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Background: The protein-serine/threonine kinase PIM2 regulates glycolysis, but the mechanism is not fully elucidated.
Results: PIM2 interacts with PKM2 and phosphorylates PKM2 on the Thr-454 residue.

Conclusion: This phosphorylation of PKM2 increases glycolysis and proliferation in cancer cells.

Significance: PIM2-dependent phosphorylation of PKM2 is critical for regulating the Warburg effect in cancer, highlighting

PIM2 as a potential therapeutic target.

Pyruvate kinase M2 (PKM2) is a key player in the Warburg
effect of cancer cells. However, the mechanisms of regulating
PKM2 are not fully elucidated. Here, we identified the protein-
serine/threonine kinase PIM2, a known oncogene, as a novel
binding partner of PKM2. The interaction between PIM2 and
PKM2 was confirmed by multiple biochemical approaches in
vitro and in cultured cells. Importantly, we found that PIM2
could directly phosphorylate PKM2 on the Thr-454 residue,
resulting in an increase of PKM2 protein levels. Compared with
wild type, PKM2 with the phosphorylation-defective mutation
displayed a reduced effect on glycolysis, co-activating HIF-1a
and f-catenin, and cell proliferation, while enhancing mito-
chondrial respiration of cancer cells. These findings demon-
strate that PIM2-dependent phosphorylation of PKM2 is criti-
cal for regulating the Warburg effect in cancer, highlighting
PIM2 as a potential therapeutic target.

Tumor cell proliferation proceeds only when sufficient
energy and building blocks are available. Compared with nor-
mal tissues, most tumors exhibit a significant increase of glu-
cose utilization, namely the Warburg effect (1). Such a charac-
teristic of increased glucose uptake, which accompanies the
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aerobic glycolysis, has been exploited for diagnosis of cancer
using '*F-deoxyglucose position emission tomography (2). Due
to the changes of glycolytic enzymes, tumor cells shift glucose
metabolism from oxidative phosphorylation to glycolysis even
in the presence of oxygen. To date, pyruvate kinase (PK)? is
considered a key regulator of the Warburg effect (3). PK cata-
lyzes the dephosphorylation of phosphoenolpyruvate to pyru-
vate with concomitant formation of ATP, which is a rate-limit-
ing step in glycolysis. There are four isoenzymes of PK, L, R, M1,
and M2, which are encoded by two separate genes. The L and R
isoforms of PK, which are expressed exclusively in the liver and
red blood cells, respectively, are originated from the PKL gene
by alternative splicing (4). PKM1 and PKM2 isoforms are alter-
native-splicing products of the PKM gene (exon 9 for PKM1
and exon 10 for PKM2) (5). During embryogenesis, PKM2 is
progressively replaced by PKM1. Conversely, during tumori-
genesis, the L-PK or PKM1 isoenzymes are down-regulated and
PKM?2 is reexpressed, suggesting unique roles of PKM2 in can-
cer cells. Because PKM2 has a lower enzymatic activity com-
pared with PKM1, it will channel more glycolytic intermediates
into building blocks, such as nucleic acids, amino acids, and
lipids, to support cancer cell proliferation. The enzymatic activ-
ity of PKM2 is under the control of metabolic intermediates,
oncogenes, and growth factors (6). Growing evidence indicates
that oncogenes reprogram glycolysis, impacting the tumor
aggressive phenotype via regulating PKM2 (7). In addition to its
direct roles in glycolysis, recent studies have also demonstrated
that PKM2 can function as a transcriptional co-activator or a
protein kinase to promote gene transcription and tumorigene-
sis (8 —11).

3 The abbreviations used are: PK, pyruvate kinase; Co-IP, co-immunoprecipi-
tation; KD, kinase-dead; PIM, proviral insertion in murine lymphomas;
PMK2, pyruvate kinase M2; TRITC, tetramethylrhodamine isothiocyanate;
HIF, hypoxia-inducible factor.
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Transcription regulation appears not to be the primary
mechanism of regulating PKM2. Throughout mitosis, PKM2
mRNA and activity decline whereas the protein levels continue
to increase (12). The decrease of PKM2 activity is due to post-
translational modifications (13). It has been shown that acety-
lation of PKM2 at Lys-305 promotes its degradation via chap-
erone-mediated autophagy (14). Interestingly, phosphorylation
at tyrosine or serine residues has been implicated in regulating
PKM2. In pp60v-src kinase-transformed cells, increased tyro-
sine phosphorylation of PKM2 correlates with its inactivation
(15, 16). In addition, fibroblast growth factor receptor 1 phos-
phorylates PKM2 on Tyr-105, which inhibits the formation of
active, tetrameric PKM2 by disrupting binding of PKM2 cofac-
tor fructose-1,6-biophosphate (17). Protein-tyrosine phospha-
tase 1B reverses this phosphorylation (18). A-Raf can bind to
and phosphorylate PKM2 on serine residues, inducing a transi-
tion of dimeric to tetrameric active form of PKM2 (19).
Although itis not fully clear, PKCd is believed to regulate PKM2
protein stability via phosphorylation (20). Moreover, ERK1/2
has been shown to phosphorylate PKM2 on Ser-37 and pro-
mote its nuclear translocation, which is important to tumor
growth (12).

Proviral insertion in murine lymphomas (PIM) protein
kinases are highly conserved oncogenic serine/threonine
kinases and have three isoforms: PIM1, PIM2, and PIM3 (21). It
has been reported that PIM kinases are aberrantly expressed in
multiple types of cancer (22). PIM kinases are responsible for
cell cycle regulation, antiapoptotic activity, and other malig-
nant phenotypes of cancer (23). PIM kinases mediate their
oncogenic activity through phosphorylating a wide range of cel-
lular proteins (23). All three PIM kinases can phosphorylate
Thr-157 and Thr-198 of p27®!, promoting its binding to the
14-3-3 proteins, resulting in nuclear exclusion and degradation
(24). PIM1 can phosphorylate the intracellular domain of
CXCR4 at Ser-339, a site critical for CXCR4 recycling (25).
PIM2 has been reported to phosphorylate the ribosomal pro-
tein 4E-BP1, causing its dissociation from Eif-4e, which impacts
protein synthesis (26). Therefore, inhibiting PIM kinases may
lead to apoptosis, cell cycle arrest, and senescence. For that
reason, PIM kinase inhibitors have been actively developed for
cancer treatment (27).

Here, we identify PIM2 as a novel binding partner of PKM2
from a yeast two-hybrid screen. We show that PIM2 critically
regulates multiple aspects of PKM2 functions through direct
phosphorylation. Thus, our results provide a new insight into
the regulation of PKM2 and its contribution to the Warburg
effect in cancer cells.

EXPERIMENTAL PROCEDURES

Materials—Rabbit anti-PIM2 antibody was purchased from
GeneTex; rabbit anti-PKM2 antibody from Abcam; rabbit anti-
phosphoserine antibody from Invitrogen; rabbit anti-phospho-
threonine antibody from Cell Signaling; mouse anti-HA,
-FLAG, or B-actin antibody from Sigma; and rabbit or mouse
IgG from Santa Cruz Biotechnology. Goat anti-mouse or rabbit
second antibodies were purchased from LI-COR Biosciences.
The plasmids used in this study were generated by subcloning
the indicated human cDNA fragments into expression vectors.
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All plasmids were verified by DNA sequencing. The sequences
for siRNA and PCR primers are listed in supplemental Table S2.

Yeast Two-hybrid Screen—The C-terminal portion (amino
acids 354 —531) of human PKM2 was subcloned into the yeast
expression vector pGBKT7 (Clontech) in-frame with the
Gal4DNA binding domain. This bait was used to screen human
¢DNA libraries (Human Kidney Matchmaker® cDNA Library
pACT2 638816, Human Liver Matchmaker® cDNA Library
pACT2 638802, and Mate & Plate™ Library-Human Brain
(Normalized) 630486) (Clontech). The yeast two-hybrid screens
were performed according to the manufacturer’s instructions
(Clontech).

Cell Culture and Transient Transfection—All cell lines were
cultured in Dulbecco’s modified Eagle’s medium (GIBCO) sup-
plemented with 10% fetal bovine serum (GIBCO), 100 mg/ml
penicillin, and 100 mg/ml streptomycin sulfate (GIBCO) at
37 °Cand 5% CO,. Hypoxic treatment was performed in a spe-
cially designed hypoxia incubator (Thermo Electron, Forma,
MA) with 1% O,, 5% CO,, and 94% N,. Lipofectamine 2000
(Invitrogen) was used in transient transfection according to the
manufacturer’s protocol.

Co-immunoprecipitation (Co-IP) and GST Pulldown Assay—
Cell extracts were incubated with antibodies and protein
A-agarose (Pierce) overnight at 4 °C. Normal mouse or rabbit
IgG (Santa Cruz Biotechnology) was used as negative control.
After being washed five times with lysed buffer (RIPA; Beyo-
time, P0013), the resulting beads were eluted with 2X SDS sam-
ple buffer by boiling for 8 min at 100 °C, and the samples were
analyzed by Western blotting. GST alone and GST-tagged and
His-tagged proteins were expressed in Escherichia coli BL21.
GST-tagged proteins were purified by glutathione-Sepharose
4B beads (Amersham Biosciences) according to the manufac-
turer’s instructions. His-tagged proteins were prepared and
purified using nickel affinity resins (Merck). His-PIM2 protein
was mixed with GST or GST-PKM2 fusion protein in PBS-
binding buffer (Takara’s PBS, pH 7.4) at 4 °C for 2 h, followed by
the addition of 20 ul of glutathione-Sepharose 4B beads. After
1 h of incubation with nutation, the beads were washed five
times with PBS. The resulting beads were eluted with 2X SDS
sample buffer and analyzed by Western blotting (28).

Confocal Immunofluorescence Microscopy—Cells were plated
into 6-well plates with a density of 8 X 10* cells/well. Approx-
imately 36 h after transfection, cells were fixed with 4% para-
formaldehyde for 20 min, washed three times with PBS, and
treated with 0.2% Triton X-100 for 20 min followed by another
three washes with PBS. The cells were blocked with 3% BSA/
PBS for 1 h followed by incubation with primary antibody
(1:100 anti-HA; 1:100 anti-FLAG) for 2 h at room temperature.
After extensive washing, cells were incubated with a secondary
antibody conjugated with goat anti-mouse IgG/TRITC anti-
body for 1 h and counterstained with DAPI for 10 min. The
resulting signals were visualized by a confocal laser-scanning
microscope (Olympus BX61).

In Vitro Kinase Assay—For in vitro kinase assays, PKM2-WT
or PKM2-T454A recombinant proteins were incubated with
PIM2 in kinase buffer (20 mm MOPS, pH 7.4, 150 mMm NaCl,
12.5 mm MgCl,, 1 mMm MnCl,, 1 mM EGTA, 1 mm DTT, 10 um
ATP) (Sigma). The reaction mixtures were incubated at
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37 °C for 30 min (29). Aliquots of reaction mixtures were
analyzed by Western blotting using rabbit anti-phospho-
threonine antibody.

Luciferase Reporter Assays—Cells were seeded onto 6-well
plates, transfected with PKM2-WT or PKM2-T454A together
with the reporter plasmid p2.1 (30) and control pSV40-Renilla,
and exposed to either 20% or 1% O, for 24 h. Cell lysates were
analyzed using the Dual-Luciferase Assay system (Promega)
according to the manufacturer’s instructions (31, 32).

Glucose Consumption and Lactate Production—Cells were
seeded onto 6-well plates and transfected with plasmids or
siRNAs. Approximately 48 h after transfection, cells were
washed and cultured in serum-free DMEM for approximately
16 h (12). Glucose levels in medium were measured using a
glucose assay kit (Sigma), and lactate levels in medium were
measured using a lactate assay kit (CMA; Microdialysis). These
readouts were normalized to corresponding protein amounts
(Beyotime).

Cellular Oxygen Consumption Rate—Oxygen consumption
rate was analyzed using a Seahorse XF24 Extracellular Flux
Analyzer by real-time monitoring mitochondria respiration.
Cells were plated onto XF24 cell culture plates (Seahorse Bio-
science) at a density of 2 X 10* cells/well and incubated for 24 h
in a normal incubator. Then, cells were equilibrated with bicar-
bonate-free buffered DMEM in a 37 °C incubator for 60 min
without CO, immediately before XF assay. Substrates or per-
turbation compounds were prepared in an identical assay
medium as in the corresponding well and were injected from
the reagent ports automatically to the wells at the designated
time points. The first compound injected was oligomycin,
which inhibits complex V in the electron transport chain and
causes a decrease in respiration. The second was carbonyl cya-
nide p-trifluoromethoxyphenylhydrazone, which drives mito-
chondrial respiration to its maximal capacity, referred to as the
total reserve capacity. Finally, antimycin/rotenone was injected
to inhibit oxidative phosphorylation at complex I to block all
mitochondrial oxygen consumption (33).

Cell Proliferation Analysis—Cells were seeded onto 6-well
plates, transfected with PKM2-WT or PKM2-T454A. After
24 h 1 X 10* cells were harvested and seeded in triplicates onto
24-well plates, and cell numbers were counted every 24 h over a
4-day period (14).

CO, Release Assay—To determine *CO, release, cells
were incubated in glucose-free medium containing 1 wCi/ml
either [6-'*C]glucose or [1-'*C]glucose for 30 min at 37 °C.
Phenylethylamine was used to absorb the released CO,. The
radioactivity of collected '*CO,, was quantified by scintillation
counting of phenylethylamine for three times with 30-min
intervals. This method is designed according to the principle
and protocol reported previously (34). The radioactivity was
normalized to cell numbers.

Quantitative Real-time PCR—Total RNA was isolated using
a TRIzol kit (Omega), and cDNA was synthesized using a cDNA
synthesis kit (Takara). Quantitative real-time PCR was per-
formed using the SYBR Green PCR Master Mix (Takara) on the
Roche 480 system (Roche Applied Bioscience). The primers
used in this study are listed in supplemental Table S2.
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Statistical Analysis—We determined the significance of dif-
ferences using Pearson’s correlation test and Student’s ¢ test
(two-tailed). p < 0.05 was considered to be significant.

RESULTS

PIM?2 Is a Novel Binding Partner of PKM2—To better under-
stand the regulation of PKM2, we screened cDNA libraries of
human brain, liver, and kidney by yeast two-hybrid using a
C-terminal portion (amino acids 354 —531) of PKM2 as the bait
because the N terminus of PKM2 tends to form tetramers (35).
Fifty-eight positive clones were identified from the screens
(supplemental Table S1). Among them, five clones encoding
the serine/threonine kinase PIM2 were identified from the
human kidney cDNA library. As shown in Fig. 14, the interac-
tion between PKM2 and PIM2 was then validated by indepen-
dent yeast two-hybrid. To further analyze their interaction, we
transiently overexpressed HA-tagged PKM2 and FLAG-tagged
PIM2 in HEK293T cells. By Co-IP analysis, we showed that
PKM2 could pull down PIM2 (Fig. 1) and vice versa (Fig. 1¢),
although the latter is weak. These results demonstrate that
PIM2 and PKM2 interact with each other.

PKM2 consists of four domains: N, A1, B, A2, and C (Fig. 1d).
To determine which domain(s) of PKM2 bind to PIM2, we gen-
erated a series of HA-tagged truncation mutants of PKM2 (Fig.
1d) and tested their binding affinity with FLAG-tagged PIM2 in
HEK293T cells by Co-IP. As shown in Fig. 1e, full-length PIM2
could interact with all the fragments of PKM2 with various
affinities, suggesting the presence of multiple interaction sur-
faces. However, its interaction with the amino acid sequence
219-531 of PKM2 was much stronger than any other frag-
ments, consistent with our yeast two-hybrid results (Fig. le).
Furthermore, to determine whether PIM2 can interact directly
with PKM2, we performed GST pulldown assays using purified
recombinant His-tagged PIM2 and GST-tagged PKM2. As
shown in Fig. 1f, GST-tagged PKM2 could efficiently and spe-
cifically pull down His-tagged PIM2, suggesting that PIM2 can
interact directly with PKM2.

Because PIM2 is highly homologous to PIM1 and PIM3, we
examined whether PKM2 could also interact with PIM1 and
PIM3. Interestingly, overexpressed PKM2 interacted with
PIM3 even stronger than with PIM2, but failed to interact with
PIM1 (Fig. 2a). In addition, because PKM1 is an alternative
splice product of the PKM gene (36), we asked whether PKM1
could also interact with PIM2. As shown in Fig. 2b, overex-
pressed PKM1 bound to PIM2 in HEK293T cells as measured
by Co-IP. Moreover, to determine whether endogenous PIM2
interacts with PKM2, we performed Co-IP experiments with
cell lysates from HeLa or A549 cells. Using an anti-PKM?2 anti-
body, we show that endogenous PKM2 could Co-IP endoge-
nous PIM2 in A549 cells (Fig. 2¢) or HeLa cells (Fig. 2d). Con-
versely, endogenous PIM2 could Co-IP endogenous PKM2 in
A549 cells (Fig. 2¢). Furthermore, immunofluorescence confo-
cal microscopy analyses showed that PIM2 partially overlapped
with PKM2 in the nuclei of HeLa cells (Fig. 2f). Taken together,
our results demonstrate that PIM2 is a novel binding partner of
PKM2.

PIM?2 Phosphorylates PKM2 on Thr-454—PIM2 has been
shown to regulate the functions of proteins, such as BAD (37),
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FIGURE 1. PIM2 is a novel binding partner of PKM2. g, interaction between PKM2 (amino acids 354-531) and PIM2 (amino acids 182-311) was reexamined
by yeast two-hybrid using SD-Leu-Trp or SD-Leu-Trp-His-Ade culture medium. Vector pGADT7-T with pGBKT7-p53 or pGBKT7-Lam was used as positive control
and negative control, respectively. b and ¢, interaction between FLAG-tagged PIM2 and HA-tagged PKM2 full-length proteins was examined by Co-IP followed
by Western blotting using anti-HA antibody or anti-FLAG antibody. Tagged proteins were overexpressed in HEK293T cells by transient transfection. d,
schematic represents PKM2 protein fragments used in the mapping analysis. e, FLAG-tagged PIM2 was co-expressed in HEK293T cells with HA-tagged PKM2
fragments as indicated. Co-IP followed by Western blotting was performed to determine their interaction. f, GST pulldown assays were performed to examine
the direct interaction between PKM2 and PIM2 using recombinant His-tagged PIM2 and GST-tagged PKM2.
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FIGURE 2. PIM2 interacts with PKM2. a, HA-tagged PKM2 was co-expressed with FLAG-tagged PIM1, PIM2, or PIM3 in HEK293T cells. Co-IP followed by
Western blotting was performed to determine their interaction. b, interactions between HA-tagged PKM1 and FLAG-tagged PIM2 were examined by Co-IP
followed by Western blotting. c- e, the association of endogenous PIM2 and PKM2 in A549 (c and d) or HelLa (e) cells was analyzed by Co-IP followed by Western
blotting using anti-PIM2 antibody and anti-PKM2 antibody. f, confocal immunofluorescence microscopy was performed to analyze localization of PKM2 and
PIM2 in HeLa cells.

p21 (29), p27 (24), and 4E-BP1 (38) via direct phosphorylation.
We then examined whether PIM2 could also phosphorylate
PKM2. For that purpose, we co-transfected FLAG-tagged PIM2
(vector, wild type, or kinase-dead (KD) PIM2) with HA-tagged
PKM2 into HEK293T cells. Compared with the kinase-dead
PIM2 or vector control, transfection of wild type PIM2 caused
an increase in PKM2 phosphorylation on threonine residues, as

asEvE

detected by immunoblotting with a phospho-Thr-specific anti-
body (Fig. 3a). PIM2 did not affect the phosphorylation levels of
PKM2 on serine residues (Fig. 3b), whereas as shown in Fig. 3¢,
it increased the serine phosphorylation of the known PIM2
kinase substrate, BAD (37), under the same condition.

To determine whether PIM2 could phosphorylate PKM2
directly, we performed in silico analyses for potential PIM sub-
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FIGURE 3.PIM2 phosphorylates PKM2 on Thr-454. a and b, HA-tagged PKM2 was co-transfected with empty vector, FLAG-tagged PIM2-KD, or PIM2-WT (wild
type) in HEK293T cells. Two days after transfection, PKM2 proteins were immunoprecipitated (/P) using anti-HA antibody, and HA-tagged PKM2 protein levels
were normalized before phosphothreonine (a) or phosphoserine (b) levels were detected by Western blotting using the indicated antibodies. ¢, PIM2 affects
phosphoserine levels of HA-tagged BAD in HEK293T cells. d, two putative PIM2 substrate motifs are identified in PKM2. Thr-405 and Thr-454 residues are
highlighted in red. e, effects of FLAG-tagged PIM2 (KD or WT) on threonine phosphorylation of HA-tagged PKM2-T405A or T454A in HEK293T cells are shown.
f, in vitro kinase assay was used to determine the effects of recombinant PIM2 on threonine phosphorylation of His-tagged PKM2-WT or T454A.

strate motifs in PKM2 (38). As shown in Fig. 3d, we identified
two putative PIM phosphorylation sites (Thr-405 and Thr-454)
in PKM2. To determine which site(s) could be phosphorylated
by PIM2, we generated phosphorylation-defective mutants by
mutating the threonine residue to alanine (T405A or T454A).
Interestingly, in HEK293T cells mutation of Thr-405 had no
effect on threonine phosphorylation of PKM2, whereas muta-
tion of Thr-454 significantly reduced PIM2-induced PKM2
phosphorylation (Fig. 3e), suggesting that the Thr-454 residue
of PKM2 was targeted by PIM2 for phosphorylation. In vitro
kinase assays further confirmed that PIM2 could directly phos-
phorylate PKM2 on the Thr-454 residue. As shown in Fig. 3f,
recombinant wild type PIM2 increased the threonine phosphor-
ylation of wild type PKM2 by approximately 5-fold, whereas it
had no effect on the PKM2-T454A mutant. These results

35410 JOURNAL OF BIOLOGICAL CHEMISTRY

strongly demonstrate that PIM2 directly phosphorylates PKM2
on the Thr-454 residue.

PIM?2 Positively Regulates PKM2 Protein Levels—Posttrans-
lational regulation of PKM2, such as phosphorylation or acety-
lation, has been reported to regulate PKM2 function by affect-
ing its protein stability, translocation, and homodimerization
(14). Thus, we hypothesized that T454 phosphorylation of
PKM2 by PIM2 regulates PKM2 protein stability. To this end,
PKM2 protein levels were analyzed when HEK293T cells were
co-transfected with FLAG-tagged PIM2 and HA-tagged PKM2.
Compared with the vector control, overexpression of PIM2
caused an increase in both overexpressed and endogenous
PKM2 proteins in HEK293T cells (Fig. 4a). Similarly, overex-
pression of PIM2 also increased endogenous PKM2 protein lev-
els in A549 cells (Fig. 4b). Conversely, when PIM2 was knocked
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FIGURE 4. PIM2 regulates PKM2 protein levels. a, HEK293T cells co-trans-
fected with FLAG-tagged PIM2-WT (or empty vector as control) with
HA-tagged PKM2. Two days after transfection, the protein levels were ana-
lyzed by Western blotting using the indicated antibody. b, effects of overex-
pressing PIM2 on PKM2 protein levels in A549 cells. A549 cells were trans-
fected with FLAG-tagged PIM2. Two days after transfection, the protein levels
were analyzed by Western blotting using the indicated antibody. ¢ and d,
effects of PIM2 knockdown by specific siRNA on PKM2 protein levels in A549
(c) and HepG2 (d) cells. e, effects of overexpressing or knocking down PIM2 on
PKM2 mRNA levels in 293T cells. HEK293T cells were transfected with FLAG-
tagged PIM2 or siRNA-PIM2. Two days after transfection, the mRNA levels of
PKM2 were analyzed by quantitative RT-PCR. Data represent mean = S.E.
(error bars; n = 3); *, p < 0.05. f, requirement of kinase activity of PIM2 in
regulating PKM2 protein levels in HEK293T cells. HEK293T cells were trans-
fected with FLAG-tagged PIM2 (WT or KD) or empty vector as control. Two
days after transfection, the protein levels were analyzed by Western blotting
using the indicated antibody.

down by specific siRNA in A549 (Fig. 4c) or HepG2 (Fig. 4d)
cells, PKM2 protein levels were significantly reduced. However,
the mRNA levels of PKM2 were not significantly changed when
PIM2 was overexpressed or knocked down (Fig. 4e), suggesting
that PIM2 regulates PKM2 protein stability. To determine
whether PIM2 stabilizes PKM2 by Thr-454 phosphorylation,
the KD form of PIM2, K61A (37), was used. Compared with the
vector control, transfection of wild type PIM2 led to an
increased levels of overexpressed PKM2, whereas KD PIM2 had
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little effect on or slightly decreased PKM2 levels in HEK293T
cells (Fig. 4f). Together, these data suggest that PIM2-mediated
phosphorylation of PKM2 on the Thr-454 residue controls the
abundance of PKM2 proteins.

PIM?2 Promotes PKM2-dependent Glycolysis and Reduces
Mitochondrial Respiration—A recent study has shown that
PIM1 and PIM3 regulate energy metabolism and cell growth
(39). Because PIM2 interacts with PKM2, which regulates gly-
colysis in cancer cells, we hypothesize that PIM2 regulation of
glycolysis depends on PKM2. Indeed, overexpression of PIM2
increased glucose consumption in both HEK293T (Fig. 5a) and
HepG2 (Fig. 5b) cells. Moreover, overexpression of PIM2 also
increased lactate production in those cells (Fig. 5, ¢ and d).
These data suggest that PIM2 regulates glycolysis in these cells.
To determine the role of endogenous PIM2 in glycolysis, we
knocked down PIM?2 using specific siRNA. As shown in Fig. 5,
a—d, PIM2 knockdown decreased both glucose consumption
and lactate production in HEK293T and HepG2 cells, further
confirming the role of PIM2 on glycolysis. Next, we asked
whether PKM2 was required for PIM2 regulation of glycolysis.
For that purpose, we first knocked down PKM2 in HEK293T or
HepG2 cells using siRNA specifically targeting PKM2 and then
overexpressed FLAG-tagged PIM2. As shown in Fig. 5, a—d,
both glucose consumption and lactate production were no lon-
ger increased when PKM2 was knocked down, suggesting that
PKM2 is indeed required for PIM2-induced glycolysis in cancer
cells.

To determine whether PIM2 stimulation of glycolysis
depends on PKM2 phosphorylation at the Thr-454 residue, we
transfected HEK293T cells with HA-tagged wild type or T454A
mutant PKM2. As shown in Fig. 5e, overexpression of the
T454A mutant PKM2 decreased both glucose consumption
and lactate production compared with overexpression of wild
type PKM2. Interestingly, overexpression of the T454A mutant
PKM2 also resulted in a higher PK enzyme activity (Fig. 5f).
These data suggest that PKM2 Thr-454 phosphorylation is
involved in regulating glycolysis and controlling its enzymatic
activity.

Changes in glycolysis may affect mitochondrial functions. To
determine whether PIM2 regulation of PKM2 influences mito-
chondrial functions, we examined the metabolic flux by Sea-
horse analysis and using **C (1-'*C and 6-*C)-labeled glucose.
As shown in Fig. 6, a and b, the mitochondrial respiration, as
indicated by oxygen consumption, was increased in cells
expressing the T454A mutant PKM2. In contrast to wild type,
T454A mutant PKM2 significantly increased the release of
[6-'*]CO, from [6-'*C]glucose (Fig. 6¢) but had no effect on the
release of [1-'*]CO, from [1-'*C]glucose (Fig. 6d). Thus, the
ratio of [1-'*]CO, to [6-'*]CO, was decreased (Fig. 6e).
Together, our results suggest that PKM2 phosphorylation at
Thr-454 by PIM2 reduces mitochondrial respiration.

Thr-454 Phosphorylation of PKM2 Promotes Its Cofactor
Functions—Previous studies have reported that PKM2 can
function as a transcriptional cofactor to stimulate HIF-1« and
B-catenin-mediated gene transcription (9, 10). To determine
whether PIM2-dependent phosphorylation of PKM2 on Thr-
454 affects its transcriptional cofactor functions, we first exam-
ined the effects of wild type and T454A mutant PKM2 on
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FIGURE 5. PIM2 promotes PKM2-dependent glycolysis. a and b, HEK293T
(a) or HepG2 (b) cells were transfected with an empty vector or FLAG-tagged
PIM2-WT, PKM2 or control siRNA followed by FLAG-tagged PIM2-WT, or PIM2
or control siRNA. Two days after transfection, the medium was replaced by
serum-free medium for another 12-16-h culture. Glucose levels in medium
were examined. ¢ and d, same treatments as in a and b were done. Lactate
levels in medium were examined. e, A549 cells were transfected with either
HA-tagged PKM2-WT or T454A. Two days after transfection, the medium was
replaced by serum-free medium for another 12-16-h culture. Glucose and
lactate levels in medium were examined. f, A549 cells were transfected with
either HA-tagged PKM2-WT or T454A. Two days after transfection, PK activi-
ties in cell lysates were examined. All data represent the means =+ S.E. (error
bars) of three independent experiments; *, p < 0.05.

35412 JOURNAL OF BIOLOGICAL CHEMISTRY

hypoxia-induced gene transcription. For that purpose, we co-
transfected HEK293T cells with HA-tagged PKM2 (wild type or
T454A mutant) with the p2.1 plasmid, a luciferase reporter
construct containing hypoxic responsive elements of the
HIF-1a target gene ENOI (30) and pSV40-Renilla as the con-
trol for transfection. After 24 h of culture, cells were incubated
in either 20% or 1% O, for another 24 h. As shown in Fig. 7a,
wild type PKM2 could strongly activate the promoter under the
hypoxic condition, whereas T454A mutant PKM2 was only
approximately half as active as wild type PKM2 on HIF-la-
mediated transcription. Moreover, T454A mutant PKM2 was
significantly less potent to activate endogenous HIF-1« target
genes, such as LDHA, PDKI1, ENO1, VEGF, and GLUTI, in
HEK293T, HepG2, or HelLa cells (Fig. 7, b—d). Similarly,
T454A mutant PKM2 was also significantly less potent to
activate endogenous [3-catenin target genes, such as Myc and
CCNDI, in HEK293T, HepG2, or HelLa cells (Fig. 7, e—g).
These results demonstrated that phosphorylation of PKM2
on Thr-454 is important for its co-activator functions on
HIF-1« and B-catenin.

Thr-454 Phosphorylation of PKM?2 Increases Cancer Cell
Proliferation—To determine whether phosphorylation of
PKM2 on Thr-454 regulates proliferation of cancer cells, we
transfected A549 cells with HA-tagged PKM2 (wild type
or T454A mutant). As shown in Fig. 84, cells transfected with
T545A mutant PKM2 grew significantly slower than those
transfected with wild type PKM2, suggesting that phosphory-
lation of PKM2 on Thr-454 is required to promote cancer cell
proliferation. Previous studies have shown that the ratio of
1-'*CO, to 6-'*CO, reflects the malignant degree of tumors
(40). In our study, the ratio of 1-'*CO, to 6-'*CO, was lower in
the presence of T454A mutant than wild type PKM2 (Fig. 6e),
suggesting that Thr-454 phosphorylation of PKM2 is required
for malignant phenotype of cancer cells.

DISCUSSION

Reprogrammed energy metabolism is a hallmark of cancer
cells. The Warburg effect, which is characterized by an
increased glycolysis even in the presence of oxygen, is currently
the best known metabolic abnormality in cancer cells (1).
Numerous studies in recent years have demonstrated that the
PKM2 isoform of pyruvate kinase is a key regulator of the War-
burg effect (41). Supporting this notion, during tumorigenesis
PKM1, L and R isoforms of pyruvate kinase are gradually dimin-
ished and replaced by PKM2 (35). Moreover, it has been shown
that knockdown of PKM2 in cancer cells could decrease the rate
of glycolysis in addition to inhibiting cell proliferation (36).
Importantly, introduction of PKM2, but not PKM1, could
stimulate glycolysis and promote tumorigenesis (36). Despite
such extensive studies on the oncogenic role of PKM2, the
underlying mechanisms of PKM2 regulation are still not
fully understood.

In this study, using a C-terminal portion (amino acids 354 —
531) of PKM2 as the bait in yeast two-hybrid, we identified
multiple clones encoding PIM2 from the human kidney cDNA
library. The interaction between PIM2 and PKM2 was con-
firmed through independent yeast two-hybrid and Co-IP of
overexpressed or endogenous proteins. GST pulldown data
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show that recombinant PIM2 and PKM2 bind to each other,
suggesting that PIM2 interacts directly with PKM2. Interest-
ingly, by Co-IP we found that PIM2 could interact with all frag-
ments of PKM2, which we tested, with various affinities, sug-
gesting a complicated interaction between PIM2 and PKM2.
However, it is also likely that some of these interactions were
indirect and were mediated by other cellular proteins. Never-
theless, consistent with our yeast two-hybrid data, a fragment
covering amino acids 219-531 of PKM2 displayed the strong-
est binding with PIM2.

On one hand, PKM2 is the alternative splicing form of PKM1,
and they differ by only 23 amino acids. Thus, we predicted that
PKM1 could also interact with PIM2. Indeed, by Co-IP we show
that overexpressed PIM2 binds to PKM1. Thus, it would not be
surprising if PIM2 also regulates PKM1 functions. However,
because PKML1 is often down-regulated and replaced by PKM2
in cancer cells, the relevance of PKM1 regulation by PIM2 is
probably not significant at least in cancer development. On the
other hand, PIM2 belongs to a family of protein-serine/threo-
nine kinases. The other members of this family include PIM1
and PIM3. Thus, we also examined the affinities of PKM2 bind-
ing to all three PIMs. Interestingly, our Co-IP data show that
PKM2 could interact with PIM2 and PIM3, but not PIM1. In
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addition, it appears that PIM3 has the strongest interaction
with PKM2. However, since PIM1, 2, and 3 are highly similar in
structure (21), it is possible that all three PIMs may phosphor-
ylate PKM2 and regulate its functions. Consistent with the data
in this study, PIMs are known proto-oncogenes (21). It would
be interesting to test whether the oncogenic functions of PIM1
and PIM3 in cancer cells also require PKM2 in future studies.

Because PIM2 is a protein-serine/threonine kinase and
PKM2 is a known phosphorylated protein, we tested the
hypothesis that PKM2 is a novel substrate of PIM2. Previous
studies have identified several substrates of PIM2, including
BAD (37), p21(29), p27 (24), and 4E-BP1 (38). From these stud-
ies, a consensus substrate motif for PIM2 has been concluded
(21). Interestingly, through in silico analysis, we have identified
two PIM2 substrate motifs containing potential phosphoryla-
tion at Thr-405 and Thr-454. However, mutation analyses and
in vitro kinase assays demonstrated that only the Thr-454 resi-
due of PKM2 could be targeted by PIM2. Thus, PKM2 is a new
substrate of PIM2.

Posttranslational modifications of PKM2 and protein-pro-
tein interaction have been reported to regulate its enzymatic
activity or protein stability (41). For example, glucose-stimu-
lated acetylation decreases PKM2 enzymatic activity and pro-
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motes CMA-mediated degradation (14). In this study, we found
that cells transfected with T454A mutant PKM2 displayed
higher pyruvate kinase activity than those with wild type PKM2,
suggesting that Thr-454 phosphorylation of PKM2 inhibits its
enzymatic activity. In addition, our data suggest that PIM2 pos-
itively regulates the abundance of PKM2, and such regulation is
most likely posttranslational because PIM2 does not affect
PKM2 mRNA expression. Thus, PIM2 functionally regulates
PKM2.

A previous study has reported a stimulatory role of PIM2 on
glycolysis in cancer cells (42). However, the underlying mecha-
nism of PIM2 in regulating glucose metabolism was not clear.
Through loss-of-function and gain-of-function analyses we
show that PIM2-dependent stimulation of glycolysis requires
PKM2, further suggesting the significance of their interaction.
Consistent with these data, we show that T454A mutant PKM?2
is less potent to promote glycolysis than wild type, suggesting
that PIM2-mediated phosphorylation on Thr-454 residue is
critical for PIM2/PKM2-induced glycolysis in cancer cells. In
addition to increased glycolysis, our data also show that PIM2-
mediated phosphorylation of PKM2 inhibits mitochondrial
oxidative phosphorylation, suggesting that Thr-454 phosphor-
ylation of PKM2 is essential for the switch of glucose metabo-
lism. Previous study indicates that high pyruvate kinase activity
suppressed glycolysis and cell proliferation (35). In our study we
found that T454A mutant PKM2 also had higher PK catalytic
activity than wild type. In the meantime, glycolysis and cell
proliferation were down-regulated. T454A mutant probably
promotes tetramer formation of PKM2 and suppresses tumor-
igenesis, which is consistent with a previous study (35).

Besides its role in glycolysis, PKM2 has recently been
reported as a transcriptional co-activator for oncogenic tran-
scription factors, such as HIF-1a (9) and -catenin (10). Thus,
we tested whether Thr-454 phosphorylation of PKM2 affects
the cofactor functions of this protein. Indeed, our results dem-
onstrated that T454 mutant PKM2 is less potent to activate
both HIF-1a and B-catenin target gene expression than wild
type, suggesting that PIM2-mediated phosphorylation of
PKM?2 affects PKM2 functions broadly.

In summary, we have identified PIM2 as a novel regulator of
PKM2. Multiple approaches show that PIM2 and PKM2 inter-
act with each other. Functionally, through phosphorylating the
Thr-454 residue, PIM2 regulates several aspects of PKM2 func-
tions in metabolic reprogramming of cancer cells (Fig. 8)). Our
results demonstrate that PIM2-dependent phosphorylation of
PKM?2 is critically involved in the Warburg effect in cancer
cells. So far, PIM2 has been extensively targeted for cancer ther-
apy. Several inhibitors of PIM2 are in clinical trials. Our results
will provide a novel mechanistic basis of targeting PIM2 in
treating cancer.

REFERENCES

1. Koppenol, W. H., Bounds, P. L., and Dang, C. V. (2011) Otto Warburg’s
contributions to current concepts of cancer metabolism. Nat. Rev. Cancer
11, 325-337

2. Vander Heiden, M. G., Cantley, L. C., and Thompson, C. B. (2009) Under-
standing the Warburg effect: the metabolic requirements of cell prolifer-
ation. Science 324, 1029 -1033

3. Ferguson, E. C,, and Rathmell, J. C. (2008) New roles for pyruvate kinase

DECEMBER 6, 2013« VOLUME 288+NUMBER 49

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

PIM2 Phosphorylates PKM2

M2: working out the Warburg effect. Trends Biochem. Sci. 33, 359 —362

. Dombrauckas, J. D., Santarsiero, B. D., and Mesecar, A. D. (2005) Struc-

tural basis for tumor pyruvate kinase M2 allosteric regulation and cataly-
sis. Biochemistry 44, 9417-9429

. Noguchi, T., Inoue, H., and Tanaka, T. (1986) The M1- and M2-type

isozymes of rat pyruvate kinase are produced from the same gene by
alternative RNA splicing. /. Biol. Chem. 261, 13807—-13812

. Wong, N, De Melo, J., and Tang, D. (2013) PKM2, a central point of

regulation in cancer metabolism. Int. J. Cell Biol. 2013, 242513

. Yang, W, Xia, Y., Cao, Y., Zheng, Y., Bu, W., Zhang, L., You, M. J., Koh,

M. Y., Cote, G., Aldape, K., Li, Y., Verma, I. M., Chiao, P. J., and Lu, Z.
(2012) EGFR-induced and PKCe monoubiquitylation-dependent NF-kB
activation up-regulates PKM2 expression and promotes tumorigenesis.
Mol. Cell 48, 771784

. Gao, X.,, Wang, H,, Yang, J. ], Liu, X,, and Liu, Z. R. (2012) Pyruvate kinase

M2 regulates gene transcription by acting as a protein kinase. Mol. Cell 45,
598 -609

. Luo, W.,Hu, H,, Chang, R., Zhong, J., Knabel, M., O’Meally, R., Cole, R. N,

Pandey, A., and Semenza, G. L. (2011) Pyruvate kinase M2 is a PHD3-
stimulated coactivator for hypoxia-inducible factor 1. Cell 145, 732—744
Yang, W, Xia, Y., Ji, H,, Zheng, Y., Liang, J., Huang, W., Gao, X., Aldape, K.,
and Lu, Z. (2011) Nuclear PKM2 regulates 3-catenin transactivation upon
EGFR activation. Nature 480, 118 =122

Yang, W., Xia, Y., Hawke, D., Li, X,, Liang, ]., Xing, D., Aldape, K., Hunter,
T., Alfred Yung, W. K., and Lu, Z. (2012) PKM2 phosphorylates histone
H3 and promotes gene transcription and tumorigenesis. Cell 150,
685—696

Yang, W., Zheng, Y., Xia, Y., Ji, H., Chen, X., Guo, F., Lyssiotis, C. A,,
Aldape, K., Cantley, L. C., and Lu, Z. (2012) ERK1/2-dependent phosphor-
ylation and nuclear translocation of PKM2 promotes the Warburg effect.
Nat. Cell Biol. 14, 1295-1304

Netzker, R., Greiner, E., Eigenbrodt, E., Noguchi, T., Tanaka, T., and
Brand, K. (1992) Cell cycle-associated expression of M2-type isozyme of
pyruvate kinase in proliferating rat thymocytes. J. Biol. Chem. 267,
6421-6424

Lv, L, Li,D,, Zhao, D, Lin, R,, Chu, Y., Zhang, H., Zha, Z., Liu, Y., Li, Z., Xu,
Y., Wang, G., Huang, Y., Xiong, Y., Guan, K. L., and Lei, Q. Y. (2011)
Acetylation targets the M2 isoform of pyruvate kinase for degradation
through chaperone-mediated autophagy and promotes tumor growth.
Mol. Cell 42,719-730

Presek, P., Reinacher, M., and Eigenbrodt, E. (1988) Pyruvate kinase type
M2 is phosphorylated at tyrosine residues in cells transformed by Rous
sarcoma virus. FEBS Lett. 242, 194—-198

Presek, P., Glossmann, H., Eigenbrodt, E., Schoner, W., Ritbsamen, H.,
Friis, R. R., and Bauer, H. (1980) Similarities between a phosphoprotein
(pp60src)-associated protein kinase of Rous sarcoma virus and a cyclic
adenosine 3":5'-monophosphate-independent protein kinase that phos-
phorylates pyruvate kinase type M2. Cancer Res. 40, 1733-1741
Hitosugi, T., Kang, S., Vander Heiden, M. G., Chung, T. W., Elf, S., Lyth-
goe, K, Dong, S., Lonial, S., Wang, X., Chen, G. Z, Xie, J., Gu, T. L,
Polakiewicz, R. D., Roesel, J. L., Boggon, T. J., Khuri, F. R,, Gilliland, D. G.,
Cantley, L. C., Kaufman, J., and Chen, J. (2009) Tyrosine phosphorylation
inhibits PKM2 to promote the Warburg effect and tumor growth. Sci.
Signal. 2, ra73

Bettaieb, A., Bakke, J., Nagata, N., Matsuo, K., Xi, Y., Liu, S., AbouBechara,
D., Melhem, R., Stanhope, K., Cummings, B., Graham, J., Bremer, A,
Zhang, S., Lyssiotis, C. A., Zhang, Z. Y., Cantley, L. C,, Havel, P. ]., and Haj,
F. G. (2013) Protein-tyrosine phosphatase 1B regulates pyruvate kinase
M2 tyrosine phosphorylation. /. Biol. Chem. 288, 17360—17371

Le Mellay, V., Houben, R., Troppmair, J., Hagemann, C., Mazurek, S., Frey,
U., Beigel, J., Weber, C., Benz, R., Eigenbrodt, E., and Rapp, U. R. (2002)
Regulation of glycolysis by Raf protein serine/threonine kinases. Adv. En-
zyme Regul. 42, 317-332

Mazurek, S., Grimm, H., Boschek, C. B., Vaupel, P., and Eigenbrodt, E.
(2002) Pyruvate kinase type M2: a crossroad in the tumor metabolome.
Br. J. Nutr. 87, S23-29

Blanco-Aparicio, C., and Carnero, A. (2013) PIM kinases in cancer: diag-
nostic, prognostic and treatment opportunities. Biochem. Pharmacol. 85,

JOURNAL OF BIOLOGICAL CHEMISTRY 35415



PIM2 Phosphorylates PKM2

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

629 —643

Nawijn, M. C,, Alendar, A., and Berns, A. (2011) For better or for worse:
the role of PIM oncogenes in tumorigenesis. Nat. Rev. Cancer 11, 23—34
Narlik-Grassow, M., Blanco-Aparicio, C., and Carnero, A. (2013) The
PIM family of serine/threonine kinases in cancer. Med. Res. Rev.
10.1002/med.21284

Morishita, D., Katayama, R., Sekimizu, K., Tsuruo, T., and Fujita, N. (2008)
PIM kinases promote cell cycle progression by phosphorylating and
down-regulating p27%"P! at the transcriptional and posttranscriptional
levels. Cancer Res. 68, 5076 —5085

Grundler, R., Brault, L., Gasser, C., Bullock, A. N., Dechow, T., Woetzel, S.,
Pogacic, V., Villa, A., Ehret, S., Berridge, G., Spoo, A., Dierks, C., Biondi, A.,
Knapp, S., Duyster, J., and Schwaller, J. (2009) Dissection of PIM serine/
threonine kinases in FLT3-ITD-induced leukemogenesis reveals PIM1 as
regulator of CXCL12-CXCR4-mediated homing and migration. J. Exp.
Med. 206, 1957-1970

Hammerman, P. S., Fox, C. J., Birnbaum, M. J,, and Thompson, C. B.
(2005) Pim and Akt oncogenes are independent regulators of hematopoi-
etic cell growth and survival. Blood 105, 4477—4483

Schatz, J. H., and Wendel, H. G. (2011) Targeted cancer therapy: what if
the driver is just a messenger? Cell Cycle 10, 38303833

Zhao, X., Feng, D., Wang, Q., Abdulla, A, Xie, X.]., Zhou, J., Sun, Y., Yang,
E.S., Liu, L. P,, Vaitheesvaran, B., Bridges, L., Kurland, I. J., Strich, R., Ni,
J. Q., Wang, C., Ericsson, J., Pessin, J. E., Ji, ]. Y., and Yang, F. (2012)
Regulation of lipogenesis by cyclin-dependent kinase 8-mediated control
of SREBP-1. J. Clin. Invest. 122, 2417-2427

Wang, Z., Zhang, Y., Gu, J. J., Davitt, C., Reeves, R., and Magnuson, N. S.
(2010) Pim-2 phosphorylation of p21<'P*YAF! enhances its stability and
inhibits cell proliferation in HCT116 cells. Int. . Biochem. Cell Biol. 42,
1030-1038

Semenza, G. L., Jiang, B. H,, Leung, S. W., Passantino, R., Concordet, J. P.,
Maire, P., and Giallongo, A. (1996) Hypoxia response elements in the
aldolase A, enolase 1, and lactate dehydrogenase A gene promoters con-
tain essential binding sites for hypoxia-inducible factor 1. J. Biol. Chem.
271, 32529 -32537

Xue, H., Qiao, Y., Ni, P., Wang, J., Chen, C., and Huang, G. (2011) A CRE
that binds CREB and contributes to PKA-dependent regulation of the
proximal promoter of human RAB25 gene. Int. J. Biochem. Cell Biol. 43,
348 -357

Ding, G., Liu, H. D,, Liang, H. X, Ni, R. F., Ding, Z. Y., Ni, G. Y., Hua, H. W,
and Xu, W. G. (2013) HIF1-regulated ATRIP expression is required for

35416 JOURNAL OF BIOLOGICAL CHEMISTRY

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

hypoxia induced ATR activation. FEBS Lett. 587, 930935

Pike, L. S., Smift, A. L., Croteau, N. J., Ferrick, D. A., and Wu, M. (2011)
Inhibition of fatty acid oxidation by etomoxir impairs NADPH production
and increases reactive oxygen species resulting in ATP depletion and cell
death in human glioblastoma cells. Biochim. Biophys. Acta 1807,726 —734
Tang, S., Huang, G., Tong, X., Xu, L., Cai, R,, Li, ., Zhou, X., Song, S.,
Huang, C., and Cheng, J. (2013) Role of SUMO-specific protease 2 in
reprogramming cellular glucose metabolism. PLoS ONE 8, e63965
Anastasiou, D., Yu, Y., Israelsen, W.]., Jiang, ]. K., Boxer, M. B., Hong, B. S.,
Tempel, W., Dimov, S., Shen, M., Jha, A., Yang, H., Mattaini, K. R., Met-
allo, C. M, Fiske, B. P., Courtney, K. D., Malstrom, S., Khan, T. M., Kung,
C., Skoumbourdis, A. P., Veith, H., Southall, N., Walsh, M. J., Brimacombe,
K.R,, Leister, W., Lunt, S. Y., Johnson, Z.R., Yen, K. E., Kunii, K., Davidson,
S. M, Christofk, H. R., Austin, C. P., Inglese, J., Harris, M. H., Asara, ]. M.,
Stephanopoulos, G., Salituro, F. G., Jin, S,, Dang, L., Auld, D. S., Park,
H. W., Cantley, L. C., Thomas, C. J., and Vander Heiden, M. G. (2012)
Pyruvate kinase M2 activators promote tetramer formation and suppress
tumorigenesis. Nat. Chem. Biol. 8, 839 —847

Christofk, H. R., Vander Heiden, M. G., Harris, M. H., Ramanathan, A.,
Gerszten, R. E., Wei, R,, Fleming, M. D., Schreiber, S. L., and Cantley, L. C.
(2008) The M2 splice isoform of pyruvate kinase is important for cancer
metabolism and tumour growth. Nature 452, 230-233

Yan, B., Zemskova, M., Holder, S., Chin, V., Kraft, A., Koskinen, P. J., and
Lilly, M. (2003) The PIM-2 kinase phosphorylates BAD on serine 112 and
reverses BAD-induced cell death. /. Biol. Chem. 278, 45358 — 45367
Peng, C., Knebel, A., Morrice, N. A, Li, X., Barringer, K., Li, J., Jakes, S.,
Werneburg, B., and Wang, L. (2007) Pim kinase substrate identification
and specificity. J. Biochem. 141, 353—362

Beharry, Z., Mahajan, S., Zemskova, M., Lin, Y. W., Tholanikunnel, B. G.,
Xia, Z., Smith, C. D., and Kraft, A. S. (2011) The Pim protein kinases
regulate energy metabolism and cell growth. Proc. Natl. Acad. Sci. U.S.A.
108, 528 -533

Yan, S. H., Wallon, J., and Mayaudon, . (1999) Rate of **CO, production
from variously labeled forms of [**C]glucose in human breast invasive
ductal carcinoma tissues. IUBMB Life 48, 409 —411

Luo, W., and Semenza, G. L. (2012) Emerging roles of PKM2 in cell me-
tabolism and cancer progression. Trends Endocrinol. Metab. 23, 560 —566
Fox, C.J., Hammerman, P. S., Cinalli, R. M., Master, S. R., Chodosh, L. A,
and Thompson, C. B. (2003) The serine/threonine kinase Pim-2 is a tran-
scriptionally regulated apoptotic inhibitor. Genes Dev. 17, 1841-1854

VOLUME 288+NUMBER 49-DECEMBER 6, 2013



	Proviral Insertion in Murine Lymphomas 2 (PIM2) Oncogene Phosphorylates Pyruvate Kinase M2 (PKM2) and Promotes Glycolysis in Cancer Cells*s
	Introduction
	EXPERIMENTAL PROCEDURES
	RESULTS
	DISCUSSION
	REFERENCES


