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The Warburg effect, characterized by increased glucose uptake and
lactate production, is a well-known universal across cancer cells and
other proliferating cells. PKM2, a splice isoform of the pyruvate kinase
(PK) specifically expressed in these cells, serves as a major regulator of
this metabolic reprogramming with an adjustable activity subjected
to numerous allosteric effectors and posttranslational modifications.
Here, we have identified a posttranslational modification on PKM2,
0-GlcNAcylation, which specifically targets Thr*®® and Ser*®®, residues
of the region encoded by the alternatively spliced exon 10 in cancer
cells. We show that PKM2 O-GIcNAcylation is up-regulated in various
types of human tumor cells and patient tumor tissues. The modification
destabilized the active tetrameric PKM2, reduced PK activity, and led to
nuclear translocation of PKM2. We also observed that the modification
was associated with an increased glucose consumption and lactate
production and enhanced level of lipid and DNA synthesis, indicating
that O-GIcNAcylation promotes the Warburg effect. In vivo experi-
ments showed that blocking PKM2 O-GIcNAcylation attenuated tumor
growth. Thus, we demonstrate that O-GlcNAcylation is a regulatory
mechanism for PKM2 in cancer cells and serves as a bridge between
PKM2 and metabolic reprogramming typical of the Warburg effect.
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ompared with normal cells, cancer cells have distinct meta-

bolic features characterized by changes in nutrient consump-
tion and metabolite concentrations (1). One prominent feature is
aerobic glycolysis, which leads to increased glucose consumption
and lactate production in cancer cells, a phenomenon referred to
as the Warburg effect (2-5). It is believed that the Warburg effect
not only allows cancer cells to meet high biosynthetic demand in
both ATP and biomass production, but also provides a resistance
to acid-induced cell toxicity, thus promoting unconstrained pro-
liferation and invasion (6).

Recent studies have shown pyruvate kinase M2 (PKM2) to be
a major regulator for metabolic reprogramming in cancer which
contributes to the Warburg effect (7-9). Pyruvate kinases (PKs)
are the final rate-limiting enzymes in glycolysis. In humans, two
PK genes generate four isoforms via alternative splicing, PKL,
PKR, PKM1, and PKM2, which display distinct tissue-specific
expression patterns (10, 11). The PKL and PKR isoforms are
expressed in liver and red blood cells, respectively. PKM1, con-
taining exon 9 of the PKM gene, is expressed in most adult tis-
sues, whereas PKM2, containing exon 10, is expressed during
embryonic development and in other highly proliferative cells,
including cancer cells (2, 4, 11). The expression switch from
PKM1 to PKM2 is frequently observed in many cancer cells and
is critical for cancer cell proliferation (7).

The mechanism for this switch from PKM1 to PKM2, which
induces metabolic reprogramming and the Warburg effect in cancer
cells, remains largely unclear. It appears that, although the differ-
ence between PKM1 and PKM2 is only 22 amino acids, PKM2
displays a very unique regulatory property: whereas PKM1 forms a
stable, constitutively active tetramer, PKM2’s tetrameric status and
activity are closely controlled by numerous allosteric effectors and
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posttranslational modifications. On the one hand, PKM2 is allo-
sterically activated by fructose 1,6-bisphosphate (FBP) (12), an
upstream intermediate in glycolysis, and serine, which is synthesized
from a glycolytic intermediate 3-phosphoglycerate (13). On the other
hand, PKM?2 activity is regulated by several posttranslational modi-
flcatlons such as phosphorylation, acetylation, and SUMOylatlon
(14-19). These modlﬁcatlons such as acetylation on Lys**
phosphorylation on Tyr'®, impair PKM2 activity by blocking the
association of FBP (16, 17). Furthermore, several modifications
are frequently associated with the translocation of PKM2 from
cytoplasm to nucleus, where a nonmetabolic function of PKM2 is
critical in the establishment of the Warburg effect (16, 20). Thus, it
appears that the permissive property of PKM2 function regulated
by allosteric effectors and posttranslational modifications and its
nuclear function allow PKM?2 to serve as a key regulatory node in
metabolic reprogramming in cancer cells (21).

O-GlcNAcylation of enzymes has been recently implicated as
an important regulatory mechanism for metabolic pathways (22).
Two enzymes, phosphofructokinase 1 (PFK1) and glucose-6-
phosphate dehydrogenase (G6PD), have been shown to undergo
O-GIcNAcylation to regulate cell metabolism and proliferation
(23, 24). In the present study, we investigated whether the key
metabolic regulator in cancer cells, PKM2, is also modified by
O-GlcNAcylation and examined its potential role in the Warburg
effect. We discovered that, across diverse tumor cell types and
patient tissues, PKM2 was O-GlcNAcylated at two residues, Thr*®®
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and Ser*®, of the region encoded by spliced exon 10. This modifi-
cation detetramerized the active PKM2 and led to a dramatically
reduced activity and increased nuclear translocation. We also ob-
served that PKM2 O-GIcNAcylation promoted the Warburg effect
with an increased glucose consumption and lactate production.
Thus, we demonstrated that O-GlcNAcylation is a regulatory mode
for PKM2 in cancer cells and serves as a bridge translating genomic
switch from PKM1 to PKM2 toward metabolic reprogramming.

Results

PKM2 Is Highly O-GlcNAcylated in Tumor Cells and Patient Tumor
Tissues. We first set out to investigate PKM2 O-GIcNAcylation
in different proliferating cell types, including activated T,
Jurkat, MCF-10A, MCF-7, MDA-MB-231, HEK-293T, HeLa,
A375, T98-G, U251, and U937. PKM2 expression and global
O-GIcNAcylation were pronounced in proliferating cells, but
not in quiescent naive T cells (Fig. 14). Furthermore, through
two different methods (Click-iT O-GlcNAc Enzymatic Labeling
and traditional immunoprecipitation), PKM2 O-GlcNAcylation
was detected in all tested cells, and it was strongly up-regulated
in malignant cell lines derived from leukemia and solid tumors
compared with untransformed cells, including naive T, acti-
vated T, MCF-10A, and HEK-293T (Fig. 1B and Fig. S14).
Notably, no difference was found between activated T cells and
their quiescent counterparts (Fig. 1B and Fig. S14). These data
indicate that the up-regulation of PKM2 O-GlcNAcylation
might have a specific role in cancer cell proliferation.

We further examined the level of O-GlcNAcylation of PKM2 in
both breast tumor tissues and tumor-adjacent normal tissues from
the same patient. By studying a wide range of patient samples, we
found that PKM2 O-GIcNAcylation was significantly elevated in
breast tumor tissues compared with adjacent normal tissues
(Fig. 1 C and D and Fig. S1B). The enhanced signal of PKM2
O-GlcNAcylation was also consistent with the up-regulated ex-
pression of PKM2 in tumor tissues compared with adjacent tissues
(Fig. S1C). These results strongly indicate that, not only the high
expression of PKM2 in tumor cells, but also O-GlcNAcylation of
PKM2, is a characteristic feature for tumor cells.

We examined the stoichiometry of PKM2 O-GlcNAcylation
using two chemoenzymatic labeling methods (a Click-iT bio-
tinylation and an Alkyne-5K-PEG resolvable mass tag) (25, 26);
both revealed that the basal O-GlcNAcylation level of PKM2 in
MCEF-7 cells was ~7-10% (Fig. S2 A and B).

PKM2 Is O-GlcNAcylated at Thr*® and Ser*®®. We next sought to
identify the O-GlcNAcylation site(s) on PKM2. In Escherichia coli
cotransfected with GST-tagged PKM2 and O-GIcNAc transferase
(OGT), Thr*® and Ser** were detected as O-GlcNAcylation sites by
mass spectrometry (Fig. 24). Importantly, these two residues were
located at the region encoded by exon 10, which is specifically in-
troduced in the PKM2 transcript via alternative splicing in cancer
cells (F%%o 24). When Thr*® or Ser*®™ was mutated into alanine
(PKM2M54 or PKM2%%%4), the O-GlcNAcylation level of PKM2
in MCF-7 cells was decreased (Fig. 2B). The reduction of PKM2
O-GlcNAcylation was more pronounced when Thr*® and Ser*® were
both mutated (PKM2™0>454064) (Ejg 2B). We next investigated
the issue of O-GlcNAcylation of PKM2 not being completely
abolished in these mutants by further exploring other potential
O-GlcNAcylation residues. By studying the available PKM2 crystal
structure (27), we selected all Ser and Thr residues located at the
surface of the protein (total of 12 additional residues), which are
theoretically accessible to OGT. However, mutating them to alanine
did not substantially decrease the level of PKM2 O-GlcNAcylation as
Thr*® or Ser*® did (Fig. S2C). Therefore, both mass spectrometry
and extensive mutation studies suggested that Thr*® and Ser*™
are the primary O-GlcNAcylation sites on PKM2.

We next overexpressed wild-type PKM2 (PKM2WYT) or
PKM2THOSABA06A 51y 5 series of tumor cells, including MDA-MB-231,
A375, U251, U208, T98-G, and HeLa. Compared with PKM2™7,
PKM2™%  displayed greatly reduced O-GlcNAcylation (Fig. 2C).
Next, we compared PKM2WT with PKM2T4ASTA mdification
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Fig. 1. PKM2 is highly O-GIcNAcylated in tumor cells and patient tumor tis-
sues. (A) Detection of O-GIcNAc modification and PKM2 in human cell lines.
The whole-cell lysates from indicated cells were analyzed by Western blotting
(WB). All results shown in the study are representative of at least three in-
dependent experiments. (B) Detection of PKM2 O-GlcNAcylation in human cell
lines by the Click-iT O-GIcNAc enzymatic labeling system. O-GlcNAcylated
proteins were biotinylated, precipitated, and analyzed for PKM2 by WB. Rel-
ative PKM2 O-GIcNAcylation level (Elusion) was normalized to the total
PKM2 protein level (Input) in each cell type. Error bars, SEM; n = 3 biological
replicas. One-way analysis of variance (ANOVA) and Bonferroni comparison
posttest: **P < 0.01; ***P < 0.001; ns, nonsignificant. (C) Analysis of PKM2
O-GlcNAcylation in patient breast tumor tissues (T) and the matching adjacent
normal tissues (N) by the Click-iT system. (D) The quantification of PKM2
O-GlcNAcylation level for C. Relative PKM2 O-GlcNAcylation level (Elusion) was
normalized to total PKM2 (Input). Median is shown; n = 29. Student’s t test:
***P < 0.001. A.U,, arbitrary units; GalT, p-1,4-galactosyltransferase.

upon OGT overexpression or O-(2-acetamido-2-deoxy-D-
glucopyranosylidene )amino-N-phenylcarbamate (PUGNAC) treat-
ment, which up-regulates O-GlcNAcylation by inhibiting
O-GlcNAcase (24, 28) (Fig. 2D). In both cases, a clear el-
evation of O-GlcNAcylation was detected in PKM2WT (Fig.
2 E and F) or endo%enous PKM2 (Fig. S34), while poorly
O-GlcNAcylated PKM2T40548406A o1y exhibited a limited change
of O-GIcNAcylation under the same condition (Fig. 2 E and
F). Stoichiometric analysis showed that, with PUGNAc, the
O-GlcNAcylation level of PKM2 in MCF-7 cells was elevated to
~13% (Fig. S2B). We also examined the O-GIcNAc modification of
PKM2 in variable conditions. In response to a high supply of glucose
or glutamine, O-GlcNAcylation was up-regulated in PKM2™ ", while
no evident changes were observed in PRMQT#034/54064 gFig. S4).
Together, these results suggest that Thr*® and Ser*® are the
dominant O-GlcNAcylation sites on PKM?2 across diverse tumor cell
types and that they are sensitive to fluctuations in nutritional supply.

0-GIcNAcylation Destabilizes PKM2 Tetramers and Reduces PK
Activity. We then studied the impact of O-GlcNAcylation at
Thr** and Ser**® on PKM2 structure and function. Based on the
crystal structure of PKM2 (27), we observed that Thr** and Ser**
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Fig. 2. PKM2 is O-GlcNAcylated at Thr*® and Ser“®,
(A) Detection of the O-GIcNAcylation site(s) on PKM2.
(A, Upper) A schematic depicting alternative splicing for
PKM genes. The PKM1 and PKM2 isoforms are alter-
natively spliced forms of the PKM gene. They differ by
the presence of either exon 9 (orange) in PKM1 or exon
10 (green) in PKM2. Thr*® and Ser*® of PKM2 are
derived from exon 10. (A, Lower) GST-tagged human
: PKM2 and OGT were cotransfected in E. coli. The
O-GlcNAc-modified peptides were enriched for LC-MS/
MS analysis. The data were processed by using the
MASCOT engine, which identified the O-GIctNAc pep-
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were located N-terminal to an a-helix which formed a prominent
part of the “C-C” interface during PKM?2 tetramerization (29)
(Fig. 34). Thus, O-GlcNAcylation of Thr** and Ser*® is likely to
disrupt this tetramerization interface and thereby favors the di-
meric or monomeric states of PKM2. Indeed, by modelir%% the
PKM?2 structure with O-GlcNAcylation at Thr*® and Ser*®, we
found that one of the modified O-GIcNAc units, namely, that on
Thr*®, can act as a direct barrier blocking a major stabilizing hy-
drogen bond of the C-C dimerization interface (Fig. 34), which is
formed between a lysine (Lys**?) from one monomer and a tyrosine
(Tyr***) from the counterpart monomer (also known as the peg-in-
hole mechanism) (29). The second unit Ser*”, on the other hand,
is likely to destabilize the oligomer further by interfering with other
hydrophobic interactions (Movie S1). Thus, this strongly predicts that
O-GIcNAc modification of PKM2 may induce disassociation of the
tetramer by blocking the key interaction along the C-C interface.
We tested this prediction by investigating the effects of
O-GlcNAcylation induced by PUGNAc or OGT overexpression on
the tetrameric state of PKM2. Whereas the treatment dramatically
reduced the tetramer level of both PKM2V" (Fig. 3B and Fig. S54) and
endogenous PKM2 (Fig. S3B), the PKM2T403AS406A totramers
were unaffected in the presence of PUGNAc (Fig. 3B) or OGT
(Fig. S34). Moreover, the level of PKM2MASA tetramers was
close to that of PKM2™" tetramers in the absence of PUGNAc (Fig,
3B). This confirmed that O-GlcNAcylation of Thr**” and Ser*™

13734 | www.pnas.org/cgi/doi/10.1073/pnas.1704145115

was critical for the disassociation of the PKM2 tetramer induced
by PUGNAc or OGT overexpression. To further test the hy-
pothesis that disruption of the Lys**>~Tyr*** interaction was
central to the destabilizing of PKM2 tetramers (29), we con-
structed the sin§le mutant PKM2%4?24 As predicted, disrup-
tion of the Lys***~Tyr*** interaction by mutating Lys**? resulted in
destabilization of the PKM2 tetramer, like what we observed with the
O-GlcNAcylation of Thr*® and Ser**® (Fig. 3C). Thus, these results
further support our hypothesis that O-GlcNAcylation at Thr*®®
and Ser**® destabilizes PKM2 tetramers and leads to a shift of the
oligomeric equilibrium toward dimers and monomers.

It is known that tetramer conformation is required for the active
PK activity of PKM2 (14, 16). We found that both PUGNAc and
OGT overexpression resulted in a lowered PKM?2 activity in PKIM2
as opposed to O-GlcNAcylation—deficient PKM2T405A/5406A
mutants (Fig. 3D and Figs. S3C and S5B). It should be noted that
the mutant did not show an altered PKM?2 activity with respect to
the wild type, indicating that the mutations alone do not cause
a loss of enzymatic activity (Fig. 3D and Figs. S5B and S6). To-
gether, these data indicate that O-GlcNAc modification at Thr**®
and Ser**® destabilizes PKM?2 tetramers and reduces PK activity.

0-GlcNAcylation Is an Upstream Signal to Induce Nuclear Localization

of PKM2. In addition to the metabolic function in cytoplasm, recent
studies have shown that PKM2 can migrate into the nucleus to play a
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Fig. 3. O-GlcNAcylation destabilizes PKM2 tetramers. (A) Modeling of
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tagged PKM2WT, PKM2TA05ASA06A " or PKM2K422A along with or without con-
comitant PUGNAc treatment was conducted in PKM2-depleted MCF-7 cells.
The whole-cell lysates were analyzed by WB. GA, glutaraldehyde. (D)
O-GlcNAcylation regulates PKM2 activity. Enzymatic activity of PKM2WT
and PKM2T405A/5406A \yas assayed. Error bars, SEM; n = 3 independent as-
says. Student’s t test: *P < 0.05; ns, nonsignificant.

nonmetabolic role in cancer cells (15, 16, 20, 30, 31). The migration
is facilitated by the binding of importin o5, a nuclear translocation
factor, to the nuclear localization signal (NLS) sequence of PKM2
(9, 15). We examined the impact of O-GlcNAcylation on the dis-
tribution of PKM2 in cells. Compared with cytoplasmic PKM2,
nuclear PKM2 remained in a small amount (Fig. S7); however, it
increased dramatically upon boosting of O-GlcNAcylation of
PKM2 by PUGNAc (Fig. 44 and Figs. S3D and S7) or OGT
overexpression (Fig. SSC). By contrast, the level of PKIM2 405454064
was lower in the nucleus regardless of PUGNAc treatment (Fig. 44
and Fig. S7) or OGT overexpression (Fig. S5C). Consistent
with this, immunofluorescence demonstrated that both PKM2WT
(Fig. 4B) and endogenous PKM2 (Fig. S3E), but not PKIM2™5AS406A
(Fig. 4B), accumulated in the nucleus in response to PUGNAc
treatment. These suggest that the O-GlcNAcylation at Thr**® and
Ser®® is important for the nuclear translocation of PKM2.

We next examined whether O-GlcNAcylation-induced PKM2
nuclear translocation involves the interaction of PKM2-NLS with
importin a5. We found that PKM2™" bound more importin o5 than
PKM2T405AS406A i and the up-regulation of O-GlcNAcylation by
PUGNAC treatment further improved importin o5 association with
PKM2W™T (Fig. 4C). Interestingly, structural analysis revealed that
at the tetramer stage, key residues Arg®” and Arg*” of the NLS
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sequence were buried at the C-C tetramerization interface (Fig. S8 4
and B) and could not be accessed by importin «5. However, as
O-GIcNAcylation induces detetramerization of PKM2, the NLS
region is probably exposed to recruit importin a5 which facilitates
the nuclear translocation of PKM2.

ERK2-dependent phosphorylation of PKM2 at Ser®’ has been
demonstrated to be required for its nuclear translocation (15).
Hence, we wondered if there might be a cross-talk between
O-GlcNAcylation and phosphorylation on PKM2. As previously
reportedé the PKM2 mutant whose Ser®’ was replaced by alanine
(PKM2%%74) failed to efficiently transport into the nucleus (Fig.
4 A and B). Interestingly, the mutation at Ser’’ also abolished
the PKM2 nuclear translocation induced by O-GlcNAcylation
upon PUGNACc treatment (Fig. 4 A and B). This implied that the
nuclear translocation of PKM2 induced by O-GIcNAcylation
relies on the phosphorylation of Ser’’. Furthermore, we found
that when O-GlcNAcylation was increased in PKM2WT b
PUGNACc treatment, PKM2-bound ERK2 responsible for Ser
phosphorylation was increased, with concomitant increase in
PKM2WT phosphorylation at Ser*’ (Fig. 4D and Fig. S3F). In
parallel, the impairment of O-GlcNAcylation in PKM2T405A5406A
caused decreased binding of ERK2 to PKM?2 and a clear reduction
of Ser’” phosphorylation regardless of PUGNAc (Fig. 4D). In
contrast, O-GlcNAcylation of PKM2 was largely unaffected when
PKM2 Ser’” was mutated to alanine or aspartate (Fig. 4E). Fur-
thermore, we observed increased levels of PKM2 O-GIcNAcylation
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Fig. 4. O-GlcNAcylation promotes PKM2 nuclear translocation. Flag-tagged
PKM2WT, PKM2TA03A/54084 pVI23374 or PKM2°37P was transfected in
PKM2 depleted MCF-7 cells along with or without concomitant PUGNACc
treatment. (A) Fractionation analysis of PKM2. Nuclear, cytoplasmic fractions,
and whole lysates were analyzed by WB. Lamin B1 and GAPDH are controls in
nuclear and cytosolic fractions. (B, Left) Cellular localization of PKM2 wild type
and mutants by immunofluorescence. (B, Left, Insets) Magnified nucleus. (Scale
bar, 10 pm.) (B, Right) Percentage of cells positive for PKM2 in the nucleus.
Error bars, SEM; n = 30 (10 fields from each of the three independent exper-
iments). Student’s t test: ***P < 0.001; ns, nonsignificant. (C) The association of
PKM2 with importin o5. Proteins immunoprecipitated by Flag-PKM2 were
analyzed by WB. (D and E) Interplay between O-GIcNAcylation and phos-
phorylation on PKM2. Flag-PKM2-associated proteins were immunoprecipi-
tated and analyzed by WB with the indicated antibodies.
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upon EGF treatment, which is known to boost Ser’’ phosphory-
lation throu%h activating ERK signaling (Fig. S8C). However,
in PKM2T40>A/5406A " EGFE.induced Ser’’ phosphorylation was
completely abolished (Fig. S8C). Collectively, these data show
that O-GlcNAcylation at Thr**> and Ser**® is an event upstream
of Ser®’ phosphorylation.

PKM2 O-GlcNAcylation Promotes the Warburg Effect and Cell Proliferation.
Having established that O-GlcNAcylation impairs the PKM2 ac-
tivity in the cytoplasm and triggers its nuclear translocation, we
next wanted to know whether these O-GIcNAcylation—induced
changes would promote the Warburg effect. Firstly, reduced PKM2
activity might cause the accumulation of upstream glycolytic me-
tabolites that can be used for lipid and nucleic acid synthesis (2, 4,
32). Indeed, we found that the rate of lipid and DNA ‘s)élnthesis
was greatly up-regulated in cells expressing PKM2YVT com-
pared with that in cells carrying PKM2T405454064 (Rio §94),
Thus, O-GlcNAcylation—induced reduction of PKM2 activity
may contribute to the Warburg effect by redirecting glycolytic
flux toward anabolic pathways.

Secondly, PKM2 migration into nucleus has been shown to
induce a HIF-1o— and c-Myc-mediated expression of a series of
glycolysis-related regulators, including glucose transporter 1 (Glutl)
and lactate dehydrogenase A (LDHA), which are directly re-
sponsible for the regulation of glucose consumption and lactate
production (15). Indeed, we found that PKM2 O-GlcNAcylation
signaling was associated with the expression of Glutl and LDHA:
(i) upon PUGNAC treatment, PKM2YT enhanced both mRNA and
protein levels of Glutl and LDHA, whereas PKM2TH0SASA06A £4i164
to do so (Fig. 54 and B); and (i) mutations of residues Arg** and
Arg*® of the NLS sequence abolished PUGNAc-induced expres-
sion of Glutl and LDHA (Fig. S9 B and C). As expected, glucose
consumption and lactate production were significantly in-
creased by PKM2WT, but not PKM2T4054/5406A i the presence
of PUGNAC (Fig. S9D). This induction could be mediated by c-
Myc, as both mRNA and protein levels of c-Myc were increased
with PKM2WT, but not PKM2T405A/8406A (Rig "S9 E and F), and
an interaction of PKM2WT with the c-Myc promoter region was
also observed (Fig. S9G). These observations demonstrated
that O-GlcNAcylation of PKM2 at Thr**® and Ser*® promoted
the Warburg effect by up-regulating the expression of Glutl
and LDHA through a nuclear role via c-Myc. Together, we
conclude that O-GlcNAcylation of Thr*® and Ser*™ regulates
both metabolic and nonmetabolic function of PKM2 to promote
the Warburg effect.

We further investigated the impact of PKM2 O-GlcNAcyla-
tion on cell proliferation by constructing stable MCF-7 cancer
cell lines depleted for PKM2 and rescued by either PKM2WT
or PKM2T40AS06A " Of note, the expression levels of exoge-
nous PKM?2 in these rescue cell lines were comprarable %Fig. 5C).
Compared with cells expressing PKM2WT, PKIM2TH0SASA0A rogoye
cells displayed a lower growth rate (Fig. 5D). We next injected nude
mice with these rescue cell lines and assayed for tumor formation.
Compared with mice injected with PKM2WT, mice injected with
PKM2T403A/S406A exhibited decreased tumor volume and mass
(Fig. 5 E-G). In line with the impaired tumor growth in mice injected
with PKM2T40SAS406A K67 the classic marker of cell pro-
liferation, was significantly decreased in those tumor tissues
(Fig. 5H). These data support that O-GlcNAcylation of PKM2 at
Thr*® and Ser*® confers a growth advantage for tumor cells in vivo.

Discussion

Here, we have uncovered a previously unknown mechanism for
regulation of PKM2 function by O-GlcNAcylation, which simulta-
neously impinges on both metabolic and nuclear (nonmetabolic)
functions of PKM2 to promote the Warburg effect. On the one
hand, O-GlcNAcylation—dependent detetramerization of PKM2
causes reduced PK activity, which directly rewires metabolic fluxes
toward anabolic pathways for rapid cell proliferation. On the other
hand, O-GlcNAcylation at Thr*® and Ser* directly destabilizes
PKM2 tetramers to facilitate the exposure of NLS and downstream
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Fig. 5. PKM2 O-GlcNAcylation is crucial for the Warburg effect and tumor
growth. (A) O-GlcNAcylation of PKM2"T enhances the mRNA level of Glut1
(Left) and LDHA (Right). Error bars, SEM; n = 4 biological replicas. Student'’s
t test: ***P < 0.001; ns, nonsignificant. (B) Protein levels of Glut1 and LDHA
were induced by PKM2 O-GlcNAcylation. (C) Establishment of PKM2 rescue
cell lines. MCF-7 cells depleted for endogenous PKM2 were stably reex-
pressed with exogenous PKM2WT or PKM2T4054/5406A (D) proliferation curves
of PKM2™T and PKM2T55406A rascye cell lines. PKM2YWT and PKIM2T05AS406A
rescue cells were seeded at the same number in each well. Cell numbers were
counted every 24 h. Error bars, SEM. Student's t test: *P < 0.05; ***P < 0.001; ns,
nonsignificant. (E-G) Tumor formation in nude mice. PKIM2"VT and PKM2T4054/5406A
rescue cells were, respectively, injected into athymic nude mice. The xeno-
graft tumors were sampled and photographed after 24 d. Images of mice
bearing tumor are as in E. Tumor volumes were measured at the indicated
time points as in F. According to length (/), width (w), and height (h), vol-
umes were calculated based on the equation v = Iwhn/6. The quantification
of the average mass of xenograft tumors was as in G. Mean is shown, n = 9.
Student’s t test: *P < 0.05; **P < 0.01; ***P < 0.001; ns, nonsignificant. (H)
Immunohistology analysis for cell proliferation. Nine pairs of mice injected
with PKM2WT or PKM2T405A/S406A rescye cells were costained with hema-
toxylin and eosin (H&E) and Ki-67. (H, Left) Representative images depicting
tumor tissues. (Scale bars, 50 pm.) (H, Right) Quantification of Ki-67 staining.
Error bars, SEM; n = 15 (five fields from each of the three analyzed mice).
Student’s t test: **P < 0.01.

Ser®” phosphorylation for PKM2 nuclear localization. This in turn
stimulates c-Myc—dependent expression of two key glycolysis com-
ponents, namely, Glutl and LDHA, to enhance glucose consump-
tion and lactate production.

Notably, the O-GlcNAcylation residues of PKM2, Thr**® and
Ser*®, are encoded by the alternatively spliced exon 10 and

Wang et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1704145115/-/DCSupplemental/pnas.201704145SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1704145115/-/DCSupplemental/pnas.201704145SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1704145115/-/DCSupplemental/pnas.201704145SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1704145115/-/DCSupplemental/pnas.201704145SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1704145115/-/DCSupplemental/pnas.201704145SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1704145115/-/DCSupplemental/pnas.201704145SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1704145115/-/DCSupplemental/pnas.201704145SI.pdf?targetid=nameddest=SF9
www.pnas.org/cgi/doi/10.1073/pnas.1704145115

located at the so-called C-C dimer interface of the PKM2 tet-
ramer (29). Thus, O-GlcNAcylation appears to be a unique
regulatory mode for PKM2 function which serves as a bridge
translating genomic gene expression switch from PKM1 to
PKM2 toward metabolic reprogramming. By providing an
O-GIcNAcylation platform that can adjust the PK structure, the
selective expression of PKM?2 in rapidly proliferating cells might
thus confer certain advantages in the dynamic control of the
Warburg effect.

Two metabolic enzymes, PFK1 and G6PD, are known to be
regulated by O-GIcNAc modification (23, 24). O-GlcNAcylation of
PFK1 and G6PD redirects metabolic flux through the pentose
phosphate pathway (PPP) and rebalances the metabolic need for
ribose 5-phosphate and NADPH (23, 24). Depending on the
demands for NADPH, ribose 5-phosphate, and ATP, cells are
able to select the proper PPP metabolic mode to fine-tune glucose-6-
phosphate flux (33). Given that PK catalyzes the last irreversible
reaction in glycolysis, PKM2 glycosylation probably facilitates global
metabolic readjustment by redirecting metabolites to branching an-
abolic pathways to meet the extensive needs of proliferating cells. In
addition, compared with phosphorylation, acetylation, and
SUMOylation, O-GlcNAcylation has been recognized as a unique
PTM sensing fluctuation in nutrient environment (28, 34-37). By
controlling PKM2 structure and function, O-GIcNAcylation cou-
ples metabolic state to a dynamically changing environment. This
previously uncharacterized mechanism represents an effi-
cient means for cells to coordinate metabolic regulation with
nutritional dynamics.

Thus, our findings furnish a key element for unraveling the
Warburg effect in cancer biology. Alteration of the PKM2 oligo-
meric state by O-GIcNAcylation allows simultaneous control of the
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metabolic and nuclear (nonmetabolic) roles of this key enzyme in
proliferating cells. Importantly, we demonstrate the ubiquity of this
regulatory mode across a wide range of cancer cell types and pro-
vide direct evidence for an in vivo role in tumor proliferation. These
observations make the O-GIcNAcylation apparatus a target of great
interest, both for understanding tumor metabolism and for potential
intervention to limit tumor growth.

Materials and Methods

Reagents, cell lines, patient tissues, cell fractionations and immunoprecipita-
tion, PKM2 O-GlcNAcylation assay, PKM2 structure modeling, PKM2 activity
assay, lipid and DNA synthesis assay, and immunohistochemistry analysis are
described in detail in S/ Materials and Methods. Human blood samples were
obtained from the Jilin Blood Center according to the Standard for Health
Examination of Blood Donors (GB18467-2011). Breast tumor tissues and
matching tumor-adjacent normal tissues from patients were obtained from
the Tissue Bank of China—Japan Union Hospital of Jilin University during sur-
gery and stored at —80 °C. The present study was approved by the Ethical
Committee of Jilin Blood Center and China-Japan Union Hospital of Jilin
University and conducted with the informed consent of all donors and pa-
tients. All animal work procedures were approved by the Animal Care Com-
mittee of the Northeast Normal University (Changchun, China).
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