displayed a subunit composition comparable to that
of the wild-type complex (fig. S12B). Moreover,
ectopic expression of wild-type mouse Su(z)12
efficiently rescued the deficiency of H3K27me3
levels in Su(z)12 null embryonic stem (ES) cells
(21), but ectopic expression of comparable amounts
of mouse Su(z)12 mutated at the same residues
showed a much poorer rescue effect (Fig. 3E).
These results collectively suggest that allosteric
activation of PRC2 by neighboring nucleosomes
is important for the establishment of H3K27me3
in vivo.

We propose that active genes are resistant to
PRC2 activity not only because they carry active
marks (such as H3K4me3, H3K36me2, and
H3K36me3) that antagonize PRC2 activity (20, 22)
but also because the chromatin of actively tran-
scribing genes is less compact, with a lower nu-
cleosome density and a lower linker histone H1
content (5). Once active transcription has ceased
upon transcription factor dissociation, either the
chromatin-remodeling events or the incorpora-
tion of additional histones (including linker his-
tones) would lead to higher nucleosome density,
higher H1 content, and more compact chromatin
structure, which in turn would convert these nu-
cleosomes from their inert status to ideal sub-
strates of PRC2. Thus, H3K27me3 could be
established and lead to further repression of the
target genes (fig. S13).

We studied the kinetics of chromatin com-
paction and H3K27me3 establishment in an
~1.8-kb region around the transcription start site
of the CYP26al gene (Fig. 4A) upon transcrip-
tion cessation, because CYP26al is an induc-
ible gene regulated by retinoic acid (23) and a
well-established Polycomb target repressed by
H3K27me3 (23, 24). Mouse ES cells were treated
with retinoic acid for 36 hours to induce CYP26al
expression. Retinoic acid was then withdrawn

to end the induction, and the cells were har-
vested at various time points after retinoic acid
withdrawal (Fig. 4, B and C) to monitor the
dynamic changes of the chromatin compaction
status and H3K27me3 levels. The chromatin com-
paction status was determined by a nuclease ac-
cessibility assay (25). The tested regions displayed
much more “open” structures upon induction,
and they began to be less accessible at 2 to 4 hours
and fully compacted at 8 hours after retinoic
acid withdrawal (Fig. 4D). The establishment of
H3K27me3 began at 8§ hours and was complete
at 36 hours after retinoic acid withdrawal (Fig.
4E). These results suggest that the local chroma-
tin compaction precedes the establishment of
H3K27me3, in agreement with our model.

The ability of PRC2 to distinguish active
chromatin (open, marked by H3K4me3 and
H3K36me2/3) from inactive chromatin (dense,
marked by H3K27me3) provides a mechanistic
solution for its ability to maintain (but not to ini-
tiate) the inactive states of target genes (fig. S13).
Even so, compacted chromatin is not the sole
determinant of PRC2 activity. Specific recruit-
ment of PRC2 by Polycomb response elements
(PREs) and DNA methylation—mediated antago-
nistic effect on PRC2 (26) are also important
contributors for the overall landscape of PRC2-
mediated H3K27 methylation profile.
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Phosphofructokinase 1 Glycosylation
Regulates Cell Growth and Metabolism
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Cancer cells must satisfy the metabolic demands of rapid cell growth within a continually changing
microenvironment. We demonstrated that the dynamic posttranslational modification of proteins
by O-linked B-N-acetylglucosamine (O-GlcNAcylation) is a key metabolic regulator of glucose
metabolism. O-GlcNAcylation was induced at serine 529 of phosphofructokinase 1 (PFK1) in
response to hypoxia. Glycosylation inhibited PFK1 activity and redirected glucose flux through the
pentose phosphate pathway, thereby conferring a selective growth advantage on cancer cells.
Blocking glycosylation of PFK1 at serine 529 reduced cancer cell proliferation in vitro and impaired
tumor formation in vivo. These studies reveal a previously uncharacterized mechanism for the
regulation of metabolic pathways in cancer and a possible target for therapeutic intervention.

apid physiological response is critical for
Rthe growth of tumors, which must sat-
isty the metabolic demands of increased
cell proliferation in the face of a dynamically

changing microenvironment. Cancer cells re-
program their cellular metabolism to generate
molecules such as adenosine triphosphate (ATP),
nucleotides, lipids, and reduced nicotinamide ad-

enine dinucleotide phosphate (NADPH) to fa-
cilitate macromolecular synthesis and maintain
redox homeostasis (7, 2). Although mutations
in tumor suppressors and oncogenic pathways
contribute to these altered metabolic phenotypes
(1-3), such changes are slower and relatively
static. In contrast, posttranslational modifica-
tions such as protein phosphorylation allow cells
to respond rapidly and reversibly to a wide range
of signals.
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(O-GlcNAcylation) serves as a nutrient sen-
sor to couple metabolic status to the regula-
tion of signaling pathways (4-7). O-GlcNAc
transferase (OGT) catalyzes the transfer of N-
acetylglucosamine from uridine diphospho-N-
acetylglucosamine (UDP-GIcNAC) to serine or
threonine residues of many intracellular proteins,
including signaling proteins important for insu-
lin resistance (5), oncogenes and tumor suppres-
sors (6), and transcriptional coactivators that
control gluconeogenesis (7). O-GlcNAc levels
are increased in multiple tumor types, and OGT
silencing inhibits breast tumor growth and pros-
tate cancer metastasis (6, 8, 9).

O-GlcNAcylation can be rapidly induced (10)
and is dynamically sensitive to changes in cellular
UDP-GIcNAc concentrations (4). UDP-GIcNAc
is biosynthesized from several key metabolites,
including glucose, glutamine, acetyl-coenzyme
A, uridine, and ATP (71, 12). Consequently, UDP-
GIcNAc may serve as a functional reporter of
the status of various metabolic pathways. Indeed,
UDP-GIcNAc and the hexosamine biosynthesis
pathway couple growth factor—induced gluta-
mine uptake to glucose metabolism through N-
glycosylation of the interleukin-3 (IL-3) receptor
(11). However, the fates of UDP-GIcNAc, par-
ticularly the functional consequences of dynamic

O-GIcNAcylation in the regulation of cell metab-
olism, remain unknown.

To test whether O-GlcNAcylation directly
couples nutrient sensing to cellular metabolism,
we modulated O-GlcNAc concentrations and
measured the effects on aerobic glycolysis. Glob-
al abundance of O-GIcNAc was increased by
two- to fourfold in human lung cancer H1299
cells by overexpressing OGT or after pharmaco-
logical inhibition of B-N-acetylglucosaminidase
(O-GlcNAcase or OGA), the glycosidase that re-
moves O-GleNAc, with O-(2-acetamido-2-deoxy-
p-glucopyranosylidene)amino-N-phenylcarbamate
(PUGNAC; Fig. 1A). Increasing the abundance
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Fig. 1. Effects of O-GlcNAcylation on cellular metabolism and glycosylation of
PFK1. (A) O-GlcNAcylation in H1299 cell lysates, as determined by immuno-
blotting for O-GlcNAc after treatment of cells with the OGA inhibitor PUGNAc
or OGT overexpression. WB, Western blot. (B) Glycolytic rate, lactate pro-
duction, and relative ATP levels in untreated (Cont), PUGNAc-treated, and
OGT-overexpressing H1299 cells (n = 5 experiments). (C) PFK1 activity in
untreated (Cont), PUGNAc-treated, and OGT-overexpressing 293T cells (n =
5 assays). (D) Detection of PFK1 glycosylation by protein immunoblotting
after chemoenzymatic labeling of O-GlcNAc residues with UDP-GalNAz and
the enzyme GalT, followed by reaction with an alkyne-biotin derivative,
streptavidin precipitation, and elution of the biotinylated proteins. GalT or
UDP-GalNAz was removed to confirm selective labeling of O-GlcNAc. (E)
Detection of glycosylated PFK1 in 293T cells stably expressing Flag-tagged

PFK1 by chemoenzymatic labeling with a 5-kD mass tag (18) and immuno-
blotting with a Flag antibody. Cells were untreated (Cont), PUGNAc-treated, or
transfected to overexpress OGT. (F) Induction of PFK1 glycosylation under
hypoxic conditions. H1299 cells stably expressing Flag-tagged PFK1 were cul-
tured under 0.5% O, for the indicated times and rapidly lysed. Glycosylated
PFK1 was detected after labeling with a 5-kD mass tag as above. (G) PFK1
glycosylation in human lung tumor (T) tissues compared to matched normal (N)
tissues. O-GlcNAc—modified proteins from tissue lysates were biotinylated and
detected as above. Relative PFK1 glycosylation was normalized using normal
tissue for each patient. Error bars denote the standard error of the mean
(SEM). Statistical analysis was performed by one-way analysis of variance
(ANOVA) and Bonferroni comparison post-test in (B) and (C) and by Student’s ¢
test in (G) (*P < 0.05, **P < 0.01, ***P < 0.001).
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of O-GlcNACc resulted in decreased rates of glu-
cose metabolism relative to those of untreated
cells under both normoxic and hypoxic condi-
tions, as measured by the conversion of 5-*H-
glucose to *H,0, which is catalyzed by enolase
in the penultimate step of glycolysis (Fig. 1B
and fig. S1). Enhancing O-GlcNAcylation also
led to reduced lactate production and lowered
cellular concentrations of ATP (Fig. 1B). Similar

effects were observed in other cells, including
invasive human lung cancer A549 cells and hu-
man embryonic kidney 293T cells (fig. S2). Be-
cause glycolytic flux is 5 to 15 times higher in
cancer cells than flux through other central path-
ways in cancer cells (/3), small alterations in
glycolysis can result in substantial changes in
the relative flow of branching pathways (/4).
To assess whether OGT-dependent glycosyla-

REPORTS

tion of protein substrates contributes to these
effects, we stably depleted H1299 and 293T
cells of OGT through the expression of short
hairpin RNA (shRNA) (fig. S3). The inhibition of
OGA in these OGT-deficient cells had no signif-
icant effect on glucose metabolism, lactate pro-
duction, or ATP production (fig. S3).

Nearly all of the enzymes in the glycolytic
pathway are putative substrates for OGT (75).

Fig. 2. Inhibition of PFK1 activity and oligomerization
by glycosylation. (A) Relative activities of WT and S529A
PFK1 (L isoform) purified from transfected 293T cells under
normoxic or hypoxic conditions. Activities were measured in
the presence of 100 uM F-2,6-BP and 3 mM ATP and were
normalized with respect to the activity of WT PFK1 under
normoxic conditions (n = 3 assays). (B) Oligomerization
state of Flag-tagged PFK1 (L isoform) purified from 293T
cells under normoxic or hypoxic conditions and from 293T
cells overexpressing OGT or treated with PUGNAc under
normoxic conditions. Complexes were resolved by nonre-
ducing SDS—polyacrylamide gel electrophoresis (SDS-PAGE)
and visualized by Coomassie blue staining. (C) Coimmuno-
precipitation (IP) of endogenous PFK1 with Flag-tagged
WT or S529A PFK1 (L isoform) after OGT overexpression.
Complexes were immunoprecipitated with a Flag antibody
conjugated to agarose beads and analyzed by reducing SDS-PAGE, followed by immunoblotting with a PFK1 antibody. Error bars denote SEM. Statistical analysis
was performed by Student’s ¢ test (*P < 0.05).
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Fig. 3. PFK1 glycosylation at Ser°®® regulates gly-

colysis, increases PPP flux, and protects cells from
ROS-mediated cell death. (A) Immunoblotting of
H1299 cells stably expressing shRNA and rescue
constructs. Flag-PFK1 levels were comparable to
endogenous PFK1 levels. (B) Glycolytic rate and
lactate production of H1299 cells rescued with WT
or S529A PFK1 in the absence (Cont) or presence of
OGT overexpression (n = 4 experiments). (C) PPP ac-
tivity in WT or S529A PFK1 rescue cells in the absence
(Cont) or presence of OGT overexpression, as mea-
sured by the rate of **C0, production from glucose
via the PPP (n = 3 assays). (D) Percentage of central
carbon flux from glucose to lactate flowing through
the PPP in WT or S529A PFK1 rescue cells in the ab-
sence (Cont) or presence of OGT overexpression, as
measured by reverse-phase triple-quadrupole liquid
chromatography mass spectrometry. (E) NADPH and
GSH levels in WT or S529A PFK1 rescue cells in the
absence (Cont) or presence of OGT overexpression.
NADPH and GSH concentrations are shown relative to 200 -
WT PFK1 Cont and were assessed using a colorimetric 1004
assay and the thiol probe monochlorobimane, re- 04
spectively (n = 4 experiments). (F) NADPH and GSH
levels in WT or S529A PFK1 rescue cells under hypoxic
conditions (n = 3 experiments). (G) Cellular ROS levels
induced by varying concentrations of diamide in un-
treated H1299 cells (Cont) and H1299 cells overex-
pressing OGT, as measured by a fluorimetric assay.
(H) Percentage of cell death induced by varying con-
centrations of hydrogen peroxide in untreated (Cont)
and OGT-overexpressing H1299 cells, as measured
by lactate dehydrogenase levels (n = 4 assays). Error 04 04
bars denote SEM. Statistical analysis was performed 0.2 0.2
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Thus, we modulated amounts of O-GIcNAc in
293T cells and assayed the activity of each
enzyme in the pathway. Increased amounts of
O-GlcNAc led to decreased activity of phospho-
fructokinase 1 (PFK1), a major regulatory en-
zyme that controls flux through glycolysis (/6)
(Fig. 1C). No change in the expression of PFK1
protein was observed (fig. S3). Enhancing the
abundance of O-GlcNAc had little effect on other
key regulatory points in the pathway, including
hexokinase, phosphoglycerate kinase, and pyru-
vate kinase (fig. S4), nor did it affect other gly-
colytic enzymes.

To assess whether PFK1 is directly O-
GlcNAcylated, we selectively labeled O-GleNAc—
modified proteins from 293 T cell lysates with a
non-natural azido sugar through exposure to an
exogenous galactosyltransferase enzyme that
specifically glycosylates terminal GIcNAc sugars
(15, 17) (fig. S5). Labeled proteins were then
biotinylated through [3+2] azide-alkyne cyclo-
addition chemistry and isolated with streptavidin-
agarose beads. Immunoblotting of the purified
proteins with an antibody to PFK1 showed strong
O-GlcNAcylation of PFK1 (Fig. 1D), which was
further enhanced by overexpression of OGT
(fig. SS5). We also generated a stable cell line
expressing Flag-tagged PFK1 and selectively
labeled O-GlcNAc—modified proteins in the ly-
sate with a 5-kD polyethylene glycol (PEG) mass
tag to shift their molecular mass (/8). Immuno-
blotting with an antibody to Flag enabled direct
visualization of both the nonglycosylated and
glycosylated species of Flag-PFK1 (Fig. 1E). The
population of glycosylated PFK1 significantly in-
creased upon OGT overexpression or OGA inhi-
bition. Moreover, PFK1 glycosylation was induced
under hypoxic conditions within minutes and ac-

cumulated in a time-dependent manner on 32.3 +
3.8% of PFK1 (Fig. 1F and fig. S6). Glycosylation
was also stimulated when cells were deprived
of glucose (13.3 + 2.2%; fig. S6), consistent with
previous reports that O-GIcNAc levels and OGT
expression are increased by nutrient deprivation
and other forms of cell stress (79, 20).

PFK1 was glycosylated in multiple cell lines
from human solid tumors, including breast,
prostate, liver, colon, and cervical cells, and gly-
cosylation was greater in malignant than in non-
tumorigenic breast and prostate cell lines (fig. S7).
Glycosylation of PFK1 also occurred in human
breast and lung tumor tissues and was signifi-
cantly elevated by two- to fourfold in the majority
of tumors relative to tumor-adjacent normal tis-
sues from the same patient (Fig. 1G and fig. S8).
Low-stage (stages I and II) lung adenocarcinoma
tumors exhibited on average a 1.8-fold increase
in PFK1 glycosylation as compared to that of
the matched normal tissue, whereas high-stage
(stages Il and IV) lung adenocarcinomas showed
an average 3.2-fold increase in glycosylation.
PFK1 glycosylation was not induced in rapidly
proliferating normal mouse T lymphocytes and
human dermal fibroblast cells, as compared to
their quiescent counterparts (fig. S9). Thus, PFK1
is modified with O-GIcNAc in cancer cells both
in vitro and in vivo, and glycosylation is increased
specifically under conditions associated with
tumorigenesis and tumor growth.

To identify the glycosylation site(s) on PFK1,
we transiently overexpressed Flag-tagged PFK1
and OGT in 293T cells. After immunoprecipi-
tation and proteolytic digestion of PFK1, O-
GlcNAcylated peptides were enriched by wheat
germ agglutinin lectin affinity chromatography
and subjected to electron transfer dissociation

mass spectrometry analysis. We identified a sin-
gle site of glycosylation at Ser’”, a highly con-
served residue important for allosteric regulation
of PFK1 by fructose-2,6-bisphosphate (F-2,6-BP)
(21) (fig. S10). F-2,6-BP is the dominant activa-
tor of PFK1 at the high ATP concentrations (2 to
5 mM) found in cancer cells (22). The mutation
of Ser’? to alanine (S529A) abolished the gly-
cosylation of PFK1 in 293T cells, whereas ala-
nine mutation of Thr>’ had no effect (fig. S10).

Although no structure of human PFKI is
available, we used the Saccharomyces cerevisiae
structure, which shares 82% sequence identity
within the F-2,6-BP binding site, and the rabbit
structure, which shares 97% sequence identity,
to generate structural models of rabbit PFK1
complexed to F-2,6-BP and O-GlcNAcylated
rabbit PFK1 (fig. S11; the root mean square de-
viation between the rabbit and yeast structures
was only 1.70 A). Ser® formed a hydrogen bond
with the 2-phosphate group of F-2,6-BP, and the
O-GlcNAc moiety occupied the F-2,6-BP-—
binding pocket, indicating that O-GlcNAcylation
might inhibit PFK1 activity by blocking binding
of F-2,6-BP and disrupting PFK1 oligomerization.

To further examine the effects of O-
GlcNAcylation on PFK1 activity, we expressed
human Flag-tagged PFK1 (L, M, and P isoforms)
in 293T cells in the presence or absence of hy-
poxic conditions, which enhance PFK1 glyco-
sylation. Increasing O-GlcNAcylation of PFK1
by 25 to 33% because of hypoxia decreased the
activity of all three isoforms by 21 to 36%, with
the L and P isoforms being most sensitive to gly-
cosylation (Fig. 2A and fig. S12).We then focused
on the L isoform of PFK1, whose expression is
enhanced in multiple cancer cells (23). Hypoxia
produced no significant change in PFK1 activity
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Fig. 4. PFK1 glycosylation contributes to cell proliferation and tumor growth.
(A) Cell proliferation rates under hypoxic conditions of WT and S529A PFK1
H1299 rescue cells with and without OGT overexpression, as measured by
the amount of cellular ATP (n = 3 experiments). (B) Cell proliferation rates
under hypoxic conditions of H1299 cells infected with lentiviruses con-
taining scrambled or PFK1 shRNA constructs after no treatment (Cont), OGT
knockdown, or OGT overexpression (n = 3 experiments). (C) Tumor forma-
tion in nude mice injected with WT or S529A PFK1 H1299 rescue cells with
and without OGT overexpression. (Left, top) Dissected tumors after 7 weeks

of growth in mice injected with WT cells on the left flank and S529A cells on
the right flank. (Left, bottom) PFK1 glycosylation in tumor lysates orig-
inating from WT or S529A H1299 rescue cells after labeling with a 5-kD
mass tag and immunoblotting with Flag antibody. (Right) Masses of the
dissected tumors. Each x represents the mass from one mouse; the hori-
zontal red line indicates the mean tumor mass. Error bars denote SEM. Sta-
tistical analysis was performed by one-way ANOVA and Bonferroni comparison
post-test in (B) and (C) and by Student’s t test in (A) (*P < 0.05, **P < 0.01,
***P < 0.001; N.S., not significant).
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when Ser’®® was mutated to alanine (Fig. 2A).

Similar effects on PFK1 activity were observed
when O-GIcNAcylation was increased by means
of other cellular treatments (fig. S13). Further-
more, glycosylation inhibited PFK1 activity across
a wide ATP concentration range in the presence
and absence of F-2,6-BP (fig. S14). Consistent
with the importance of Ser’*” in recognition of
the allosteric activator, the activity of S529A PFK1
was impaired at lower F-2,6-BP concentrations
(fig. S15). Therefore, we examined the effects of
glycosylation in the presence of endogenous
F-2,6-BP concentrations in 293T cells or 8.5 uM
F-2,6-BP, which is within the physiological range
for cancer cells (24). In both cases, the activity
of wild-type (WT) PFK1 was significantly lower
than that of S529A PFK1 when glycosylation
was induced by hypoxia (fig. S16). Glycosylation
thus exerts a strong inhibitory effect on PFK1
activity, and the mutation of Ser'?’ to Ala res-
cues the inhibitory effect. These results indicate
that O-GlcNAcylation of PFK1 at Ser’>® pro-
vides a mechanism to overcome the allosteric
regulation of PFK1 by ATP and F-2,6-BP.

F-2,6-BP slows the dissociation of com-
plexes of PFK1 and promotes the association
of PFK1 into tetramers and higher oligomers
with enhanced catalytic activity (/6). We ex-
pressed Flag-tagged PFK1 in 293T cells under
normoxic or hypoxic conditions. After hypoxia
treatment, a fraction of PFK1 exhibited faster
mobility during native gel electrophoresis (Fig.
2B). A similar shift in mobility was observed
when PFK1 glycosylation levels were increased
by OGT overexpression or OGA inhibition and
when PFK1 was heat-denatured (fig. S17),
suggesting that this complex represents a lower
oligomeric state of PFK1. We also examined the
association of Flag-tagged PFK 1 with endogenous
PFK1 by coimmunoprecipitation. Overexpres-
sion of OGT impaired the coimmunoprecipita-
tion of PFK1 subunits, and this effect was blocked
by alanine mutation of Ser’* (Fig. 2C). Thus,
O-GlcNAcylation not only inhibits the activity of
PFK1 but also appears to perturb the equilibrium
between different oligomeric forms.

To test the effects of PFK1 glycosylation on
cellular metabolism, we depleted endogenous
PFK1 and stably expressed Flag-tagged WT or
S529A PFK1 in H1299 cells (henceforth referred
to as WT PFKI1 or S529A PFK1 rescue cells;
Fig. 3A). Upon OGT overexpression, cells ex-
pressing WT PFK1 exhibited reduced glycolysis
and lactate production relative to control cells
(Fig. 3B). No change in glycolytic rate or lactate
production was observed in cells expressing
S529A PFK1 upon OGT overexpression.

Suppressing glycolysis can redirect metabolic
flux down the oxidative pentose phosphate path-
way (PPP) (25, 26), providing cells with pentose
sugars for nucleotide and nucleic acid biosyn-
thesis, as well as NADPH to combat oxidative
stress (25-27). We observed both increased
total and proportional flux through the oxida-
tive PPP pathway, as measured by the amount

of released '*CO, from [1-"*CJ-glucose, and by
relative accumulation of singly versus doubly
['*C]-labeled lactate from a [1,2-"*C]-glucose
feed, when O-GlcNAcylation was enhanced in
WT PFK1 rescue cells (Fig. 3, C and D). In contrast,
PPP flux remained unaffected in S529A PFK1
rescue cells; however, it was increased as com-
pared to that of untreated WT PFK1 rescue cells,
possibly because of inhibitory effects of the
S529A mutation on PFK1 activity (fig. S15).

PPP flux generates NADPH, which maintains
a pool of reduced glutathione (GSH) and com-
bats reactive oxygen species (ROS)-mediated
cell death (24, 28). Consistent with increased
PPP flux, enhancing abundance of O-GlcNAc by
OGT overexpression in WT PFK1 rescue cells
led to 1.6-fold and 4-fold increases in amounts
of NADPH and GSH, respectively (Fig. 3E).
Blocking glycosylation of PFK1 at Ser°* pre-
vented the increase in NADPH and partially pre-
vented the increase in GSH. Amounts of NADPH
and GSH were also increased under hypoxic con-
ditions in WT PFK1 rescue cells as compared
to those in S529A PFK1 rescue cells (Fig. 3F).
Furthermore, untargeted metabolite profiling by
high-resolution flow-injection mass spectrometry
(29) revealed enhanced steady-state concentra-
tions of GSH, amino acids, and nucleotide pre-
cursors in WT PFK1 rescue cells relative to
those in S529A PFK1 rescue cells (table S1). We
measured the sensitivity of H1299 cells to ROS-
mediated cell death upon overexpression of OGT.
Enhancing O-GlcNAcylation prevented the in-
crease in ROS levels induced by diamide (Fig. 3G)
and protected the cells from hydrogen peroxide—
mediated cell death (Fig. 3H). Thus, increases in
PPP flux induced by PFK1 glycosylation might
help promote cancer cell survival.

Cells expressing the S529A mutant prolifer-
ated more slowly than cells expressing WT PFK1
under hypoxic conditions, which is consistent
with reduced flux through the PPP (Fig. 4A). The
proliferation rate of WT PFK1-expressing cells
was enhanced further upon OGT overexpression,
whereas that of S529A PFK1-expressing cells
was unchanged. OGT overexpression increased,
whereas OGT depletion decreased, cell prolifer-
ation under hypoxic conditions (Fig. 4B). Deple-
tion of PFK1 abolished these effects, indicating
that O-GlcNAcylation stimulates cell prolifera-
tion through a PFK1-dependent mechanism (al-
though decreasing PFK1 expression may blunt
the differences in cell growth).

We injected immunocompromised mice (nu/nu)
with WT PFK1 or S529A PFKI1 rescue cells in
the presence or absence of OGT overexpression
(fig. S18) and assayed for tumor formation. Mice
injected with S529A PFK1 rescue cells showed
decreased tumor mass as compared to mice in-
jected with WT PFK1 rescue cells (Fig. 4C). More-
over, overexpression of OGT in WT PFK1 rescue
cells enhanced tumor growth but had no signif-
icant effect on S529A PFK1 rescue cells. Protein
immunoblot analysis confirmed that the Flag-
tagged WT or S529A PFK1 proteins were re-

REPORTS

tained in the tumors and that WT PFK1 was
O-GIcNAcylated (Fig. 4C). Under these condi-
tions, glycosylation of PFK1 at Ser™*’ provides a
critical growth advantage to tumor cells in vivo.

We demonstrated that O-GlcNAc glycosyla-
tion directly regulates glycolysis and reroutes
metabolic flux through pathways critical for can-
cer cell proliferation and survival. O-GIcNAc can
simultaneously sense and redirect flow through
essential metabolic pathways, specifically through
the modulation of PFK1 activity, adding a pre-
viously unrecognized mode of regulation to this
glycolytic enzyme. Furthermore, because UDP-
GlcNAc represents a key point of pathway in-
tegration and enables the cell to monitor the
balance between glucose and glutamine uptake
(11, 12), O-GleNAcylation of PFK1 may provide
an important mechanism to link the availability
of both carbon and nitrogen sources for the cell
to the production of metabolites necessary for
sustaining rapid tumor growth.

Hypoxia also activates PFK1 glycosylation,
thereby redirecting a larger fraction of the glu-
cose flux through the PPP and increasing bio-
synthetic precursors, as well as reducing power
from increased NADPH and GSH, to impart a
growth advantage to cancer cells. Our results
suggest that dynamic physiological inhibition
of PFK1 may be a major regulatory point for
central carbon flow. Blocking PFK1 glycosyl-
ation to enhance its activity and reset cellular
metabolism toward normal cell growth could there-
fore provide a new strategy to combat cancer.
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Neurexin and Neuroligin Mediate
Retrograde Synaptic Inhibition

in C. elegans

Zhitao Hu,? Sabrina Hom,?3 Tambudzai Kudze,* Xia-Jing Tong,? Seungwon Choi,*?3

Gayane Aramuni,” Weiqi Zhang,® Joshua M. Kaplan

1,2,3%

The synaptic adhesion molecules neurexin and neuroligin alter the development and function

of synapses and are linked to autism in humans. Here, we found that Caenorhabditis elegans
neurexin (NRX-1) and neuroligin (NLG-1) mediated a retrograde synaptic signal that inhibited
neurotransmitter release at neuromuscular junctions. Retrograde signaling was induced in mutants
lacking a muscle microRNA (miR-1) and was blocked in mutants lacking NLG-1 or NRX-1.
Release was rapid and abbreviated when the retrograde signal was on, whereas release was slow
and prolonged when retrograde signaling was blocked. The retrograde signal adjusted release
kinetics by inhibiting exocytosis of synaptic vesicles (SVs) that are distal to the site of calcium
entry. Inhibition of release was mediated by increased presynaptic levels of tomosyn, an inhibitor

of SV fusion.

aptic signal from muscle to motor neurons

inhibits acetylcholine (ACh) release at neu-
romuscular junctions (NMJs) (7). This retrograde
signal is induced by inactivation of a muscle
microRNA (miR-1) and is abolished by inac-
tivating the transcription factor MEF-2, a miR-1
target (/). In mir-1 mutants, endogenous and
evoked excitatory postsynaptic currents (EPSCs)
recorded from body muscles were both dimin-
ished (Fig. 1), whereas synapse density is un-
altered (/). Quantal content was significantly
reduced in mir-1 mutants, indicating decreased
ACh release during evoked responses (Fig. 1E).

Because postsynaptic neuroligin promotes
maturation of presynapses and stimulates neuro-
transmitter release in mice (2—4), we tested the
idea that C. elegans neurexin (NRX-1) and neu-
roligin (NLG-1) are required for the retrograde
signal. Consistent with this idea, the endogenous
and evoked EPSC defects observed in mir-1 mu-
tants were eliminated in mir-1; nlg-1 and mir-1;
nrx-1 double mutants (Fig. 1 and fig. S1). Retro-
grade inhibition of ACh release in mir-1; nig-1

In Caenorhabditis elegans, a retrograde syn-
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double mutants was reinstated by transgenes ex-
pressing NLG-1 in cholinergic motor neurons but
not by those expressed in body muscles. Analo-
gous rescue experiments suggested that NRX-1
functioned in body muscles (fig. S1, B and D).

The nlg-1 promoter expressed green fluores-
cent protein (GFP) in cholinergic motor neurons
but not in GABAergic neurons (fig. S2, A and
B). When expressed in cholinergic DA and DB
motor neurons, NLG-1::GFP exhibited a punc-
tate distribution in dorsal cord axons but was
diffuse in ventral cord dendrites (fig. S2C). Dor-
sal cord NLG-1 puncta colocalized with a synap-
tic vesicle (SV) marker (mCherry-tagged UNC-57
endophilin) (fig. S2C) (5). NRX-1::GFP expressed
in body muscles was also punctate in the nerve
cords, and these NRX-1 puncta were often close-
ly apposed to presynaptic UNC-57 puncta (fig.
S2D). Thus, NLG-1 and NRX-1 were pre- and
postsynaptic, respectively, at cholinergic NMlJs,
opposite in polarity to their mammalian counter-
parts. Other examples of reversed polarity in-
clude presynaptic NLG-1 in worms (6, 7) and
postsynaptic mouse and fly neurexins (8—10).

If trans-synaptic adhesion mediates the retro-
grade signal, NRX-1 should bind directly to
NLG-1. In transfected cells, we expressed a trun-
cated NRX-1 containing the putative neuroligin
binding site (LNS6) (NRX-1[LNS6/HA]) and a
soluble NLG-1 containing the entire extracellular
domain fused to the immunoglobulin G Fc domain
(NLG-1/Fc) (fig. S3). As expected, a significant
fraction of NRX-1[LNS6/HA] bound to NLG-1/Fc

when calcium was added but not when calcium
was omitted (fig. S3B, lanes 4 and 5). No binding
was observed between Fc and NRX-1[LNS6/HA]
(lanes 2 and 3).

Next, we analyzed nlg-1 and nrx-I mutants
for altered synapse development. Cholinergic
NMIJs were visualized with GFP-tagged pre-
(SNB-1 synaptobrevin) and postsynaptic (ACR-16
ACh receptors) markers (fig. S4). The fluorescent
intensity and density of pre- and postsynaptic
puncta were unaltered in n/g-1 and nrx-1 mutants.
The rate and amplitude of endogenous EPSCs
were also unchanged in n/g-1 and nrx-1 mutants
(Fig. 1B and fig. S1B). Therefore, inactivation of
NLG-1 and NRX-1 did not grossly alter the
morphology or formation of cholinergic NMJs.

If NRX-1 mediates the retrograde signal,
its expression or function should be altered in
mir-1 mutants. Consistent with this idea, the
fluorescent intensity of postsynaptic NRX-1 punc-
ta was increased in mir-1 mutants (40% increase,
P < 0.001), and this effect was eliminated in
mir-1 mef-2 double mutants (Fig. 1, F to H), in
which retrograde signaling is abolished (/). Thus,
inducing the retrograde signal increased post-
synaptic NRX-1 levels, consistent with NRX-1 act-
ing downstream of miR-1 in this pathway. The
NRX-1::GFP construct contains a promoter (172y0-3)
and 3’ untranslated region (unc-54) that are not
regulated by miR-1 (/); consequently, the effects
of miR-1 and MEF-2 on NRX-1 expression are
likely mediated by an indirect mechanism.

How does the retrograde signal alter ACh
release? Evoked responses in mir-1 mutants had
decreased amplitude (Fig. 1E), faster decay (Fig.
2, A and B), and faster charge transfer (Fig. 2, C
and D). To determine if these effects were caused
by intrinsically faster muscle ACh responses, we
analyzed endogenous EPSCs, which correspond
to responses evoked by one SV fusion (/7). Be-
cause endogenous EPSC kinetics were unal-
tered in mir-/ mutants (fig. S5), the smaller
evoked responses in mir-/ mutants most likely
resulted from faster and more abbreviated ACh
release.

By contrast, quantal content was significantly
increased when the retrograde signal was inacti-
vated (in nrx-1 and nlg-Imutants) (Fig. 1E and
fig. S1D) but was not further increased in nrx-1;
nlg-1 double mutants (nlg-1 n = 13, 872.1
109.3; nrx-1; nlg-1 n=6,712.7 £ 53, P=0.32),
consistent with NLG-1 and NRX-1 functioning
together in this process. In n/g-1 mutants, evoked
responses exhibited slower decay and slower charge
transfer, which were rescued by transgenes
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Phosphofructokinase 1 Glycosylation Regulates Cell Growth and Metabolism
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Metabolic Sensor

The enzyme O-GIcNAc transferase (OGT) catalyzes the transfer of N-acetylglucosamine from uridine diphospho-N-
acetylglucosamine (UDP-GIcNAC) to serine or threonine residues of intracellular proteins and responds to the
metabolic status of the cell. Yi et al. (p. 975; see the Perspective by Mattaini and Vander Heiden) show that O-
GIcNAcylation of phosphofructokinase 1 (PFK1) reduces its activity, thus influencing rates of glycolysis within cells. O-
GIcNAcylation of PFK1 was increased in cells exposed to hypoxia, and was increased in several cell lines derived from
human tumors. Thus, metabolic changes mediated by O-GIcNAcylation may benefit anabolism and growth of cancer
cells. However, glycosylation of PFK1 was not detected in rapidly proliferating normal cells.
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