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Hypoxia-inducible factors (HIFs) are stress-responsive tran-
scriptional regulators of cellular and physiological processes
involved in oxygen metabolism. Although much is understood
about the molecular machinery that confers HIF responsiveness
to oxygen, far less is known about HIF isoform-specific mecha-
nisms of regulation, despite the fact that HIF-1 and HIF-2
exhibit distinct biological roles. We recently determined that
the stress-responsive genetic regulator sirtuin 1 (Sirtl) selec-
tively augments HIF-2 signaling during hypoxia. However, the
mechanism by which Sirtl maintains activity during hypoxia is
unknown. In this report, we demonstrate that SirzI gene expres-
sion increases in a HIF-dependent manner during hypoxia in
Hep3B and in HT1080 cells. Impairment of HIF signaling affects
Sirtl deacetylase activity as decreased HIF-1 signaling results in
the appearance of acetylated HIF-2¢, which is detected without
pharmacological inhibition of Sirt1. We also find that Sirt1 aug-
ments HIF-2 mediated, but not HIF-1 mediated, transcriptional
activation of the isolated SirzI promoter. These data in summary
reveal a bidirectional link of HIF and Sirtl signaling during
hypoxia.

The ability to sense and respond to changes in oxygen con-
tent, conserved in almost all eukaryotic organisms, is conferred
at the cellular level and is dictated by changes in gene expres-
sion, including by de novo transcriptional events (1). Members
of the hypoxia-inducible factor (HIF)? family of transcription
factors are key regulators of genes whose expression is altered
during hypoxia. HIFs, obligate heterodimeric protein com-
plexes, are composed of an oxygen-labile a-subunit and a
shared, oxygen-stable B-subunit also referred to as ARNT (2).
Whereas invertebrates contain a single HIF-a member, mam-
mals contain three HIF-o genes: HIF-1c, HIF-2c (also called
endothelial PAS domain protein 1 (EPAS1)) (3-5), and HIF-3a.
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HIF-a proteins have similar domain structures with con-
served sequence identity in some regions, particularly for
HIF-1a and HIF-2a. The N termini of HIF-« and HIF-S pro-
teins contain the highly conserved basic helix-loop-helix and
Per/ARNT/Sim (PAS) domains involved in DNA binding and
protein-protein interactions, respectively. The PAS domain
may also contribute to HIF target gene specificity and may serve
as a target for small molecules that disrupt specific HIF com-
plexes (6, 7).

The levels of HIF-a subunits increase during hypoxia due to
impaired modifications of two proline residues (8, 9) situated
within the oxygen-dependent degradation domain (10), part of
a larger domain known as the N-terminal activation domain
(NTAD) located in the midportion of HIF-« proteins. These
two proline residues are otherwise selectively hydroxylated
under normoxic conditions by oxygen-dependent prolyl
hydroxylases (8, 9, 11) and subsequently target the HIF-« pro-
teins for proteasomal degradation by the von Hippel-Lindau
(VHL) ubiquitin-protein ligase complex (12-16).

A second oxygen-dependent hydroxylation by asparaginyl
hydroxylases (17, 18) targets an asparagine residue within the
C-terminal activation domain (CTAD) of HIF-a under nor-
moxic conditions, thereby blocking recruitment of the coacti-
vators p300 and CBP to the C terminus and decreasing HIF
transactivation capacity (18). Mutation of the modified proline
and asparagine residues results in oxygen-insensitive, “consti-
tutively active” HIF-« proteins.

Despite the overall sequence conservation in some regions,
each HIF-a protein has distinct physiological roles (19, 20) that
are in part conferred by target gene selectivity. The divergent
portion of HIF-« that we refer to as the unique region, located
in the C terminus between the NTAD/oxygen-dependent deg-
radation domain and CTAD (21), likely participates in HIF iso-
form selective signaling (22). Indeed, several factors have been
identified that bind in a HIF-« protein-selective manner or that
mediate their action through the unique region of either
HIF-1a (23) or HIF-2a (24-26).

Sirtl, a deacetylase initially identified in aging studies of
lower eukaryotes (27) and implicated in diverse physiological
processes in mammals, augments HIF-2 signaling during
hypoxia in cell culture as well as mouse models (21). Augmen-
tation of HIF-2 signaling by Sirt1 requires an intact deacetylase
activity of Sirtl and is conferred by deacetylating specific lysine
residues located in the HIF-2a unique region that are acety-
lated. Absolute levels of HIF-2a acetylation increase during
hypoxia, although acetylated HIF-2« is only evident if Sirtl
activity is inhibited through pharmacological or genetic means.
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Despite the increase in HIF-2« protein levels during hypoxia,
Sirtl action is so efficient that acetylated HIF-2« is normally
undetectable unless Sirtl deacetylase activity is inhibited. How
Sirtl action is maintained or increased during hypoxia is
unclear. In this study, we asked if Sirtl expression was itself
altered during hypoxia. We noted that Sirt1 gene expression in
cells as well as in mice increased during acute hypoxia and
determined that HIF signaling was primarily responsible for the
increased Sirtl expression observed early after the onset of
hypoxia.

EXPERIMENTAL PROCEDURES

Reporter and Expression Plasmids—The human SIRT1 pro-
moter region (—354/+54) was isolated by PCR amplification of
human genomic DNA and inserted into the firefly luciferase
reporter plasmid pGL3-Basic (Promega, Madison, WI). We
introduced mutations of HIF-responsive element 5 (HRE5)
or flanking ETS-binding sites (EBS) into the (—354/+54)
SIRT1 promoter using PCR-based site-directed mutagenesis
(QuikChange II, Stratagene) or extension PCR mutagenesis.
We previously described the oxygen-independent (PPN)
HIF-1a, PPN HIF-2«, wild type (WT) vsv-g:SIRT1, and
deacetylase mutant vsv-g:SIRT1 expression vectors (21).

SiRNA Knockdown—The day before transfection, we
trypsinized and plated 2.0 X 10° Hep3B cells on each well of a
6-well plate in 2 ml of antibiotic-free complete DMEM. Using
DharmaFECT1 (catalog no. T-2001-03, Thermo Fisher Scien-
tific (Lafayette, CO)), we transfected non-targeting control
(catalog no. D-001810-10-20, Thermo Fisher Scientific),
HIF-1a (catalog no. L-004018-00-0005, Thermo Fisher Scien-
tific), or HIF-2a (catalog no. L-004814-00-0005, Thermo Fisher
Scientific) siRNA. After 24 or 48 h, cells were harvested for
mRNA or protein analysis, respectively.

Immunoblotting and Cell Fractionation—To prepare nuclear
extracts from Hep3B or HT1080 cells, we used NE-PER®
nuclear and cytoplasmic extraction reagents (catalog no. 78833,
Pierce). To prepare whole cell extracts from Hep3B or HT1080
cells, we used cytoBuster protein extraction reagent (catalog
no. 71009, Novagen (Gibbstown, NJ)). Equivalent amounts of
whole cell extracts or nuclear extracts in SDS-PAGE sample
buffer were analyzed by immunoblotting using anti-human
Sirt1 (1:1,000 dilution; catalog no. 07131, Upstate Biotechnol-
ogy, Inc.), anti-human HIF-1« (1:1,000 dilution; catalog no.
610959, BD Biosciences), anti-human HIF-2« (1:1,000 dilution;
catalog no. NB100-132, Novus Biologicals (Littleton, CO)),
anti-HA (1:5,000 dilution; catalog no. H9658, Sigma), anti-
vsv-g antibodies (1:5,000 dilution; catalog no. ab18612, Abcam
(Cambridge, MA)), anti-a-tubulin (1:5,000 dilution; catalog no.
T5168, Sigma), or anti-TATA-binding protein (1:1,000 dilu-
tion; catalog no. sc-204, Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA)) antibodies.

Detection of Exogenous HIF-2a Acetylation—Hep3B or
HT1080 cells were transfected with expression vectors encod-
ing N-terminal S-peptide (SP) epitope-tagged and C-terminal
hemagglutinin A (HA) epitope-tagged PPN HIF-1a (SP:PPN
HIF-1a:HA) or PPN HIF-2« (SP:PPN HIF-2a:HA) as described
previously (21). Twenty-four hours after transfection, cells
were exposed to hypoxia for the indicated time. Eight hours
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before the harvest time, cells were treated with 5 um sirtinol
plus 10 mMm nicotinamide. After harvesting, SP:PPN HIF-1a:
HA, and SP:PPN HIF-2a:HA were purified for immunoblot
analyses of acetylated lysine residues or the HA epitope as
described previously (21).

Cell Culture and Transfections—We used the indicated
amounts of reporter plasmids (30 ng/well) and expression plas-
mids (100 ng/well) in transient transfection analyses. We main-
tained human renal clear cell carcinoma 786-0 (catalog no.
CRL-1932, ATCC), human fibrosarcoma HT1080 (catalog no.
CCL-121, ATCC), and human hepatocellular carcinoma
Hep3B (catalog no. HB-8064, ATCC) cells in complete media
(DMEM, 4.5 g/liter glucose, 4 mm glutamate (catalog no.
SH30022, HyClone, Logan, UT), 10% fetal bovine serum (FBS;
catalog no. S10650H, Atlanta Biologicals (Lawrenceville, GA))
with penicillin (100 units/ml)/streptomycin (100 pg/ml) (cata-
log no. 15140-148, Invitrogen)) in a 5% CO,, 95% N, incubator.
We transfected Hep3B or HT1080 cells in 48-well plates (cata-
log no. 3548, CoStar, Corning Glass) at 50—60% confluence
using Lipofectamine 2000 (catalog no. 11668-019, Invitrogen)
and made up the balance with pIRES. At 24 h post-transfection,
we harvested cells for luciferase assays. For hypoxia treatments,
we transferred cells to a humidified environmental chamber
(Coy Laboratory Products, Inc., Grass Lake, MI), replaced cul-
ture media with deoxygenated media, and maintained the cells
under hypoxic (1% O,, 5% CO,, 94% N,) conditions for the
specified periods. We prepared cell extracts within the
chamber.

Chromatin Immunoprecipitation Assays in Cells—We
seeded Hep3B cells at 2 X 10° (150-mm plates) 48 h prior to use,
next exposed the cells to normoxia or hypoxia, and then har-
vested for whole cell protein or RNA. EPO induction after
hypoxia exposure was confirmed by real-time RT-PCR. Chro-
matin immunoprecipitation (ChIP) assays were carried out
using the ChIP-IT™ Express Magnetic assay kit (catalog no.
53009, Active Motif). The antisera used were normal mouse
IgG (1-2 pg/ml; catalog no. 2027, Santa Cruz Biotechnology,
Inc.), normal rabbit IgG (1-2 mg/ml; catalog no. NIO1, EMD
Chemicals, Inc., Gibbstown, NJ), anti-human EPAS]1 antiserum
(2 mg/ml; NB 100-132, Novus Biologicals), and mouse anti-
human HIF-1a (2 mg/ml; catalog no. 610958, BD Biosciences).
After ChIP, the precipitated genomic DNA was analyzed by
quantitative PCR using an Applied Biosystems ABI Prism 7000
thermocycler (Applied Biosystems; Foster City, CA) and Power
SYBR Green Master Mix (catalog no. 4367659, Applied Biosys-
tems) using the following human SIRTI promoter primers:
5'-AGCAAGGAGCAGAAAAAGGAGCAAAAGAGGAG-3’
(forward) and 5'-TCTTCCAACTGCCTCTCTGGCCCTC-
CTCCC-3' (reverse). The captured genomic DNA was normal-
ized to input material and compared between the normoxic and
hypoxic treatment samples.

Chromatin Immunoprecipitation Assays in Mice—CD1 mice
were exposed to 6% oxygen for 2 h and then euthanized for
harvest of liver samples inside a hypoxia chamber. We minced
30 mg of fresh tissue to 1-3 mm?, transferred tissue into 10 ml
of PBS plus protease inhibitors/g of tissue, added formaldehyde
(final concentration 1%), and rotated tubes at room tempera-
ture for 15 min. We stopped cross-linking with fresh glycine
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(final concentration of 0.125 m). After 5 min at room tempera-
ture, the tissue was pelleted at low speed centrifugation at 4'C,
washed once with cold PBS plus protease inhibitors, and then
repelleted. We resuspended the washed pellet in 1 ml of PBS on
ice and ground the tissue using a micro-tissue grinder on ice.
Cells were pelleted by microcentrifugation at 4 °C. ChIP was
carried out using the ChIP-IT™ Express Magnetic assay kit
(catalog no. 53009, Active Motif). After ChIP, the precipitated
genomic DNA was analyzed for the presence of a mouse Sirtl
amplicon by quantitative PCR using an Applied Biosystems ABI
Prism 7000 thermocycler (Applied Biosystems, Foster City,
CA), Power SYBR Green Master Mix (catalog no. 4367659,
Applied Biosystems), and the following primers: 5'-GGCAAC-
AGGCCCCGAGGGCTGGCTTGGGCA-3' (mouse Sirtl pro-
moter forward) and 5'-TCTTCCAACTGCCTCTCTGGCCC-
TCCGCCC-3' (mouse Sirtl promoter reverse). The captured
genomic DNA was normalized to input material and compared
between the normoxic and hypoxic treatment samples, with the
results of a representative experiment shown.

Real Time RT-PCR Analyses—For cells, total RNA was
extracted using GenElute"™ mammalian total RNA kit (catalog
no. RTN70-1KT, Sigma). For mouse liver, total RNA was iso-
lated from about one-eighth of the mouse liver (right lobule)
and extracted using the FastRNA Pro Green kit (catalog no.
6045, MP Biomedicals (Solon, OH)). 1 ug of total RNA was
reverse transcribed with oligo(dT) primers using a Moloney
murine leukemia virus reverse transcriptase kit (catalog no.
28025-013, Invitrogen). Real-time quantitative PCR was per-
formed on an Applied Biosystems ABI Prism 7000 thermocy-
cler using Power SYBR Green Master Mix following the man-
ufacturer’s protocol and one-tenth of total cDNA with the
following pairs primers: CYCLOPHILIN B (forward), 5'-ATG-
TGGTTTTCGGCAAAGTTCTA-3'; CYCLOPHILIN B (re-
verse), 5'-GGCTTGTCCCGGCTGTCT-3', SIRT1 (forward),
5'-GCAGGTTGCGGGAATCCAA-3'; SIRT1 (reverse), 5'-
GGCAAGATGCTGTTGCAAA-3'; PGKI (forward), 5'-TTAA-
AGGGAAGCGGGTCGTTA-3'; PGKI (reverse), 5'-TCCAT-
TGTCCAAGCAGAATTTGA-3'; EPO (forward), 5'-GAGGC-
CGAGAATATCACGACGGG-3'; and EPO (reverse), 5'-TGC-
CCGACCTCCATCCTCTTCCAG-3" (human primers) or
using cyclophilin B (forward), 5'-ATGTGGTTTTCGGCAAA-
GTTCTA-3'; cyclophilin B (reverse), 5'-GGCTTGTCCCGG-
CTGTCT-3'; SirtI (forward), 5'-GCAGGTTGCAGGAATCC-
AA-3’; and Sirtl (reverse), 5'-GGCAAGATGCTGTTGCAA-
A-3" (mouse primers). We expressed the results of three
ir}%g{pﬁﬁggfr}tdese}pleﬂmer‘}tvs,f\ glea)ch measured in triplicate, as
2 R Levels for genes of interest were
normalized to cyclophilin B mRNA.

Mouse Hypoxia Experiments—All mice were housed under
standard 12 h/12 h light/dark conditions and fed ad lib with
standard chow. We established C57BL/6] HIF-1a heterozygous
(28) X 129S6/SvEvTac HIF-2a (29, 30) heterozygous mating
pairs for generation of F1 hybrid (129S6/SvEvTac:C57BL/6])
wild type, HIF-1a heterozygous, HIF-2a heterozygous, and
HIF-1a/HIF-2a compound heterozygous mice. For hypoxic
experiments, we placed age- and gender-matched wild type
CD1 or wild type, HIF-1a, HIF-2«, and HIF-1o/HIF-2x com-
pound heterozygous F1 hybrid mice in a hypoxia chamber with
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flow by air supply and subjected them to normoxic (21% oxy-
gen) or continuous hypoxic (6% oxygen) treatment for 2 h. Mice
were then euthanized, and tissues were collected and snap-fro-
zen in liquid nitrogen for subsequent extraction of total RNA.
Real-time RT-PCR determinations were made for genes of
interest as described.

Mouse Adenoviral Experiments—We transduced adult CD1
wild type female mice (Charles River Laboratories, Wilming-
ton, MA) with PPN HIF-1a:HA, PPN HIF-2a:HA, or control
(GFP) adenovirus as described (21). Hepatic Sirt1 and Cyclophi-
lin mRNA levels were determined by real-time RT-PCR
analyses.

Statistical Analyses—Statistical analyses were performed
using Microsoft Excel (Microsoft Corp., Redmond, WA) and
StatPlus:mac LE (AnalystSoft, Inc.) by Student’s ¢ test or by
analysis of variance as indicated. One-tailed analyses were per-
formed because we anticipated that decreases or increases in
HIF signaling would blunt or augment Sirt1 expression, respec-
tively. p values less than 0.10 were deemed statistically
significant.

RESULTS

Sirtl Expression Increases during Hypoxia—The activity of
Sirtl can be controlled by transcriptional as well as by post-
translational mechanisms. Recently, we determined that Sirtl
selectively augmented HIF-2a signaling during hypoxia. We
surmised that the participation of Sirtl in HIF-2 signaling dur-
ing hypoxia reflects a physiologically relevant interaction of two
crucial stress-responsive signaling pathways. However, the
mechanism by which Sirtl activity is maintained or even
increased during hypoxia was unknown. We hypothesized that
Sirtl regulation during hypoxia could be conferred by changes
in Sirtl gene expression.

We first performed a time course analysis of acetylation dur-
ing hypoxia in Hep3B cells, a model hypoxia-responsive cell
line, as well as in HT1080 cells (Fig. 1A4), which have recently
been used in Sirt1/HIF studies (31). Ectopic HIF-1aand HIF-2«
exhibited marked differences in the ability to undergo acetyla-
tion during hypoxia in both cell lines. HIF-2«, but not HIF-1q,
was efficiently acetylated within 2 h, peaked by 4-8 h, and
returned to base-line values by 24 h following hypoxia
exposure.

We next examined SIRT1 protein levels during hypoxia in
Hep3B and in HT'1080 cells (Fig. 1B). Immunoblotting of SIRT1
revealed a time-dependent increase in protein levels for both
cell lines with the peak of expression at 4 h following hypoxia
exposure. To determine whether the observed changes in
SIRT1 protein levels during hypoxia were due to changes in
SIRT1 gene expression, we measured steady-state SIRTI
mRNA levels by real-time RT-PCR (Fig. 1C) in parallel samples
as assessed in Fig. 1B. SIRT1 mRNA levels increased in a time-
dependent manner during hypoxia for both Hep3B and
HT1080 cells and peaked at the same time point (4 h) as
observed for the peak of SIRT1 protein expression.

HIF-o Members Activate and Are Recruited to the Sirtl Prox-
imal Promoter—Because SIRTI gene expression increased dur-
ing hypoxia, we hypothesized that HIF members might directly
participate in the increase in SIRTI gene expression during
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FIGURE 1. Sirt1 expression increases during hypoxia. A, acetylation time
course of ectopic HIF-1a and HIF-2«a expressed in Hep3B or HT1080 cells
exposed to hypoxia. The top panel for each cell line shows immunoblotting
(IB) of acetyl-lysine residues in whole cell extract (WCE) after SP affinity purifi-
cation of ectopic HIF-1a and HIF-2« from cells exposed to hypoxia (1% oxy-
gen) forthe indicated period of time. The bottom panel shows the same mem-
brane reprobed for HA epitope tag. B, immunoblot analyses of human SIRT1
or TATA-binding protein (TBP) in nuclear extract (NE) from Hep3B or HT1080
cells exposed to hypoxia (1% oxygen) for the indicated period of time. C, SIRTT
mRNA levels as measured by real-time RT-PCR analyses of total RNA obtained
from Hep3B or HT1080 cells exposed to hypoxia (1% oxygen) for the indicated
period of time. SIRTT mRNA levels were normalized to cyclophilin B (cyclophi-
lin) mRNA levels for each sample. The data represent the average of three
independent samples obtained at each time point with each sample mea-
sured in triplicates. Error bars, S.E. p = 0.00002 for Hep3B samples and p =
0.006 for HT1080 samples with comparisons made by one-way analysis of
variance.

hypoxia. The human proximal SIRTI promoter region contains
several candidate HIF-responsive elements (HREs) conserved
between the mouse and human promoters that could poten-
tially serve as functional transcriptional regulatory elements
(Fig. 2A). One of these candidate HREs, HRES5, also is flanked by
candidate ETS-binding sites (EBS), which have previously been
shown to confer HIF-2-selective activation (32—34). To test
whether the proximal SIRT1 promoter would respond to HIF
activation, we isolated the human SIRTI proximal promoter
and fused it to firefly luciferase coding sequences for use in
transient transfection assays with Hep3B and HT1080 cells.
To evaluate the effect of HIF signaling on the isolated SIRTI
promoter, we overexpressed oxygen-independent (PPN)
mutant forms of HIF-1« or HIF-2« that are not modified by the
oxygen-dependent prolyl or asparaginyl hydroxylases (Fig. 2B).
These constructs allow for HIF signaling during normoxia,
thereby avoiding signaling induced by other hypoxia-activated
regulators. Both PPN HIF-1a and PPN HIF-2« increased activ-
ity of the isolated SIRT'I promoter reporter in both Hep3B and
HT1080 cells (Fig. 2B). Reporter activity was more pronounced
with PPN HIF-2a compared with PPN HIF-1« overexpression,

13872 JOURNAL OF BIOLOGICAL CHEMISTRY

A Candidate HRE:
5 4 3 21
Human SIRT1 Promoter =561 | (=] -_-_-_l_i‘sz
[r———
ChIP Amplicon

Wild-Type (WT): GGAAGACGTGGAA
Mutant HRE5 (mutHRES5): GGAAGACIGTGAA
Mutant ETS-binding sites (mutEBS): GATAGACGTGATA

B 24
c Hep3B
2
S 16
°
£
K]
L 8
0
24
HT1080
c
2
5 16
3
°
£
°
5 8
w
0
PPNHIF-: -111222 -111222 -111222
SIRT1: - -WD-WD --WD-WD --WD-WD
SIRT1 Prom (-354/+54): WT mutHRE5S mutEBS
¢ ‘g = 20
E3 Hep3B
Sc
o é O Normal IgG
ES B HIF-1a 1gG
%'.*E; 10 W HIF-2a 1gG
- E
©0
g o
Hypoxia (hr): 0 4 8 16

FIGURE 2. HIF activates the Sirt7 promoter. A, schematic representation of
the human SIRT1 proximal promoter region. The HREs conserved between
mouse and human in sequence and relative position are shown by black
boxes, whereas an HRE unique to the human SIRTT promoter is indicated as a
white box. The sequences for HRE5 and surrounding EBS are shown in the
parental WT construct as well as for the site-directed mutants in HRE5
(mutHRE) or in the flanking EBS (mutEBS). The nucleotide substitutions in the
core HRE (ACGTG) or in the core EBS (GGA) sequences are underlined. B, tran-
sient transfection assays of the isolated human SIRTT proximal promoter in
Hep3B or HT1080 cells. Transfections were performed with the indicated iso-
lated SIRTT proximal promoter reporter and expression plasmids encoding
no protein (—) (basal values) or oxygen-insensitive (PPN) HIF-1a or PPN
HIF-2a along with control (=), wild type (W), or deacetylase mutant (D) SIRT1
expression plasmids. The data represent the average of three independent
experiments with each experiment performed in triplicate. Error bars, S.E. For
Hep3B cells, p = 0.048 for PPN HIF-2« versus PPN HIF-2« + wild type Sirt1 with
wild type SIRTT promoter, and p = 0.001 for PPN HIF-2« versus PPN HIF-2a +
wild type Sirt1 with mutEBS SIRTT promoter. For HT1080 cells, p = 0.0004 for
PPN HIF-2« versus PPN HIF-2a + wild type Sirt1 with wild type SIRTT pro-
moter,and p = 0.0003 for PPN HIF-2a versus PPN HIF-2a + wild type Sirt1 with
mutEBS SIRTT promoter. All comparisons were made by one-tailed t test. C,
ChIP assays of HIF protein binding to the SIRT1 proximal promoter region.
Binding of HIF-1aand HIF-2« to the SIRT1 proximal promoter region in Hep3B
cells during hypoxia as assessed by ChlIP assays is shown with a PCR amplicon
centered on HRES5. The cell extracts from each time point were subjected to
ChlP assays using normal, anti-human HIF-1« or anti-human HIF-2« 1gG.

despite equivalent or even greater levels of PPN HIF-1a (see
Fig. 14, 0 h hypoxia time point). Moreover, SIRT1 co-expres-
sion augmented HIF-2¢, but not HIF-1a, stimulation of the
SIRT1I proximal promoter reporter.

HIF signaling is primarily mediated through binding of HIF
heterodimers to HREs in regulatory regions of HIF target genes,
although additional cis-elements may influence responsiveness
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of a given HRE to either HIF-1 or HIF-2. We hypothesized that
HRES5 in the proximal SIRTI promoter region might mediate
HIF signaling, given its location in a typical enhancer position
and the presence of flanking EBS that are important for HIF-2
signaling. To specifically evaluate the contribution of HRE5 to
HIF signaling, we generated a point mutation of HRE5 in the
(—354/+54) SIRTI promoter and observed a profound effect
on SIRTI promoter activity such that it was rendered unre-
sponsive to either PPN HIF-1a or PPN HIF-2« (Fig. 2B). These
data indicate that HRES5 is probably a functional and crucial
HRE conferring HIF-mediated induction of SIRTI gene expres-
sion during hypoxia.

To determine whether the EBS that flank HRE5 contribute to
HIF isoform activation of the SIRTI promoter, we constructed
and tested a SIRTI promoter point mutant that lacked func-
tional flanking EBS. As seen (Fig. 2B), ablation of the flanking
EBS blunts fold-induction by PPN HIF-2a, but not by PPN HIF-
la. However, the EBS mutations do not prevent augmentation
of PPN HIF-2« signaling by SIRT1. Similar to our results with
other HIF-responsive regulatory regions in HEK293 and Hep3B
cells (21), we did not observe an effect of SIRT1 on induction by
PPN HIF-1a of isolated SIRT1 promoter activity in either
Hep3B or HT1080 cells.

We next asked whether HIF-1a or HIF-2« are recruited to
the endogenous SIRT1 promoter during hypoxia. We per-
formed ChIP assays using extracts from Hep3B cells exposed to
various periods of hypoxia with a PCR amplicon that centered
on HRE5 of the SIRTI promoter region (Fig. 2C). As shown,
endogenous HIF-1a and HIF-2a are recruited to the endoge-
nous SIRT1 proximal promoter region during hypoxia (Fig. 2C).

HIF-1a and HIF-2a Contribute to Sirtl Induction during
Hypoxia in Cells—Because exogenous PPN HIF-1a as well as
PPN HIF-2« increased activity of the isolated SIRTI promoter
in transient transfection assays, we asked if pathological states
involving up-regulation of HIF-a members would result in
increases in SIRTI mRNA and SIRT1 protein levels. We began
with examination of Sirtl expression in 786-0 cells, derived
from VHL tumors in which the inactivation of the VHL protein
results in constitutive HIF-« expression, after transfection with
control or VHL-encoding expression plasmids. In the absence
of functional VHL protein, HIF-1a or HIF-2a proteins were
stabilized under normoxic conditions in 786-0 cells (Fig. 3B).
Introduction of a functional VHL protein resulted in the
expected decrease in HIF-1a and HIF-2« proteins and was
accompanied by a reduction of SIRT1 mRNA (Fig. 3A) and
SIRT1 protein (Fig. 3B) levels.

Because VHL loss may affect other signaling pathways
besides HIF, we asked if HIF signaling alone, as conferred by
exogenous PPN HIF-1a or PPN HIF-2a overexpression, could
affect SIRT1 protein levels in Hep3B cells. Exogenous PPN
HIF-1a as well as PPN HIF-2« significantly increased expres-
sion of endogenous SIRTI mRNA (Fig. 3C) and SIRT1 protein
(Fig. 3D) levels in Hep3B cells. Expression of exogenous PPN
HIF-2« resulted in an increase in Sirt1 gene expression similar
to the increase observed with exogenous PPN HIF-1¢, although
ectopic expression of exogenous PPN HIF-2a was less than
exogenous PPN HIF-1a.
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We next asked whether knockdown of endogenous HIF-o
subunits affects endogenous Sirtl induction during hypoxia.
Following introduction of siRNA recognizing either HIF-1« or
HIF-2a, Hep3B cells were exposed to normoxia or hypoxia, and
total RNA was prepared. Knockdown of HIF-la trended
toward lower induction, and knockdown of HIF-2«a signifi-
cantly blunted induction of SIRTI mRNA during hypoxia but
had no effect in cells maintained under normoxic conditions
(Fig. 3E). These reductions in SIRTI mRNA levels were not a
general inhibitory effect of HIF knockdown; the HIF-1 target
gene PGKI was only reduced after HIF-la knockdown,
whereas the HIF-2 preferential target gene EPO was predomi-
nantly affected after HIF-2« (supplemental Fig. S1, A and B).
The reduction in SIRT1 mRNA levels resulting from HIF-1a or
HIF-2a knockdown was accompanied by a blunting of the
increase in SIRT1 protein levels during hypoxia, but did not
affect SIRT1 protein levels during normoxia (Fig. 3F).

HIF Members Regulate Sirtl Gene Expression in Mice—We
have previously shown that ectopic expression of PPN HIF-1«
or PPN HIF-2« in the livers of mice results in activation of
HIF-1 or HIF-2 target genes. We now asked if Sirt1 levels dif-
fered in mice expressing ectopic PPN HIF-1a or PPN HIF-2a.
Similar to results obtained in Hep3B cells (Fig. 3, C and D),
ectopic PPN HIF-1« or PPN HIF-2a expression in mouse livers
significantly increased endogenous liver Sirt] mRNA (Fig. 4A4)
and Sirt1 protein (Fig. 4B) levels. Furthermore, and as seen in
Hep3B cells, ectopic PPN HIF-1a resulted in an increase in
Sirtl protein levels similar to that observed with ectopic PPN
HIF-2q, despite the lower levels of the latter compared with the
former ectopic HIF-« protein.

Because Sirtl gene expression increases in cells during
hypoxia, we next asked whether endogenous Sirt] mRNA and
Sirtl protein levels were altered in livers of mice exposed to
hypoxia. Hepatic Sirt] mRNA (Fig. 4C) and protein (Fig. 4D)
levels increased during hypoxia exposure relative to mice main-
tained under normoxic conditions. This was accompanied by
recruitment of endogenous HIF-1a and HIF-2« to the Sirtl
promoter region in liver after hypoxia exposure, as revealed by
in vivo chromatin immunoprecipitation assays (Fig. 4E). The
importance of HIF members for induction of Sirt1 gene expres-
sion was demonstrated by the blunted induction of Sirt1 mRNA
in mice that were haploinsufficient for HIF-1a, HIF-2¢, or both
HIF-1a and HIF-2« (Fig. 4F).

Impairment of HIF Signaling Affects Sirtl Activity—Sirtl
gene expression increases during hypoxia, but the increase is
blunted by reduction in either HIF-1c or HIF-2« protein levels.
We have previously shown that Sirtl deacetylates HIF-2a. We
next asked if a reduction in Sirtl levels conferred by HIF-1a
would affect the acetylation status of HIF-2c.

We first confirmed that knockdown of HIF-1a resulted in
decreased SIRT1 levels. Reduction of SIRT1 protein was evi-
dent when HIF-1a was knocked down (Fig. 54, lane 2) and was
unaffected by inhibition of SIRT1 activity mediated by the
pharmacological inhibitors sirtinol and nicotinamide (Fig. 54,
lane 4). Ectopic expression of wild type (Fig. 54, lane 6) or
deacetylase-inactive (Fig. 5A, lane 8) SIRT1 did not affect
HIF-1a knockdown.
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the average of three independent experiments with each experiment performed in triplicate. Error bars, S.E.

We examined whether a reduction in endogenous Sirt1 pro-
tein levels, as a result of HIF-1a knockdown, affected acetyla-
tion of endogenous HIF-2« during hypoxia. Acetylated HIF-2«
is normally undetectable without Sirt1 inhibition (Fig. 5B, lane
1). However, after knockdown of HIF-1e, acetylated HIF-2«
was readily detectable in the absence of the pharmacological
inhibitors (Fig. 5B, lane 2). This was not due to an overall
increase in acetylated HIF-2a levels, because the addition of
Sirtl pharmacological inhibitors resulted in similar levels of
acetylated HIF-2« in the absence (Fig. 5B, lane 3) or presence
(Fig. 5B, lane 4) of HIF-1a knockdown. Moreover, acetylated
HIF-2«a, which was detectable after HIF-1a knockdown, was
deacetylated by ectopic wild type Sirt1 (Fig. 5B, lane 6) but not
by deacetylase mutant (Fig. 5B, lane 8) Sirtl.

DISCUSSION

Why is it important to understand how Sirt1 action is main-
tained during hypoxia? Studies of Sirt1 activation to date have
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primarily focused on post-translational mechanisms of regula-
tion. These mechanisms include changes in pyridine nucleotide
levels or ratios that affect Sirtl enzymatic activity, Sirtl phos-
phorylation or other kinase-induced effects (35—40), or Sirtl
subcellular localization (41-44). Changes in pyridine nucleo-
tide levels or ratios are perhaps the best studied mechanism for
regulating Sirtl function (45). However, this mechanism is
unlikely to be responsible for activation of Sirt1 during hypoxia.

During ischemia, the change in redox state, which mirrors
the pyridine nucleotide ratio, does not favor Sirtl activation.
Similarly, the alterations in pyridine nucleotide levels during
hypoxia are opposite that associated with increased Sirtl enzy-
matic activity. Although most hypoxia/pyridine nucleotide
studies examined total NAD™ or NADH levels rather than free
NAD™ or NADH levels or ratios, which are the relevant molec-
ular species for NAD"/NADH-regulated enzymes such as
Sirtl, it is nevertheless unlikely that a major change in direction
of the cellular redox state during hypoxia would occur if free
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data represent the average of three independent experiments with each experiment performed in triplicates. Error bars, S.E.

NAD™/free NADH ratios were calculated. Therefore, an alter-
native mechanism for activation of Sirtl during hypoxia,
besides changes in redox state and pyridine nucleotide levels/
ratios, must exist.

Transcription factors that participate in hypoxia-dependent
regulation and that may be regulated by Sirtl are attractive
candidates for controlling Sirtl activity during hypoxia. Sirtl
and HIF are critical regulators of physiological processes in
mammals, including several affected by hypoxia or ischemia
(46), such as metabolic adaptation (47-49), angiogenesis (50 —
55), and oxidative stress defense mechanisms (56). A logical
expectation is that feedback mechanisms may exist for tran-
scription factors whose target genes encode genetic regulators,
which in turn act upon the transcription factor itself. This is the
case for FoxO, a transcription factor whose activity is also aug-
mented by Sirtl deacetylation (57) and which acts as a positive
regulator of Sirtl gene expression (58).
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Based upon our data obtained from cell culture and animal
models, we suggest that Sirtl induction during acute hypoxia is
mediated through binding of HIF complexes to, and subse-
quent activation of, the proximal Sirt1 promoter (Fig. 5C). An
increase in either HIF-1 or HIF-2 signaling is sufficient to
increase Sirtl gene expression, whereas a decrease in either
HIF-1 or HIF-2 signaling blunts the induction of Sirtl gene
expression during acute hypoxia. Finally, although Sirtl acts
selectively with HIF-2« to augment HIF-2 signaling, Sirtl does
not augment HIF-1 induction of isolated HIF-responsive regu-
latory regions from the Epo enhancer, VEGF promoter, Sod2
promoter, and, as now reported, the Sirt1 proximal promoter in
Hep3B cells (21), raising the possibility of positive feedback
regulation.

As with other HIF-regulated regulatory regions, we only
observed a selective and stimulatory action of Sirtl on HIF-2,
and not HIF-1, transactivation of the SirtI promoter. The link
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FIGURE 5. HIF deficiency alters Sirt1 function during hypoxia. A, endoge-
nous HIF-1¢, SIRT1, and a-tubulin as well as ectopic SIRT1 (vsv-g) protein
levels were determined by immunoblot (/B) analyses in Hep3B cells after
transfection with control (—) or HIF-1a (+) siRNA in the absence or presence
of ectopic wild type (W) or deacetylase-defective (D) Sirt1 expression. Cells
were exposed to hypoxia for 6 h beginning 48 h after siRNA transfection.
Samples were harvested in the absence or presence of the Sirt1 inhibitors
sirtinol and nicotinamide (NAM). B, endogenous HIF-2«a was immunoprecipi-
tated from samples prepared as in A and subjected to immunoblot analysis
with antibody recognizing HIF-1« or acetylated lysine. C, a model for Sirt1
activation during acute hypoxia. Upon hypoxia exposure, HIF-1a and HIF-2a
stabilize and bind to the HREs in the proximal Sirt T promoter region, resulting
in increased Sirt1 gene expression.

between Sirtl and HIF-2 pathways involves Sirtl-dependent
deacetylation of acetylated HIF-2a; we have previously found
significant acetylation of HIF-2q, and not HIF-1a, using either
exogenous or endogenous HIF-a proteins in HEK293 and
Hep3B cells (21). Determining how acetylation of HIF-2«, by a
currently undetermined acetyltransferase, and Sirtl-mediated
deacetylation act to increase HIF-2 signaling will require addi-
tional studies.

Whether Sirtl plays a role in HIF-1 signaling during acute
hypoxia is less clear. We have only found a functional and pos-
itive role for Sirtl in HIF-2-dependent, and not HIF-1-depen-
dent, induction of endogenous target genes during acute
hypoxia in Hep3B cells and in mice (21). In the current study,
we extended our evaluation of HIF acetylation in a more pro-
longed hypoxia time course in both Hep3B cells and HT1080
cells, the cell line used in the study that reported HIF-1« acety-
lation (31). In contrast to the results of Lim et al. (31), we found
no significant acetylation of ectopic HIF-1c in either Hep3B or
HT1080 cells during hypoxia.

13876 JOURNAL OF BIOLOGICAL CHEMISTRY

The reasons for the discrepancy between our results and
those of Lim et al. (31) is unclear, although we note that Lim et
al. (31) evaluated HIF-1a acetylation sites induced by ectopic
PCAF overexpression rather than by hypoxia. Because it is
probably more robust, acetylation induced by exogenous PCAF
may allow for easily detectable amounts of acetylated HIF-1a.
However, this raises the question of whether low level acetyla-
tion of HIF-1a during hypoxia, if present, is physiologically rel-
evant. Irrespective of whether or not low level acetylation of
HIF-1a occurs during hypoxia, we have not observed a func-
tional role for Sirtl in HIF-1 signaling in cells or in mice
exposed to acute hypoxia (21). Additional experiments will be
needed to clarify if Sirtl plays a role in HIF-1 signaling during
chronic hypoxia.

Our data suggest a functional role for both HIF-1 and HIF-2
in the control of Sirtl gene expression during acute hypoxia
that is mediated by transcriptional activation of the Sirt1 locus.
Moreover, impeding HIF-1 signaling has functional conse-
quences upon HIF-2 acetylation, which is evident after HIF-1«
knockdown in the absence of Sirtl inhibitors. The reduction in
Sirtl protein levels, the increase in HIF-2« acetylation due to
reduced Sirtl levels, and the lack of compensatory changes in
Sirt1 gene expression by HIF-2« after HIF-1a knockdown indi-
cate that impeding HIF-1 signaling will probably directly affect
Sirtl as well as HIF-2 signaling, thereby intricately linking Sirt1
and HIF signaling. Indeed, the blunting of EPO gene expression
in Hep3B cells after HIF-1a knockdown, albeit a more muted
effect compared with that resulting from HIF-2« knockdown,
might reflect loss of Sirtl augmentation of HIF-2 signaling in
addition to, or as opposed to, a reduction in HIF-1-mediated
induction of EPO directly.

The sensitivity of Sirt1 gene expression to HIF-a gene dosage
indicates an exquisite reliance upon HIF signaling, one that
results in an increase in Sirtl activity during initial hypoxia
exposure. Similar to other HIF-2-responsive regulatory regions
(21), HIF-2 activation of the isolated SirtI promoter is aug-
mented by Sirtl. HIF-2 activation of the SirzI promoter is prob-
ably influenced by other trams-acting factors, besides Sirtl,
because mutations in the candidate EBS that flank HRE5 selec-
tively affect HIF-2-mediated, and not HIF-1-mediated, induc-
tion of the isolated SirtI promoter. The spatial relationship of
the HRE and flanking EBS are consistent with that found in
other HIF-2-selective HIF target genes (32-34). Definitive
proof of a role for Ets family members in Sirtl regulation will
require further studies.

With continued hypoxic exposure beyond 8 —12 h in cell cul-
ture, Sirtl mRNA and protein levels begin to decline. The
biphasic response of Sirtl to hypoxia suggests a favorable role
for Sirtl in the acute phase of hypoxia and a neutral, or even
deleterious, role for Sirtl in the latter phases of hypoxia.
Although the complexities of Sirtl regulation during
hypoxia have not been completely elucidated, redox-depen-
dent mechanisms, which repress Sirtl gene expression in a
HIF-independent manner, may be relevant in the chronic
hypoxia state (59).

Although we cannot exclude post-translational mechanisms
as contributions to Sirtl activation during hypoxia, our results
suggest that Sirtl activity is maintained, and even increased,
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during acute hypoxia through mass action effects mediated by
HIF-dependent increases in Sirtl gene expression. HIF and
Sirtl activity can also be increased in hypoxia-independent
manners, including by oxidative stress, and thus Sirtl/HIF
interplay may have broader relevance. Finally, given the aug-
mentation of HIF-2 signaling by Sirt1 and now the role of HIF-2
in induction of Sirtl gene expression, we propose that a feed-
back system linking Sirtl activation with HIF-2 signaling is
active during acute hypoxia and probably other environmental
stress states. Additional studies will be needed to confirm the
existence of such a system and to better understand the rele-
vance of Sirt1/HIF signaling to mammalian physiological and
pathophysiological states.
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