L T

/

1\

=y

CrossMark
& click for updates

SIRT6 deacetylates PKM2 to suppress its nuclear
localization and oncogenic functions
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SIRT6 (sirtuin 6) is a member of sirtuin family of deacetylases
involved in diverse processes including genome stability, meta-
bolic homeostasis, and tumorigenesis. However, the role of SIRT6
deacetylase activity in its tumor-suppressor functions is not well
understood. Here we report that SIRT6 binds to and deacetylates
nuclear PKM2 (pyruvate kinase M2) at the lysine 433 residue. PKM2
is a glycolytic enzyme with nonmetabolic nuclear oncogenic func-
tions. SIRT6-mediated deacetylation results in PKM2 nuclear export.
We further have identified exportin 4 as the specific transporter
mediating PKM2 nuclear export. As a result of SIRT6-mediated
deacetylation, PKM2 nuclear protein kinase and transcriptional
coactivator functions are abolished. Thus, SIRT6 suppresses PKM2
oncogenic functions, resulting in reduced cell proliferation, migration
potential, and invasiveness. Furthermore, studies in mouse tumor
models demonstrate that PKM2 deacetylation is integral to SIRT6-
mediated tumor suppression and inhibition of metastasis. Addi-
tionally, reduced SIRT6 levels correlate with elevated nuclear acety-
lated PKM2 levels in increasing grades of hepatocellular carcinoma.
These findings provide key insights into the pivotal role of deacety-
lase activity in SIRT6 tumor-suppressor functions.
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IRT6 (sirtuin 6) is a member of the highly conserved sirtuin

family of NAD*-dependent enzymes and plays a key role
in DNA repair, telomere maintenance, and cellular metabolic
processes. It exhibits diverse enzymatic activities including
NAD*-dependent deacetylation and mono-ADP ribosylation.
SIRT6 deacetylates telomeric histone H3 at lysine 9 (H3K9) and
lysine 56 residues (H3K56) (1, 2). SIRT6-mediated deacetylation
of telomeric H3K9 is required for the stable association of the
Werner syndrome protein with telomeric chromatin for proper
telomere function. SIRT6 also interacts with the NF-kB RELA
subunit, deacetylates H3K9 at NF-kB target gene promoters, and
attenuates NF-kB-mediated apoptosis and senescence (3).
Likewise, SIRT6 also binds to hypoxia-inducible factor 1-alpha
(HIF1a), deacetylates H3K9 at HIFla target gene promoters,
and regulates glucose homeostasis (4). SIRT6 also interacts with
and deacetylates CtIP [C-terminal binding protein (CtBP)
interacting protein] to promote the repair of DNA double-strand
breaks by homologous recombination (5). SIRT6 mono-ADP
ribosylates PARP1 to stimulate the repair of DNA double-strand
breaks in response to oxidative stress (6).

Several recent studies report that SIRT6 functions as a tumor
suppressor. It was observed that loss of SIRT6 promotes tumor
formation even without the activation of known oncogenes (7).
Furthermore, SIRT6 was found to be down-regulated in pan-
creatic and colorectal cancers. Down-regulation of SIRT6 also
has been reported in hepatocellular carcinoma (8, 9). Elevated
c-JUN levels in hepatocellular carcinoma down-regulate SIRT6
expression in a c-FOS—dependent manner (8). Recently, natu-
rally occurring cancer-associated point mutations were identified
in SIRT6 that result in its loss of tumor-suppressor functions
(10). However, the role of SIRT6 enzymatic activities in its tumor-
suppressor functions is not well understood.
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Pyruvate kinase catalyzes the final rate-limiting step of gly-
colysis. Most cancer cells express high levels of PKM2 (pyruvate
kinase M2) because it promotes aerobic glycolysis and provides
a selective advantage for tumor formation (11). Thus PKM2 is
reported to be up-regulated in wide range of cancers, including he-
patocellular carcinoma (12, 13). In addition to its well-characterized
cytosolic functions as a glycolytic enzyme, several studies have
reported nuclear localization of PKM2 in response to different
signals (14, 15). In the nucleus PKM2 functions as a transcrip-
tional coactivator and protein kinase to trigger the expression of
various genes, thereby bestowing cancer cells with survival and
growth advantages (16-18). However, the molecular mechanisms
underlying the dynamic regulation of PKM2 nuclear localization
are not well understood. A recent study reports that PKM?2 is
acetylated by p300 acetyltransferase at the highly conserved lysine
433 residue, promoting the nuclear localization of PKM2 (19).
K433 acetylation is down-regulated under starvation conditions.

To examine the role of SIRT6 enzymatic activities in its
tumor-suppressor functions, we performed a proteomics screen to
identify SIRT6-interacting proteins. Among the various proteins
identified in the screen, PKM2 was of particular interest because
acetylation plays a key role in determining its nuclear localiza-
tion and oncogenic functions. We observed that SIRT6 binds to
and deacetylates PKM2 at the K433 site, resulting in PKM2
nuclear export. Consequently PKM2 nuclear protein kinase and
transcriptional coactivator functions are abrogated. Thus, SIRT6
suppresses PKM2 oncogenic functions.
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export.
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Results

SIRT6 Interacts with Nuclear PKM2. To gain mechanistic insights
into the tumor-suppressor functions of SIRT6, we used a bio-
chemical approach to identify SIRT6-interacting proteins (Fig.
14). Because SIRT6 exhibits deacetylase activity, and acetylation
is critical for PKM2 nuclear localization and oncogenic func-
tions, it is possible that the regulation of PKM2 could be integral
to SIRT6 tumor-suppressor functions. Thus, among the previously
unidentified interactors, PKM2 was of particular interest. We
performed coimmunoprecipitation experiments to confirm whether
PKM?2 interacts with SIRT6. We observed that PKM2 coimmu-
noprecipitated with SIRT6 (Fig. 1B, Left). Similar results
were obtained in the reverse coimmunoprecipitation experiment
(Fig. 1B, Right). To confirm that SIRT6 interacts directly
with PKM2, GST pull down was performed using bacterially
expressed and purified proteins (Fig. 1C, Left). Our results in-
dicated that SIRT6 interacts directly with PKM2 (Fig. 1C, Right).
To investigate the SIRT6-PKM2 interaction under physio-
logical conditions, we first examined whether metabolic stress
had any effect on PKM2. PKM2 protein levels did not change
upon glucose starvation (Fig. 1D). Because PKM2 is known to
undergo nuclear—cytoplasmic shuttling, we examined its locali-
zation upon glucose starvation. A small fraction of PKM2 is
nuclear during the early phase of starvation (0, 12, and 24 h), but
PKM2 becomes exclusively cytoplasmic upon prolonged starva-
tion (36 h) (Fig. 1E). SIRT6 levels were induced upon starvation;

SIRT6 remained nuclear throughout the course of starvation, as
reported previously (20, 21). We next examined the interaction
between endogenous SIRT6 and PKM?2 under starvation con-
ditions. We observed that during the early phase of metabolic
stress, when both SIRT6 and PKM2 were nuclear, PKM2
coimmunoprecipitated with SIRT6 (Fig. 1F, Left). However, this
interaction was lost upon prolonged starvation, when PKM2
underwent nuclear export. Similar observations were made in the
reverse coimmunoprecipitation experiment (Fig. 1F, Right).

To map the domain of PKM2 to which SIRT6 binds, we
performed GST pull-down experiments. The GST-PKM?2 segment
containing amino acids 390-531, which harbors the FBP (fructose
1,6-biophosphate)-binding pocket of PKM2, bound specifically to
the SIRT6 protein (Fig. 1G). Using GST pull-down experi-
ments, we also mapped the domain of SIRT6 that binds PKM2.
The GST-SIRT6 segment containing amino acids 49-271, which
harbors the deacetylase domain of SIRT6, bound specifically to
the PKM2 protein (Fig. 1H). Taken together, these results in-
dicate that the deacetylase domain of SIRT6 binds to the PKM2
domain containing the FBP-binding pocket.

SIRT6 Deacetylates PKM2 at K433 and Abrogates Its Nuclear
Localization. Previous reports suggest that PKM?2 is acetylated
at three sites: K62, K305, and K433 (19, 22). Because SIRT6
exhibits deacetylase activity, we examined the effect of SIRT6 on
the PKM2 acetylation status. To map the residue, we performed
an in vitro deacetylation assay using PKM?2 peptides containing
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FLAG epitope (Ad-PKM2). Twenty-four hours post-
infection, cell lysates were subjected to GST pull down
followed by immunoblotting for the indicated proteins.

(input)

PNAS | Published online January 19, 2016 | E539

(7]
=2
=
o
v
<
=
o

CELL BIOLOGY



L T

/

D\

different acetylated lysine residues as substrates. MS analysis
revealed that SIRT6 exhibits specific deacetylase activity toward
the PKM2 peptide containing acetylated K433 (Fig. 2 A and B).
We next examined the effect of SIRT6 on the PKM2 K433
acetylation status under physiological conditions. In HepG2 control
cells, AcK433-PKM2 levels decreased over the time course of
metabolic stress concomitant with the increase in SIRT6 levels (Fig.
2C and Fig. S14). On the other hand, in the absence of SIRTS,
PKM?2 acetylation at K433 residue was sustained over the time
course of stress. Similar results were observed in other cell types
(Fig. S2 A and G). Furthermore, during an extended period of
stress, PKM2 K433 acetylation was abolished in HepG2 SIRT6-
knockdown (SIRT6kd) cells when wild-type SIRT6 was ectopi-
cally expressed, but PKM2 K433 acetylation remained unaltered
when the deacetylase-dead SIRT6 mutant (SIRT6™*3Y) was
ectopically expressed (Fig. S34). Taken together, these results
indicate that SIRT6 is a deacetylase with specificity for the K433
site of PKM2.

Because a previous report suggested that K433 acetylation
determines PKM2 nuclear localization (19), we next examined
the effect of SIRT6 on PKM2 subcellular localization by bio-
chemical fractionation and by immunostaining. We observed
that with an increasing duration of starvation, concomitant with
SIRT6-mediated PKM?2 deacetylation, PKM2 nuclear localiza-
tion diminished and became predominantly cytoplasmic, but in
the absence of SIRT6, PKM2 K433 acetylation and its nuclear
localization were unaltered (Fig. 2 D and E). Furthermore,

Fig. 2. SIRT6 deacetylates PKM2 at the Lys433
residue. (A) AcK433-PKM2 peptide was incubated 100
either alone (control) or in presence of recombi-

Control
1441.72 Da

nant SIRT6, and the peptide molecular mass was & 80
determined by MS. The relative positions of acet- ¢ 60
ylated (1,441.72 Da) and deacetylated (1,399.70 Da) ; 40
PKM2 peptides are shown. (B) Results of SIRT6

deacetylation reactions using acetylated PKM2 20

during extended periods of stress (36 h), PKM2 nuclear localization
was abolished in HepG2 SIRT6kd cells when wild-type SIRT6 was
ectopically expressed, but PKM2 nuclear localization was unaltered
when the deacetylase-dead SIRT6 mutant (SIRT6™**Y) was ec-
topically expressed. Moreover, the acetyl-lysine mimic PKM2 mu-
tant (PKM25*3Q) was constitutively nuclear in the presence of
induced levels of SIRT6 over the course of glucose starvation,
whereas the nonacetylable PKM2 mutant (PKM2%**R) was
constitutively cytoplasmic (Fig. 2 F and G). Taken together,
these results indicate that SIRT6-mediated deacetylation plays a
key role in modulating PKM2 nuclear localization under condi-
tions of metabolic stress.

Exportin-4 Mediates Deacetylated PKM2 Nuclear Export. To identify
the specific transporter mediating PKM?2 nuclear export, we
abrogated the expression of importin f superfamily members
involved in protein export, i.e., exportin-1 (XPO1), exportin-4
(XPO4), and exportin-7 (XPO7) (23), and examined the effect
on PKM2 nuclear localization. We observed that the disruption
of XPO1 or XPO7 expression had no effect on PKM2 nuclear
localization over the time course of starvation (Fig. 34, Left and
Right). However, the abrogation of XPO4 expression resulted in
nuclear accumulation of deacetylated PKM2 even at extended
periods of starvation (36 h) (Fig. 34, Center). To investigate
further, we examined the PKM2-XPO4 interaction under star-
vation conditions. We observed that deacetylated PKM2 coim-
munoprecipitated specifically with XPO4, but acetylated PKM?2

peptides. The peptide molecular mass was de-

termined by MS as in A. (C) HepG2 cells were

stably transfected (pooled zeocin-resistant pop- C
ulation) with control (scrambled) or SIRT6 shRNA.
HepG2 control (HepG2) and SIRTékd (HepG2 SIRT6kd)
cells were subjected to glucose starvation for the
indicated periods. Cells then were harvested, and
Western blotting was performed for the indicated
proteins. (D) HepG2 control (HepG2) and SIRT6kd
(HepG2 SIRT6kd) cells were subjected to glucose
starvation for the indicated periods. HepG2 SIRT6kd
cells were infected with Ad-SIRT6 or with adeno- E
virus expressing the deacetylase-dead SIRT6 mu-
tant (Ad-SIRT6"'33Y) during the last 24 h of the
36-h period as indicated. The cells then were
harvested, and Western blotting was performed
for the indicated proteins from nuclear and cy-
toplasmic fractions. (E) HepG2 control (HepG2)
and SIRT6kd (HepG2 SIRT6kd) cells were subjected
to glucose starvation for the indicated periods.
HepG2 SIRT6kd cells were infected with Ad-SIRT6
or Ad-SIRT6M""*3Y during the last 24 h of the 36-h
period as indicated. Immunofluorescence staining
was performed for the indicated proteins. DAPI
was used to counterstain the nucleus. (F) HepG2
cells were transfected with the FLAG-tagged
PKM2K433Q construct and were subjected to glu-
cose starvation for the indicated periods post-
transfection. The cells then were harvested, and
Western blotting was performed for the indicated
proteins from nuclear and cytoplasmic fractions.
(G) HepG2 cells were transfected with the FLAG-
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tagged PKM2"433R construct and were subjected to glucose starvation for the indicated periods posttransfection. The cells then were harvested, and
Western blotting was performed for the indicated proteins from nuclear and cytoplasmic fractions.
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did not (Fig. 3B). We further observed that XPO4 interacts with
deacetylated PKM2 but not with the acetyl-lysine mimic PKM2
mutant (PKM2%***Q) (Fig. 3C). This finding explains the consti-
tutive nuclear localization of PKM2%3*© under starvation condi-
tions, as observed above (Fig. 2F). Moreover, in the absence of
SIRT6, when nuclear PKM2 is in an acetylated form, XPO4 does
not interact with PKM2 (Fig. 3D), but in the presence of ectopic
SIRT6, when nuclear PKM?2 is in a deacetylated form, XPO4 does
interact with PKM2. However, in the presence of the deacetylase-
dead SIRT6 mutant (SIRT6H133Y), XPO4 does not interact with
PKM2 as nuclear PKM2 is in an acetylated form. These results
suggest that acetylation status of PKM2 is a key determinant of the
XPO4-PKM?2 interaction. XPO4 binds specifically to deacetylated
PKM2 and mediates its nuclear export.

SIRT6 Represses PKM2 Kinase Activity. Because PKM2 has been
reported to exhibit protein kinase activity in the nucleus, we next

0 24 36 0 24 36(hrs)

0 24 36 0 24 36(hrs)

investigated the effect of SIRT6 on the phosphorylation of
STAT?3 and histone H3, the currently known substrates of PKM2
kinase (Fig. 44 and Fig. S14). In HepG2 control cells the levels
of phosphorylated STAT3 (Y705) and histone H3 (T11) de-
creased concomitant with the decrease in acetylated K433-
PKM2 levels upon metabolic stress. In HepG2 SIRT6kd cells,
however, sustained levels of phosphorylated STAT3 (Y705) and
histone H3 (T11) were observed, similar to the levels of acety-
lated K433-PKM2 throughout the time course of metabolic
stress. In HepG2 SIRT6/PKM2 double-knockdown cells the
levels of phosphorylated STAT3 (Y705) and histone H3 (T11)
were down-regulated upon metabolic stress. Similar results were
obtained in other cell types (Fig. S2 A4 and G). Furthermore,
when wild-type SIRT6 was ectopically expressed during an ex-
tended period of stress, the levels of both phosphorylated
STAT3 (Y705) and histone H3 (T11) were reduced concom-
itant with the decrease in AcK433-PKM2 levels, but when the

0 24 36 0 24 36(hrs)
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Fig. 3. Deacetylated nuclear PKM2 interacts with XPO4, leading to its nuclear export. (A) HepG2 cells were stably transfected (pooled zeocin-resistant
population) with shRNA targeting XPO1, XPO4, XPO7, or their respective control (scrambled) shRNA. HepG2 XPO1kd (Left), XPO4kd (HepG2 XPO4kd)
(Center), XPO7kd (HepG2 XPO7kd) (Right), and their respective control (HepG2) cells were subjected to glucose starvation for the indicated periods. Cells then
were harvested, and Western blotting was performed for the indicated proteins from nuclear extracts. (B) HepG2 cells were subjected to glucose starvation
for 24 h. Nuclear extracts were subjected to immunoprecipitation using anti-XPO4 antibody (Left) or anti-PKM2 antibody (Right), and Western blotting was
performed for the indicated proteins. (C) HepG2 PKM2kd cells were subjected to glucose starvation for 24 h and were infected with control adenovirus
(Ad-GFP), adenovirus expressing PKM2 (Ad-PKM2), or adenovirus expressing the PKM2%4*32 mutant (Ad-PKM2X433Q) during the last 12 h of the 24-h period as
indicated. Nuclear extracts were subjected to immunoprecipitation using anti-XPO4 antibody (Left) or anti-PKM2 antibody (Right), and Western blotting was
performed for the indicated proteins. (D) HepG2 SIRT6kd cells were subjected to glucose starvation for 24 h and were infected with control adenovirus
(Ad-GFP), adenovirus expressing FLAG-tagged SIRT6 (Ad-SIRT6), or adenovirus expressing FLAG-tagged SIRT6"'33Y mutant (Ad-SIRT6"'33Y) during the last 12 h
of the 24-h period as indicated. Nuclear extracts were subjected to immunoprecipitation using anti-XPO4 antibody (Left) or anti-PKM2 antibody (Right), and
Western blotting was performed for the indicated proteins.
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deacetylase-dead SIRT6 mutant (SIRT6''¥Y) was ectopically
expressed, the levels of both phosphorylated STAT3 (Y705)
and histone H3 (T11) remained unaltered (Fig. S3B). Taken
together these results indicate that SIRT6 plays a key role in
determining the phosphorylation status of PKM2-dependent
STATS3 and histone H3 under conditions of metabolic stress.
To examine the functional consequences of SIRT6-mediated
regulation of STAT3 phosphorylation, we analyzed the transcript
levels of STATS3 target genes (Fig. 4B and Fig. S1B). In HepG2
control cells the levels of STAT3 target genes decreased signif-
icantly over the time course of metabolic stress, but in HepG2
SIRT6kd cells the levels of STAT3 target genes were signifi-
cantly elevated over the time course of metabolic stress. How-
ever, this induction of STAT3 target genes was abolished in
HepG2 SIRT6/PKM2 double-knockdown cells. Similar results
were obtained in other cell types (Fig. S2 B and H). We also
examined the STAT3 transactivation function by performing a

A Glucose 0 12 24 36 0 12 24 36
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ChIP (chromatin immunoprecipitation) assay (Fig. 4C). In HepG2
control cells, the levels of STAT3 detected at the promoters of its
target genes decreased significantly over the time course of met-
abolic stress. In the case of HepG2 SIRTo6kd cells, STAT3 levels
were elevated at the promoters of its target genes over the time
course of metabolic stress. However, the recruitment of STAT3 to
its target promoters was significantly down-regulated in HepG2
SIRT6/PKM?2 double-knockdown cells. To ascertain the presence
of PKM2 in the transcription complex, we performed re-ChIP (re-
chromatin immunoprecipitation) experiments (Fig. 4D). In HepG2
control cells the PKM?2 levels detected at the promoters of STAT3
target genes decreased over the time course of metabolic stress. In
HepG?2 SIRT6kd cells elevated PKM?2 levels were detected at the
promoters of STAT3 target genes over the time course of meta-
bolic stress. In HepG2 SIRT6/PKM2 double-knockdown cells, no
significant levels of PKM2 could be detected at the promoters of
STATS3 target genes over the time course of metabolic stress.
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Fig. 4. SIRT6 modulates PKM2 protein kinase activity. (A) HepG2 control (HepG2), SIRT6kd (HepG2 SIRT6kd), and SIRT6/PKM2 double-knockdown (HepG2
SIRT6kd/PKM2kd) cells were subjected to glucose starvation for the indicated periods. Cells then were harvested, and Western blotting was performed for the
indicated proteins. (B) HepG2 control (HepG2), SIRT6kd (HepG2 SIRT6kd), and SIRT6/PKM2 double-knockdown (HepG2 SIRT6kd/PKM2kd) cells were subjected
to glucose starvation for the indicated periods. Relative mRNA levels were analyzed by quantitative RT-PCR (RT-gPCR) for the indicated genes. Error bars
represent means + SD of three independent experiments with triplicate samples. (C) HepG2 control (HepG2), SIRT6kd (HepG2 SIRT6kd), and SIRT6/PKM2
double-knockdown (HepG2 SIRT6kd/PKM2kd) cells were subjected to glucose starvation for the indicated periods. A ChIP assay then was performed with
control IgG or STAT3 antibody. Error bars represent means + SD of three independent experiments with triplicate samples. (D) Part of the chromatin
immunoprecipitated with STAT3 antibody in 4C was again subjected to ChIP using control IgG or PKM2 antibody. Error bars represent means + SD of three
independent experiments with triplicate samples.
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Because SIRT6 also is known to regulate transcription by
deacetylation of histone H3K9 and H3KS56, we performed a
ChIP assay to examine the presence of SIRT6 at STAT3 targets
(Fig. S44). No significant levels of SIRT6 could be detected at
the STAT3 target promoters over the time course of metabolic
stress in HepG2 control, SIRT6kd, or SIRT6/PKM2 double-
knockdown cells. We also examined the effect of PKM2 on
SIRT6-mediated regulation of previously described SIRT6 target
genes (4, 7, 10). We observed that wild-type PKM2 and the
constitutively nuclear PKM2%433Q mutant had no effect on SIRT6
occupancy at the promoters of known SIRT6 target genes (Fig.
S4B). Wild-type PKM2 and the PKM25***? mutant also had no
effect on SIRT6-mediated H3K9 and H3K56 deacetylation at
those promoters (Fig. S4 C and D). Thus, wild-type PKM2 and the
PKM2%43C mutant do not impinge on SIRT6-mediated regula-
tion of known SIRT6 target genes (Fig. S4E). Taken together,
these results indicate that SIRT6 plays a critical role in de-
termining PKM2 nuclear kinase activity and hence impact its
transcription program.

SIRT6 Regulates PKM2 Coactivator Functions. Because PKM2 functions
as a B-catenin coactivator, we next investigated the effect of SIRT6
on the PKM2-dependent p-catenin transactivation function. Our
results indicated that in HepG2 control cells the interaction be-
tween PKM2 and f-catenin was abrogated as the acetylated K433-
PKM2 levels were down-regulated with increasing duration of
starvation (Fig. 54 and B). In HepG2 SIRTo6kd cells the interaction
between PKM2 and p-catenin was observed consistently over the
time course of stress. Moreover, when wild-type SIRT6 was ec-
topically expressed during an extended period of stress (36 h), the
interaction between PKM2 and f-catenin was lost, but when
deacetylase-dead SIRT6 mutant (SIRT6'**Y) was ectopically
expressed, the interaction between PKM2 and f-catenin was ob-
served (Fig. S3C).

We next determined the effect of SIRT6 on PKM2-dependent
transactivation of p-catenin target genes. In HepG2 control cells
there was a significant decrease in the levels of p-catenin target
genes over the time course of metabolic stress. On the other
hand, in HepG2 SIRT6kd cells, significantly elevated levels of
B-catenin target genes were observed over the time course of
metabolic stress. However, this induction of B-catenin target
genes was abolished in HepG2 SIRT6/PKM?2 double-knockdown
cells (Fig. 5C and Fig. S1C). Similar results were obtained in
other cell types (Fig. S2 C and I). To corroborate our findings,
we examined the recruitment of B-catenin to the promoters of its
target genes (Fig. 5D). In HepG2 control cells the levels of
B-catenin detected at the promoters of its target genes decreased
significantly over the time course of metabolic stress. In HepG2
SIRT6kd cells elevated levels of p-catenin were detected at the
promoters of its target genes over the time course of metabolic
stress. However, no significant levels of p-catenin could be de-
tected at those promoters in HepG2 SIRT6/PKM2 double-
knockdown cells. To ascertain the presence of PKM2 in the
transcription complex, we performed a re-ChIP assay. In HepG2
control cells the levels of PKM2 detected at the promoters of
B-catenin target genes decreased significantly over the time
course of metabolic stress. In HepG2 SIRT6kd cells elevated
levels of PKM2 were detected at the promoters of f-catenin
target genes over the time course of metabolic stress. In HepG2
SIRT6/PKM?2 double-knockdown cells no significant levels of
PKM2 could be detected at the promoters of p-catenin target
genes over the time course of metabolic stress (Fig. SE). To
examine the potential role of SIRT6 in epigenetic regulation of
fB-catenin target genes, we performed a ChIP assay to determine
the presence of SIRT6 at the p-catenin target promoters (Fig.
S5A4). No significant levels of SIRT6 could be detected at the
B-catenin target promoters over the time course of metabolic
stress. Because SIRT6 is not recruited to p-catenin target pro-
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moters, H3K9ac and H3K56ac levels at those promoters were
not affected over the time course of metabolic stress (Fig. S5
B and C). Thus we concluded that SIRT6-mediated PKM2
deacetylation upon metabolic stress inhibits PKM2-§-catenin
interaction, thereby suppressing PKM2 coactivator functions.

SIRT6 Suppresses PKM2 Oncogenic Functions. Because PKM2 nu-
clear localization is intricately linked to its oncogenic functions,
we next determined the effect of SIRT6-mediated PKM?2
deacetylation on cell proliferation and transformation. We ob-
served that cell proliferation in the presence of wild-type SIRT6
was reduced significantly compared with proliferation in the pres-
ence of the SIRT6 mutant (SIRT6'*3Y). However, the cell pro-
liferation was markedly higher upon ectopic expression of SIRT6
along with constitutively nuclear PKM2 mutant (PKM2543Q) than
upon ectopic expression of SIRT6 along with the constitutively
cytosolic PKM2 mutant (PKM2X**®)Furthermore, cell pro-
liferation upon ectopic expression of PKM2X4¥3? was lower in the
presence of SIRT6 than in the absence of SIRT6 (Fig. 64 and Fig.
S64). Similar results were obtained in H1299 cells (Fig. S2D). We
also examined the metabolic changes in these cells. Glucose
uptake and lactate production were greatly reduced in cells
expressing SIRT6 compared with cells expressing SIRT6™'33Y
(Fig. 6 B and C). Furthermore glucose uptake and lactate pro-
duction were much higher in cells expressing SIRT6 along
with PKM2X*3Q than in cells expressing SIRT6 along with
PKM2%*3R " Glucose uptake and lactate production in cells
expressing PKM2%433Q were lower in the presence of SIRT6
than in the absence of SIRT6. Thus our results suggest that
SIRT6-mediated PKM2 deacetylation and subsequent nuclear
export suppress the proliferative advantage of cancer cells. To
investigate further, we also examined the effect on the malignant
phenotype of these cells. We observed that the migration po-
tential and invasiveness of the cells was notably reduced upon
ectopic expression of SIRT6, but there was no significant change
when SIRT6™'¥Y was ectopically expressed (Fig. 6 D and E).
Moreover, migration potential and invasiveness were much
higher in cells expressing SIRT6 along with PKM2%%3Q than in
cells expressing SIRT6 along with PKM2%***R and were lower
upon ectopic expression of PKM2¥**3? in the presence of SIRT6
than in cells expressing PKM2X**? in the absence of SIRT6.
Similar results were obtained in H1299 cells (Fig. S2 E and F).
These results suggest that SIRT6-mediated PKM2 deacetylation
plays a key role in suppressing malignant transformation. Moreover,
the lower oncogenic potential of the constitutively nuclear
PKM254¥Q mutant in the presence of SIRT6 than in the absence of
SIRT6 demonstrates PKM2-independent SIRT6 antiproliferative
functions.

Nuclear Export of PKM2 Is a Key Component of SIRT6 Tumor-Suppressor
Functions. To examine the role of PKM2 in SIRT6-mediated tumor
suppression, we examined the tumorigenicity of cells expressing
wild-type SIRTS, SIRT6'™33Y, PKM25**Q, and SIRT6 along with
PKM2K4339 or PKM2K433R | Cells expressing SIRT6"'**Y formed
significantly larger tumors than cells expressing SIRT6 (Fig. 7 4
and B and Fig. S6B). Additionally, cells expressing SIRT6 along
with PKM25439 formed much larger tumors than cells expressing
SIRT6 along with PKM2%4¥3R Furthermore, cells expressing
PKM254339 along with SIRT6 formed smaller tumors than cells
expressing PKM254339 in the absence of SIRT6. These results
suggest that SIRT6-mediated PKM2 deacetylation is critical
for SIRT6 tumor-suppressor functions and also demonstrate
PKM2-independent SIRT6 tumor-suppressor functions.

To investigate further, we examined the metastatic potential of
these cells in an orthotopic liver tumor model. Significantly
larger orthotopic tumors were formed by cells expressing SIRT6
along with PKM2%**© than by cells expressing SIRT6 alone
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Fig. 5. SIRT6 abrogates PKM2—p-catenin interaction. (A and B) HepG2 control (HepG2) and SIRT6kd (HepG2 SIRT6kd) cells were subjected to glucose star-

vation for the indicated periods. Nuclear extracts were subjected to immunoprecipitation using anti-PKM2 antibody (A) or anti-p-catenin antibody (B), and
Western blotting was performed for the indicated proteins. (C) HepG2 control (HepG2), SIRT6kd knockdown (HepG2 SIRT6kd), and SIRT6/PKM2 double-
knockdown (HepG2 SIRT6kd/PKM2kd) cells were subjected to glucose starvation for the indicated periods. Relative mRNA levels were analyzed by RT-gPCR for
the indicated genes. Error bars represent means + SD of three independent experiments with triplicate samples. (D) HepG2 control (HepG2), SIRT6kd (HepG2
SIRT6kd), and SIRT6/PKM2 double-knockdown (HepG2 SIRT6kd/PKM2kd) cells were subjected to glucose starvation for the indicated periods. A ChIP assay
then was performed with control IgG or p-catenin antibody. Error bars represent means + SD of three independent experiments with triplicate samples.
(E) Part of the chromatin immunoprecipitated with p-catenin antibody in D was again subjected to ChIP using control IgG or PKM2 antibody. Error bars are

means + SD of three independent experiments with triplicate samples.

(Fig. 7 C and D). Moreover, mice expressing SIRT6 along with
PKM2%43Q also developed numerous metastatic nodules in
lungs and pancreas (Fig. 7 C and E). Further corroborating this
result, in the presence of PKM2X%3? the primary orthotopic
tumors exhibited reduced levels of the epithelial marker E-cadherin
and elevated levels of mesenchymal markers, including N-cadherin
and fibronectin, indicating that these tumors have an increased
propensity to metastasize (Fig. 7F). Taken together, these results
indicate that SIRT6-mediated PKM2 deacetylation and its nuclear
export play a critical role in SIRT6 tumor-suppressor functions.
Because previous studies report an association of SIRT6 with
hepatocellular carcinoma (8, 9), we examined the levels of SIRT6
and acetylated K433-PKM2 in different grades of hepatocellular
carcinoma. Reduced levels of SIRT6 were observed in hepato-
cellular carcinoma tissue sections compared with matched normal
adjacent tissue sections. Conversely, high levels of AcK433-PKM2
were observed in hepatocellular carcinoma tissue sections com-
pared with matched normal adjacent tissue sections (Fig. 7G).
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Further analysis revealed that SIRT6 levels decline (Fig. S6C)
and AcK433-PKM2 levels increase (Fig. S6D) with increasing
tumor grade. Correlation analysis revealed a significant inverse
correlation between SIRT6 and AcK433-PKM2 (Fig. S6E).
These results highlight the role of SIRT6 deacetylase activity in
its tumor-suppressor functions in hepatocellular carcinoma.

Discussion

SIRT6 belongs to the sirtuin family of deacetylases. SIRT6 is
known to deacetylate H3K9 and H3K56 to regulate the expres-
sion of diverse genes involved in metabolism, aging, and tu-
morigenesis (3, 4, 7). However, not much is known about the
nonhistone substrate repertoire of SIRT6, because only two such
substrates have been identified so far. The first nonhistone
substrate to be identified was CtIP (5). SIRT6-mediated CtIP
deacetylation promotes DNA end resection, a key step in the repair
of DNA double-strand breaks by homologous recombination.
SIRT6 also deacetylates GCNS, enhancing its acetyltransferase
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Fig. 6. SIRT6 suppresses PKM2-dependent cell proliferation and malignant
phenotype. (A) HepG2 SIRT6kd cells (gray bars) or SIRT6/PKM2 double-
knockdown cells (blue bars) were stably transfected (pooled hygromycin-
resistant population) with a dual expression plasmid encoding FLAG-tagged
wild-type SIRT6, FLAG-tagged SIRT6"33Y, PKM2X433Q, and FLAG-tagged
wild-type SIRT6 along with PKM2K*33Q or PKM2K*33R a5 indicated. HepG2
SIRT6kd or SIRT6/PKM2 double-knockdown cells stably transfected with
empty vector served as control. The cells were harvested and counted at the
indicated time points. Error bars represent means + SD of three independent
experiments with duplicate samples. (B) The glucose uptake of the cells in A
was measured. Error bars represent means + SD of three independent ex-
periments with duplicate samples. (C) The lactate production of the cells in A
was measured. Error bars represent means + SD of three independent ex-
periments with duplicate samples. (D) The migration potential of the cells in
A was measured as the percentage of cells migrating to the bottom cham-
ber. Error bars represent means + SD of three independent experiments with
triplicate samples. (E) In vitro invasion of the cells in A was measured as the
percentage of cells migrating to the bottom chamber. Error bars represent
means + SD of three independent experiments with duplicate samples.

activity. Thus, GCNS5 acetylates PGC-1a [peroxisome proliferator-
activated receptor (PPARY) coactivator 1] and attenuates the
PGC-la-mediated gluconeogenic transcriptional program (24).
Here we report the characterization of PKM2 as an SIRT6
substrate. SIRT6-mediated PKM2 deacetylation triggers PKM2
nuclear export, and hence its oncogenic functions as a nuclear
protein kinase and transcriptional coactivator are suppressed.
Thus our findings highlight the key role of deacetylase activity in
SIRT6 tumor-suppressor functions and add to its repertoire of
nonhistone substrates.

Unlike other pyruvate kinase isoforms, which exist in cells as
tetramers, PKM?2 exists in cells as both a tetramer and a dimer
(25). The tetrameric form has significantly higher affinity for the
substrate phosphoenolpyruvate, and hence under physiological
conditions the tetrameric form is highly active, whereas the di-
meric form is almost inactive. However, the PKM2 dimeric form
is beneficial for tumor cells via two different mechanisms. First,
dimeric PKM2, being catalytically inactive, allows the cells to
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accumulate the glycolytic intermediates required for macromol-
ecule biosynthesis to support increased cell proliferation (25).
Second, dimeric PKM2 can undergo translocation to nucleus,
where it functions as a protein kinase and transcriptional coac-
tivator and promotes proliferation and tumorigenesis (26). Our
findings suggest that localization of PKM2 to the nucleus is the
dominant of the two mechanisms, because the constitutively
nuclear PKM2 mutant (PKM2%4*3?) was able to promote cell
proliferation even in the presence of SIRT6, but the constitu-
tively cytosolic PKM2 mutant (PKM2%***®) had no significant
effect on cell proliferation. PKM2X4*3? also promotes migration
potential and invasiveness, but PKM2X***® had no such effect.
Thus our results suggest that the nuclear functions of PKM2 in
regulating transcription play a more significant role in promoting
cell proliferation and tumorigenesis than its cytosolic functions in
promoting anabolic metabolism.

PKM2 undergoes diverse posttranslational modifications,
some of which have been reported to regulate PKM?2 nuclear
localization. SUMO-E3 ligase PIAS3 has been shown to sumoylate
PKM2, and both partially colocalize in the nucleus upon transient
overexpression (27). However, the pertinence of this modification
and its role in PKM2 nuclear localization under physiological
conditions are yet to be established. ERK2 has been reported to
phosphorylate PKM2 at the Ser37 residue in glioblastoma cells
in response to mitogenic signals (28). This phosphorylation
promotes PKM2 nuclear localization. Interestingly, ERK2 does
not phosphorylate the same site in PKM1. Moreover, no role for
this modification has been observed in the regulation of PKM2
nuclear localization under stress conditions. p300 has been
reported to acetylate PKM2 at the Lys433 residue in response to
oncogenic and mitogenic stimulation in diverse cell types (19).
This site is unique to PKM?2, and acetylation at this site promotes
PKM2 nuclear localization and hence its oncogenic functions as
a nuclear protein kinase. Furthermore, K433 acetylation is down-
regulated under starvation conditions. Here we report that under
starvation conditions SIRT6 deacetylates PKM2 at the K433
residue. K433 deacetylation triggers nuclear export of PKM2. A
deacetylase-dead SIRT6 mutant had no effect on PKM2 nuclear
localization. Previous studies further suggest that PKM2 exists
predominantly in a tetrameric form, which is cytosolic, whereas
the nuclear fraction is completely dimeric (17, 19). The tetramer-
to-dimer conversion and PKM2 nuclear import are determined
by p300-mediated K433 acetylation (19). The mechanistic details
underlying p300-mediated PKM2 acetylation and the factors
involved in acetylated PKM2 nuclear import are not well un-
derstood. Because PKM2 nuclear import is determined by p300-
mediated acetylation, nuclear export is suppressed in the absence
of SIRT6, but the import process is not augmented. Thus, there
is an increase in the PKM2 nuclear fraction in absence of SIRT6,
but PKM2 does not become completely nuclear. We further
delineated the PKM?2 nuclear export mechanism and identified
XPO4 as the specific transporter involved in the process. XPO4
is a member of the importin p superfamily and has been reported
previously to mediate nuclear export of the eukaryotic trans-
lation initiation factor SA (eIF-5A) and Smad3 (29, 30). Thus our
findings demonstrate a unique mechanism of deacetylation-de-
pendent PKM2 nuclear export. Furthermore, our results indicate
that acetylated PKM2 exhibits robust protein kinase activity,
whereas the unacetylated form exhibits weak protein kinase ac-
tivity (Fig. S74). This observation is in accord with previous
studies that have reported that unacetylated PKM2 exists as a
tetramer, is cytosolic, and exhibits poor protein kinase activity,
whereas acetylated PKM2 exists as a dimer, is completely nuclear,
and is a robust protein kinase (17, 19). Thus, acetylation also is a
key determinant of PKM2 protein kinase activity.

Several previous studies indicate that SIRT6 has tumor-sup-
pressor functions, whereas PKM2 has been reported to promote
cell proliferation and tumorigenesis. Based on our characterization
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Fig. 7. PKM2 deacetylation is integral to SIRT6 tumor-suppressor functions. (A and B) HepG2 SIRT6kd cells (dashed lines) or SIRT6/PKM2 double-knockdown
cells (solid lines) were stably transfected (pooled hygromycin-resistant population) with a dual expression plasmid encoding FLAG-tagged wild-type SIRTS,
FLAG-tagged SIRT6"133Y, PKM2X433Q, and FLAG-tagged wild-type SIRT6 along with PKM2433Q or PKM2X433R 35 indicated. These cells were s.c. injected into the
right flank of nude mice. HepG2 SIRT6kd or SIRT6/PKM2 double-knockdown cells stably transfected with empty vector were used as control. (A) Tumor
volume was measured on the indicated days. The data shown are representative of three independent experiments (n = 5 mice per group). Error bars
represent means + SD from five individual mice. (B) At the end of 30 d, tumors were excised and weighed. The data shown are representative of three
independent experiments (n = 5 mice per group). Error bars represent means + SD from five individual mice. (C) HepG2-““? cells were stably transfected
(pooled hygromycin-resistant population) with a dual expression plasmid encoding wild-type SIRT6 and wild-type SIRT6 along with PKM2K4*3Q, HepG2:4<?
cells stably transfected with empty vector were used as control. These cells were injected into the liver of nude mice. Bioluminescence imaging was performed
weekly; representative images are shown. The data shown are representative of three independent experiments using five individual mice per group.
(D) Bioluminescence quantification of the cells in C was performed at the indicated time points. The data shown are representative of three independent
experiments (n = 5 mice per group). Error bars represent means + SD from five individual mice. (E) At the end of 4 wk, lungs and pancreas were collected from
the mice orthotopically implanted with cells expressing wild-type SIRT6 along with PKM2%433Q as shown in C, and ex vivo imaging was performed to examine
spontaneous metastases in lungs (Left) and pancreas (Right). The data shown are representative of three independent experiments using five individual mice
per group. (F) At the end of 4 wk, lysates of primary orthotopic tumors obtained in C were analyzed by immunoblotting for the indicated proteins. The data
shown are representative of three independent experiments. (G) Representative images of immunostaining of SIRT6 and AcK433-PKM2 in different grades of
human liver carcinoma (HCC) and matched normal adjacent tissue (NAT) sections. DAPI was used to counter stain nucleus.
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of PKM2 as an SIRT6 deacetylase substrate, we examined the
role of deacetylase activity in SIRT6 tumor-suppressor functions.
Our studies in mouse tumor models revealed that deacetylase
activity is critical for SIRT6 tumor-suppressor functions. We also
observed that elevated nuclear PKM2 levels promote metastasis,
which is abrogated by SIRT6-mediated deacetylation. This finding
was corroborated further by our analysis of hepatocellular carci-
noma samples, which revealed that SIRT6 levels decline with
increasing grades of human liver carcinoma, but nuclear AcK433-
PKM?2 levels are elevated. In conclusion, our results establish
PKM2 as a bona fide SIRT6 deacetylase substrate. SIRT6
deacetylates PKM2 at the K433 residue to trigger its nuclear
export, thereby suppressing its oncogenic functions. Thus, our
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findings provide key mechanistic insights into the SIRT6 tumor-
suppressor functions.

Experimental Procedures

GST Pull-Down Assay. Cells were lysed in lysis buffer 20 mM Tris-HCI (pH 7.4),
5 mM EDTA, 10 mM NasP,07, 100 mM NaF, 2 mM NasVO,, 1% (vol/vol)
Nonidet P-40, 1 mM PMSF, 1x Protease inhibitor mixture (Roche)]. Cell ex-
tract (500 pg) pretreated with micrococcal nuclease (MNase) as described (31)
was subjected to GST pull down using glutathione-agarose following the
manufacturer’s protocol (Santa Cruz). Subsequent immunoblots were
performed as described in S/ Experimental Procedures. For the in vitro GST
pull-down assay GST, GST-SIRT6, and His-PKM2 were expressed and puri-
fied from Escherichia coli BL21. GST pull down then was carried out as
described above.
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Immunofluorescence. Cells were fixed with a 4% (wt/vol) paraformaldehyde-
PBS solution and permeabilized with 0.2% (vol/vol) Triton X-100 and 0.1%
(vol/vol) Tween-20 in PBS. Cells then were blocked with 10% (vol/vol) FBS
and incubated at 4 °C overnight. Primary antibody (1:200) and secondary
antibody (1:500) were diluted in 0.1% (vol/vol) Tween-20 in PBS and in-
cubated at room temperature for 1 h each. The slides were counterstained
with DAPI. The slides were imaged using a Zeiss confocal microscope, and
images were analyzed with Zeiss LSM software. The antibodies used were
PKM2 (Santa Cruz) and anti-mouse Alexa Fluor 555 (Molecular Probes).

In Vitro Deacetylation Assay. Recombinant human SIRT6 (4.5 pg) (Sigma
Aldrich) was incubated with 1 pg acetylated PKM2 peptide (Sigma Aldrich) in
reaction conditions as previously described (1). The reaction mixture was
run on an API QSTAR Pulsar | LC/MS/MS System (Applied Biosystems), and
the data were analyzed by Analyst QS software. Acetylated PKM2 pep-
tide sequences used in the assay were AcK62: SVETL(ACK)EMIK; AcK305:
GDLGIEIPAE(AcK)VFLAQK; and AcK433: CIVLT(AcK)SGRSAHQ.

Glucose Uptake and Lactate Production. Glucose uptake was measured using
the Glucose Uptake Colorimetric Assay Kit (BioVision) according to the
manufacturer’s instructions. Lactate production was measured using Lactate
Colorimetric Assay Kit Il (BioVision). Glucose uptake and lactate production
were normalized to cell number.

Proliferation Assay. Cells were plated in triplicate in 12-well plates. At the
indicated time points, cells were trypsinized, and the cell suspension was
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prepared. Equal volumes of the 0.4% (wt/vol) trypan blue solution and the
cell suspension were mixed thoroughly, and unstained healthy cells were
counted using a hemocytometer.

Transwell Migration Assay. Cell migration was measured using the Cultrex cell
migration assay (Trevigen). Briefly, cells were plated in the upper chamber of
a 24-well Transwell plate. The lower chamber contained DMEM medium with
10% (vol/vol) FBS. After 24 h, the cells were collected in a cell-dissociation
solution containing 1 pM of Calcein-AM. Percentages of migrated cells were
calculated from the standard curve established for respective cell lines.

Transwell Invasion Assay. Cell invasion through basement membranes was
assayed using the CultreCoat BME-coated cell invasion assay (Trevigen). Initial
rehydration of the membranes was performed, followed by the methods
described in the migration assay.

Animal Experiments. All animal protocols were approved by the Institutional
Animal Care and Use Committee of National Institute of Immunology, New
Delhi. For further details, please refer to S/ Experimental Procedures.
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