MOLECULAR AND CELLULAR BIOLOGY, Aug. 2007, p. 5737-5745
0270-7306/07/$08.00+0  doi:10.1128/MCB.02265-06

Vol. 27, No. 16

Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Mitochondrial Reactive Oxygen Species Trigger Hypoxia-Inducible
Factor-Dependent Extension of the Replicative Life
Span during Hypoxia"

Eric L. Bell,! Tatyana A. Klimova,' James Eisenbart,’
Paul T. Schumacker,"* and Navdeep S. Chandel"*

Department of Medicine and Cell and Molecular Biology, The Feinberg School of Medicine, Northwestern University, Chicago, Illinois,
60611," and Department of Pediatrics, The Feinberg School of Medicine, Northwestern University, Chicago, Illinois, 60611>

Received 4 December 2006/Returned for modification 11 January 2007/Accepted 25 May 2007

Physiological hypoxia extends the replicative life span of human cells in culture. Here, we report that hypoxic
extension of replicative life span is associated with an increase in mitochondrial reactive oxygen species (ROS)
in primary human lung fibroblasts. The generation of mitochondrial ROS is necessary for hypoxic activation
of the transcription factor hypoxia-inducible factor (HIF). The hypoxic extension of replicative life span is
ablated by a dominant negative HIF. HIF is sufficient to induce telomerase reverse transcriptase mRNA and
telomerase activity and to extend replicative life span. Furthermore, the down-regulation of the von Hippel-
Lindau tumor suppressor protein by RNA interference increases HIF activity and extends replicative life span
under normoxia. These findings provide genetic evidence that hypoxia utilizes mitochondrial ROS as signaling
molecules to activate HIF-dependent extension of replicative life span.

Human cells have a finite capacity to replicate, and after a
critical number of cell divisions, they reach a state in which
further division cannot occur, termed replicative senescence
(25). Multiple mechanisms are postulated to explain the pro-
cess of replicative senescence, including telomere attrition and
accumulation of oxidative damage to DNA, lipids, and proteins
from free radicals (2, 34). The latter hypothesis is known as the
free radical theory. A seminal observation to support the free
radical theory was made 30 years ago by Packer and Fuehr,
who demonstrated that low oxygen concentration (hypoxia)
extends replicative life span of cultured primary human fibro-
blasts (39). The canonical interpretation of this finding was
that hypoxia decreases the generation of reactive oxygen spe-
cies (ROS) due to limiting oxygen levels. This results in dimin-
ished oxidative damage to DNA, lipids, and proteins, thus
prolonging replicative senescence and extending the life span
of cells. However, we have previously reported that the levels
of intracellular ROS paradoxically increase under hypoxia (7).
Therefore, the increase in replicative life span observed during
hypoxia is not consistent with the free radical theory.

The source of the increased ROS generated under hypoxia is
the mitochondria (5, 8, 7, 24, 31). Hypoxia increases ROS via
the transfer of electrons from ubisemiquinone to molecular
oxygen at the Qg site of complex III of the mitochondrial
electron transport chain (3). It has previously been demon-
strated that these ROS are both necessary and sufficient to
activate the transcription factor hypoxia-inducible factor (HIF)
(7, 8). HIFs are transcription factors that regulate physiological
responses to hypoxia, including placental development, and

* Corresponding author. Mailing address: Department of Cell and
Molecular Biology, Northwestern University Medical School, McGaw
Pavilion, 240 East Huron Avenue, M-334, Chicago, IL 60611. Phone:
(312) 503-2549. Fax: (312) 908-8163. E-mail: nav@northwestern.edu.

¥ Published ahead of print on 11 June 2007.

5737

pathophysiological processes such as cancer (44). HIFs are
basic helix-loop-helix transcription factors comprised of the
constitutively stable HIF-B/arylhydrocarbon receptor nuclear
translocator subunit and the oxygen-regulated HIF-a subunit.
Under normal oxygen conditions, HIF-« is hydroxylated at two
proline residues within the oxygen-dependent degradation do-
main (ODDD) by a family of prolyl hydroxylase enzymes. The
hydroxylated prolines are recognized by the Von Hippel-
Lindau tumor suppressor protein (pVHL), the recognition
component of the VHL elongin B and elongin C E3 ligase,
which targets the alpha subunit for rapid ubiquitin-mediated
proteasomal degradation (42). Under hypoxic conditions, the
generation of mitochondrial ROS prevents the hydroxylation
of HIF-a, thereby stabilizing HIF-a and allowing it to translo-
cate to the nucleus and dimerize with HIF-1pB to initiate tran-
scription of target genes (3, 5, 24, 31).

Recent studies in cancer cells demonstrate that telomerase
activity and the mRNA of the rate-limiting catalytic subunit of
telomerase, human telomerase reverse transcriptase (h"TERT),
increase during hypoxia, and that HIF is necessary for this
increase (37, 38, 53). Telomerase is an enzyme that maintains
telomere integrity, and it is a major regulator of replicative life
span in human cells. Multiple studies have demonstrated that
the overexpression of hTERT is sufficient to increase telome-
rase activity and replicative life span of human fibroblasts (4,
10, 11, 49). Conversely, the disruption of telomerase activity in
normal human cells restricts replicative life span (33). Here, we
demonstrate that stabilization of HIF under normal oxygen
conditions is sufficient to increase hTERT mRNA and telo-
merase activity in primary cells. More importantly, HIF is
necessary to increase replicative life span under hypoxic con-
ditions, and it is sufficient to increase replicative life span
under normal oxygen conditions, thereby providing a mecha-
nism for the increase in replicative life span observed under
hypoxic conditions.
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MATERIALS AND METHODS

Cell culture. Normal primary human diploid lung fibroblasts (PHLFs) were
cultured in FGM-2 medium (Cambrex) at 37°C in 5% CO, humidified incuba-
tors. To monitor population doublings (PDs), cells were split at approximately
70% confluence, counted, and seeded at a density of 4 X 10* cells. PD was
calculated using the following formula: PD = log(number of cells counted/
number of cells seeded)/log2 + previous PD. Representative curves are dis-
played from three independent experiments. Hypoxic conditions (1.5% O, or 3%
0O,) were achieved using the variable humidified InVivo, workstation (Biotrace).

Senescence-associated -galactosidase staining. PHLFs at various PDs were
plated in 60-mm dishes. Three days later senescence-associated B-galactosidase
activity was determined with a senescence-associated B-galactosidase staining kit
(Cell Signaling) according to the manufacturer’s protocol. Images were obtained
with a Nikon Eclipse TE200 inverted microscope at a magnification of X10.

Stable cell lines. Stable lines were generated in early-passage PHLFs (~PD15
to PD25) using retroviral methods with the PT67 packaging cell line (Clontech).
PT67 cells were transfected with 10 to 15 pg of plasmid using Transit-LT1
(Mirus) according to the manufacturer’s protocol. Virus-containing medium was
supplemented with 8 wg/ml of polybrene (Sigma) for infection. The pLXIN
vector (Clontech) was used to overexpress a dominant negative HIF (HIF-DN;
ATCC) (21) and the ODDDs (HIF-1la amino acids 531 to 575 fused to green
fluorescent protein [GFP]). The pSiren vector (Clontech) was used to express
short hairpin RNA (shRNA) sequences for pVHL (5'-GGAGCGCATTGCAC
ATCAACG-3") and Drosophila melanogaster HIF (dHIF) (5'-GCCTACATCC
CGATCGATGATG-3").

ROS measurement. Intracellular ROS was measured using two independent
assays. To measure acute ROS production, we used Amplex Red (Molecular
Probes) according to the manufacturer’s protocol. Briefly, 5 X 10° cells were
lysed in Amplex Red solution (100 wM) supplemented with 200 mU/ml of
superoxide dismutase (OXIS International) and incubated in the dark for 30
min. Fluorescence was measured in a Spectra Max Gemini (Molecular Probes)
plate reader with excitation of 540 nm and emission of 590 nm. For longer time
points we used the redox-sensitive GFP (roGFP) previously described (15).
PHLFs were infected with 20 PFU of adenovirus encoding roGFP targeted to the
cytosol. Cells were harvested for analysis with a CyanADP flow cytometry ana-
lyzer (Dako) 24 or 48 h after being placed under test conditions. The mean
fluorescent channel for the ratio of violet excitable to blue excitable was deter-
mined with Summit software, version 4.2 (Dako). The percent oxidized probe is
determined as the ratio of the sample mean to the mean from the probe oxidized
by 1 mM H,O,. In the MitoQ experiment, cells were preincubated with MitoQ
(gift from Michael Murphy) or methyltriphenyl-phosphonium bromide (TPMP;
Sigma) for 30 min and then exposed to 21% O, and 1.5% O, for 4 h in the
presence of either 2 pM MitoQ or TPMP.

Gene reporter assay. HIF-mediated transcriptional activity was measured us-
ing three copies of a hormone response element (3XHRE) from the pgk-1 gene
cloned into the pGL2-Basic plasmid (Promega). Cells were transfected with this
plasmid using TransIT-LT1 (Mirus) according to the manufacturer’s protocol.
Cells were subjected to conditions for 16 h before lysates were collected. Lucif-
erase values were determined using a dual-luciferase reporter assay kit (Pro-
mega) according to the manufacturer’s protocol. Values for firefly luciferase
were normalized to Renilla luciferase under the control of the thymidine kinase
promoter in the pRLTK vector. In the MitoQ experiment, cells were preincu-
bated with MitoQ or TPMP for 30 min and then exposed to 21% O, and 1.5%
O, for 16 h in the presence of either 2 uM MitoQ or TPMP.

Real-time PCR. PHLFs were cultured for 24 h at 21% O, alone, after infection
with 50 PFU of ODDD wild type (ODDDwt), ODDD with the mutation P564A
[ODDD(P564A)], or roGFP adenoviruses, or at 1.5% O, Adenoviral infections
were performed in fibroblast basal medium (Cambrex) for 6 h. Total RNA was
then isolated using an Aurum Mini Kit (Bio-Rad). cDNA was generated using
the RNaqueous-4PCR system (Ambion) according to the manufacturer’s proto-
col. Prepared cDNA was analyzed for hTERT mRNA using Platinum SYBR
Green qPCR SuperMix UDG (Invitrogen). Cycle threshold (C;) values for
hTERT were normalized to C;values for ribosomal protein L19, and data were
analyzed using the Pfaffl method (41). Primers used were as follows: hTERT,
5'-CGTTTGGTGGATGATTTCTTGTT-3' and 5'-TCGTCTTCTACAGGGA
AGTTCA-3'; RPL19, 5'-AGTATGCTCAGGCTTCAGAAGA-3' and 5'-CAT
TGGTCTCATTGGGGTCTAAC-3'".

Immunoblotting. Nuclear extracts were prepared as previously described (7).
Samples (30 pg) were resolved on a sodium dodecyl sulfate-7.5% polyacrylamide
gel. HIF-1a protein was detected using a 1:250 dilution of HIF-la antibody
(clone 54; BD Biosciences), and RNA polymerase II (Pol IT) protein was de-
tected using a 1:200 dilution of RNA Pol IT antibody (Santa Cruz). In the MitoQ
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experiment, cells were preincubated with MitoQ or TPMP for 30 min and then
exposed to 21% O, and 1.5% O, for 4 h in the presence of either 5 pM MitoQ
or TPMP.

DNA double-stranded break response. PHLFs were incubated for 0, 4, or 8 h
at 1.5 or 3% O, in the variable hypoxic workstation InVivo, (Biotrace Inc).
Incubation with staurosporine (0.5 uM) for 6 h was used as a positive control.
Cells were lysed in lysis buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl,, 10 mM
KCl, 0.5 mM dithiothreitol, 1.5 mM phenylmethylsulfonyl fluoride), and proteins
were acid extracted. Cell lysates were incubated with 0.2 M HCl for 30 min on ice
and centrifuged at 11,000 X g for 10 min at 4°C. Supernatant was dialyzed against
0.1 M acetic acid for 1 h twice and then against water for 1 h, 3 h, and overnight.
Acid-extracted proteins were resolved by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, and the presence of phosphorylated H2AX was determined
by immunoblotting for YH2AX (clone JBW301; Upstate). Loading was con-
trolled by immunoblotting for total H2AX (catalog no. 07-627; Upstate) and
a-tubulin (Sigma).

Telomerase activity. Telomerase activity was determined using a quantitative
real-time telomerase repeat amplification protocol method previously described
(50). Briefly, PHLFs were cultured for 24 h at 21% O, alone, after infection with
100 PFU of ODDDwt or ODDD(P564A) adenovirus (ViraQuest Inc.), or at
1.5% O,. Cells were then harvested and suspended in CHAPS (3-[(3-cholamido-
propyl)-dimethylammonio]-1-propanesulfonate) buffer (10 mM Tris-HCIl pH 7.5,
1 mM MgCl,, 1 mM EDTA, 5 uM B-mercaptoethanol, 10% glycerol, 0.1 mM
phenylmethylsulfonyl fluoride, 0.5% CHAPS) at 10° cells/ul. The suspension was
incubated on ice for 30 min and then centrifuged at 16,000 X g for 30 min.
Supernatant was harvested, and 1 pl was mixed on ice with 0.1 pg of telomerase
primer TS (5'-AATCCGTCGAGCAGAGTT-3"), 0.05 ng of anchored return
primer ACX (5'-GCGCGG[CTTACC];CTAACC-3"), 25 ul of SYBR Green
PCR Mastermix (Bio-Rad), and water to 50 ul. Samples were incubated at 25°C
for 20 min and then amplified by PCR using an iQ Icycler (Bio-Rad) and a
two-step PCR for 35 cycles (30 s at 95°C and then 90 s at 60°C). Sample C;values
were compared to a standard curve generated by serial dilution of extract ob-
tained from telomerase-positive 293T cells.

Statistical analysis. Data are presented as means * standard error of mean.
Data were analyzed using one-way analysis of variance. When analysis of vari-
ance indicated that a significant difference was present, we explored the individ-
ual difference with a Student’s ¢ test. Statistical significance was determined at a
value of 0.05. Experimental samples were compared with the appropriate con-
trols.

RESULTS

Hypoxia increases replicative life span and ROS. Multiple
reports have demonstrated that human fibroblasts extend their
replicative life span during hypoxia (20, 39, 43). Consistent
with previous reports, hypoxia (1.5% O,) increased the repli-
cative life span of PHLFs by 10 PDs compared to culture
conditions mimicking normal physiological oxygen conditions
of lung cells (ambient air) (Fig. 1a). Cells cultured under hyp-
oxia also displayed an increase in the rate of proliferation.
Senescence of cells under normoxia and hypoxia was con-
firmed by staining for B-galactosidase activity, a hallmark of
the senescence phenotype (13). As expected, proliferating cells
under either normoxic or hypoxic conditions (PD29 and
PD27, respectively) did not stain blue when fixed and treated
with X-Gal (5-bromo-4-chloro-3-indolyl-B"-p-galactopyrano-
side), indicating a lack of B-galactosidase activity. Normoxic
cells that had stopped proliferating (PD56) clearly displayed
B-galactosidase activity. In contrast, cells under hypoxic con-
ditions at the same PD (PD55) failed to display 3-galactosidase
activity but eventually demonstrated B-galactosidase activity at
PD66 (Fig. 1b).

In accordance with the free radical theory, the delay in
replicative senescence under hypoxia is thought to be directly
due to a decrease in ROS. Although hypoxia extends the rep-
licative life span of PHLFs, the levels of intracellular ROS did
not diminish under hypoxia. The levels of intracellular ROS, as
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FIG. 1. Hypoxia increases replicative life span of human lung fibroblasts and mitochondrion-generated ROS. (a) PHLFs were cultured in either
21% O, or 1.5% O, and their PDs were monitored. (b) Senescence was detected by B-galactosidase activity in normoxia (PD29 and PD55) or
hypoxia (PD27, PD55, and PD66). Scale bar, 132 wm. (¢) Relative intracellular H,O, levels of PHLFs, as determined by Amplex Red in 21% O,
1.5% O,, or antimycin A (1 pg/ml) for 4 h in the presence of the mitochondrion-targeted antioxidant MitoQ (1 pM) or control compound TPMP
(1 wM). *, P < 0.05 for TPMP at 21% O, compared to TPMP at 1.5% O, or antimycin A (n = 3). (d) Cytosolic ROS levels were detected by roGFP
in PHLFs exposed to 21% O, and 1.5% O, for 24 and 48 h. Intracellular oxidant levels are displayed as a percentage of roGFP maximally oxidized

by treating cells with 1 mM H,O, for 5 min (n = 3).

determined by Amplex Red, increased in cells exposed to hyp-
oxia compared to normoxic counterparts (Fig. 1c). As ex-
pected, PHLFs also increase intracellular ROS when incu-
bated with the electron transport inhibitor antimycin A.
Incubating these PHLFs with the mitochondria-targeted anti-
oxidant MitoQ abrogated the increase in ROS observed in
PHLFs treated with antimycin A, as well as in hypoxia, com-
pared to cells incubated with the control compound TPMP
(Fig. 1c). These results demonstrate that an increase in mito-
chondrial ROS production during hypoxia is associated with an
extension of replicative life span.

Amplex Red is a nonphysiological target of ROS, while the
target of ROS within the cell during hypoxia is likely a physi-
ologically and biologically relevant protein. Therefore, we
measured the level of ROS production in PHLFs using a bio-
logical target of ROS in living cells, roGFP. This roGFP pro-
tein contains GFP mutations with two surface-exposed cysteine
residues placed at positions 147 and 204 (S147C and Q204C).

In the presence of an oxidant, a disulfide bond forms between
the two surface-exposed cysteines that increases the excitation
at 400 nm at the expense of the peak near 490 nm. The ratio of
fluorescence between 400 and 490 nm is proportional to the
oxidant-induced disulfide bond formation. We infected PHLFs
with an adenovirus expressing roGFP. This probe serves as a
surrogate biological target of ROS in living cells (15). PHLFs
displayed increased levels of ROS under hypoxic conditions at
both 24 and 48 h (Fig. 1d). These data indicate that the ROS
generated under hypoxic conditions are sufficient to react with
protein targets in living cells.

Hypoxic increase in ROS does not result in DNA damage.
Previous studies have demonstrated that hypoxia increases
ROS (3, 5, 14, 16, 24, 28, 31, 52). However, other studies have
indicated that ROS are decreased under hypoxic conditions
(18, 36, 48). Consistent with previously published data (7),
intracellular ROS is increased in an oxygen dose-dependent
manner (Fig. 2a). ROS have been shown to induce DNA dou-
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FIG. 2. Hypoxic increase in cytosolic ROS does not induce DNA double-stranded break response. (a) Relative intracellular H,O, levels of
PHLFs, as determined by Amplex Red in 21% O,, 3% O,, or 1.5% O,. *, P < 0.05 for 3% O, or 1.5% O, compared to 21% O, (n = 3). (b)
Phosphorylation status of H2AX in acid-extracted proteins from PHLF exposed to 21% O,, 3% O,, 1.5% O,, or staurosporine.

ble-stranded breaks. To explore whether the ROS generated
under hypoxic conditions damaged DNA, we examined the
phosphorylation of H2AX, a marker of DNA double-stranded
breaks (40). Culturing PHLFs under hypoxic conditions that
increase intracellular ROS, 3% O, or 1.5% O,, does not in-
duce the phosphorylation of H2AX (Fig. 2b.) However, treat-
ment with the DNA damaging agent staurosporine does in-
crease phosphorylation of H2AX. These data indicate that the
ROS generated under hypoxic conditions do not act to damage
DNA and likely rather serve as signaling molecules to initiate
signal transduction cascades.
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Mitochondrion-generated ROS stabilize HIF-la during
hypoxia in PHLFs. The mitochondrion-generated ROS pro-
duced under hypoxia initiate signaling cascades that result in
cellular adaptation to environments with decreased oxygen
levels (17). One such signaling cascade results in the activation
of HIF to induce a transcriptional program. HIF is not acti-
vated in the absence of mitochondrion-generated ROS, indi-
cating that the hypoxic activation of HIF during hypoxia re-
quires mitochondrial ROS (3, 5, 7, 24, 31). Hypoxic activation
of HIF-mediated transcription occurs in an oxygen dose-de-
pendent manner (Fig. 3a). As expected, hypoxic stabilization of
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FIG. 3. Hypoxia-induced generation of mitochondrial ROS triggers HIF activation in PHLFs. (a) PHLFs transiently transfected with the firefly
luciferase reporter construct driven by 3XHRE and the Renilla luciferase construct driven by the thymidine kinase promoter and exposed to 21%
0,,3% O,, or 1.5% O,. *, P < 0.05 for 3% O, or 1.5% O, compared to 21% O, (n = 3). (b) HIF-1a and RNA Pol II protein levels in nuclear
extracts from PHLFs exposed to 21% O, and 1.5% O, for 4 h in the presence of either 5 uM MitoQ or TPMP. (c) PHLFs transiently transfected
with the firefly luciferase reporter construct driven by 3XHRE and the Renilla luciferase construct driven by the thymidine kinase promoter. Cells
were exposed to 2 puM MitoQ or TPMP under 21% O, and 1.5% O, for 16 h. Relative luciferase values were determined by normalizing firefly
to Renilla luciferase. *, P < 0.05 for TPMP at 21% O, compared to TPMP at 1.5% O, (n = 3).
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HIF-1a protein levels and HIF activity was abolished in the
presence of the mitochondrion-targeted antioxidant MitoQ
(Fig. 3b and c). These data indicate that PHLFs require
hypoxic induction of mitochondrial ROS to activate HIF.

HIF is sufficient to increase hTERT and telomerase activity
in PHLFs. Hypoxia increases telomerase activity and hTERT
mRNA, and HIF is necessary for this increase (53). However,
it is not established if HIF alone is sufficient to mediate these
increases. To explore this possibility, we utilized a technique
that specifically stabilizes HIF protein under normal oxygen
conditions. Overexpression of a peptide that corresponds to
HIF ODDD effectively competes with endogenous HIF for its
E3 ligase pVHL, allowing HIF to accumulate, translocate to
the nucleus, and induce transcription. Stabilization of endog-
enous HIF under normoxia, achieved by overexpression of the
HIF ODDD (ODDDwt) but not a mutant lacking proline 564
[ODDD(P564A)] was sufficient to increase HIF-1 a protein
levels (Fig. 4a). Stabilization of HIF-1a protein by overexpress-
ing the ODDDwt increased hTERT mRNA and telomerase
activity compared to cells that overexpress ODDD(P564A)
(Fig. 4b and c). These data demonstrate that HIF activation is
sufficient to induce hTERT expression and telomerase activity
in primary cells.

HIF transcriptional activity is necessary for hypoxic in-
crease in replicative life span. Since HIF is sufficient to in-
crease telomerase activity in primary cells and telomerase ac-
tivity increases replicative life span, we examined whether HIF
transcriptional activity is necessary for the hypoxic increase in
replicative life span. PHLFs stably expressing HIF-DN (21)
demonstrated impaired HIF transcriptional activity under hyp-
oxia (Fig. 5a). Furthermore, these cells were not able to in-
crease telomerase activity under hypoxic conditions (Fig. 5b).
No difference in PDs was observed between cells containing
the HIF-DN and the vector control cells (pLXIN) cultured
under normoxic conditions (Fig. 5¢). By contrast, cells express-
ing the HIF-DN cultured under hypoxia had a significantly
lower PD than control cells (Fig. 5d), indicating that HIF is
necessary for the hypoxic increase in replicative life span.

Activation of HIF or loss of pVHL is sufficient to extend
replicative life span. To determine whether stabilization of
endogenous HIF under normoxia is sufficient to extend repli-
cative life span, PHLFs stably expressing ODDDwt or
ODDD(P564A) were cultured until they senesced. Cells ex-
pressing ODDDwt display an increase in HIF transcriptional
activity and undergo five more PDs than cells that express the
ODDD(P564A) (Fig. 6a and b). These data clearly demon-
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strate that HIF is sufficient to increase replicative life span
under normal oxygen conditions, providing a novel role for
HIF in the regulation of replicative life span.

The loss of tumor suppressor VHL increases HIF activity
under normoxia. To test whether the loss of pVHL would
regulate senescence, PHLFs were created to stably express an
shRNA against pVHL (Fig. 7a). Cells expressing the shRNA
against pVHL displayed an increase in HIF-1a protein under
normal oxygen conditions (Fig. 7b). These cells also displayed
an increase in PDs compared to cells that expressed the control
shRNA against dHIF under normal oxygen conditions (Fig.
7c). Thus, loss of pVHL is sufficient to increase replicative life
span under normoxic conditions.

DISCUSSION

Our results reveal that mitochondrial ROS behave as signal-
ing molecules to activate an HIF-dependent increase in telom-
erase activity, thus contributing to the positive regulation of
replicative life span in human cells. Paradoxically, ROS have
been previously demonstrated to increase during hypoxia (3, 5,
7,24,31). The increase in ROS during hypoxia occurs at the Q,,
site of mitochondrial complex III (3). Consistent with previous
observations, our current study indicates that hypoxia increases
both ROS and HIF activity as a function of decreasing oxygen
levels (7). Typically, ROS are thought to be exclusively dam-
aging and are associated with the induction of senescence (2).
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FIG. 7. Loss of the pVHL tumor suppressor protein that regulates HIF increases replicative life span in PHLF. (a) pVHL protein levels from
whole-cell lysates of PHLF stably expressing an shRNA against pVHL. (b) HIF-1a protein levels in cells stably expressing shRNA for dHIF and
pVHL that were exposed to 21% O, or 1.5% O,. N, normoxia; H, hypoxia. (c) PHLFs expressing an shRNA against pVHL or dHIF (control) were

grown in 21% O,, and their PDs were monitored postinfection.

However, we demonstrate in the current study that mitochon-
drial ROS generated under hypoxic conditions do not activate
the DNA double-stranded break response. Instead, they acti-
vate HIF, resulting in the induction of hTERT mRNA and
subsequent telomerase activity. Previous studies have demon-
strated that hTERT is an HIF target gene. Therefore, our
study highlights the finding that ROS can serve as signaling
molecules to regulate HIF-dependent replicative senescence.
Multiple studies have demonstrated that low levels of
ROS can serve as signaling molecules and are required for
cell proliferation and gene expression by inactivating phos-
phatases and activating kinases (1, 19, 26, 27, 35, 47). Our
results suggest that there is a graded response to senescence
with respect to ROS. Accordingly, increased levels of oxi-
dative stress during hypoxia would function as adaptive sig-
naling molecules to extend replicative life span via activa-
tion of HIF, whereas higher levels of oxidative stress would
trigger premature senescence. We speculate that the gener-
ation of mitochondrial ROS has not been completely elim-
inated in evolution because they are involved in activating
genes that help in the adaptation to stress, such as changes
in oxygen levels. In fact, ROS have been shown to activate
transcription factors OxyR and Yapl in Escherichia coli and
Saccharomyces cerevisiae, respectively (for a review, see
reference 22). Furthermore, there are multiple studies indi-
cating redox-based activation of transcription factors in
mammalian cells as well (for a review, see reference 30).
The finding that HIF is involved in the regulation of senes-
cence is significant with respect to cancer. Reports indicate
that overcoming senescence is critical for tumor suppression
(6). Activation of oncogenes such as Ras or loss of the tumor
suppressor PTEN can activate p53-dependent senescence to
prevent the progression of cells to a transformed state (9, 46).
Dysregulation of pS3 occurs frequently in cancer, as does HIF
overexpression (45). A causal role of HIF has been established

in renal cell carcinoma, where a genetic defect results in loss of
function of the tumor suppressor pVHL (29, 32). The loss of
pVHL function results in an increase in HIF levels under
normoxia, thereby contributing to the tumorigenicity of renal
cell carcinoma via aberrant activation of HIF (29). The finding
that HIF is sufficient under normal oxygen conditions to in-
crease replicative life span demonstrates that HIF is capable of
regulating replicative capacity to further promote the ability of
precancerous cells to overcome the tumor-suppressing mech-
anism of senescence. The ability of HIF to increase replicative
life span would provide a growth advantage in cancers that
have aberrant upregulation of HIF due to loss of tumor sup-
pressors or activation of oncogenes. A recent report also indi-
cated that HIF regulates senescence in mouse cells (51).
Collectively, these data identify a novel role of HIF in the
regulation of cancer in addition to its established role in reg-
ulating tumor angiogenesis and metabolism.

In summary, our data demonstrating that HIF is necessary
for hypoxic increase in replicative life span provide an alter-
native mechanism to the free radical theory for explaining the
observed increase in replicative life span. Moreover, the find-
ing that HIF is sufficient to increase replicative life span under
normal oxygen conditions demonstrates that HIF is capable of
regulating replicative capacity and would further implicate
HIF as a positive regulator in diseases associated with in-
creased proliferation, such as cancer and pulmonary hyperten-
sion. Finally, hypoxia and HIF have been implicated in main-
taining stem cells in an undifferentiated state (12, 23). The
ability of hypoxia and HIF to extend replicative life span would
further provide an environmental advantage for stem cells to
reside in hypoxic niches like the bone marrow.
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