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Background: The HIF-1 and HIF-2 transcription factors coordinate adaptive responses to hypoxia.
Results: Sirt7 decreases HIF-1a and HIF-2« protein levels independent of its deacetylase activity.
Conclusion: Sirt7 inhibits the activity of the HIF-1 and HIF-2 transcription factors.

Significance: This study identifies Sirt7 as a regulator of HIF-1 and HIF-2 signaling.

Hypoxia-inducible factor (HIF) 1 and HIF-2 are heterodi-
meric proteins composed of an oxygen-regulated HIF-1a or
HIF-2a subunit, respectively, and a constitutively expressed
HIF-18 subunit, which mediate adaptive transcriptional
responses to hypoxia. Here, we report that Sirt7 (sirtuin-7) neg-
atively regulates HIF-1a and HIF-2« protein levels by a mecha-
nism that is independent of prolyl hydroxylation and that does
not involve proteasomal or lysosomal degradation. The effect of
Sirt7 was maintained in the presence of the sirtuin inhibitor
nicotinamide and upon deletion or mutation of its deacetylase
domain, indicating a non-catalytic function. Knockdown of
Sirt7 led to an increase in HIF-1a and HIF-2a protein levels and
an increase in HIF-1 and HIF-2 transcriptional activity. Thus,
we identify a novel molecular function of Sirt7 as a negative
regulator of HIF signaling.

Hypoxia-inducible factor (HIF)? 1 is a transcription factor
that is essential for mediating a broad repertoire of adaptive
responses to hypoxia. First identified in studies of EPO (eryth-
ropoietin) gene transcriptional regulation (1), HIF-1 was sub-
sequently shown to coordinate adaptive responses to hypoxia at
both the cellular and systemic levels (2-5). HIF-1, which is a
heterodimer composed of HIF-1« and HIF-18 subunits (2), has
been shown to regulate the expression of hundreds of target
genes involved in angiogenesis, such as vascular endothelial
growth factor (VEGFA); in erythropoiesis, such as EPO; and in
metabolism, autophagy, and other adaptive responses to
hypoxia (5). In addition, the HIF-1a subunit has adaptive func-
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tions that are independent of transcriptional activity (6). The
HIF-2« protein shares sequence similarity with HIF-1a and
also promotes adaptive responses to hypoxia but has a more
limited tissue distribution, and in some cases, it mediates dis-
tinct biological functions, including redox regulation through
transactivation of the SOD2 (superoxide dismutase 2) gene,
which encodes manganese superoxide dismutase (7).

In recent years, the mechanisms regulating HIF-1 protein
stability and transcriptional activity have been extensively
investigated. O,-dependent proline hydroxylation marks
HIF-1« for ubiquitination by the VHL ubiquitin ligase complex
and subsequent proteasomal degradation (8-12), whereas
asparagine hydroxylation by FIH-1 (factor inhibiting HIF-1)
blocks interaction of HIF-1« with the p300 coactivator (13, 14).
During hypoxia, hydroxylation of proline and asparagine resi-
dues is inhibited, which provides a molecular basis for the
observed increase in HIF-1a protein stability and transcrip-
tional activity (15). The hydroxylases contain Fe(II) in their cat-
alytic centers and use a-ketoglutarate as a co-substrate; there-
fore, iron chelators, such as desferrioxamine, and competitive
antagonists of a-ketoglutarate, such as dimethyloxalylglycine
(DMOG), block hydroxylase activity and increase HIF-1a levels
(8). Several proteins that interact with HIF-1« and stimulate its
proteasomal degradation independent of O, concentration
have also been identified. These include SSAT1 (spermidine/
spermine N'-acetyltransferase 1) (16), calcineurin (17), RACK1
(18), hypoxia-associated factor (19), CHIP/HSP70 (heat shock
protein of 70 kDa) (20), and SHARP1 (21). We have also
recently described a mechanism by which chaperone-mediated
autophagy can target HIF-1a for lysosomal degradation, iden-
tifying a pathway by which HIF-1a levels can be regulated inde-
pendent of the proteasome (22).

Sir2, the founding member of the sirtuin family, was identi-
fied as a NAD " -dependent histone deacetylase (23), thereby
linking cellular redox status to gene transcription. In mammals,
there are seven Sir2 homologs (Sirt1-7), which vary in tissue
distribution, subcellular localization, and enzymatic targets
(23). Physical and functional interactions between several
members of the sirtuin family and HIF proteins have recently
been identified. As the founding member of the sirtuin family,
the effects of Sirt1 have been best characterized. Sirt1 was iden-
tified as a HIF-2a deacetylase that augments HIF-2 (but not
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HIF-1) activity (24, 25). A subsequent study suggested that Sirt1
may repress HIF-1 transactivation ability (26), whereas a third
study reported that Sirt1 increased HIF-1« protein levels (27).
Itis possible that, in different contexts, Sirtl may have opposing
effects on HIF-1 activity. Sirt6 knock-out mice develop lethal
hypoglycemia early in life, which is due to the role of Sirt6 as a
co-repressor of HIF-1 target genes (28). Finally, Sirt3, which is a
mitochondrial deacetylase, may regulate HIF-1 signaling in
cancer cell lines (29, 30) by an indirect effect on mitochondrial
reactive oxygen species.

Sirt7 is arguably the least studied of the mammalian sirtuins,
although it has been reported to activate transcription by RNA
polymerase I (31-33) and has been identified recently as a
deacetylase of Lys-18 of histone H3 (H3K18) (34). Sirt7-null
mice develop cardiac hypertrophy and inflammatory car-
diomyopathy, due in part to hyperacetylation of p53 (35).

Here, we report that HIF-1a and HIF-2« protein levels are
regulated by Sirt7 via direct physical interactions. Sirt7 overex-
pression decreased HIF-la and HIF-2a protein levels, HIF
transcriptional activity, and target gene expression, whereas
knockdown of Sirt7 had the opposite effect. This inhibitory
effect of Sirt7 was preserved in the presence of nicotinamide
and with Sirt7 mutants that do not possess deacetylase activity,
indicating that Sirt7 inhibits HIF-1a and HIF-2« through a
mechanism that is independent of its catalytic activity. Thus,
these studies have revealed a novel role for Sirt7 as a negative
regulator of the hypoxia response pathway.

EXPERIMENTAL PROCEDURES

Tissue Culture—HeLa, Hep3B, MDA-MB-231, and 293T
cells were cultured in DMEM supplemented with 10% FBS and
1% penicillin/streptomycin. Cells were maintained at 37 °Cin a
5% CO, and 95% air incubator. Cells were subjected to hypoxia
by exposure to 1% O,, 5% CO,, and balance N, at 37 °C in a
modulator incubator chamber (Billups-Rothenberg, Inc.).

Immunoprecipitation and Immunoblot Assays—Cells were
lysed in PBS with 0.1% Tween 20, 1 mm DTT, protease inhibitor
mixture, 1 mm Nay;VO,, and 10 mm NaF, followed by gentle
sonication. For immunoprecipitation assays, a 2-ug aliquot of
anti-Myc epitope antibody (Novus Biologicals) was incubated
overnight with 2.5 mg of cell lysate at 4 °C, followed by a 3-h
incubation with 30 ul of protein G-Sepharose (GE Healthcare).
Beads were washed four times with lysis buffer. Proteins were
eluted in SDS sample buffer and fractionated by SDS-PAGE.
The following antibodies were used in immunoblot and immu-
noprecipitation assays: anti-B-actin (Santa Cruz Biotechnol-
ogy), anti-HIF-1a (BD Biosciences), anti-FLAG (Sigma), anti-
HIF-2« and anti-Myc epitope (Novus Biologicals), and anti-V5
epitope (Invitrogen).

Luciferase Reporter Assay—HeLa or Hep3B cells were seeded
onto 24-well plates at 20,000 cells/well, and 48 h after seeding,
the cells were transfected with plasmid DNA using PolyJet
(SignaGen Laboratories). Reporters pSV-RL (10 ng) and p2.1
(120 ng) were cotransfected with expression vectors (31). Cells
were lysed, and luciferase activities were determined with a
multiwell luminescence reader (PerkinElmer Life Sciences)
using the Dual-Luciferase reporter assay system (Promega).

JULY 19,2013 -VOLUME 288+NUMBER 29

Sirt7 Inhibits HIF-1 and HIF-2

A FLAG-HIF-1a + + +
myc-Sirtuin 56 7

IP: myc WB: FLAG [ a —-]
Input:  WB: FLAG [l e wei® |

IP: myc WB: myc E’

HIF-2a + + 4+
myc-Sirtuin 56 7
IP: myc WB: HIF-2a E
Input:  WB: HIF-2a rij

IP: myc WB: myc

FIGURE 1.Sirt7 binds to HIF-1a«and HIF-2a. A, 293T cells were cotransfected
with FLAG epitope-tagged HIF-1a expression vector and expression vector
encoding Myc epitope-tagged Sirt5, Sirt6, or Sirt7. 24 h post-transfection, cell
lysates were immunoprecipitated (/P) with anti-Myc epitope antibody, and
each Western blot (WB) was probed with the indicated antibodies. B, 293T
cells were cotransfected with HIF-2« expression vector and expression vector
encoding Myc-tagged Sirt5, Sirt6, or Sirt7. 24 h post-transfection, lysates were
immunoprecipitated with anti-Myc antibody and probed with the indicated
antibodies.

Plasmids—The coding sequences of human full-length Sirt5,
Sirt6, and Sirt7 and sequences encoding deletion mutants of
Sirt7 were inserted into the pPCMV-Myc vector (Clontech) and
verified by DNA sequence analysis. Catalytically inactive
mutants of Sirt7 were generated using the QuikChange site-
directed mutagenesis kit (Stratagene). Validated shRNA vec-
tors against Sirt7 were purchased from Sigma. Other constructs
were described previously (24, 36).

Statistical Analysis—All data are presented as means = S.E.,
except where indicated otherwise. Differences between two
conditions were analyzed using Student’s ¢ test.

RESULTS

Sirt7 Interacts with HIF-1o and HIF-2a—We investigated
whether members of the sirtuin family are capable of inter-
acting with HIF-1a. Co-immunoprecipitation experiments
demonstrated that Myc epitope-tagged Sirt6 interacted with
coexpressed FLAG epitope-tagged HIF-1« (Fig. 1A4), which
was consistent with a recent report (29) and served as a pos-
itive control. Myc-tagged Sirt5 did not interact with FLAG-
HIF-1a or HIF-2a, but interaction of Myc-tagged Sirt7 with
both FLAG-HIF-1a (Fig. 1A) and HIF-2« (Fig. 1B) was
detected.

Sirt7 Inhibits HIF-1 and HIF-2 Transcriptional Activity—To
examine the effect of Sirt7 on the transcriptional activity of
HIF-1 and HIF-2, we utilized several previously described
reporter plasmids (24, 36). First, Hep3B human hepatocellular
carcinoma cells were cotransfected with p2.1, a reporter plas-
mid that contains a 68-bp hypoxia response element (from the
human ENOI gene) upstream of an SV40 promoter and firefly
luciferase coding sequences, and pSV-RL, a control reporter
that contains Renilla luciferase coding sequences downstream
of the SV40 promoter only. The ratio of firefly to Renilla lucif-
erase activity served as a measure of HIF transcriptional activ-
ity. In addition, we used three reporter plasmids containing the
promoter regions of the EPO, VEGFA, and SOD2 genes, respec-
tively, upstream of firefly luciferase coding sequences. We
found increased p2.1 reporter activity and promoter activity of
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FIGURE 2. Sirt7 inhibits HIF transcriptional activity. A and B, Hep3B (A) or HelLa (B) cells were cotransfected with the indicated firefly luciferase reporter gene,
which contained the ENOT hypoxia response element upstream of a basal SV40 promoter (p2.1) or an intact promoter from the EPO, SOD2, or VEGFA gene;
control Renilla luciferase reporter gene pSV-RL; HIF-1a expression vector; and either an empty vector (EV) or Sirt7 expression vector. 24 h post-transfection, cells
were lysed, and the ratio of firefly to Renilla luciferase activity was determined. C and D, Hep3B (C) or HeLa (D) cells were cotransfected with the indicated
luciferase promoter construct, HIF-2a expression vector, and either EV or Sirt7 expression vector. 24 h post-transfection, cells were lysed, and luciferase activity
was determined. Results are shown as means = S.E. #, p < 0.05; *, p < 0.01 versus HIF-1« or HIF-2« alone.

all three HIF target genes in response to HIF-1a overexpression
in Hep3B cells (Fig. 2A). However, coexpression of Sirt7 inhib-
ited this effect (Fig. 24). Similar results were obtained in HeLa
human cervical carcinoma cells (Fig. 2B), indicating that Sirt7
can regulate HIF-1 activity in multiple cell types. Likewise,
overexpression of HIF-2« led to an increase in reporter activity,
which was blocked by overexpression of Sirt7, in both Hep3B
(Fig. 2C) and HeLa (Fig. 2D) cells. Despite the weaker interac-
tion of Sirt7 with HIF-1a or HIF-2« compared with Sirt6 (Fig. 1,
A and B), the inhibition of HIF-1 (Fig. 2, A and B) and HIF-2
(Fig. 2, Cand D) activity by Sirt7 was comparable in magnitude
to that by Sirt6 in both HeLa and Hep3B cells. The differences
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between the co-immunoprecipitation and reporter assays sug-
gest that additional proteins may stabilize the interaction of
Sirt7 with HIF-1o or HIF-2a at HIF-binding sites in chromatin.
In any case, the results demonstrate that Sirt7 is a negative
regulator of HIF-1a- and HIF-2a-dependent transcriptional
activity.

Sirt7 Down-regulates HIF-1o and HIF-2a Protein Levels—To
investigate the mechanism by which Sirt7 regulates HIF-1 and
HIF-2 activity, we analyzed HIF-1a levels by immunoblot assay.
Overexpression of Sirt7 led to a large decrease in HIF-1a pro-
tein levels in Hep3B (Fig. 34), HeLa (Fig. 3B), 293T human
embryonic kidney (Fig. 3C), and MDA-MB-231 human breast
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FIGURE 3. Sirt7 overexpression decreases HIF-1« and HIF-2« protein lev-
els. Hep3B (A), Hela (B), 293T (C), and MDA-MB-231 (D) cells were cotrans-
fected with HIF-1a or HIF-2a expression vector and either EV or Sirt7 expres-

sion vector. 24 h post-transfection, cell lysates were subjected to Western blot
assay (WB) with the indicated antibodies.

cancer (Fig. 3D) cells. Sirt7 overexpression had a similar inhib-
itory effect on HIF-2« protein levels in all four cell lines (Fig. 3,
A-D).

The Effect of Sirt7 on HIF-1 and HIF-2 Is Independent of
Deacetylase Activity—Sirt7 has been reported to act as a pro-
tein deacetylase, and we investigated whether its enzymatic
activity is required for the effect on HIF-1 and HIF-2 activity.
Two previously described catalytically inactive mutants of
Sirt7 (31, 34) retained the ability to inhibit HIF transcrip-
tional activity induced by HIF-1« overexpression (Fig. 4A4),
HIF-2a overexpression (Fig. 4B), or exposure of cells to
hypoxia (Fig. 4C). The deacetylase domain of Sirt7 resides in
residues 90-330, and deletion of this entire region had no
effect on the ability of Sirt7 to inhibit HIF transcriptional
activity induced by HIF-1« overexpression (Fig. 4D), HIF-2«
overexpression (Fig. 4E), or exposure of cells to hypoxia (Fig.
4F). Finally, the response of cells to treatment with nicotin-
amide, a broad-spectrum sirtuin inhibitor that blocks
NAD™"-dependent deacetylation (23), was analyzed. Nico-
tinamide treatment itself had a large effect on HIF activity in
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Hep3B cells, which reflects the role of other sirtuins in reg-
ulating HIF-1 (24 -30), but had no effect on the ability of
Sirt7 to decrease HIF-1 or HIF-2 activity (Fig. 4, G-1).

Consistent with these results, we found that catalytically
inactive Sirt7 mutants retained the ability to decrease HIF-1c
and HIF-2a protein levels (Fig. 4/), as did Sirt7 mutants with the
deacetylase domain deleted (Fig. 4K). Similarly, nicotinamide
had no effect on the ability of Sirt7 to decrease HIF-1a and
HIF-2« protein levels (Fig. 4L). Taken together, the data indi-
cate that the deacetylase activity of Sirt7 is not required for
negative regulation of HIF-1 and HIF-2.

The Effect of Sirt7 Is Hydroxylase-, Proteasome-, and
Lysosome-independent—Hydroxylation of HIF-1a at Pro-402
and Pro-564 leads to subsequent ubiquitination and protea-
somal degradation, whereas hydroxylation at Asn-803 inhibits
HIF-1loe transactivation domain function. To determine
whether hydroxylation is necessary for the effect of Sirt7, we
utilized a triple-mutant HIF-1e construct harboring P402A,
P564A, and N803A mutations. Overexpression of Sirt7 inhib-
ited reporter activity induced by overexpression of either wild-
type or triple-mutant HIF-1a to a comparable degree (Fig. 5A).
Similar results were observed upon overexpression of wild-type
or triple-mutant HIF-2« (Fig. 5B). Immunoblot assays demon-
strated that Sirt7 decreased the protein levels of triple-mutant
HIF-1a and HIF-2c to a similar degree as wild-type HIF-1a and
HIF-2« (Fig. 5C). Treatment with the hydroxylase inhibitor
DMOG led to an increase in reporter activity induced by over-
expression of HIF-1« (Fig. 5D) or HIF-2« (Fig. 5E), but DMOG
did not block the inhibitory effect of Sirt7 overexpression. Like-
wise, treatment with the proteasome inhibitor MG132 did not
block the effect of Sirt7 (Fig. 5F).

We recently reported that HIF-1« is subject to lysosomal
degradation through the process of chaperone-mediated
autophagy (22). Treatment with the lysosomal inhibitor bafilo-
mycin led to an expected increase in HIF-1 (Fig. 5G) and HIF-2
(Fig. 5H) transcriptional activity but had no effect on inhibition
of HIF activity that was mediated by Sirt7. Similarly, bafilomy-
cin had no effect on the inhibition of HIF-1« and HIF-2« pro-
tein levels by Sirt7 (Fig. 5I). We conclude that Sirt7 exerts
effects on HIF-1a and HIF-2« protein levels that are independ-
ent of both the proteasomal and lysosomal degradation
pathways.

Knockdown of Sirt7 Expression Increases HIF-1 and HIF-2
Activity—To verify that Sirt7 regulates HIF-1 and HIF-2 at
endogenous levels, we utilized five validated shRNA vectors
targeting different sequences in Sirt7 mRNA. Knockdown of
Sirt7 with each of the Sirt7 shRNA vectors led to an increase in
HIF-1 reporter activity (Fig. 6A) and HIF-1a protein levels (Fig.
6B). Sirt7 knockdown likewise led to an increase in HIF-2
reporter activity (Fig. 6C) and HIF-2« protein levels (Fig. 6D).
Finally, knockdown of Sirt7 led to an increase in endogenous
HIF transcriptional activity induced by hypoxia in both Hep3B
(Fig. 6E) and HeLa (Fig. 6F) cells.

DISCUSSION

In this study, we have identified a novel role for Sirt7 as a
negative regulator of HIF-1 and HIF-2 transcriptional activ-
ity. The inhibitory effect of Sirt7 was demonstrated by exper-
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FIGURE 4. Effects of Sirt7 are independent of deacetylase activity. A and B, Hep3B cells were cotransfected with p2.1, pSV-RL, HIF-1a or HIF-2«
expression vector, and either EV or expression vector encoding wild-type Sirt7 (WT) or catalytically inactive missense mutant Sirt7-S112A (MT7) or
Sirt7-H188Y (M2). 24 h post-transfection, cells were lysed, and the ratio of firefly to Renilla luciferase activity was determined. C, Hep3B cells were
cotransfected with p2.1; pSV-RL; and EV or vector encoding wild-type Sirt7, Sirt7-S112A, or Sirt7-H188Y. 24 h post-transfection, cells were exposed to 1%
O, for an additional 24 h and lysed, and luciferase activity was determined. D and E, Hep3B cells were cotransfected with p2.1; pSV-RL; HIF-1a or HIF-2«
expression vector; and either EV or expression vector encoding Sirt7 amino acids 1-90 (D90), 1-180 (D180), or 1-331 (D331). 24 h post-transfection, cells
were lysed, and luciferase activity was determined. F, Hep3B cells were cotransfected with p2.1; pSV-RL; and either EV or vector encoding Sirt7 amino
acids 1-90, 1-180, or 1-331. 24 h post-transfection, cells were exposed to 1% O, for an additional 24 h and lysed, and luciferase activity was determined.
G and H, Hep3B cells were cotransfected with p2.1, pSV-RL, HIF-1« or HIF-2a vector, and either EV or Sirt7 vector. 24 h post-transfection, cells were left
untreated or treated with nicotinamide (20 mm) for an additional 24 h, after which cells were lysed, and luciferase activity was determined. /, Hep3B cells
were cotransfected with p2.1, pSV-RL, and either EV or Sirt7 vector. 24 h post-transfection, cells were exposed to 1% O, for an additional 24 h in the
presence or absence of nicotinamide (20 mm) as indicated. J, Hep3B cells were cotransfected with vector encoding FLAG-HIF-1a or HIF-2a and either EV
or vector encoding wild-type Sirt7, Sirt7-S112A, or Sirt7-H188Y. 24 h post-transfection, cell lysates were subjected to Western blotting (WB). K, Hep3B
cells were cotransfected with vector encoding FLAG-HIF-1a or HIF-2a and either EV or vector encoding Sirt7 amino acids 1-90, 1-180, or 1-331. 24 h
post-transfection, cell lysates were subjected to Western blotting. L, Hep3B cells were cotransfected with vector encoding FLAG-HIF-1a or HIF-2a and
either EV or Sirt7 vector. Cells were left untreated or treated with nicotinamide (20 mwm) for 24 h, after which cell lysates were subjected to Western
blotting. Results are shown as means = S.E. #, p < 0.05; *, p < 0.01 versus HIF-1« or HIF-2« alone.

iments analyzing HIF-1o and HIF-2a protein levels, HIF-de-
pendent transcriptional activity of a reporter gene
containing a hypoxia response element, and HIF-dependent
transcription mediated by the promoters from three differ-
ent HIF target genes.

The mechanism by which Sirt7 functions to decrease HIF-1«
and HIF-2a protein levels remains to be established. The effect
was preserved in the presence of hydroxylase inhibitors or
mutations of the HIF-1a and HIF-2« hydroxylation sites, indi-
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cating that the effect of Sirt7 is independent of the classical
oxygen-dependent degradation pathway. There are hydroxy-
lase-independent but proteasomal-dependent pathways by
which HIFs are regulated (16 —19); however, the effect of Sirt7
was preserved even in the presence of the proteasome inhib-
itor MG132. Finally, HIF-1a is targeted for lysosomal degra-
dation through chaperone-mediated autophagy (22), but the
effect of Sirt7 was also maintained in the presence of the
lysosomal inhibitor bafilomycin. Our data suggest that there
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FIGURE 5. Effects of Sirt7 are independent of proteasomal and lysosomal degradation. A, Hep3B cells were cotransfected with p2.1, pSV-RL, EV or
Sirt7 expression vector, and vector encoding wild-type HIF-1a (WT) or triple-mutant HIF-1a (TM; P402A/P564A/N803A). 24 h post-transfection, cells
were lysed, and luciferase activity was determined. B, Hep3B cells were cotransfected with p2.1, pSV-RL, EV or Sirt7 expression vector; and vector
encoding wild-type or triple-mutant HIF-2a. 24 h post-transfection, cells were lysed, and luciferase activity was determined. C, Hep3B cells were
cotransfected with either 1 ug of wild-type HIF-1a or HIF-2« vector or 100 ng of triple-mutant HIF-2« vector and either EV or Sirt7 vector. Total plasmid
transfected was equalized with EV. 24 h post-transfection, cell lysates were analyzed by Western blotting (WB). D and E, Hep3B cells were cotransfected
with p2.1, pSV-RL, HIF-1« (D) or HIF-2« (E) vector, and either EV or Sirt7 vector. 24 h post-transfection, cells were left untreated or treated with DMOG (1
mm) for an additional 24 h, after which cells were lysed, and luciferase activity was determined. F, Hep3B cells were cotransfected with HIF-1« or HIF-2«
vector and either EV or Sirt7 vector. 24 h post-transfection, cells were treated with MG132 (20 um) for an additional 8 h, after which cells were lysed, and
Western blot assays were performed. G and H, Hep3B cells were cotransfected with p2.1, pSV-RL, expression vector encoding HIF-1« (G) or HIF-2« (H),
and either EV or Sirt7 vector. 24 h post-transfection, cells were left untreated or treated with bafilomycin (5 nm) for an additional 24 h, after which cells
were lysed, and luciferase activity was determined. /, Hep3B cells were cotransfected with HIF-1a or HIF-2a vector and either EV or Sirt7 vector. 24 h
post-transfection, cells were treated with bafilomycin for an additional 8 h, after which Western blot assays were performed. Results are shown as

means = S.E. ¥, p < 0.01 for the indicated comparisons.

may be as yet unknown mechanisms by which HIF-1a and
HIF-2a can be degraded in the presence of Sirt7. The possi-
bility that Sirt7 regulates translation of the proteins has not
been formally excluded but seems unlikely because the
inhibitory effects were observed when HIF-1a and HIF-2«
were expressed from vectors that lack the 5'- and 3'-
untranslated sequences that are present in the native
mRNAs.

The mechanism by which Sirt7 regulates HIF activity differs
from the other sirtuins because it is independent of its deacety-
lase activity. The effect of Sirt7 was preserved in the presence of
high concentrations of nicotinamide, which is a nonspecific
inhibitor of sirtuin catalytic activity. Two point mutations in
Sirt7, which have previously been shown to eliminate its enzy-
matic activity (31, 34), had no effect on its ability to regulate
HIF-1. In fact, deletion of the entire deacetylase domain had no
effect on the ability of Sirt7 to inhibit HIF signaling. Thus, Sirt7
has cellular functions that are independent of its deacetylase
activity. Recent work demonstrated that, in Caenorhabditis
elegans, the Sirt7 homolog SIR-2.4 indirectly regulates DAF-16
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acetylation and nuclear localization by blocking CBP-mediated
acetylation (37). It is possible that Sirt7 regulates HIF-1 and
HIF-2 through protein-protein interactions in a similar fashion.

Phylogenetic analysis divides the seven mammalian sirtuins
into four classes, with Sirt6 and Sirt7 composing class IV (38).
Sirt6 has been reported to function as a transcriptional core-
pressor of HIF-1« through its activity as an H3K9 deacetylase
(28). Sirt6 was found to bind to HIF-1« and associate with the
promoter of HIF target genes, and Sirt6 knockdown led to an
increase in H3K9 acetylation specifically at those promoters
(28). Additionally, Sirt6 appeared to have an effect on transcrip-
tional regulation of HIF-1w itself (28). By contrast, the mecha-
nism utilized by Sirt7 is distinct because its deacetylase activity
was not required for its inhibitory effects on HIF-1 and HIF-2.
Our results suggest that, despite a high degree of sequence sim-
ilarity, the sirtuins function through multiple distinct mecha-
nisms to inhibit HIF transcriptional activity. This is similar to
previous observations regarding HIF regulation by different
members of the SSAT (12, 16), MCM (39) and LIM domain
(40-42) protein families and adds to the growing body of evi-
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FIGURE 6. Knockdown of Sirt7 expression increases HIF-1« and HIF-2«
protein levels and HIF transcriptional activity. A, Hep3B cells were cotrans-
fected with p2.1, pSV-RL, HIF-1a expression vector; and either empty shRNA
vector (—) or vector encoding one of five shRNA sequences targeting Sirt7
mRNA (shSirt7; labeled A-E). 48 h post-transfection, cell lysates were sub-
jected to Western blot assay. B, Hep3B cells were cotransfected with FLAG-
HIF-1a vector and either empty shRNA vector or vector encoding shRNA
sequences targeting Sirt7, followed by Western blotting (WB). C, Hep3B cells
were treated as described for A except that HIF-2a expression vector was
used instead of HIF-1a. D, Hep3B cells were cotransfected with HIF-2« vector
and either empty shRNA vector or vector encoding shRNA sequences target-
ing Sirt7, followed by Western blotting. E and F, Hep3B (E) and Hela (F) cells
were cotransfected with p2.1, pSV-RL, and either empty shRNA vector or vec-
tor encoding shRNA sequences targeting Sirt7. 24 h post-transfection, cells
were exposed to 1% O, for an additional 24 h and then lysed, and luciferase
activity was determined. Results are shown as means = S.E. #, p < 0.05; %, p <
0.01 versus HIF-1a, HIF-2«, or 1% O, alone.

dence identifying the sirtuins as key regulators of the cellular
response to hypoxia.
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