significant value in relation with U87/EGFRvIII cells without PKM2 depletion.
#p <0.01: statistically significant value in relation with U87/EGFRuVIII cells with PKM2
depletion and reconstituted expression of WT rPKM2.
¢, UST/IEGFRuVIII cells (5 x 10°) with or without RNAi-depleted PKM2 and reconstituted
expression of WT rPKM2 or rPKM2 S37A were intracranially injected into athymic nude
mice. After two weeks, mice were sacrificed for examining the tumor growth. H&E-stained
coronal brain sections are representative tumor xenografts.
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d, US7/EGFRUVIII (5 x 10°) cells expressing luciferase were intracranially injected into
athymic nude mice. After 3 days, selumetinib (50 mg/ml in 5 ul of DMSQ) or DMSO was
intracranially and intratumorally injected every 3 days. Bioluminescence imaging of mice
was taken at day 9.

e, Tumor volumes were measured using length (a) and width (b) and calculated using the
equation: V = ab?/2. Data represent the means + SD of three independent experiments.

f, Immunoblotting analyses of the tumor tissues received with or without selumetinib
treatment were performed with the indicated antibodies.

0, Lactate production of the tumor tissues received with or without selumetinib treatment
was analyzed. Data represent the means + SD of three separate samples.
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Figure 7. Levels of PKM 2 S37 phosphorylation correlate with EGFR and ERK 1/2 activity in
human GBM specimens

a, b, IHC staining with anti-phospho-EGFR Y1172, anti-phospho-ERK1/2, and anti—
phospho-PKM2 S37 antibodies was performed on 48 GBM specimens. Representative
photos of four tumors are shown (a). Semi-quantitative scoring (using a scale from 0 to 8)
was performed (Pearson product moment correlation test, r = 0.77, p < 0.001, top panel; r =
0.78, p < 0.001, bottom panel). Note that some of the dots on the graphs represent more than
one specimen (i.e., some scores overlapped) (b).
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¢, A mechanism of PKM2-regulated Warburg effect. EGFR activation in human cancer cells
induces PKM2 nuclear translocation, which is mediated by post-translational modification
of PKM2 by ERK-dependent phosphorylation and PIN1-regulated cis-trans isomerization
and subsequent importin a5 binding. Nuclear PKM2 is required for EGF-induced p-catenin
transactivation, which in turn induces c-Myc expression and thereby upregulatesing GLUT1,
LDHA, and PTB-dependent PKM2 expression. Nuclear PKM2-dependent expression of
these glycolytic enzymes promotes the Warburg effect.
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