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Loss of the VHL tumor suppressor is regarded as an initiating event in the development of clear-cell renal
carcinoma. Surprisingly, loss of VHL induces senescence in mouse fibroblasts in vitro, a response that would
restrict development of renal carcinoma in vivo. Typical in vitro cell culture levels of oxygen, however, are
significantly higher than physiological levels of oxygen, which have been shown to abrogate senescence induced
by many stimuli. Therefore, we investigated the oxygen dependence of VHL loss-induced senescence. Using
mouse fibroblasts and primary renal epithelial cells in vitro, we found that VHL loss leads to senescence under
atmospheric conditions (21% O2), partly through increasing p27 levels, but not under physiological oxygen-
ation (2% to 5% O2), despite maintaining increased p27 expression. This suggests that VHL inactivation
sensitizes cells to oxidative stress. In support of this concept, senescence following VHL loss depends on p53
activity, which decreases under the less stressful conditions of mild hypoxia. We confirmed these observations
in vivo by treating kidney-specific VHL knockout animals with the potent oxidizer paraquat and observed a
robust induction of cellular senescence. Together, these data demonstrate that in vivo oxygenation promotes
tolerance of VHL loss in renal epithelia, which may promote the development of renal carcinoma.

Mutation of the VHL gene is associated with the hereditary
cancer syndrome von Hippel-Lindau disease, which is charac-
terized by central nervous system (CNS) and retinal heman-
gioblastomas, pheochromocytomas, and clear-cell renal cell
carcinomas (CCRCC). VHL is a tumor suppressor that follows
the Knudson “two-hit” model, whereby individuals inherit a
mutant allele and then acquire a second, somatically inacti-
vated copy during their lifetimes. Sporadic development of
CCRCC is also associated with inactivation of VHL in a ma-
jority of cases.

The best-studied role of VHL is in oxygen sensing (16). VHL
is a critical component of a ubiquitin-conjugating complex that
targets the heterodimeric hypoxia-inducible factors (HIF) for
degradation under aerobic conditions. Oxygen-dependent
posttranslational modification of the HIF� subunits allows as-
sociation with VHL and subsequent degradation. Under hy-
poxic conditions, or in the absence of VHL, the HIF transcrip-
tion complexes are stabilized and activated and lead to the
transcription of a diverse set of target genes that are broadly
involved in adaptation to low-oxygen conditions. Interestingly,
many of these genes have also been linked to protumorigenic
functions, including angiogenesis, glycolysis, survival, and me-
tastasis (3).

In addition to regulating adaptation to hypoxia, VHL has
also been implicated in the maintenance of primary cilia, mi-
crotubule stability, and regulation of the extracellular matrix. It

is unclear if these functions are specifically linked to tumori-
genesis; however, they are likely to contribute to many of the
other clinical manifestations of VHL disease (15). In addition,
loss of VHL has recently been demonstrated to induce senes-
cence in mouse embryo fibroblasts (MEFs) (41). This obser-
vation contributes to an increasingly prevalent theme of onco-
gene activity or tumor suppressor loss in primary cells, leading
to senescence to act as a barrier to malignant progression (4, 6,
22, 33).

Senescence plays a critical role in tumor suppression. It can
result from telomere shortening, oncogene expression/tumor
suppressor loss, or adverse culture conditions. Interestingly,
senescence is influenced significantly by oxidative stress: oxi-
dizing agents induce senescence while reducing agents inhibit
senescence. Moreover, senescence can be inhibited by cultur-
ing cells in low-oxygen environments (17, 25, 26). Indeed, un-
der atmospheric oxygen tensions (21% O2, commonly referred
to as “normoxia”), wild-type or oncogene-expressing MEFs
display a limited growth potential that culminates in senes-
cence, while under low-oxygen conditions (2 to 3% O2), cells
proliferate indefinitely. This increased growth potential is
partly due to reduced oxidative stress under low partial O2

pressure (pO2) and partly to increased tolerance for such stress
(26, 38). Given that normal physiological oxygen concentra-
tions range from as high as 14% in the lungs to 1 to 2% in parts
of the brain, heart, and skin (35), these observations suggest
that what induces senescence in atmospheric oxygen in vitro
may or may not represent normal cellular responses in vivo.

In the kidney, oxygen ranges from 1.5% in the inner medulla
to 7% in the outer cortex (1, 18), levels that are often sufficient
to alleviate the onset of senescence. As mutation of VHL has
been found to be one of the earliest lesions in the development
of CCRCC (21), we sought to investigate how the loss of VHL
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would be tolerated under physiological conditions and, in par-
ticular, in renal epithelial cells, where VHL mutations occur.
Understanding how these cells react to VHL loss is critical to
determining the etiology of the disease.

MATERIALS AND METHODS

Cell culture. VHLf/f and VHLf/f HIF-2�f/f MEFs were harvested as described
previously (38). For each experiment, MEFs were thawed and manipulated in
2% O2 in a Ruskinn In Vivo2 Hypoxia Work Station before being subjected to
appropriate pO2 in like chambers. Gamma irradiation was carried out with an
open-source 137Cs irradiator. H2O2 treatments were performed with cells at
confluence to reduce H2O2 toxicity; the cells were plated 24 h later and followed
for markers of senescence. Proteasome inhibition was effected by 10 �M MG132
for 8 h. For synchronization, MEFs were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) plus 0.1% serum for 72 h and stimulated with 20% serum for
the indicated times. Cells were analyzed for propidium iodide staining using
standard procedures. Doxorubicin treatment was 0.2 �g/ml for 5 h. Adenoviral
infections were carried out as described previously (38). Primary renal tubule
epithelial cells (PTECs) were harvested as described previously (34) and plated
directly in the indicated pO2. All short hairpin RNAs (shRNAs) were in pLKO.1
from Open Biosystems (shp27, clone TRCN0000071067; shHIF-1�, clone
TRCN0000054448; and shp53, GTACTCTCCTCCCCTCAAT).

Proliferation, senescence, and comet assays. Proliferation assays and senes-
cence staining were performed as described previously (7, 38). Alkaline comet
assays were also described previously (8). Error bars throughout indicate stan-
dard deviations. Unpaired two-tailed Student’s t tests were performed to deter-
mine significance.

Northern and Western blotting and immunofluorescence. Northern and West-
ern blotting were performed using standard procedures. Where applicable, cell
lysates were harvested in the hypoxia chambers without reoxygenating the cells.
The antibodies used were as follows: HIF-1�, Bethyl A300-286A; p27, Trans-
duction Labs K25202; �-actin, Santa Cruz sc1615; cyclin A, Santa Cruz sc-596;
cyclin D1, Cell Signaling DCS6; cyclin E, Upstate Biosystems 06459; p21, Santa
Cruz sc-756; aryl hydrocarbon receptor nuclear translocator (ARNT), Transduc-
tion Labs 611079; p53, Santa Cruz sc-126; p53Ser15, Cell Signaling 9284;
�H2AX, Cell Signaling 9718; and tubulin, RDI Tubulaadm-DM. �-actin, tubulin,
and ARNT were used as loading controls. For immunofluorescence, the follow-
ing antibodies were used: fluorescein isothiocyanate (FITC)-conjugated �-pi-
monidazole (Chemicon 90531) and Glut1 (Thermo Scientific RB-9052P). The
lectins used were rhodamine-conjugated peanut agglutinin (Vector Labs RL-
1072) and fluorescein-conjugated Griffonia simplicifolia lectin II (Vector Labs
FL-1211). For pimonidazole staining, animals were injected with 60 mg of Hy-
poxyprobe-1 (NPI, Inc.)/kg of body weight 90 min before being sacrificed.

PCR and QRT-PCR. Primers for genotyping the VHLf/f animals have been
previously described (11). The CRE genotyping primers were TGGGCGGCAT
GGTGCAAGTT and CGGTGCTAACCAGCGTTTTC. Quantitative real-time
PCR (QRT-PCR) was performed on an ABI7900HT using Power SYBR green
Master Mix and following standard procedures. The primer sequences were as
follows: Vhlh, CAGCTACCGAGGTCATCTTTG and CTGTCCATCGACATT
GAGGGA; Glut1, CAGTTCGGCTATAACACTGGTG and GCCAGAGGGG
TTTCTGTCG.

Animal studies. PEPCK-CRE VHL animals have been described previously
(29). Animals of appropriate genotypes were treated with 10 mg/kg paraquat
dichloride by intraperitoneal (i.p.) injection two times 1 week apart. The animals
were sacrificed 4 weeks after the initial treatment, and their kidneys were sunk
in 30% sucrose/1� phosphate-buffered saline (PBS) overnight, frozen in optimal
cutting temperature compound (OCT), and sectioned. The sections were stained
for senescence-associated beta-galactosidase activity (SA-�-Gal) as described
previously (7). Immunohistochemistry for Glut-1 and DcR2 (Stressgen) was
performed using standard procedures.

RESULTS

Loss of VHL induces senescence in an oxygen-dependent
manner. In order to determine the oxygen dependence of
VHL loss-induced senescence, we used MEFs derived from a
conditional Vhlh loxP mouse (11) and excised the Vhlh gene
using an adenovirus that expresses cis-acting replication ele-
ment (CRE) recombinase (Adeno-CRE). VHL expression was

reduced by roughly 85% as measured by quantitative real-time
PCR (Fig. 1A), and the levels of Glut1, encoded by a classic
HIF-1� target gene, increased 6-fold in the Adeno-CRE-in-
fected cells (“VHL null”) compared to adenovirus-infected
control cells (wild type [“wt”]). Under progressively lower
oxygen concentrations, Glut1 levels in the control cells in-
creased with activation of the HIF pathway and stabilization
of HIF-1� (Fig. 1B).

We next monitored the proliferation of these cells grown at
21%, 10%, 5%, and 2% O2 over a 3-week period. Importantly,
all manipulations of cells (for these and all subsequent exper-
iments unless otherwise noted) prior to the start of the growth
assays were performed under 2% O2, a condition that pre-
serves the replication potential of the cells (26). Under 21%
O2, wild-type MEFs continued to divide for 2 weeks before
succumbing to stress-induced senescence (Fig. 1C, upper left).
As noted above, loss of VHL led to rapid arrest and failure to
proliferate. By day 12 of the assay, both populations of cells
demonstrated classic signs of senescence, including flattened
cellular morphology and positivity for SA-�-Gal (Fig. 1D; see
Fig. S1 in the supplemental material). Notably, the VHL-null
cells demonstrated significantly more SA-�-Gal-positive cells
than the wild-type cells (55.2% � 12.0% versus 21.2% � 8.3%,
respectively) owing to their earlier entrance into the senescent
state.

At 10% O2, wild-type cells displayed a significant growth
advantage over wild-type cells grown at 21% O2 and over
VHL-null cells grown at 10% O2, continuing to proliferate
without entering senescence (Fig. 1C, upper right). The VHL-
null cells proliferated more than at 21% O2 but still arrested
and became SA-�-Gal positive (Fig. 1D; see Fig. S1 in the
supplemental material). In stark contrast, both wild-type and
VHL-null cells proliferated continuously at both 5% and 2%
O2 (Fig. 1C, bottom). Neither population entered senescence
as measured by proliferation, morphology, or SA-�-Gal stain-
ing. Thus, these data confirm that VHL inactivation leads to
senescence but demonstrate that it does so in an oxygen-de-
pendent manner.

VHL loss sensitizes cells to oxidative stress. High oxygen
levels are associated with high levels of oxidative stress, the
cumulative effects of which result in the induction of senes-
cence (10, 37). This is a graded effect, dependent on the
amount of stress and the length of exposure (26). To determine
if senescence due to VHL loss is dependent on continuous
exposure to high oxygen levels, we next asked whether we
could rescue VHL loss-induced senescence by returning cells
to a low-oxygen environment after exposure to 21% for various
periods of time. This proved to be the case, but only up to a
certain point before the accumulated stress of hyperoxia was
irreversible (Fig. 2A to C). Cells that were moved to 5% oxy-
gen after a 4-day exposure to 21% oxygen recovered rapidly
and evaded senescence similarly to cells grown continuously at
5% oxygen. Cells that experienced 8 days at 21% O2 recovered
less well, and cells that were at 21% O2 for 12 days hardly
recovered at all. Thus, continuous exposure to high oxygen
levels is necessary for VHL deficiency to induce senescence.
Since both wild-type and VHL-null cells eventually senesce
under these conditions but VHL-null cells do so at an in-
creased rate, this observation suggests that VHL-deficient cells
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have an increased sensitivity to oxidative stress that leads to
premature senescence.

To test this hypothesis, we exposed wild-type and VHL-
deficient cells that were grown at lower oxygen levels (5% O2)

to various doses of ionizing radiation (IR) or H2O2, both of
which cause robust oxidative stress through the production of
oxygen radicals (10), and then monitored the induction of
senescence 8 to 12 days later. Indeed, the VHL-null cells en-

FIG. 1. VHL loss induces senescence in an oxygen-dependent manner. (A) QRT-PCR analysis of wild-type (wt) and VHL-null MEFs grown at
various levels of pO2. (B) Western analysis of protein harvested from the cells described in panel A. (C) Proliferation profiles of the cells described in
panel A. (D) Quantification of SA-�-Gal staining of cells in panel C at day 12 (*, P � 0.017; **, P � 0.046). The error bars represent standard deviations.

FIG. 2. VHL loss sensitizes cells to oxidative stress. (A to C) Growth assays of wild-type and VHL-null MEFs grown at 21% oxygen or 5%
oxygen or grown for 4 days (A), 8 days (B), or 12 days (C) at 21% oxygen before being moved to 5% oxygen. The arrows indicate when the cells
were transferred to 5% oxygen. (D) Quantification of SA-�-Gal staining of cells grown at 5% O2 12 days after treatment with various doses of
ionizing radiation (*, P � 0.001), or treated with H2O2 and assayed after 8 days. (E) Western blot analysis of wild-type and VHL-null cells before
and 30 min after 4 Gy of IR for �H2AX staining. (F) Quantification of the median tail moments of nuclei in denaturing comet assays with or
without IR treatment, as indicated. The error bars represent standard deviations.
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tered senescence at a lower dose of IR or H2O2 than did the
wild-type cells (Fig. 2D; see Fig. S2 and S3 in the supplemental
material). Two gray of IR resulted in 25.1% (�5.2%) of the
cells staining for SA-�-Gal while it did not affect the wild-type
cells. At 4 Gy, 56.7% (�2.8%) of the VHL-null and 38.6%
(�1.4%) of the wild-type cells became SA-�-Gal positive.
Likewise, in response to H2O2, 10.8% (�1.5%) of VHL-null
cells, but only 2.3% (�0.07%) of wild-type cells, became se-
nescent at 10 �M, and 25.0% (�4.63%) of the VHL-null
versus 5.7% (�2.5%) of the control cells were senescent at 250
�M. Together, these data demonstrate that VHL loss leads to
increased sensitivity to oxidative stress that causes VHL-defi-
cient cells to enter senescence at a lower level of stress than
wild-type cells.

VHL deficiency does not lead to higher basal levels of DNA
damage. Oxidative stress has been shown to provoke cell cycle
arrest and senescence in part through the induction of DNA
damage (19). One means by which the absence of VHL could
lead to senescence is through increased amounts of such dam-
age. We thus wished to determine whether cells deficient in
VHL have higher levels of DNA damage when grown under
atmospheric conditions, which might explain why they demon-
strate an oxygen-dependent senescence response. To this end,
we measured the levels of DNA damage in wild-type and
VHL-null cells grown at 21% O2 by immunoblotting for
�H2AX and by denaturing comet assay. As shown in Fig. 2E,
the loss of VHL had no effect on the levels of DNA damage in
comparison to control cells, and the two populations showed
equivalent induction of �H2AX staining following 4 Gy of IR.
Accordingly, by comet assay, the two cell populations had
similarly low levels of basal DNA damage and similar induc-
tions of damage following 1, 2, or 4 Gy of IR (Fig. 2F). Thus,
VHL-null cells do not senesce because they acquire more dam-
age than wild-type cells when they are exposed to similar
stresses. Instead, VHL loss evidently decreases the threshold
of oxidative stress that is sufficient to induce senescence.

Senescence due to VHL loss is dependent on p27 at 21% O2

but not under hypoxia. Young et al. recently observed that loss
of VHL leads to an increase in the levels of the cell cycle
regulatory protein p27 (Cdkn1B) (41). p27 inhibits the activa-
tion of cyclin E/cdk2 or cyclin D/cdk4 complexes that control
cell cycle entry through phosphorylation of retinoblastoma
protein (Rb) (5). According to Young et al., loss of VHL leads
to a decrease in the expression of Skp2, which is involved in the
degradation of p27, thereby resulting in an increase in stability
of p27 and leading to cell cycle arrest and eventually senes-
cence. Within the context of oxygen sensitivity, overexpression
of p27 could explain why VHL-null cells are more sensitive to
oxidative stress, as they would require less of a cooperating
DNA damage signal to promote arrest.

To confirm these results and to determine how this pathway
is affected by oxygen tension, we first measured the levels of
p27 in heterogeneous populations of both wild-type and VHL-
null cells at 21%, 10%, 5%, and 2% O2 by immunoblotting. As
shown in Fig. 3A, we also found that p27 was increased in
VHL-null cells compared to wild-type cells under atmospheric
conditions, to a level that was similar to that produced by
treatment with the proteasome inhibitor MG132. In addition,
this increase contributed to the induction of senescence, as

knockdown of p27 increased the life span of these cells in
normoxia (see Fig. S4 in the supplemental material).

Interestingly, however, under all of the oxygen tensions that
we assayed, p27 remained at higher levels in the VHL-deficient
cells than in wild-type cells (Fig. 3A), even under conditions in
which both wild-type and VHL-null MEFs grow optimally (5%
O2). Since VHL has also been linked to regulation of the cell
cycle through the transcriptional regulation of cyclin D1 (30)
and to altered cell cycle dynamics (20), we also determined the
effects on p27 in synchronized cells to rule out the possibility
that the alterations in p27 levels were due to altered cell cycle
profiles. We thus synchronized wild-type and VHL-null cells in
21% and 5% O2 by serum starvation and then induced them to
reenter the cell cycle by serum stimulation for periods of 4, 8,
12, or 24 h. Importantly, early-passage cells were used to en-
sure that the VHL-null cells in normoxia would still have the
potential to reenter the cell cycle. All groups arrested to similar
degrees as assessed by flow cytometry for propidium iodide
staining (G1 phase contents: wild type, 21% O2, 98.24%; wild
type, 5% O2, 97.89%; VHL null, 21% O2, 96.65%; and VHL
null, 5% O2, 97.46%). Following serum stimulation, p27 was
more rapidly degraded in wild-type cells than in VHL-deficient
cells under both oxygen conditions (Fig. 3B). However, there
were negligible differences between higher and lower oxygen
states with respect to p27 regulation.

We next wished to determine if other well-known cell cycle
regulatory proteins might be altered under hypoxic conditions,
which could explain why VHL loss induces senescence only
under atmospheric oxygen conditions. To do so, we again uti-
lized synchronized cells and measured the expression of vari-
ous cell cycle regulatory proteins involved in the G1/S transi-
tion, including cyclin A, cyclin D1, cyclin E, and p21. As shown
in Fig. 3C, by 24 h of stimulation, all cell populations had
similarly induced cyclin A and, to a lesser degree, cyclin E,
suggesting that they had all equally started to enter S phase.
This was confirmed by flow cytometry (S-phase contents: wild
type, 21% O2, 17.80%; wild type, 5% O2, 12.98%; VHL null,
21% O2, 12.18%; and VHL null, 5% O2, 14.49%).

Interestingly, cyclin D1 revealed differences between the
wild-type and VHL-null cells. While they all began to induce
cyclin D1 by 8 h of stimulation, the wild-type cells expressed
higher levels of cyclin D1 at both 21% and 5% O2. This could
be a result of the increased levels of p27 in the VHL-null cells,
which at higher levels would decrease Rb activity that in turn
regulates cyclin D1 expression by inhibiting E2F. This is in
agreement with the decreased growth rate of VHL-null cells at
all oxygen concentrations we observed (Fig. 1C). Notably, how-
ever, there was no difference in the induction of cyclin D1 in
the VHL-null cells under 21% versus 5% oxygen, suggesting
that altered cyclin D1 regulation does not rescue VHL-null
cells at 5% O2 and that VHL may not regulate cyclin D1 in
mouse fibroblasts, as it has been reported to do in renal car-
cinoma cell lines (30).

However, we did find that cells maintained at 5% O2 had
significantly decreased levels of p21 (Cdkn1A) compared to
cells at 21% O2, regardless of VHL status. This is in agreement
with the literature (28, 31), which demonstrates that oxidative
stress from culturing cells at 21% oxygen induces a DNA
damage response that activates p53 and subsequently p21.
Since p21 and p27 both regulate the same critical step in cell
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cycle progression (inactivation of Rb), this observation sug-
gests that the DNA damage pathway, together with increased
p27 due to VHL inactivation, may promote premature senes-
cence. To assess the levels of p53 in these cells as a function of
the oxygen concentration, we again analyzed lysates from asyn-
chronous populations that were maintained at various oxygen
levels. Indeed, we found that p53 levels were highest in cells
maintained at 21% oxygen and decreased as cells were grown
at reduced levels of oxygen (Fig. 3D). Additionally, p21 levels
correlated well with p53 levels, showing the highest levels at
21% oxygen and the lowest at 2% oxygen. VHL status, how-
ever, did not have an effect on either p53 or p21 levels. To-
gether, these data suggest that the p53 pathway might contrib-
ute to the senescence response in VHL-deficient cells in a
manner that would confer oxygen dependence.

Senescence due to VHL loss is dependent on p53. To directly
test whether p53 is required for senescence following VHL
loss, we stably inactivated p53 using a lentivirus-mediated
shRNA and then assessed the effects of VHL loss on prolifer-
ation and induction of senescence at atmospheric oxygen lev-
els. As shown in Fig. 4A, the shRNA to p53 led to a significant
reduction of p53 expression and serine 18 phosphorylation
following treatment with doxorubicin in the parental cells.
These cells were subsequently treated with adenovirus to in-

activate VHL. As shown in Fig. 4B and C, loss of VHL led to
stabilization of HIF-1� and increased expression of Glut1,
whereas knockdown of p53 led to an expected decrease of p21
mRNA and protein levels. Interestingly, there was a corre-
sponding increase in basal levels of �H2AX staining in the p53
knockdown cells, consistent with an accumulation of unre-
paired damage in these cells. In the absence of VHL, p27 was
again increased, and while overall levels seemed to increase in
the p53 knockdown cells, these levels were further augmented
with VHL inactivation.

When we compared the growth characteristics of these cells,
we observed again that loss of VHL alone resulted in an in-
crease in senescence compared to wild-type cells (Fig. 4D and
E). In contrast, p53 loss led to immortalization of both the
wild-type and VHL-null cells; these cells did not display char-
acteristics of senescence. Thus, p53 is required for induction of
senescence due to VHL loss.

VHL loss does not lead to senescence in primary renal
epithelial cells when they are cultured at physiological oxygen
tensions. In light of our observation that oxygen levels have a
considerable impact on the fate of cells that lose VHL, we
sought to determine the biological significance of these find-
ings. VHL loss is characteristic of a number of tumor pheno-
types, including CNS and retinal hemangioblastomas, pheo-

FIG. 3. p27 induction following VHL loss is not prevented under hypoxia, but p21 expression is attenuated. (A and D) Western analyses of
wild-type or VHL-null MEFs grown at 21, 10, 5, or 2% O2. MG, MG132. (B and C) Western analyses of serum-starved and stimulated wild-type
or VHL-null MEFs in 21 or 5% O2. To allow direct comparison, membranes were transferred in the same apparatus and developed on the same
pieces of film.
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chromocytomas, and, in particular, clear-cell renal cell
carcinomas. Within the kidney, the partial pressure of oxygen
varies considerably, reaching as low as 10 to 20 mm Hg (equiv-
alent to 1.5 to 3% O2) in the inner medulla to as high as 50 mm
Hg (	7% O2) in the far outer cortex (1, 18). As the cells of
origin for VHL-deficient CCRCC are thought to be the prox-
imal tubule (24) or distal tubule (21) epithelial cells, which are
primarily restricted to the cortical region, we focused our at-
tention on that region.

We used pimonidazole and Glut1 staining to confirm the
oxygen tensions of normal kidneys and peanut agglutinin
(PNA) and G. simplicifolia II (GSII) to locate proximal tubule
cells within the oxygen gradient (32). Pimonidazole and Glut1
staining of normal kidneys was mainly restricted to the inner
and outer medulla, with Glut1 entering the cortic-medullary
boundary (see Fig. S5 and S6 in the supplemental material),
which is consistent with the progressive stabilization of HIF-1�
at levels of oxygen below 5 to 6% (13). Proximal tubule cells
were found to border the Glut1-positive region, essentially
demarcating the renal cortex from the medulla, suggesting that
tubular epithelial cells reside in an environment that is roughly
4 to 7% oxygen. This is in agreement with previous studies, as
well as with our own OxyLite electrode measurements (data
not shown).

To assess the effect of VHL loss on renal tubule epithelial
cells, we made use of a proximal-tubule-specific Vhlh knockout
mouse that was recently reported (29). PEPCK-CRE VHL
mice develop microscopic and macroscopic tubular cysts at
ages greater than 1 year. Until that time, VHL deficiency does

not manifest an overt phenotype in vivo in the proximal tu-
bules. A priori, this suggests that loss of VHL alone does not
lead to senescence in vivo.

We isolated PTECs from PEPCK-CRE VHLf/f and PEPCK-
CRE VHLf/
 mice to assess the effects of the oxygen concen-
tration on their fate. PCR analysis performed on genomic
DNA revealed inactivation of Vhlh in both genotypes that was
specific to the renal epithelial cells (Fig. 5A; note the presence
of the recombined 1-lox allele in DNA from the PTECs from
both animals, but not in tail DNA). We next cultured these
cells in either 21% O2 or 5% O2, similar to the oxygen levels
they experience in vivo. Strikingly, after only 3 days in culture,
we observed that the PTECs derived from the PEPCK-CRE
VHLf/f mice exhibited a significant number of senescent cells,
which was strictly dependent on the oxygen concentration (Fig.
5B). At 21% O2, there were 14.9% � 2.0% SA-�-Gal-positive
cells, while at 5% O2 there were less than 1% (0.5% � 0.9%)
positive cells (Fig. 5C). At the same time, the VHL-heterozy-
gous cells contained essentially no senescent cells at either
oxygen concentration (0.6% � 0.3% at 21% O2 and 0.5% �
1.0% at 5% O2). We also stained these cells for the renal
epithelial markers PNA and GSII and found that the senescent
cells were in fact of epithelial origin and not contaminating
cells in the culture (Fig. 5C). These data confirm our findings
in MEFs and demonstrate that loss of VHL in renal epithelial
cells leads to senescence only when the cells are challenged
with additional oxidative stress.

Paraquat treatment can induce senescence in VHL-deficient
renal proximal tubules in vivo. Together, our in vitro data

FIG. 4. Inactivation of p53 alleviates senescence following VHL loss. (A) Western analysis of wild-type MEFs expressing shRNA to GFP or
p53 and treated with doxorubicin (Dox) as indicated. (B) Northern analysis of wild-type or VHL-deficient MEFs expressing shRNA to GFP or p53.
EtBr, ethidium bromide. (C) Western analysis of cells as for panel B. (D) Proliferation profiles of cells as in panel B. (E) Quantification of
SA-�-Gal staining of cells in panel D at day 23 (*, P � 0.01). The error bars represent standard deviations.
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suggest that VHL deficiency leads to a significant sensitization
to oxidative stress that can manifest itself in the induction of
senescence. To determine if this model holds true in vivo, we
sought to induce robust oxidative stress to the renal proximal
tubes of the PEPCK-CRE VHL animals through the use of
paraquat, a potent oxidizing agent to which the kidney is par-
ticularly sensitive (23, 27, 36, 40). Following treatment with 10
mg/kg of paraquat dichloride, animals were monitored and
sacrificed after 4 weeks, and their kidneys were sectioned and
stained for SA-�-Gal and for the senescence marker DcR2. As
seen in the representative kidneys in Fig. 5D, we found that
paraquat treatment of only the VHL-null kidneys resulted in
significant induction of senescence throughout the renal cor-
tex, as measured by both senescence markers. Importantly, this
excluded the renal medulla, where VHL was not inactivated. In
contrast, the untreated PEPCK-CRE VHLf/
, PEPCK-CRE
VHLf/f, and treated PEPCK-CRE VHLf/
 animals showed
little evidence of senescence (although all kidneys, regardless
of genotype or treatment, showed some nonspecific staining of
smooth muscle in arcuate or renal arteries). In addition, we
confirmed the genotypes of these animals by staining for Glut1
and found that both treated and untreated PEPCK-CRE
VHLf/f animals demonstrated positive staining. Cumulatively,
we observed senescence in the kidneys of 57% (n � 7) of the
treated PEPCK-CRE VHLf/f animals compared to none of the
untreated (n � 9), treated PEPCK-CRE VHLf/
 (n � 9), or
untreated PEPCK-CRE VHLf/
 (n � 9) animals.

DISCUSSION

In this report, we demonstrate that loss of VHL can lead to
induction of senescence in mouse embryo fibroblasts and in

primary renal epithelial cells in atmospheric oxygen but not
when cells are maintained at physiological oxygen levels. This
effect depends on the modulation of oxidative stress, as senes-
cence can be induced at physiological pO2 by exposing cells to
ionizing radiation or H2O2. In addition, we identified a mech-
anism for this oxygen dependence, i.e., induction of a p53-
dependent signaling pathway, suggesting that VHL loss, by
increasing levels of p27, cooperates with stress-induced p53 to
promote senescence. Significantly, we also show that senes-
cence occurs in VHL-deficient renal epithelial cells in vivo
in an oxidative-stress-dependent manner and that in vivo
oxygen levels in the kidney are sufficient to suppress this
response in the absence of exogenous stress. Together, these
data indicate that VHL loss makes cells more sensitive to
senescence-inducing stresses but that VHL loss per se is a
tolerated event in vivo.

Mechanistically, we found that these effects are independent
of the HIF pathway. We have recently published evidence that
the VHL target HIF-1� also plays a role in the regulation of
senescence. HIF-1� can impair the onset of senescence
through transcriptional activation of various target genes, such
as MIF (38) and TERT (2). Although TERT expression is not
generally involved in senescence in mouse cells, overexpression
of MIF can prolong the life span of MEFs through inhibition
of p53 (12). Thus, inactivation of VHL, which leads to HIF-1�
activity and MIF upregulation, could be hypothesized to in-
hibit, not induce, senescence. Our current data, however, sug-
gest that the prosenescence effects of VHL loss outweigh the
antisenescence effects downstream of HIF-1�. In keeping with
this concept, we found that senescence induced by VHL loss
was independent of HIF-1� and HIF-2� and that in fact, com-

FIG. 5. Normal kidney oxygenation inhibits senescence in primary renal tubule epithelial cells. (A) Genomic analysis of Vhlh status in PTECs
and tail DNA from PEPCK-CRE VHLf/f and VHLf/
 mice. 1-lox primers amplify the recombined allele (*); 2-lox primers amplify the nonre-
combined (***) and wild-type (**) alleles. Sizes are indicated in base pairs on the right. (B) SA-�-Gal staining of PEPCK-CRE VHLf/f and VHLf/


PTECs grown at either 21% or 5% O2 for 3 days and lectin staining of the PEPCK-CRE VHLf/f PTECs at 21%. Bar � 100 �m. DAPI,
4�,6-diamidino-2-phenylindole; Rhod, rhodamine. (C) Quantification of SA-�-Gal staining of cells in panel C (P � 0.00024 for f/f at 21% versus
5% or f/
 at 21%). (D) SA-�-Gal, DcR2, and Glut1 staining of PEPCK-CRE VHLf/
 or VHLf/f kidneys 4 weeks after treatment with paraquat
(pq). Bar � 500 �m (upper row) or 50 �m (lower rows).
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bined inactivation of both VHL and HIF-1� led to an exacer-
bated phenotype (see Fig. S7 in the supplemental material).

Instead, VHL loss appears to induce senescence by modu-
lating p27, which in turn lowers the levels of oxidative stress
that a cell can withstand. Subsequent stress-induced p53 acti-
vation leads to senescence of VHL-deficient cells. In support
of this, inhibition of either p27 or p53 expression is sufficient to
inhibit VHL loss-induced senescence. In this regard, our find-
ings are seemingly at odds with the report by Young et al.,
which suggested that VHL loss leads to senescence in a p53-
independent manner (41). One potential explanation for our
differing observations is experimental design. In our experi-
ments, we maintained our cells under physiological oxygen
conditions during all manipulations and then exposed them to
the appropriate oxygen levels, as indicated. For example, to
inactivate p53, we infected and selected the cells in a low-
oxygen environment and then inactivated VHL in the same
environment. Importantly, this treatment preserved the repli-
cative potential of the cells until the initiation of the experi-
ment. In contrast, when we performed these same manipula-
tions under atmospheric oxygen conditions prior to initiation
of the experiment, we obtained a different result (see Fig. S8 in
the supplemental material). In this case, it appeared that in-
activation of p53 was insufficient to alleviate senescence due to
VHL loss. Therefore, our data indicate that oxidative stress
due to culturing primary cells in what is effectively hyperoxia
during the experimental preparation may lead to opposing
conclusions about the role of p53 in VHL loss-induced senes-
cence.

Collectively, our findings imply that certain in vivo oxygen
tensions, for example, the moderately low-oxygen environment
found in the renal cortex, may allow tolerance of VHL loss and
allow cells to progress further toward a transformed state. This
hypothesis is corroborated by the viability of two distinct renal-
epithelial-specific VHL knockout mice (9, 29). Aside from the
development of renal cysts at advanced ages, both of these
models lack overt renal phenotypes independent of other al-
terations. It is unlikely that senescent tubule epithelial cells
would allow normal renal development and function, given the
dramatic changes in gene expression and behavior of senescent
cells, particularly as in both models inactivation of VHL occurs
during embryogenesis. While it is possible that senescent
VHL-deficient cells would be cleared (39), this also seems
unlikely, given the persistence of VHL-deficient cells in aged
animals. In agreement with this, we were unable to detect
senescent cells within the proximal tubes of the kidneys of a
large number of the PEPCK-CRE VHLf/f animals of various
ages. While this observation is again in contrast with the results
of Young et al., differences in our experimental models (in-
cluding mouse strains, tissue specificities of CRE expression,
and methods of activation of CRE) may explain these differ-
ences. Thus, in the renal proximal tubule at least, oxygen ten-
sions appear to be permissive for the persistence of VHL-
deficient cells.

Interestingly, the model we used for kidney-specific inacti-
vation of VHL (PEPCK-driven CRE recombinase), also leads
to inactivation in portions of the liver, an organ that also
commonly displays phenotypes associated with von Hippel-
Lindau disease. This allowed us also to assess the effects of
VHL loss in the liver in the same animals. In agreement with

our findings in the kidney, we also did not observe senescence
in the periportal regions of the liver (data not shown), where
PEPCK is expressed and where oxygen concentrations can
range from 5.9 to 6.6% O2 (14). This further supports the
concept that where in vivo manifestations of VHL disease
occur, senescence may not be occurring due to a permissive
oxygen environment.

VHL-deficient renal cell carcinomas are notoriously difficult
to treat, being refractory to standard chemo- and radiotherapy
regimens. This is in spite of the highly vascular nature of these
tumors, which results from hyperactivation of the HIF path-
ways that regulate angiogenesis. Here, we have shown that
VHL-deficient primary cells have increased sensitivity to oxi-
dative stress, a phenotype they would have to overcome during
the transformation process. It is tempting to hypothesize that
the mode by which VHL-deficient cells overcome this sensitiv-
ity is related to their resistance to common therapies that rely
on robust DNA damage to induce cell death. In this light, our
data establish a framework from which to study the further
genetic abnormalities that might turn a VHL-deficient renal
epithelial cell into an initiator of renal carcinoma.
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