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SUMMARY

Many types of human tumor cells have overexpressed pyruvate kinase M2 (PKM2). However, the
mechanism underlying this increased PKM2 expression remains to be defined. We demonstrate
here that EGFR activation induces PLCy1-dependent PKCe monoubiquitylation at Lys321
mediated by RINCKZ1 ubiquitin ligase. Monoubiquitylated PKCe interacts with a ubiquitin-
binding domain in NEMO zinc finger and recruits the cytosolic IKK complex to the plasma
membrane, where PKCe phosphorylates IKKp at Serl77 and activates IKKp. Activated RelA
interacts with HIF1a, which is required for RelA to bind the PKMZ2 promoter. PKCe- and NF-xB-
dependent PKM2 upregulation is required for EGFR-promoted glycolysis and tumorigenesis. In
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addition, PKM2 expression correlates with EGFR and IKKp activity in human glioblastoma
specimens and with grade of glioma malignancy. These findings highlight the distinct regulation
of NF-xB by EGF, in contrast to TNFa, and the importance of the metabolic cooperation between
the EGFR and NF-xB pathways in PKM2 upregulation and tumorigenesis.

Keywords

EGFR; PKM2; PKCe; NF-xB; RelA; NEMO; IKKp; HIF1a; monoubiquitylation;
phosphorylation; glycolysis; tumorigenesis

INTRODUCTION

Tumor cells have elevated rates of glucose uptake and higher lactate production in the
presence of oxygen. This phenomenon, known as aerobic glycolysis, or the Warburg effect,
supports tumor cell growth (Vander Heiden et al., 2009). Pyruvate kinase regulates the rate-
limiting final step of glycolysis, which catalyzes the transfer of a phosphate group from
phosphoenolpyruvate (PEP) to ADP, yielding pyruvate and ATP. Four pyruvate kinase
isoforms exist in mammals and are derived from two distinct genes, PKLR and PKM
(formerly PKM2). The R and L isozymes are expressed in erythrocytes and the liver,
respectively, and are encoded by the PKLR gene, arising through the use of different tissue-
specific promoters (Mazurek et al., 2005). The M1 and M2 isoforms result from mutually
exclusive alternative splicing of the PKM pre-mRNA, reflecting inclusion of either exon 9
(PKM1) or exon 10 (PKM2). The splicing factors polypyrimidine tract binding protein
(PTB, also known as PTBP1 or hnRNP 1) and hnRNP A1/2 bind repressively to sequences
flanking exon 9 to ensure exon 10 inclusion (Clower et al., 2010; David et al., 2010), but the
specific molecular mechanisms through which PKM2 is transcriptionally regulated upon
extracellular stimulation remain to be defined.

PKM?2 is overexpressed in human cancers (Mazurek et al., 2005). Replacement of PKM2
with PKM1 in human lung cancer cells inhibits tumor formation in nude mouse xenografts
(Christofk et al., 2008). Under hypoxic conditions, prolyl-hydroxylated PKM2 interacts with
HIFla to induce glycolytic gene expression that enhances glucose metabolism in cancer
cells (Luo et al., 2011). We recently reported that PKM2 binds to phosphorylated p-catenin
Y333 and is required for epidermal growth factor receptor (EGFR) activation-induced p-
catenin transactivation, (Lu, 2012; Yang et al., 2011). In addition, we demonstrated that
PKM2 phosphorylates histone H3-T11, leading to H3-K9 acetylation and expression of
CCND1 (encoding for cyclin D1) and MY, cell cycle progression, and tumorigenesis
(Yang et al., 2012). These findings point to an essential role for PKIM2 expression in aerobic
glycolysis and cell proliferation and to the need to further understand the mechanisms
regulating PKM2 expression during tumor development.

Activation of nuclear factor kappa enhancer binding protein (NF-xB), induced by
pathogens, carcinogens, or inflammation, may play a direct or indirect role in tumor
progression (Brown et al., 2008; Karin, 2006). The NF-xB family consists of p50 (NF-xB1),
p52 (NF-xB2), p65 (RelA), c-Rel, and RelB, which can associate with one another to form
various heterodimeric and homodimeric combinations (Ghosh and Hayden, 2008).
Stimulation of cells with tumor necrosis factor (TNF)a, interleukin-1p (IL-1B), or Toll-like
receptor (TLR) ligands activates the canonical pathway of NF-xB activation (Skaug et al.,
2009), leading to activation of tumor growth factor (TGF)p-activated kinase 1 (TAK1)
complex through TNF receptor-associated factor (TRAF) proteins. TAK1 then activates the
IxB kinase (IKK) complex, which consists of two catalytic subunits, IKKa and IKKp, and
regulatory subunit NF-xB essential modulator (NEMO, also known as IKKy). The N-
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terminal CC1 domain of NEMO interacts with IKK, whereas the regulatory C-terminal half
is involved in signal recognition (Ghosh and Hayden, 2008). The latter comprises the CC2-
LZ domain, including a coiled-coil (CC2) and a leucine zipper (LZ) motif, and a CCHC-
type zinc finger (ZF) domain. The CC2-LZ domain contains a ubiquitin-binding domain
(UBD) (termed NOA/UBAN/NUB) that preferentially interacts with Lys-63-polyubiquitin
chains (Ea et al., 2006; Wu et al., 2006). The ZF domain of NEMO also contains a UBD,
which belongs to the ubiquitin-binding ZF (UBZ) type (Cordier et al., 2009). The NEMO-
dependent IKK activation phosphorylates IxBa at serines 32 and 36, leading to
polyubiquitylation of lysines 21 and 22 by the SCF-BTrCP E3 ligase complex and
subsequent degradation by the 26S proteasome. Cytoplasmic RelA/p50 dimers are
subsequently released from binding of IxBa and translocate to the nucleus, where they bind
xB sites in the promoters or enhancers of target genes, leading to their transcription (Ghosh
and Hayden, 2008).

NF-xB activation can be induced by the EGFR signaling pathway (Brown et al., 2008).
Activation or overexpression of EGFR is observed in up to 30% of solid tumors and
generally correlates with a poor clinical prognosis (Wykosky et al., 2011; Yang et al., 2011).
In contrast to the intensively studied NF-xB activation during inflammatory response, the
mechanism underlying EGFR-induced NF-xB activation is largely unknown (Brown et al.,
2008). In addition, although the importance of activation of EGFR and NF-xB in tumor
development has been separately revealed (Brown et al., 2008; VVoldborg et al., 1997), it is
still unclear whether NF-xB plays a role in EGFR-related cancer cell metabolism.

EGFR activates many downstream signaling molecules, including protein kinase C (PKC)
(Hornia et al., 1999). The PKC family consists of at least ten members, divided into three
subgroups: classical PKCs (a, Bl, BlI, y), novel PKCs (8, €, 1, ), and atypical PKCs (C, 1/
A\) (Breitkreutz et al., 2007). Novel PKCs require diacylglycerol (DG) or phorbol esters for
activation (Breitkreutz et al., 2007). DG, in turn, is generated by phosphoinositide-specific
phospholipase C (PLC) isozymes, which catalyze a membrane phospholipid,
phosphatidylinositol 4,5-bisphosphate (P1(4,5)P2). There are six PLC isotypes, B, vy, §, e, C,
and m, which are composed of 14 mammalian PLC isozymes. PLCy1 and PLC+y2 are the
only isozymes that contain SH2 domains (Choi et al., 2007). In response to EGF stimulation,
the SH2 domains of PLCy1 bind to the autophosphorylated EGFR Y992, which leads to
phosphorylation and activation of PLCy1 by EGFR (Nogami et al., 2003).

In this report, we show that activation of EGFR in human cancer cells results in increased
glucose uptake and lactate production in a PKM2-dependent manner. Intriguingly, EGFR
activation leads to NF-xB-dependent upregulation of PKM2 expression; NF-xB activation,
in turn, is mediated by PLCy1 and PKCe monoubiquitylation-dependent IKKp activation.
This EGFR-initiated signaling cascade promotes tumor development.

EGFR Activation Results in Upregulation of PKM2 Expression

EGFR activation and PKM2 upregulation have been detected separately in many cancer
types; however, the connection between these two tumorigenesis-related alterations remains
unknown. To examine whether EGFR activation regulates PKM2 expression, we used EGF
to stimulate DU145 human prostate cancer cells, MDA-MB-231 human breast carcinoma
cells, and U251 and EGFR-overexpressed U87 (U87/EGFR) human glioblastoma (GBM)
cells. EGF treatment increased expression of PKM2, but not PKM1 (Fig. 1A). In addition,
U87 cells expressing constitutively active EGFRvIII mutant, which lacks 267 amino acids
from its extracellular domain and is commonly found in GBM as well as in breast, ovarian,
prostate, and lung carcinomas (Kuan et al., 2001), had significantly higher levels of PKM2
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expression compared to U87/EGFR cells without EGF treatment (Fig. 1B). EGF-induced
PKM2 upregulation was blocked by pretreatment with AG1478, an EGFR inhibitor (Fig.
1C), which indicates that EGFR activation is required for PKM2 upregulation. Pretreatment
with cycloheximide, which blocks protein translation, inhibited EGF-induced PKM2
upregulation (Fig. 1D), suggesting that PKM2 expression is not primarily regulated by
altering PKM2 stability. Real-time quantitative reverse transcriptase-polymerase chain
reaction (RT-PCR) analysis using primers specific for mRNA of PKMZ2or PKM1 showed
an increase in the mRNA levels of PKM_Z, but not of PKM1, upon EGF treatment (Fig. 1E).
These results suggest that EGFR activation enhances PKM2 protein expression by
increasing its MRNA level.

EGF Increases PKM2 Expression in a PKC- and NF-kB-dependent Manner

To determine how PKM2 expression is regulated by EGFR activation, we pretreated U87/
EGFR cells with the following inhibitors: general PKC inhibitor Bis-1, PKCa/p inhibitor
Go6976, NF-xB activation inhibitor Il, an AKT inhibitor, and CK2 inhibitor TBB, which
successfully blocked 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced and PKC kinase
activity-dependent degradation of PKCe (Fig. S1A) and PKCa (Fig. S1B) (Lu et al., 1998),
TNFa-induced and NF-xB-dependent 1xBa promoter activation (Fig. S1C), EGF-induced
AKT phosphorylation (Fig. S1D), and EGF-induced and CK2-dependent a-catenin S641
phosphorylation (Ji et al., 2009) (Fig. S1E), respectively. Inhibition of general PKC and NF-
xB, but not of AKT or CK2 (Fig. 2A), largely abrogated EGF-induced PKM2 upregulation.
These results implicate a role for PKC and NF-xB activation in the regulation of PKM2
expression. This finding was further validated by the observation that the stable expression
of the dominant-negative kinase-dead IKKp S177/181A mutant blocked EGF-induced
PKM2 upregulation, which indicates that IKKp activation is essential for this upregulation
(Fig. 2B). Consistent with these findings, EGF treatment resulted in increased IKKp activity
(Fig. S2A) and enhanced cellular IkBa S32 phosphorylation and degradation of 1kBa (Fig.
S2B). In addition, RelA depletion by expressing Re/A shRNA in U87/EGFR cells (Fig. 2C)
or RelA deficiency blocked EGF-enhanced PKM2 expression without affecting PKM1
expression (Fig. 2D), whereas reconstituted expression of RelA in RelA™~ mouse
embryonic fibroblasts (MEFs) restored the ability of EGF to induce PKM2 expression (Fig.
2D).

Analysis of the PKM promoter using TFSEARCH software (http://www.cbrc.jp/research/db/
TFSEARCH.html) identified a single putative NF-xB binding sequence, -291
GCGACTTTCC -300, which is similar to the NF-xB binding consensus sequence
GGGRNNYYCC (N, any base; R, purine; and Y, pyrimidine) (Hayden and Ghosh, 2004).
Chromatin immunoprecipitation (ChIP) with an anti-RelA antibody showed that EGFR
activation results in the binding of RelA to the PKM promoter (Fig. 2E). To more directly
assess an EGF-dependent NF-xB regulation of PKM, we performed electrophoretic mobility
shift assays (EMSA) with an oligonucleotide containing the putative wild-type (WT) or
mutated NF-xB binding sequence (GCTACTTGTTT, highlighting the mutated
nucleotides). The use of lysate derived from EGF-treated cells resulted in a marked increase
in the NF-xB binding activity of the WT oligonucleotide, and the inclusion of an anti-RelA
antibody resulted in a supershifted NF-xB-binding band (Fig. 2F). The inclusion of excess
unlabelled oligonucleotide blocked the NF-xB binding activity, and the mutated
oligonucleotide failed to bind to NF-xB. To examine the effect of NF-xB binding on the
PKM promoter activity, we transiently expressed a luciferase reporter vector containing the
PKM promoter (from -1959 to -11 nucleotide) with either the WT or mutated NF-xB
binding sequence into U87/EGFR cells, RelA*/* MEFs, or RelA~/~ MEFs. As demonstrated
in Fig. 2G, the activity of the WT, but not mutated, PKM promoter was significantly
enhanced in EGF-treated U87/EGFR cells (left panel). Deficiency of RelA blocked EGF-
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induced PKM promoter activity, which was rescued by reconstituted expression of RelA in
Rel A=/~ MEFs (right panel). Real-time quantitative RT-PCR analysis showed that RelA
deficiency inhibited an EGF-induced increase in mRNA levels of PKMZ, but not of PKM1
(Fig. S2C). These results support a mechanism whereby EGFR activation results in NF-xB
binding to GCGACTTTCC in the PKM promoter and activation of transcription.

EGF treatment increased the mRNA levels of PKMZ2but not of PKM1 (Fig. 1E), suggesting
that predominantly isoform-specific splicing of PKM pre-mRNA may occur co-
transcriptionally. PTBP1, which is associated with gliomagenesis (Cheung et al., 2006),
binds repressively to PKM sequences flanking exon 9, resulting in exon 10 inclusion
(Clower et al., 2010; David et al., 2010). EGF treatment significantly increased PTBP1
expression (Fig. S2D, left panel), and RNAi-mediated PTBP1 depletion (Fig. 2H, left panel)
blocked EGF-enhanced mRNA (Fig. S2D, middle panel) and protein expression of PKM2
(Fig. 2H, right panel), which was accompanied by upregulated PKMI mRNA levels (Fig.
S2D, right panel). PTBP1 protein expression was not affected by treatment with NF-xB
inhibitor (Fig. S2D), indicating that NF-xB is not involved in the regulation of PTBP1
expression in response to EGF stimulation. These results suggest that EGF-induced
upregulation of PKM2, but not PKM1, is regulated by both EGF-induced NF-kB activation
and upregulated PTBP1 expression, which subsequently increase PKM transcription and
generation of PKM2Z mRNA by splicing, respectively.

PKCe Downstream from PLCyl, Rather Than TAK1, Activates IKKB and Subsequently
Increases PKM2 Expression

TAK1, which phosphorylates and activates IKK, is essential for canonical activation of
RelA/p50 in response to inflammatory stimuli (Skaug et al., 2009). Nevertheless, the
deficiency of TAK1 did not affect EGF-induced PKM2 expression or IKKp activation, as
reflected by its phosphorylation levels (Fig. 3A). These results indicate that EGF activates
IKKB/RelA via a mechanism that differs from the inflammatory stimuli-induced activation
of IKKB. In line with these findings, although both EGF and TNFa induced IKKp
activation, TNFa had no effect on PKM2 expression (Fig. 3B), whereas EGF induced
significant PKM2 upregulation. In addition, a luciferase reporter assay showed that the
promoter activity of IxBa, which is TNFa-induced and NF-xB-regulated, was enhanced by
treatment with TNFa, but not EGF (Fig. S2E). These results suggest that EGFR activates
IKK, thereby enhancing PKM2 expression, through a distinct signaling transmission, and
NF-xB activation induced by EGF and TNFa regulates the expressions of different sets of
downstream genes.

NF-xB activation in response to different extracellular stimuli likely enables NF-xB to be in
complex with different transcriptional coregulators and to induce different sets of gene
expression (Ghosh and Hayden, 2008; Hoffmann et al., 2006). Given that HIF1a is
implicated as a transcriptional factor that regulates PKM2 transcription (Luo et al., 2011;
Sun et al., 2011), we have tested whether HIF1a is a coactivator with RelA in the regulation
of PKMZ2. Fig. 3C shows that EGF, but not TNFa, induced an interaction between
endogenous HIF1a and endogenous RelA. This interaction is required for HIF1a and RelA
to bind to the PKM promoter, as demonstrated by ChIP and real-time quantitative PCR
analyse, which showed that HIF1a increased its binding to the PKM promoter, which was
blocked by RelA deficiency (Fig. S3A). Immunodepletion of HIF1a blocked EGF-induced
binding of RelA to the PKM promoter (Figs. 3D and S3B) and histone H3 acetylation at this
promoter (Fig. S3C). In addition, depletion of HIF1a inhibited EGF-induced PKM2
expression (Fig. 3E). These results indicate that HIF1a is a distinct coactivator for RelA in
response to EGF, but not TNFa, to induce PKM2 expression.
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EGF-induced PKM2 expression in normoxic conditions could be further enhanced by
creating a hypoxic condition that increased HIF1a expression (Fig. S3D). Intriguingly,
upregulation of HIF1a expression was also induced upon EGF stimulation, which could be
largely blocked by NF-xB inhibition (Fig. S3E). These results are in line with a previous
report of IKKB-dependent HIF1a transcription (Rius et al., 2008). Immunodepletion of
HIF1a does not affect the binding of RelA to the H/F1a promoter upon EGF treatment (Fig.
S3F), suggesting that RelA regulates HIF1a expression in an HIF1la-independent manner
and that HIF1a is involved in some, but not all, NF-kB-dependent gene expression.

The general PKC inhibitor Bis-I, but not the PKCa/B inhibitor Go6976, blocked EGF-
induced PKM2 upregulation (Fig. 2A), suggesting that a non-a./p isoform of PKC is
involved in PKM2 regulation. Transient expression of constitutively active or kinase-dead
mutants of PKCa, PKCe, PKCS (Fig. 3F), or PKC( (Fig. S4A) in US7/EGFR cells showed
that only expression of a constitutively active mutant of PKCe (PKCe AE3) enhanced
PKM2 expression. In addition, expression of the dominant-negative kinase-dead PKCe
knAE1 (Fig. S4B) or shRNA depletion of PKCe (Fig. 3G) blocked EGF-induced PKM2
upregulation in U87/EGFR or U251 (data not shown) cells, and the effect of PKCe depletion
was rescued by the expression of RNAi-resistant (r) PKCe (rPKCe). Furthermore,
expression of a dominant-negative kinase-dead mutant of IKKP (IKKp S177/181A) largely
blocked active PKCe-induced PKM2 expression (Fig. 3H). That PKCe activates IKKp was
further evidenced by enhanced IxBa degradation by an active, but not inactive, mutant of
PKCe (Fig. 3I). These results indicate that PKCe, which is upstream from IKKp activation,
is responsible for EGF-induced PKM2 upregulation. In addition, inhibition of PLCy with
the PLC-y inhibitor U73122 or through stable expression of a dominant-negative PLCy1
H59Q mutant in US7/EGFR cells abrogated EGF-induced IKKp activation and PKM2
expression (Figs. 3J and 3K). These results indicate that PLCy1, which is downstream from
EGFR and upstream from PKC activation, plays a key role in PKM2 upregulation.

To test whether other growth factors regulate PKM2 expression, we treated U87/EGFR cells
with the platelet-derived growth factor (PDGF). Fig. S5 shows that PDGF induced PKM2
expression, which was blocked by inhibition of PLCy, PKC, and NF-xB and depletion of
RelA. These results indicate that both EGF and PDGF induce PKM2 expression in a PLCy/
PKC/NF-xB signal pathway-dependent manner.

PKCe Phosphorylates IKKB at Ser177 and Activates IKKf

To determine whether PKCe directly activates IKKp, we immunoblotted the
immunoprecipitated PKCe, PKCa, or PKC( from U87/EGFR or U251 cells with an IKK
antibody. This experiment showed that EGF induces an increased binding of endogenous
IKKp to PKCe (Fig. 4A), but not to PKCa or PKCC( (Fig. S6A). Furthermore, bacterially
purified His-1IKK pulled down purified active GST-PKCe, indicating that these two protein
kinases directly bind each other (Fig. 4B). Immunofluorescent studies showed that both
PKCe and IKK translocated from the cytosol to the membrane and co-localized with each
other upon EGF treatment (Fig. 4C), and co-immunoprecipitation analyses of membrane
fractions showed that the proteins interact with each other on the membrane (data not
shown).

To examine whether PKCe phosphorylates IKK, we conducted an in vitro kinase assay,
which showed that purified active PKCe phosphorylates bacterially expressed His-IKKp
(Fig. 4D). Analysis of IKKP amino acid sequences by the motif-based profile-scanning
ScanSite program revealed that IKKp has several potential PKC phosphorylation motifs, at
S177, T200, S258, and S733. Mutation of S177, but not T200, S258, or S733, into Ala
largely reduced IKKp phosphorylation by PKCe in vitro (Fig. 4D, upper panel).
Immunoblotting analysis with an anti-phospho-IKKp S177/181 antibody detected PKCe-
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phosphorylated WT IKK@, but not IKKB S177A mutant, indicating that S177, but not S181,
is phosphorylated by PKCe (Fig. 4D, middle panel). In addition, expression of constitutively
active PKCe AE3, but not the kinase-dead PKCe knAE1 mutant, resulted in
phosphorylation of IKKp at S177 (Fig. 4E). Furthermore, PKCe depletion (Fig. 3G) blocked
EGF-induced IKK phosphorylation at S177 in U87/EGFR cells, which was rescued by
reconstituted expression of rPKCe (Fig. 4F). Given that TAK1 activates IKKp via
phosphorylation of S177 in the activation loop of IKKp (Wang et al., 2001),
phosphorylation of IKKp at S177 by PKCe might activate IKK, thereby inducing PKM2
expression. To test this hypothesis, we reconstituted the expression of WT or S177A mutant
IKKB in /KK~ fibroblasts (Fig. 4G, left panel). /KK deficiency abrogated EGF-induced
IKKP phosphorylation at S177, IxBa degradation, and PKM2 upregulation, which were
rescued by re-expression of WT IKK, but not IKKB S177A mutant (Fig. 4G, right panel).
These results indicate that PKCe phosphorylates IKKp at S177 and activates IKKp, which
in turn induces PKM2 upregulation.

Binding of NEMO Zinc Finger to Monoubiquitylated PKCe at Lys321 Regulates the
Interaction between PKCe and IKKf

NEMO, functioning as an adaptor protein via binding of ubiquitylated proteins, is essential
for TNFa-induced IKKp phosphorylation and activation mediated by TAK1 (Skaug et al.,
2009). NEMO deficiency completely blocked EGF-induced PKM2 expression (Fig. 5A),
indicating its indispensable role in EGF-regulated PKM2 upregulation. Although IKKp
binds to PKCe directly in vitro (Fig. 4B), the membrane translocation of cytosolic IKKf
(Fig. 4C) and interaction with PKCe on the plasma membrane might need NEMO acting as
a recruiting protein. To examine this hypothesis, we immunoprecipitated PKCe from both
NEMO*™* and NEMO™'~ fibroblasts and immunoblotted it with an IKKP antibody. As
shown in Fig. 5B, NEMO deficiency abolished the EGF-induced association between
endogenous PKCe and IKK. These results indicate that NEMO is required for PKCe
binding to IKKp in vivo. To determine whether NEMO or PKCe is ubiquitylated, we used
an anti-ubiquitin antibody to immunoblot immunoprecipitated NEMO or PKCe from EGF-
treated or -untreated U87/EGFR cells. EGF stimulation induced monoubiquitylation of
PKCe (Fig. 5C, top panel), whereas no ubiquitylation of NEMO was detected (data not
shown). Consistently, immunoblotting analyses showed that EGF treatment induced a
slower migrating PKCe that was about 7 kD (a size of monoubiquitin) bigger than WT
PKCe (Fig. 5C, bottom panel). Furthermore, His-protein pull-down analysis of 293T cells
transiently expressing His-ubiquitin, which was followed by immmunablotting with a PKCe
antibody, showed that EGF treatment induced monoubiquitylated PKCe (Fig. 5D). In
addition, the immunoblotting of immunoprecipitated Myc-tagged NEMO with a PKCe
antibody showed that EGF treatment resulted in NEMO binding to monoubiquitylated PKCe
but not to non-modified PKCe (Fig. 5E).

RING-finger protein that interacts with C kinase (RINCK)1 and linear ubiquitin assembly
complex (LUBAC) composed of HOIL-1L and HOIP are known E3 ubiquitin ligases for
PKC (Chen et al., 2007; Nakamura et al., 2006). Immunoblotting anlaysis of
immunoprecipitated Flag-PKCe AE3 with an anti-ubiquitin antibody showed that expressing
WT RINCKZ1, but not inactive RINCK1 C20A, RINCK2, HOIL-1L, or HOIP, resulted in
enhanced monoubiquitination of PKCe (Fig. 5F). In addition, RINCK1 depletion blocked
EGF-induced Flag-PKCe mono-ubiquitination and PKM2 expression (Fig. 5G). These
results indicate that RINCK1 mediates PKCe monoubiquitination upon EGFR activation. To
identify the ubiquitylated residue, we treated the immunoprecipitated Flag-PKCe from EGF-
stimulated U87/EGFR cells with cyanogen bromide, which hydrolyzes peptide bonds at the
C-terminus of methionine residues (Schroeder et al., 1969). Immmunoblotting analysis with
an anti-ubiquitin antibody suggested that the —278 to —387 fragment contains the
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ubiquitylated residue (data not shown). Mutation of K321/322, but not K301, K312, K345,
or K365, into Arg abolished EGF-induced monoubiquitylation of Flag-tagged PKCe (Fig.
5H). A single mutation at K321 or K322 showed that mutation at K321, but not K322,
abrogated monoubiquitylation of PKCe upon EGF stimulation (Fig. 51). In addition, co-
immunoprecipitation analyses showed that a K321R mutant of Flag-PKCe AE3 lost its
binding to Myc-tagged NEMO (Fig. 5J), indicating that EGF-induced PKCe
monoubiquitylation at K321 provides a binding motif for NEMO.

To determine whether the UBD domains of NEMO bind to monoubiquitylated PKCe, we
stably expressed Myc-tagged NEMO WT, L329P mutant abrogated ubiquitin-binding ability
of LZ motif (NOA/UBAN/NUB domain) of NEMO (Wu et al., 2006), and M415S mutant
interrupted the UBD domain in ZF domain of NEMO (Cordier et al., 2009) in U87/EGFR
cells. Immunoblotting of immunoprecipitated Myc-NEMO with a PKCe antibody showed
that the mutation at M415, but not at L329, abolished the EGF-induced interaction between
NEMO and PKCe (Fig. 5K). Furthermore, NEMO™'~ fibroblasts with reconstituted
expression of NEMO M415S, but not WT or L329P mutant (Fig. S6B), failed to rescue
NEMO-deficiency-induced inhibition of EGF-enhanced IKKB S177 phosphorylation, IxBa
degradation, and binding of IKK to Flag-PKCe (Fig. 5L). These results indicate that
NEMO zinc finger binding to monoubiquitylated PKCe plays a pivotal role in IKKp
activation by PKCe.

Inhibition of PLC+y1 abrogated EGF-induced IKKp activation and PKM2 expression (Figs.
3J and 3K). To further investigate whether PLCy1 regulates PKM2 expression via PKCe,
we treated U87/EGFR cells stably expressing PLCy1 H59Q mutant (Fig. 3K) with EGF,
showing that expression of the dominant-negative PLCy1 mutant significantly blocked
EGF-induced PKCe monoubiquitylation (Fig. 5M). These results further support that
PLCy1 downstream from EGFR upregulates PKM2 expression via regulation of PKCe.

EGF Promotes Glycolysis and Tumorigenesis by PKCe- and NF-kB-dependent PKM2
Upregulation

EGF treatment of U87/EGFR, U251, and D54 human GBM cells enhanced glucose
consumption (Fig. 6A) and lactate production (Fig. 6B), which was also observed by
overexpression of PKM2, but not PKM1, in U87/EGFR cells (Fig. S7TA-C). In addition,
overexpression of PKM2, but not PKM1, enhanced cyclin D1 expression (Fig. S7A), which
is consistent with that PKM2 regulates p-catenin transactivation and expression of
downstream CCND1 gene (encoding cyclin D1) (Yang et al., 2011). In contrast to PKM2
overexpression, PKM2 depletion (Fig. 6C, left panel) largely reduced both basal and EGF-
enhanced glucose consumption and lactate production (Fig. 6C, middle and right panels).
Reconstituted expression of RNAi-resistant PKM2 (rPKM2) restored EGF-promoted
glycolysis in an rPKM2 expression level-dependent manner (Fig. 6C), indicating that
increased PKM2 expression upon EGF stimulation plays an instrumental role in EGFR-
promoted glycolysis. Consistently, depletion of RelA or PKCe, which largely reduced EGF-
induced PKM2 upregulation (Figs. 2C and 3G), significantly reduced EGF-enhanced
glucose consumption and lactate production (Fig. 6D).

Depletion of RelA or PKM2 from U87/EGFRVIII cells inhibited proliferation of cells, which
were in culture for 7 days (Fig. 6E). Reconstituted expression of rPKM2 in U87/EGFRuvIII-
PKM2 shRNA cells restored EGFRvIII-promoted cell proliferation in an rPKM2 expression
level-dependent manner (Fig. 6E). These results indicate that EGFR-increased PKM2
expression is required for EGFR-promoted cell proliferation.

To determine the roles of RelA and PKM2 in brain tumor development, we intracranially
injected U87/EGFRUVIII cells, with or without depleted RelA or PKM2, or U87/EGFRVIII
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cells with depleted endogenous PKM2 and reconstituted expression of rPKM2 into athymic
nude mice. Dissection of the mice 2 weeks after injection revealed that all of the animals
injected with U87/EGFRVIII cells had rapid tumor growth (Fig. 6F). In contrast, no tumors
were detected in the mice injected with U87/EGFRVIII cells with depleted RelA or PKM2.
Reconstituted expression of rPKM2 in U87/EGFRvVII-PKM2 shRNA cells restored
EGFRuvIII-promoted tumor growth in an rPKM2 expression level-dependent manner (Fig.
6F). U87/EGFR cells injected into mice for 2 weeks did not lead to tumor formation.
However, overexpression of PKM2, but not PKM1, in U87/EGFR cells elicited significant
tumor growth (Fig. S7D). These results elucidate the significance of Rel A-dependent PKM2
upregulation in EGFR-promoted brain tumor development.

Levels of PKM2 Correlate with Levels of EGFR Activity in Human GBM and with Grades of
Glioma Malignancy and Prognosis

We demonstrated that EGFR activation results in IKKp-dependent PKM2 upregulation. To
further determine whether our findings have clinical relevance, we examined the activity of
EGFR and IKKp and PKM2 expression levels in serial sections of 55 human primary GBM
specimens by immunohistochemical (IHC) analyses. As shown in Fig. 7A, the activity levels
of EGFR and IKKp reflected by their phosphorylation levels correlated with the levels of
PKM2 expression. Quantification of the staining on a scale of 0-8 showed that the
correlation between PKM2 expression levels and EGFR (Fig. 7B, upper panel: r = 0.80, p <
0.001) or IKKP activity (Fig. 7B, bottom panel: r = 0.88, p < 0.001) was significant in
different specimens. The survival durations for the 55 patients, all of whom received
standard adjuvant radiotherapy after surgery, followed by treatment with an alkylating agent
(temozolomide in the majority of cases), were analyzed with respect to low (2-5 staining)
versus high (5.1-8 staining) expression of PKM2. Patients with low PKM2-expressing
tumors (20 cases) had a median survival of 34.5 months, compared with 13.6 months for
patients with high PKM2-expressing tumors (35 cases) (p < 0.001) (Fig. 7C). These results
strongly support a role for EGFR activation in the IKKB-dependent upregulation of PKM2
in human GBM and reveal a strong relationship between PKM2 expression and patient
prognosis.

To examine whether the level of PKM2 expression correlated with the grade of glioma
malignancy, we compared PKM2 expression levels in low-grade diffuse astrocytoma (WHO
grade I1) and high-grade GBM (WHO grade V) (Furnari et al., 2007). IHC analyses of 27
human low-grade diffuse astrocytoma specimens showed significantly lower levels of
PKM?2 in these low-grade gliomas than in the GBM specimens (Fig. 7D). Thus, the level of
PKM?2 correlated with the grade of glioma malignancy.

DISCUSSION

PKM2 plays an essential role in aerobic glycolysis and tumor growth (Christofk et al.,
2008). Nevertheless, how PKM2 expression is regulated during tumor development remains
largely unclear. Although the mechanisms and the role of NF-xB activation during
inflammatory response have been extensively reported (Skaug et al., 2009), answers to the
questions of how NF-xB is regulated in response to growth factor stimulation and whether
this regulation contributes to cancer cell metabolism remain elusive (Brown et al., 2008). In
this report, we reveal an important mechanism underlying the upregulation of PKM2 and the
activation of NF-xB by EGFR activation in tumor cells.

NF-xB activation induced by inflammatory response has been intensively studied. For
TNFa signaling, RIP1 is polyubiquitylated via the K63-linked ubiquitin chain, which is
mediated by TRAF2/5 as well as the E2-conjugating enzyme Ubc13-Uev1A.
Polyubiquitylated RIP1 provides docking sites to recruit proteins containing specific
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ubiquitin-binding domains, including the NZF domain of TAB2 in complex with TAK1 and
the CC2-LZ domain of NEMO. The formation of this complex promotes TAK1-regulated
phosphorylation and activation of IKKp (Skaug et al., 2009). TNFa, through a yet-to-be-
identified signaling mechanism, also induces HOIP-HOIL-1L ubiquitin ligase-dependent
linear polyubiquitylation of NEMO, which leads to recruitment of TAB2-TAK1 for IKKp
phosphorylation (Rahighi et al., 2009; Tokunaga et al., 2009). Therefore, TAK1-dependent
phosphorylation and activation of IKKp through NEMO-involved protein interactions,
which require K63-linked polyubiquitylation of RIP1 or linear polyubiquitylation of NEMO,
are crucial regulatory events in TNFa-induced canonical NF-xB activation. In stark
contrast, EGF-induced NF-xB activation is TAK1 independent, and IKKP S177, which is
phosphorylated by TAK1 in inflammatory response, is phosphorylated by PKCe instead. In
addition, monoubiquitylated PKCe provides a docking site for binding of the NEMO zinc
finger. The binding of NEMO to PKCe creates a direct interaction between PKCe and
IKK, which results in IKKB phosphorylation by PKCe and subsequent NF-xB activation.

In contrast to the unclearly defined location of TAK1 phosphorylation of IKKp, EGFR
activation results in the plasma membrane translocation of cytosolic PKCe and IKKp and in
the interaction of these proteins on the membrane, strongly suggesting that PKCe
phosphorylates and activates IKK on the plasma membrane. In addition, EGF, but not
TNFa, induced HIF1a expression and an interaction between RelA and HIF1a, which is
required for the binding of RelA to PKM promoter and PKM2 expression. Although RelA
by itself is sufficient to bind a nucleosome-unassociated oligonucleotide containing the NF-
xB binding sequence, it needs HIFla to act as a co-activator to induce PKM2 transcription,
and HIF1a may facilitate and stabilize the transcription factor complexes at PKM2 promoter
regions. These results indicate that EGF and TNFa activate NF-xB via distinct mechanisms
and subsequently induce different sets of gene expression. NF-xB-dependent PKM
transcription acts coordinately with splicing of the pre-mRNA, which is mediated by EGF-
induced upregulation of PTBP1, leading to increased expression of PKM2, but not PKM1.

Aberrantly higher activity of EGFR due to gene amplification or mutation of EGFR has
been detected in approximately 40% of GBM tumors, which are the most common and
biologically aggressive types of brain tumors (Voldborg et al., 1997; Wykosky et al., 2011).
We found that the activity levels of EGFR and IKKp in human GBM cell lines correlate
with the levels of PKM2 expression. In addition, the level of PKM2 in human glioma tissue
correlates with the level of EGFR activity, grade of glioma malignancy, and patient
prognosis, suggesting that PKM2 expression levels could be a biomarker for brain tumor
malignancy and prognosis. Depletion of PKM2 or blocking PKM2 upregulation by
expression of Rel/A shRNA largely inhibited EGFR-enhanced aerobic glycolysis in GBM
cells and brain tumor growth, indicating that NF-xB activation-dependent PKM2 plays a
crucial role in EGFR-promoted GBM cell metabolism and brain tumor growth.

Alterations in cell metabolism caused by PKM2, EGFR overexpression, or NF-xB
activation have all been observed in human cancers. We propose a mechanistic model of
tumor metabolism that integrates these different components. Our findings demonstrate that
activation of EGFR in human cancer cells results in increased glucose uptake and lactate
production in a PKM2 expression—-dependent manner. Furthermore, EGF-induced PKM2
upregulation is dependent on activation of a PLCy1-PKCe-IKKpB-RelA signaling cascade
(Fig. 7E) in which NEMO zinc finger binds to monoubiquitylated PKCe at K321, mediated
by RINCK1, leading to the direct interaction between IKKp and PKCe and phosphorylation
and activation of IKKp by PKCe. Activated RelA in complex with its co-activator HIFla is
required for PKM2 expression. Increased PKM2 expression enhanced cyclin D1 expression,
glycolysis, cell proliferation, and tumorigenesis, highlighting the essential role of PKM2
expression levels in tumor development. Our studies unearthed important mechanisms
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underlying EGFR-induced NF-xB activation and upregulated PKM2 expression during
tumor development. The demonstration of a mechanistic interplay between the EGFR and
NF-xB pathways in cancer metabolism provides an important insight for further
understanding tumor development and may provide a molecular basis for treating activated
EGFR- and upregulated PKM2-related tumors by interfering with this EGFR-induced
signaling transmission at multiple levels.

EXPERIMENTAL PROCEDURES

Materials

Rabbit polyantibodies recognizing PKM1, EGFR, phospho-a-catenin S641, phospho-
EGFR-Y1172, and RelA were obtained from Signalway Biotechnology (Pearland, TX), and
rabbit polyantibodies recognizing PKM2, IKK, and phospho-IKKB-S177/181 were
obtained from Cell Signaling Technology (Danvers, MA). Polyclonal antibodies for PKCa,
PKCe, PKC§, PTBP1, and IkBa were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA).

In Vitro Kinase Assays

The kinase reactions were done by mixing purified active PKCe and bacterially purified WT
His-IKKp or different His-IKKB mutants in 20 pl kinase assay buffer containing 10 pCi of
[gamma-32P] ATP, 25 mM MOPS (pH 7.2), 12.5 mM B-glycerol-phosphate, 25 mM MgCl,,
5mM EGTA, 2 mM EDTA, 0.25 mM DTT, and 2.5 ul PKC lipid activator (SignalChem,
Richmond, BC, Canada) for 20 min at 30°C. Reactions were stopped by adding an equal
volume of 2X SDS-polyacrylamide gel electrophoresis (PAGE) sample buffer and boiling
for 5 min. Samples were then separated by 6% SDS-PAGE and transferred onto
nitrocellulose membranes for exposing to X-ray film. Biotinylated IxBa (Ser32) peptide
was used for measuring IKKp activity (HTScan IKKp kinase assay kit, Cell Signaling
Technology, Danvers, MA).

Luciferase Reporter Gene Assay

The luciferase reporter vector pGL3-promoter containing either the WT or a mutated PKM
promoter fragment or a luciferase reporter vector containing the IxBa promoter was
transfected into U87/EGFR cells, RelA+/+, or RelA—/- fibroblasts seeded in 24-well plates
at 1.5x10% cells/well. 12 h after transfection, the medium was replaced with 0.1% serum for
another 12-24 h, and EGF (100 ng/ml) was added 12 h before harvesting. 10 ml out of the
100 ml cell extract were used for measuring luciferase activity. 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 mean + standard
deviation of three independent experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. EGFR Activation Resultsin Upregulation of PK M2 Expression

A-D, Immunoblotting analyses were performed with or without the indicated antibodies.
(A) The indicated cell lines were treated with EGF (100 ng/ml) for 12 h.

(B) U87 cells were stably transfected with plasmids expressing EGFR or EGFRVIII.

(C) UB7/EGFR cells were pretreated with or without AG1478 (1 M) for 30 min before
EGF (100 ng/ml) treatment for 12 h.

(D) UB7/EGFR cells were pretreated with or without cycloheximide (CHX) (200 pg/ml) for
30 min before EGF (100 ng/ml) treatment for 12 h.

(E) mRNA expression levels of PKMZ2and PKMZ in U87/EGFR cells treated with or
without EGF (100 ng/ml) for 12 h were measured by real-time quantitative RT-PCR
analysis. B-actin mRNA from the same cDNA library was amplified as a control. The
relative mRNA levels of PKMZ2and PKM1 were normalized to the levels of untreated cells
and B-actin mRNA. Data represent the means + SD of three independent experiments.
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Fig. 2. EGF Increases PKM 2 Expression in a PK C- and NF-xB-dependent Manner

A-D, H, Immunoblotting analyses were performed with the indicated antibodies.

(A) UB7/EGFR cells were pretreated with Bis-I (2 xM), Go6976 (2 M), NF-xB activation
inhibitor Il (7 M), an AKT inhibitor (10 M), or TBB (50 M), followed by EGF (100 ng/
ml) stimulation for 12 h.

(B) 293T cells transiently transfected with pCep4 EGFR and vectors expressing IKKf
S177/181A were treated with or without EGF (100 ng/ml) for 12 h.

(C) UB7/EGFR cells stably transfected with pGIPZ expressing a control or a Re/A shRNA
were treated with or without EGF (100 ng/ml) for 12 h.

(D) RelA**, RelA=, or Rel A~ fibroblasts with reconstituted RelA expression were
treated with or without EGF (100 ng/ml) for 12 h.

(E) UB7/EGFR cells treated with or without EGF (100 ng/ml) for 12 h. ChIP assay was
performed with an anti-Rel A antibody for immunoprecipitation, followed by PCR with
PKM promoter—specific primers.

(F) An oligonucleotide containing the putative WT or mutated NF-xB binding sequence was
labeled using [y-32P] ATP and T4 polynucleotide kinase. Nuclear extracts of U87/EGFR
cells treated with or without EGF (100 ng/ml) for 12 h were incubated with the 32P-labeled
probe in the presence or absence of an anti-RelA antibody or unlabeled oligonucleotide.
Samples were subjected to 5% polyacrylamide gel electrophoresis, and the dried gel was
exposed to x-ray film.

(G) The luciferase reporter vector pGL3-promoter containing either the WT or a mutated
PKM promoter fragment was transfected into US7/EGFR cells (left panel), or RelA*!*,
RelA™"=, or RelA™"~ fibroblasts with reconstituted RelA expression (right panel), which
were treated with or without EGF (100 ng/ml) 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 mean * standard deviation of three
independent experiments.

(H) U251 cells infected with lentiviruses expressing a control or a PTBPI1 shRNA were
treated with or without EGF (100 ng/ml) for 12 h.

See also Figs. S1 and S2.
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Fig. 3. PKCe Downstream from PLC+y1, Rather Than TAK 1, Activates |KKp and Subsequently
Increases PKM 2 Expression

Immunoprecipitation and immunoblotting analyses were performed with the indicated
antibodies.

(A) The indicated fibroblasts were treated with or without EGF (100 ng/ml) for 12 h.

(B) UB7/EGFR cells were treated with TNFa (10 ng/ml) for the indicated time.

(C) UB7/EGFR cells were treated with or without EGF (100 ng/ml) or TNFa (10 ng/ml) for
4h,

(D) UB7/EGFR cells were treated with or without EGF (100 ng/ml) for 12 h. HIF1a was
immunodepleted from the cell lysates by incubation with an anti-HIF1a antibody, which
was followed by a ChIP assay with an anti-Flag antibody for immunoprecipitation of Flag-
RelA and PCR analysis with PKM promoter—specific primers.

(E) UB7/EGFR cells transiently transfected with a control or a H/FIa siRNA were treated
with or without EGF (100 ng/ml) for 12 h.

(F) 293T cells were transiently transfected with constitutively active (+) or kinase-dead (=)
PKC mutants.

(G) UB7/EGFR cells stably transfected with pGIPZ expressing a control or a PKCe ShRNA
were reconstituted with or without expression of rPKCe and were treated with or without
EGF (100 ng/ml) for 12 h.

(H and 1) 293T cells were transiently transfected with the indicated plasmids.

(J and K) U87/EGFR cells pretreated with or without U73122 (2 wM) for 30 min (J) or
stably expressed PLCy1 H59Q (K) were treated with or without EGF (100 ng/ml) for 12 h.
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See also Figs. S2E, S3, S4, and S5.
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Fig. 4. PKCe Phosphorylates IKKp at Ser177 and Activates |IKKB

(A, B, D-G) Immunoprecipitation and immunoblotting analyses were performed with the
indicated antibodies.

(A) The indicated cells were treated with or without EGF (100 ng/ml) for 30 min.

(B) Bacterially purified His-IKK on nickel agarose beads was mixed with purified active
GST-PKCe. A His-protein pull-down assay with nickel agarose beads incubated with GST-
PKCe as a control was performed.

(C) UB7/EGFR cells were treated with EGF (100 ng/ml) for 30 min and immunostained
with the indicated antibodies. Nuclei were stained with Hoechst 33342 (blue).

(D) In vitro kinase assays were performed with purified active PKCe and bacterially purified
WT His-IKKp or different His-IKKp mutants.

(E) 293T cells were transiently transfected with Flag-PKCe AE3 or Flag-PKCe knAE1.
(F) UB7/EGFR cells stably transfected with pGIPZ expressing a control or a PKCe shRNA
were reconstituted with or without expression of rPKCe and treated with or without EGF
(100 ng/ml) for 30 min.

(G) IKKB** and /KK~ fibroblasts reconstitutively expressing WT or S177A mutant of
IKKp were treated with or without EGF (100 ng/ml) for 30 min (top three panels) or 12 h
(bottom two panels).

See also Fig. S6.
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Fig. 5. Binding of NEMO Zinc Finger to Monoubiquitylated PK Ce at Lys321 Regulatesthe
Interaction Between PKCe and IKKP

Immunoprecipitation and immunoblotting analyses were performed with the indicated
antibodies.

(A and B) The indicated cells were treated with or without EGF (100 ng/ml) for 12 h (A) or

30 min (B).
(C) UB7/EGFR cells were treated with or without EGF (100 ng/ml) for 30 min.

(D) Nickel agarose beads were mixed with lysates of 293T cells transiently transfected with
plasmids expressing EGFR and His-ubiquitin and treated with or without EGF (100 ng/ml)

for 30 min.

(E) 293T cells were transiently transfected with plasmids expressing EGFR and Myc-
NEMO and treated with or without EGF (100 ng/ml) for 30 min.

(F) A vector expressing Flag-PKCe AE3 was cotransfected with or without vectors

expressing WT Flag-RINCK1, Flag-RINCK1 C20A, WT Flag-RINCK2, HA-HOIL-1L, or

Flag-HOIP into 293T cells.
(G) UB7/EGFR cells expressing Flag-PKCe AE3 were stably transfected with a vector
expressing a control ShRNA or RINCK1 shRNA.

(H and I) 293T cells were transiently transfected with plasmids expressing Flag-PKCe AE3

or the indicated PKCe AE3 mutants.

(J) 293T cells were transiently transfected with plasmids expressing Myc-NEMO and Flag-

PKCe AE3 or the PKCe AE3 K321R mutant.

(K) UB7/EGFR cells stably transfected with WT or the indicated NEMO mutants were
treated with or without EGF (100 ng/ml) for 30 min.

(L) Flag-PKCe WT was transiently transfected into NEMO** and NEMO™!~ fibroblasts

reconstitutively expressing WT or the indicated NEMO mutants, and the cells were treated

with or without EGF (100 ng/ml) for 30 min.

(M) UB7/EGFR cells with or without expression of PLCy1 H59Q were treated with or
without EGF (100 ng/ml) for 30 min.

See also Fig. S6.
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Fig. 6. EGF Promotes Glycolysis and Tumorigenesis by PK Ce- and NF-xB-dependent PKM 2
Upregulation

(A and B) The indicated cells in no-serum DMEM were treated with or without EGF (100
ng/ml) for 20 h. The media were collected for analysis of glucose consumption (A) or lactate
production (B), which was normalized by cell numbers (per 106). Data represent the means
+ SD of three independent experiments.

(C) Immunoblotting analyses of lysates of U87/EGFR cells stably transfected with pGIPZ
expressing a control or a PKMZ2 shRNA with or without reconstituted expression of rPKM2
at different levels were performed with the indicated antibodies (left panel). These cells
were treated with or without EGF (100 ng/ml) for 20 h. The media were collected for
analysis of glucose consumption (middle panel) or lactate production (right panel), which
was normalized by cell numbers (per 106). Data represent the means + SD of three
independent experiments. L, low expression. H, high expression.

(D) UB7/EGFR cells with or without PKCe or RelA depletion were treated with or without
EGF (100 ng/ml) for 20 h. The media were collected for analysis of glucose consumption
(left panel) or lactate production (right panel), which was normalized by cell numbers (per
10%). Data represent the means + SD of three independent experiments.
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(E) Immunoblotting analyses of lysates of U87/EGFRVIII cells with or without RNAI-
depleted Rel A or PKM2 or combined expression of rPKM2 were performed with the
indicated antibodies (top panel). A total number of 2 x 104 cells from each cell line were
plated and counted 7 days after seeding in DMEM with 2% bovine calf serum (bottom
panel). Data represent the means + SD of three independent experiments. L, low expression.
H, high expression.

(F) US7/EGFRVIII cells (5 x 10°), with or without RNAi-depleted RelA or PKM2 or
combined expression of rPKM2, were intracranially injected into athymic nude mice. After
2 weeks, the mice were sacrificed and tumor growth was examined. H&E-stained coronal
brain sections show representative tumor xenografts (top panel). Tumor volumes were
calculated (bottom panel). L, low expression. H, high expression. Data represent the means
+ SD of seven mice.

See also Fig. S7.

Mol Cell. Author manuscript; available in PMC 2013 December 14.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Yang etal.

Page 23

>
w

Tumor 1 Tumor 2 Tumor 3 Tumor 4

ERFR pY1172

IKKp pS177/181  EGFR pY1172
N

PKM2

IKKB pS177/181

Cc D 2
? 40 8 o
§ I T o 2 4 6 s 10
H PKM2
§, 30 6
o
E20 Sa T
= T X
10 *
£ 2
=
(22 "
PKM2 Low staining  High staining Grade Il Grade IV
E

EGF

Transcription

vl ' 1A /pS] — Y
( Nt " POV DNA )
N iBsite PKM2 7

Figure7. Levelsof PK M2 Correlate with Activity Levels of EGFR and IKKp in Human GBM
and with Grades of Glioma Malignancy and Prognosis

(A and B) IHC staining with anti-phospho-EGFR Y1172, anti-phospho-IKKp S177/181,
and anti-PKM2 antibodies was performed on 55 GBM specimens. Representative photos of
four tumors are shown (A). Semi-quantitative scoring was performed (Pearson product
moment correlation test, r = 0.88, p < 0.001, top panel; r = 0.89, p < 0.001, bottom panel).
Note that some of the dots on the graphs represent more than one specimen (some scores
overlapped) (B).

(C) Overall survival time of 55 patients with GBM by low (20 patients) and high (35
patients) PKM2 expression (P < 0.001). Data represent the mean + SD of survival time
(months) of 20 patients with low PKM2 expression and 35 patients with high PKM2
expression.

(D) Immunohistochemical staining of 27 diffuse astrocytoma specimens with a PKM2
antibody was performed and analyzed by comparing it with the staining of 38 GBM
specimens (Student’s ftest, two-tailed, P < 0.001). Data represent the mean + SD of the
staining scores for PKM2 from 27 astrocytoma specimens and 38 GBM specimens.

(E) A mechanism for EGFR-induced PKM 2 upregulation. EGFR activation results in the
binding of the SH2 domain of PLC+y1 to autophosphorylated EGFR and activation of
PLC+y1. Diacylglycerol generated by PLC-y1 will activate PKCe, which results in RINCK1-
dependent monoubiquitylation of PKCe at K321 and subsequent recruitment of the NEMO/
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IKKB complex. PKCe phosphorylates IKKP at S177 and activates IKK, leading to RelA/
HIF1a-dependent transcriptional upregulation of PKM2.
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