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In mammalian cells, tumor suppressor p53 plays critical roles in the
regulation of glucose metabolism, including glycolysis and oxida-
tive phosphorylation, but whether and how p53 also regulates
gluconeogenesis is less clear. Here, we report that p53 efficiently
down-regulates the expression of phosphoenolpyruvate carboxy-
kinase (PCK1) and glucose-6-phosphatase (G6PC), which encode
rate-limiting enzymes in gluconeogenesis. Cell-based assays dem-
onstrate the p53-dependent nuclear exclusion of forkhead box
protein O1 (FoxO1), a key transcription factor that mediates acti-
vation of PCK1 and G6PC, with consequent alleviation of FoxO1-
dependent gluconeogenesis. Further mechanistic studies show
that p53 directly activates expression of the NAD*-dependent his-
tone deacetylase sirtuin 6 (SIRT6), whose interaction with FoxO1
leads to FoxO1 deacetylation and export to the cytoplasm. In sup-
port of these observations, p53-mediated FoxO1 nuclear exclusion,
down-regulation of PCK7 and G6PC expression, and regulation of
glucose levels were confirmed in C57BL/J6 mice and in liver-spe-
cific Sirt6 conditional knockout mice. Our results provide insights
into mechanisms of metabolism-related p53 functions that may be
relevant to tumor suppression.

s the “guardian of the genome,” tumor suppressor p53 has
been reported to coordinate diverse cellular responses to
a broad range of environment stresses (1) and to play antineo-
plastic roles by activating downstream target genes involved in
DNA damage repair, apoptosis, and cell-cycle arrest (2). Recent
studies have indicated broader roles for p53 in mediating met-
abolic changes in cells under various physiological and patho-
logical conditions (3-7). For example, p53 was reported to
influence the balance between glycolysis and oxidative phos-
phorylation by inducing the p53-induced glycolysis and apoptosis
regulator (TIGAR) and by regulating the synthesis of cyto-
chrome ¢ oxidase 2 (SCO2) (3), respectively, thus promoting the
switch from glycolysis to oxidative phosphorylation. p53 also may
impede metabolism by reducing glucose import (4) or by inhib-
iting the pentose phosphate pathway (PPP) (5). More recently,
context-dependent inhibitory (6) or stimulatory (7, 8) effects of p53
on gluconeogenesis have been reported. It thus is clear that p53
plays important roles in glucose regulation in mammalian cells.
Glucose homeostasis is maintained by a delicate balance be-
tween intestinal absorption of sugar, gluconeogenesis, and the
utilization of glucose by the peripheral tissues, irrespective of
feeding or fasting (9). The gluconeogenesis pathway is catalyzed
by several key enzymes that include the first and last rate-limiting
enzymes of the process, phosphoenolpyruvate carboxykinase
(PCK1) and glucose-6-phosphatase (G6PC), respectively. The
expression of both PCK1 and G6PC is controlled mainly at the
transcription level. For example, the transcription factor forkhead
box protein O1 (FoxO1) activates gluconeogenesis through direct
binding to the promoters of G6PC and PCKI (10). Related,
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a dominant negative FoxO1 lacking its transactivation domain
significantly decreases gluconeogenesis (11) whereas FoxOl
ablation impairs fasting- and cAMP-induced PCKI and G6PC
expression (12). Therefore, factors influencing expression of
FoxOl1 or its binding activity to the PCKI and G6PC promoters are
potential targets for gluconeogenesis regulation.

The transcription activity of FoxO family members is regulated
by a sophisticated signaling network. Various environmental
stimuli cause different posttranslational modifications of FoxO
proteins, including phosphorylation, acetylation, ubiquitination,
and methylation (13-15). The phosphorylation of FoxO proteins
is known to be essential for their shuttling between the nucleus
and cytoplasm. For example, kinase Akt/PKB phosphorylates
FoxO1 at threonine 24 and at serines 256 and 319, which in turn
leads to 14-3-3 binding and subsequent cytoplasmic sequestra-
tion. The acetylation of FoxO proteins also affects their traf-
ficking and DNA-binding activities (15-17). Sirtuin (SIRT)1,
a homolog of the yeast silent information regulator-2 (Sir2), has
been identified as a deacetylase for FoxO proteins (15, 17, 18).
Of the seven mammalian sirtuins, SIRT1, SIRT6, and SIRT7 are
localized to the nucleus (19), and SIRT6 was recently reported to
act as a central player in regulating the DNA damage response,
glucose metabolism, and aging (20-26). Using a knockout mouse
model, it was found that SIRT6 functions as a corepressor of the
transcription factor Hifla to suppress glucose uptake and glycolysis
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(23). In addition, SIRT6-deficient mice suffer from a variety of
degenerative syndromes at ~4 wk of age (25). These studies
reveal essential roles for SIRT6 in the regulation of glucose and
lipid homeostasis.

Here, we confirm an important role for p53 in the control of
glucose levels through its suppression of gluconeogenesis and
establish the underlying mechanism. Thus, in cell-based assays,
pS3 transcriptionally activates expression of SIRT6, which spe-
cifically interacts with FoxO1 to promote its deacetylation and
nuclear exclusion and, consequently, loss of FoxO1-induced glu-
coneogenesis. This p53-modulated glucose decrease is blocked
in conditional liver Sirt6 knockout mice during fasting. To our
knowledge, our data are the first demonstration that p53 plays an
indispensable role in modulating gluconeogenesis through SIRT6-
mediated FoxO1 nuclear exclusion.

Results

p53 Transcriptionally Down-Regulates Expression of the Gluconeogenic
Genes G6PC and PCK1. A potential effect of p5S3 on gluconeogenesis
was evaluated by pyruvate tolerance test (PTT) after fasting in pS3
wild-type (pS3WT) or p53 knockout (p53KO) mice (C5S7BL/6J).
As shown in Fig. 14, compared with pS3WT mice, pS3KO mice
were more efficient in restoring blood glucose levels. In a further
analysis, human hepatic cancer HEPG2 cells (with wild-type p53)
and human colon cancer HCT116(™7) cells (which lack p53) were
transfected with either a plasmid expressing wild-type p53 (pS3WT)
or an empty plasmid. As shown in Fig. 1B and Fig. S14, time-
dependent decreases in G6PC and PCKI mRNA expression
[monitored by quantitative PCR (qPCR)] were observed in re-
sponse to ectopic p53 expression in both cell lines. The role of p53
in regulating expression of G6PC and PCKI was confirmed by
luciferase reporter assays (Fig. S1B). We next investigated whether
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Fig. 1. p53 transcriptionally down-regulates expression of the gluconeo-

genic genes G6PC and PCK1. (A) Pyruvate tolerance tests in normal C57BL/6J
mice and p53 knockout mice. Twelve mice were separated into two groups,
with six mice per group. Blood glucose concentration of mice was measured
at 22 h after fasting. (B) Ectopic p53-induced G6PC and PCK1 expression in
HCT116“7? cells. Cells were transfected with either an empty plasmid as
control (hereafter all transfected empty plasmids serve as controls) or a
p53WT-expressing plasmid, and mRNA was analyzed by qPCR at 12 h, 24 h,
or 36 h after transfection. mRNA levels of the control sample were set as 1,
and relative mRNA levels of the other samples were normalized to this
control. (C) Ectopic mutant p53-induced G6PC and PCK1 expression in
HCT116“" cells. Cells were transfected with an empty plasmid or with
plasmids expressing p53WT, p53(175RH), or p53(ATA). Relative mRNA ex-
pression levels were measured by qPCR at 36 h. (D) Ectopic p53-induced
binding of FoxO1 to G6PC and PCK1 promoters in HCT1167 cells. A qChIP
analysis was performed at 36 h after transfection with empty plasmid or
plasmid expressing p53WT. The relative recovery of protein binding to the
promoters in cells with empty plasmid was set as 1, and the relative recov-
eries of the other samples were normalized to this control. All experiments
were repeated at least three times. The data are shown as the mean + SD,
with *P < 0.05, **P < 0.01, and ***P < 0.001.
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the p53-induced inhibition of PCK1 and G6PC expression might be
mediated by direct promoter binding using a chromatin immuno-
precipitation (ChIP) assay. We did not observe any significant p53
binding or any consensus p53 binding sites in the promoter regions
(within 1-2 kb of the transcriptional start site) of these genes, in-
dicating that p53 may act indirectly through other genes/factors to
down-regulate expression of G6PC and PCK].

To assess whether p53 transcription activity is required for the
down-regulation of G6PC and PCKI, the functional assays were
repeated with p53 mutants that lack either the transactivation
domain [p53(ATA)] or the ability to bind DNA [p53(175RH)]
(27). Unlike pS3WT, none of these p53 mutants decreased ex-
pression of G6PC or PCKI (Fig. 1C and Fig. S1C), suggesting
that p53 transcription activity is indispensable for the down-
regulation of gluconeogenic G6PC and PCKI in both HCT116
and HEPG?2 cells.

Next, we sought to determine whether p53 regulates gluco-
neogenesis indirectly through effects on the expression or the
promoter-binding activity of FoxO1, HNF4, or CREB, which
bind to the G6PC and PCKI promoters. As shown in Fig. S1D,
expression of ectopic p53 did not decrease the mRNA expression
levels (monitored by qPCR) of FoxO1, HNF4, or CREB. In-
terestingly, however, a ChIP analysis revealed that overex-
pression of p53 significantly decreased binding of FoxO1, but
not HNF4 or CREB, to the G6PC and PCKI promoters (Fig. 1D
and Fig. S1E). These results indicate that p53 may inhibit glu-
coneogenesis by influencing the capacity of FoxO1 to bind the
G6PC and PCKI promoters.

Activation of p53 Promotes the Translocation of FoxO1 from the
Nucleus to the Cytoplasm. To investigate a potential connection
between FoxOl levels and p353, HCT116**) (with wild-type
p53) and HCT116 cell lines were exposed to adriamycin to
activate p53. As shown in Fig. 2 4 and B, the endogenous levels
of nuclear FoxO1 were selectively decreased in HCT116(*/*)
cells relative to HCT116”™) cells in response to adriamycin,
which was negatively correlated with the p53 levels. To further
confirm the role of p53 in the reduction of nuclear FoxO1 levels,
HCT116""7) cells were transfected with a plasmid expressing
p53. As shown in Fig. 2C, nuclear FoxO1 levels were significantly
decreased in the p53-transfected HCT116"™) cells and nega-
tively correlated with the p53 expression levels (Fig. 2D). In
addition, as shown in Fig. 2 E and F, this decrease in the nuclear
FoxO1 level was associated with a concomitant increase in the
cytoplasmic FoxOl1 level. Moreover, adriamycin-mediated acti-
vation of p53 in HCT116*%) cells also led to a decrease in nu-
clear FoxO1 and a concomitant increase in cytoplasmic FoxO1
(Fig. S24). To further validate this result, HCT116(~~) and
HCT116"%) cells were separately transfected with a flag-tagged
FoxO1-expressing plasmid and then treated with adriamycin. As
shown in Fig. 2 G and H, ectopic flag-FoxO1 was expressed at
a higher level in the nucleus than in the cytoplasm in both cell
lines in the absence of adriamycin. Notably, however, treatment
with adriamycin led to increased cytoplasmic and decreased
nuclear flag-FoxO1 in HCT116*"*) cells, which correlated with
increased p53 expression, but no changes in the levels of cyto-
plasmic and nuclear flag-FoxO1 in HCT116~/7) cells.

To verify that the pS3-induced translocation of FoxO1 from
the nucleus to the cytoplasm was not caused by the degradation
of nuclear FoxOl1, leptomycin B (LMB), a potent and specific
nuclear export inhibitor, was used after ectopic expression of
p53 in HCT1167) cells or after treatment of HCT116®+)
cells with adriamycin. In each case the p53-dependent re-
duction of FoxO1 in the nucleus was almost reversed when
LMB was added (Fig. S2B); and, correspondingly, adriamycin
did not induce changes in the cytoplasmic FoxO1 level in the
presence of LMB (Fig. S2C). In further analyses, and before
adriamycin treatment, HCT116*/*) cells were transfected ei-
ther with a plasmid expressing flag-tagged FoxO1l or with
a plasmid expressing a flag-tagged mutant [flag-FoxO1(3A)]
that is unable to translocate to the cytoplasm (28). As expected,
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Fig. 2. Activation of p53 promotes translocation of FoxO1 from the nucleus
to the cytoplasm. (A) Adriamycin-induced expression of FoxO1 and FoxO3
proteins in HCT116* and HCT116" cells. Nuclear extracts were subjected
to immunoblotting with indicated antibodies at 12 h after treatment with
indicated concentrations of adriamycin. HDAC1 was used as a loading con-
trol. (B) Quantitation of FoxO1 and p53 expression levels. Immunoblots in A
were scanned and normalized to HDACT. (C) Ectopic p53-induced expression
of nuclear FoxO1 and FoxO3 in HCT116~ cells. Cells were transfected with
an empty plasmid or a plasmid expressing p53, and nuclear extracts were
analyzed by immunoblotting with indicated antibodies. (D) Quantitation of
FoxO1 and p53 expression levels. Immunoblots in C were scanned and nor-
malized to HDAC1. (E) Nuclear versus cytoplasmic localization of FoxO1 and
FoxO3 following ectopic p53 expression in HCT116/) cells. Subcellular
fractions were analyzed by immunoblotting at 24 h or 36 h after transfection
with an empty plasmid or a plasmid expressing p53 in the presence of
MG132 (2 pM, for 12 h). (F) Quantitation of relative levels of cytoplasmic and
nuclear FoxO1. Immunoblots in E were scanned and normalized to HDAC1.
(G) p53 induction-dependent redistribution of ectopic FoxO1 in HCT116¢/+
and HCT116/7 cells. Cells were transfected with flag-tagged FoxO1 in the
presence or absence of adriamycin (1 pM, for 12 h before harvest, and the
same for below). At 36 h posttransfection, cytoplasmic and nuclear lysates
were subjected to immunoblotting with antibodies indicated on the right.
PCAF and tubulin were used as loading controls for nuclear and cytosolic
proteins, respectively. (H) Quantitation of relative amounts of cytoplasmic
and nuclear flag-FoxO1. Immunoblots in G were scanned and normalized to
either PCAF or tubulin. All data above are shown as the mean + SD, n = 3.
*P < 0.05, **P < 0.01, and ***P < 0.001.

flag-FoxO1 exhibited a visible shuttling from the nucleus to the
cytoplasm in the presence of adriamycin whereas flag-FoxO1
(3A) did not (Fig. S2D).

In confirmation of the p53-induced nuclear export of FoxO1
as a general phenomenon, similar results were observed when
HEPG?2 cells and murine embryonic fibroblasts (MEFs) were
analyzed under the same conditions (Fig. S2 E and F). Finally,
we investigated whether nuclear FoxO1 exclusion occurred in a
p53 transcription-dependent manner by transfection of HCT116)
cells with plasmids that express either p53 or p53 mutants. Unlike
p53, the transcription-defective p53(175RH) and p53(ATA) mu-
tants did not promote the nuclear exclusion of FoxO1 (Fig. S2G).
Altogether, these results suggest that pS3 induces the translocation
of FoxO1 from the nucleus to the cytoplasm in a transcription-
dependent manner.
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The Deacetylation of Fox01 Is a Prerequisite for Its Translocation. To
determine the mechanism of p53-induced FoxO1 nuclear/cy-
toplasmic shuttling, we performed an immunoprecipitation (IP)
assay to score possible changes in the phosphorylation, acetylation,
and ubiquitination status of nuclear FoxO1 in HCT116®/*) cells in
response to adriamycin treatment. Although we did not observe
obvious changes in pan-phosphorylation or ubiquitination of
FoxOl in these cell lines, the exogenous nuclear FoxOl1
exhibited a significant decrease in acetylation when HCT116(+
cells, but not HCT116™'7 cells, were exposed to adriamycin
(Fig. 3 A and B). In confirmation of this result, the levels of en-
dogenous acetylated FoxO1 were significantly decreased when
p53 was ectopically expressed either in HCT116~) or HCT116®%)
cells (Fig. 3 C and D) or in HEPG2 cells (Fig. S3A).

In addition, neither p53(175RH) nor p53(ATA) had such an
effect on the deacetylation of nuclear FoxO1 (Fig. 3 E and F),
indicating that p53 transcriptional activity is required for FoxO1
deacetylation. To determine whether histone deacetylases are
involved in the p53-modulated deacetylation of FoxOl1, effects of
the class I and I HDAC inhibitor trichostatin A (TSA) and the
sirtuin inhibitor nicotinamide (NA) were tested. Neither inhibitor
induced changes in the FoxO1 mRNA or protein levels (Fig.
S3B). However, both inhibitors were able to reverse the nuclear
exclusion of FoxOl in response to p53 activation or over-
expression (Fig. S3 C and D). Similar results were obtained in
HEPG?2 cells (Fig. S3E). Together, these data suggest that the
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Fig. 3. The deacetylation of FoxO1 is a prerequisite for its translocation. (A)
HCT116%" and (B) HCT116? cells were transfected with a flag-tagged
FoxO1 plasmid with or without adriamycin treatment (1 pM, for 12 h) in the
presence of LMB (0.5 ng/mL, for 6 h). At 36 h, nuclear proteins were immu-
noprecipitated with anti-flag antibody and probed with indicated antibodies.
(C) HCT116""" and (D) HCT116""? cells were transfected with an empty
plasmid or a plasmid expressing p53 in the presence of LMB (0.5 ng/mL, for
6 h). At 36 h, nuclear proteins were immunoprecipitated with anti-FoxO1
antibody and then probed with indicated antibodies. (£ and F) HCT116~ cells
were transfected with an empty plasmid, a plasmid expressing p53(175RH), or
a plasmid expressing p53(ATA), and, at 36 h, nuclear proteins were immuno-
precipitated with anti-FoxO1 antibody and probed with indicated antibodies.
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deacetylation of FoxOl is a critical posttranslational modification
that is necessary for its nuclear exclusion following p53 activation.

The Interplay Between Fox01 and Class Ill HDAC SIRT6 Promotes
Fox01 Nuclear Exclusion. To determine which HDAC(s) interacts
with FoxO1, nuclear extracts were subjected to Co-IP assays that
assessed possible interactions of FoxO1 with HDACI, SIRT1, or
SIRT6 (the main nuclear HDACs). The results in Fig. 4 4 and B
demonstrate an interaction of FoxO1 with SIRT1 and SIRT6, but
not with HDAC1, in HCT116”~) and HCT116®® cells. In view
of these results, a likely explanation for the observed inhibitory
effect of TSA on p53-induced FoxO1 nuclear exclusion (above) is
that we also observed an inhibitory effect of TSA on Class III
HDAC expression (Fig. S44). To provide additional evidence
consistent with the interaction between FoxO1 and either SIRT1
or SIRT6, GST-pull down assays were performed. As shown in
Fig. 4 C and D, SIRT1 and SIRT6 from both HCT116 cell lines
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Fig. 4. The interaction between FoxO1 and SIRT6 promotes FoxO1 nuclear
exclusion. (A and B) Analysis of endogenous FoxO1 interactions with SIRT1,
SIRT6, or HDAC1 in HCT116%") cells and HCT116""cells. Anti-FoxO1
immunoprecipitates of nuclear extracts were probed with the indicated
antibodies. (C and D) Analysis of recombinant FoxO1 interactions with SIRT1
and SIRT6 in the nuclear extracts of HCT116"/* and HCT116 7 cells. GST
pull-down assays with bound proteins probed with the indicated antibodies.
(E and F) Effects of SIRT6 knockdown on nuclear exclusion of FoxO1 fol-
lowing ectopic p53 expression in HCT116~ cells or adriamycin-induced p53
expression in HCT116%) cells. Nuclear extracts from CTR or SIRT6 RNAi-
treated cells were subjected to immunoblotting with the indicated anti-
bodies. (G and H) Effects of SIRT1 or HDAC1 knockdown on nuclear exclusion
of FoxO1 following ectopic p53 expression in HCT116%*) cells. Nuclear
extracts from CTR and SIRT1 RNAi- and HDAC1 RNAi-treated cells were
subjected to immunoblotting with the indicated antibodies.
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were both bound to GST-FoxO1 but not to GST alone. SIRT1
and SIRT6 from HEPG2 cells also bound to GST-FoxO1 and
could be immunoprecipitated with FoxO1 (Fig. S4B).

In subsequent studies, SIRT6 knockdown by RNAi almost
completely blocked the nuclear exclusion of FoxO1 by p53 fol-
lowing ectopic expression in HCT116('=) cells or induction by
adriamycin in HCT116%/%) cells (Fig. 4 E and F and Fig. S4 C
and D). An identical phenomenon was observed in HEPG2 cells
(Fig. S4E). In contrast, no alterations in p53-triggered FoxO1
shuttling was observed following RNAi-mediated knockdown of
either HDAC1 or SIRT1 in HCT116~/7) cells expressing ectopic
p53 (Fig. 4 G and H). In a further analysis, the ectopic expression
of flag-SIRT6 in HCT116"~) and HCT116*/*) cells resulted in
a dramatic decrease of the FoxOl level in the nucleus and a
corresponding increase in the FoxO1 level in the cytoplasm (Fig.
S4F). However, the enzymatically inactive SIRT6(133HY) failed
to facilitate the nuclear export of FoxO1 (Fig. S4G). Therefore,
SIRTG is a critical factor influencing the capacity of FoxO1 to
shuttle from the nucleus to the cytoplasm.

To identify the nuclear export fragment of FoxO1, plasmids
encoding flag-tagged FoxO1 and derived fragments were analyzed
for nuclear exclusion following p53 induction by adriamycin in
HCT116%%) cells (Fig. S4H). The persistence of p53-induced
FoxO1 export with FoxO1(1-537), but not with FoxO1(1-417),
raised the possibility that the region containing amino acids 417-
537 might harbor an acetylation site(s) necessary for SIRT6 in-
teraction. To test this possibility, the resident lysines at positions
423, 446, 463, and 516 were individually mutated to arginines in
FoxOl, and corresponding mutants were analyzed as above. Of
these mutants, only FoxO1(423KR) appeared to show a de-
ficiency in nuclear exclusion in response to adriamycin treatment
(Fig. S4I), thus indicating that lysine 423 of FoxO1 may be the
pS53-dependent SIRT6 deacetylation site.

p53 Activates SIRT6 Expression. The above data led us to ask
whether there is a direct interaction between SIRT6 and p53. As
a Co-IP assay failed to reveal any interaction between p53 and
SIRT6, we investigated a potential role for p53 in activating
SIRT6. An initial ChIP assay confirmed p53 binding to the SIRT6
promoter in both human and MEF cells (Fig. S54). A subsequent
qPCR analysis (Fig. S5B) revealed an adriamycin-induced increase
of SIRT6 mRNA that was greater in HCT116%"*) cells than in
HCT116™7) cells. Consistent with these results, SIRT6 protein
levels were also remarkably increased in HCT116/% cells but not
in HCT11677) cells (Fig. 5 4 and B). SIRTG6 protein levels were
also significantly increased in HCT116"" cells in response to
ectopic p53 expression (Fig. 5 C and D), further suggesting that
p53 activation is required for the increased SIRT6 expression. The
activation of SIRT6 expression by intact p53, but not by p53
(175RH) or p53(ATA), also indicates a requirement for p53
transcriptional activity (Fig. S5C). The induction of SIRT6 by
adriamycin treatment of HCT116("* cells and by ectopic p53
expression in HCT116(™7) cells was also accompanied by a signif-
icantly enhanced intracellular interaction between FoxO1l and
SIRT6 (Fig. 5 E and F and Fig. S5D). These data suggest that p53
activates the expression of SIRT6, which in turn leads to an ele-
vated association of SIRT6 with FoxO1.

p53 Acts in Concert with SIRT6 to Regulate Blood Glucose Levels of
Mice. We next sought to determine the role of p53 and SIRT6 in
suppressing glucose levels in mice. To this end, C57BL/6J mice
were injected with a recombinant p53-expressing adenovirus
(Ad-p53), leading to overexpression in liver (Fig. S6A), and
blood glucose levels were monitored by PTT assay after fasting.
Notably, mice expressing ectopic p53 were significantly less ef-
ficient than control mice in restoring blood glucose levels (Fig.
6A4); and the p53-induced inhibitory effects on blood glucose
levels were effectively prevented when the mice were coinjected
with a Sirt6-shRNA (Fig. 6B). In a related series of experiments,
ectopic p53 consistently prevented the recovery of blood glucose
levels induced by pyruvate (Fig. 6C); and this p53-induced
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Fig. 5. p53 activates SIRT6 expression. (A) Activation p53 is associated with
enhanced SIRT6 expression. Cell lysates of HCT116%* or HCT116/ cells
treated with adriamycin (0 pM, 1 pM, or 2 uM for 12 h) were subjected to
immunoblotting with anti-SIRT6 antibody or anti-p53 antibody. Protein was
extracted from the same numbers of cells, which were digested in a specific
buffer (S/ Materials and Methods). (B) Quantitation of the relative SIRT6
protein levels in A. (C) Overexpression of p53 activates SIRT6 expression.
Immunoblotting was performed to determine the expression of SIRT6 and
p53in HCT116 cells at 12 h, 24 h, or 36 h after p53WT transfection. (D)
Quantitation of the relative levels of SIRT6 and p53 in C. All data above are
shown as the mean + SD, with ***P < 0.001. (E and F) p53 activation
increases the interaction between SIRT6 and FoxO1. HCT116 “/*) cells were
treated with or without adriamycin (1 uM for 12 h) in the presence of LMB
(0.5 ng/mL for 6 h before harvest). HCT116/~ cells were transfected with an
empty plasmid or a plasmid expressing p53 in the presence of LMB (0.5 ng/
mL for 6 h before harvest) for 36 h. Nuclear proteins were extracted for Co-IP
with anti-FoxO1 antibody and probed with anti-SIRT6 antibody.

inhibition of glucose levels was alleviated in liver-specific Sirt6-
KO mice (Fig. 6D). Consistent with these results, ectopic ex-
pression of p53 led to reduced G6PC and PCKI expression in
liver (Fig. S6B) whereas concomitant knockdown of SIRT6 (Fig.
S6C) reversed these effects. Taken together, these data suggest
that p53 effectively down-regulates gluconeogenesis in mice
through coordination with SIRT6.

Discussion

Beyond recent reports of variable context-dependent effects of
p53 on gluconeogenesis (6-8), our results confirm a clear role
for p53 in the down-regulation of gluconeogenesis both in vitro
and in vivo and, importantly, establish a previously unidentified
underlying mechanism of action. We first established a p53-
dependent down-regulation of the key gluconeogenic enzymes
G6PC and PCK1 not only in a colon cancer cell line (HCT116)
but also in liver (a major gluconeogenic tissue) and in a liver
cancer cell line (HEPG2). In relation to the key role of the
transcription factor FoxOl in activation of these genes, their
down-regulation was related to a p53-dependent nuclear exclu-
sion of FoxOl. This phenomenon in turn was linked to p53-
mediated activation of the SIRT6 gene, which encodes an NAD™
-dependent deacetylase that interacts with FoxO1 and, pre-
sumably through direct modification, leads to FoxO1 deacety-
lation with consequent nuclear exclusion and down-regulation of
GO6PC and PCK]1 transcription. These results are consistent with
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the previously reported down-regulation of gluconeogenesis
through telomere dysfunction-induced activation of p53 (6), al-
though the underlying mechanism was reported to be an in-
hibitory effect of p53 on the expression of transcriptional
coactivators (PGC-1la and PGC-1p) implicated in FoxO1 func-
tion. Consistent with our combined results, emphasizing ultimate
(common) p53 effects through FoxOl, it has been established
that FoxO1 ablation impairs fasting- and cAMP-induced glycol-
ysis and gluconeogenesis and that PGC-1a is unable to induce
gluconeogenesis in FoxO1-deficient cells (12). Relatedly, SIRT6
has been reported to down-regulate gluconeogenesis through
an enhancement of GCN5-mediated acetylation and conse-
quent inhibition of PGC-1a, raising the possibility of a comple-
mentary pathway for p53 effects on gluconeogenesis (26).

The precise control of FoxO1l subcellular localization and
function can be modulated by acetylation and deacetylation by
various acetyltransferases and HDAC:s, respectively, in response
to different environmental stresses (29). For example, fasting-
induced glucagon secretion triggers HDAC3 recruitment to the
nucleus, with consequent FoxO1 deacetylation at lysine residues
259/262/271 and activation of gluconeogenic gene expression
(30). Among the nuclear-localized sirtuins, SIRT1 was previously
identified as a regulator of FoxO proteins and shown to deace-
tylate both FoxO1 and FoxO3 in vitro (17, 18). FoxO1 also
interacts with SIRT1 in the nucleus of several cancer cell lines,
leading to an inability of FoxO1 to induce apoptosis (31) or to
up-regulate gluconeogenesis (32). Our current results, showing
that deacetylation of FoxOl is a prerequisite for FoxO1 nuclear
exclusion and down-regulation of gluconeogenic genes upon p53
activation, are consistent with these observations. However, whereas
SIRT1 and SIRT6 both interact with FoxO1, p53-modulated
FoxO1 nuclear exclusion was found to be dependent on SIRTS,
but not SIRT1 (or HDAC1), in this study.
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Fig. 6. p53 acts cooperatively with SIRT6 to regulate murine blood glucose
levels. Glucose levels based on pyruvate tolerance tests on C57BL/6J mice (A)
or Sirt6 shRNA-pretreated C57BL/6J mice (B) that were injected with an
empty plasmid or a recombinant adenovirus plasmid expressing p53 (Ad-WT-
p53) after 22 h of fasting. Twenty-four C57BL/6J mice were separated into
four groups, with six mice per group. Data are reported as the mean + SD
with *P < 0.05. Glucose levels based on pyruvate tolerance tests on control
C57BL/6J mice (C) or conditional liver Sirt6-knockout mice (D) in response to
the injection of Ad-GFP or Ad-WT-p53. Twenty-four mice were separated
into four groups, with six mice per group. Data are shown as the mean + SD
with *P < 0.05. (E) A hypothetic model showing how p53 coordinates with
SIRT6 to regulate gluconeogenesis.
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Among a variety of other functions, SIRT6 was previously
connected to glucose metabolism. For example, SIRT6 acts as
a corepressor of the transcription factor Hifl-a to suppress gly-
colysis (23). Conversely, the deletion of Sirt6 in mice results in
severe hypoglycemia (33) whereas the liver-specific deletion of
Sirt6 leads to increased glycolysis and triglyceride synthesis (23,
34). Our study adds further evidence that SIRT6 plays an im-
portant role in glucose metabolism by connecting p53 transcrip-
tion activity and gluconeogenesis. Our data also reemphasize a
previously established role for SIRT6 in regulating the acetyla-
tion state and nuclear localization of FoxO proteins, albeit in
a divergent manner. Thus, the Caenorhabditis elegans SIRT6/7
homolog SIR-2.4 was implicated in DAF-16 deacetylation and
consequent nuclear localization and function in stress responses
(35); and the effect was reported to be indirect and to involve
a stress-induced inhibition by SIR-2.4 of CBP-mediated acetyla-
tion of DAF-16 that is independent of its deacetylase activity.
These results, emphasizing context-dependent SIRT6 mecha-
nisms, contrast with the SIRT6 deacetylase activity requirement
for FoxO1 nuclear exclusion in the present study and a likely
direct effect of SIRT6 on FoxOl deacetylation based on their
direct interaction, the SIRT6 deacetylase activity requirement,
and precedent (15, 17, 18) from direct SIRT1-mediated deace-
tylation of FoxO proteins.

Despite a high genetic diversity, cancer cells exhibit a common
set of functional characteristics, one being the “Warburg effect™:
i.e., continuous high glucose uptake and a higher rate of gly-
colysis than that in normal cells (36). To favor the rapid pro-
liferation requirement for high ATP/ADP and ATP/AMP ratios,
cancer cells use large amounts of glucose. p53, as one of the most
important tumor suppressors, exerts its antineoplastic function
through diverse pathways that include the regulation of glucose
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metabolism. Thus, p53 regulates glucose metabolism by activa-
tion of TIGAR (3), which lowers the intracellular concentrations
of fructose-2,6-bisphosphate and decreases glycolysis. On the other
hand, p53 activation causes down-regulation of several glycolysis-
related factors such as phosphoglycerate mutase (PGM) (37) and
the glucose transporters (4). Expression of p53 also can limit the
activity of IkBa and IxBp, thereby restricting the activation of
NF«xB and dampening the expression of glycolysis-promoting
genes such as GLUT3 (38). As a reverse glycolysis pathway, glu-
coneogenesis generates glucose from noncarbohydrate precursors
and is conceivably essential for tumor cell growth. However, the
current study further supports the notion (6) that p53 is also in-
volved in a gluconeogenesis inhibition pathway, which in this case
is executed by enhanced SIRT6 expression and subsequent FoxO1
nuclear exclusion. These results raise the interesting possibility
that an inhibition of gluconeogenesis may contribute to the tumor-
suppressive function of p53.

Materials and Methods

Procedures for cellular extraction have been detailed previously (13).
Procedures for immunoblot analysis and immunoprecipitation assays,
GST-pulldown, RNAI, mutagenesis, ChIP, and pyruvate tolerance test are
detailed in S/ Materials and Methods. Animals used in this paper are
approved by the National Institute of Health, and Peking University
Health Science Center.
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