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We investigated the role of the cyclin-dependent kinase inhibitors p21<*** and p27*'*! in cell cycle regulation
during hypoxia and reoxygenation. While moderate hypoxia (1 or 0.1% oxygen) does not significantly impair
bromodeoxyuridine incorporation, at very low oxygen tensions (0.01% oxygen) DNA replication is rapidly shut
down in immortalized mouse embryo fibroblasts. This S-phase arrest is intact in fibroblasts lacking the cyclin
kinase inhibitors p21“*** and p27*'*!, indicating that these molecules are not essential elements of the arrest
pathway. Hypoxia-induced arrest is accompanied by dephosphorylation of pRb and inhibition of cyclin-
dependent kinase 2, which results in part from inhibitory phosphorylation. Interestingly, cells lacking the
retinoblastoma tumor suppressor protein also display arrest under hypoxia, suggesting that pRb is not an
essential mediator of this response. Upon reoxygenation, DNA synthesis resumes by 3.5 h and reaches aerobic
levels by 6 h. Cells lacking p21, however, resume DNA synthesis more rapidly upon reoxygenation than
wild-type cells, suggesting that this inhibitor may play a role in preventing premature reentry into the cell cycle
upon cessation of the hypoxic stress. While p27 null cells did not exhibit rapid reentry into the cell cycle, cells
lacking both p21 and p27 entered S phase even more aggressively than those lacking p21 alone, revealing a
possible secondary role for p27 in this response. Cdk2 activity is also restored more rapidly in the double-
knockout cells when returned to normoxia. These studies reveal that restoration of DNA synthesis after hypoxic

stress, but not the S phase arrest itself, is regulated by p21 and p27.

Tumor hypoxia is considered a limiting factor in response to
therapy, particularly radiation and chemotherapy. The radio-
resistance of hypoxic cells due to dose modification is well
documented (35). Since hypoxic cells are poorly perfused, they
are likely to receive an inadequate dosage of chemotherapeutic
drugs delivered via the bloodstream. Even if these cells do
receive sufficient drug, their slowly cycling nature has been
proposed to make them resistant to chemotherapeutic drugs,
which in most cases are potent only against rapidly dividing
cells. Therefore, understanding the pathway by which cells
arrest their cycle in response to oxygen deprivation could po-
tentially help circumvent this resistance.

DNA synthesis has been found to diminish upon the removal
of oxygen from cell culture systems, and a substantial body of
work addresses this apparent requirement for oxygen in DNA
replication (reviewed in reference 13). Explanations for these
findings have focused on two critical enzymes in nucleoside
biosynthesis, ribonucleotide reductase and dihydroorotate de-
hydrogenase, which require molecular oxygen for their func-
tion. Mammalian ribonucleotide reductase contains a tyrosyl
radical in its active site that requires oxygen and iron for its
regeneration; in vitro studies have found that the radical has a
half-life of approximately 10 min under anaerobic conditions
(36). A second oxygen sensitive enzyme, dihydroorotate dehy-
drogenase, resides in the mitochondrial membrane, and its
activity is coupled to the respiratory chain (21, 23). It has been
hypothesized that inactivation of these enzymes under hypoxia
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would lead to a shortage of deoxynucleotide precursors for
DNA synthesis and a consequent shutdown of DNA replica-
tion. Thus, these oxygen-dependent enzymes could potentially
act as sensors to halt DNA replication under adverse condi-
tions (23).

Studies using alkaline sedimentation analysis and fiber au-
toradiography have revealed that replicon initiation is sup-
pressed by severe oxygen deprivation, but chain elongation and
maturation continue normally for at least a few hours (11, 29,
32). While the persistence of chain elongation under hypoxic
conditions implies that the lack of precursors is not directly
responsible for the failure to synthesize DNA, it has been
proposed that the nucleotide imbalance caused by hypoxia can
act as a signal leading to cessation of replication (32). Indeed,
drugs such as N-phosphonoacetyl-L-aspartate (PALA), which
inhibits uridine biosynthesis, have been found to cause a G,/S,
checkpoint-type arrest in cells with wild-type p53 but S-phase
arrest in cells lacking functional p53 (19). Attempts to test the
hypothesis that nucleotide shortage is a causative factor in
hypoxia-induced arrest have gotten mixed results; while addi-
tion of exogenous nucleosides and/or deoxynucleosides can
cause some entry into S phase and replicon initiation in hy-
poxic cells, it does not allow for normal progression through
the cell cycle (20-22, 31). Thus, while nucleotide imbalance
may play a role in inhibition of replication under hypoxia, it is
not the only barrier to cell cycling in the absence of oxygen.

Though early studies on Ehrlich ascites cells and NHIK cells
suggested that nucleotide availability was the limiting factor in
progression through S phase under hypoxia, recent studies
have suggested that this is not the case in all cell types. Human
T-47D breast carcinoma cells, which unlike NHIK cells contain
functional pRb, appeared to have a secondary arrest pathway
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that prevented cellular DNA synthesis under hypoxia even in
the presence of exogenous deoxynucleosides. Amellem et al.
suggest that nucleotide shortage is still the primary cause of
onset of arrest and that pRb is involved in the maintenance of
arrest (1).

Research on more moderate hypoxia (~1% O, as opposed
to <0.1%; normal atmospheric oxygen is ~21%), under which
nucleotide biosynthesis is unlikely to be severely impaired, has
supported the hypothesis that hypoxia leads to a cyclin/Cdk-
dependent, checkpoint-type arrest. Krtolica et al. (16, 17) have
observed decreased Cdk4 and Cdk2 activity in CV-1P monkey
kidney cells treated with ~1% O,, and this kinase inhibition
was associated with an increase in p27%"P! and a decrease in
Cdk4, cyclin D, and cyclin E protein levels. They propose that
this decreased kinase activity, coupled with increased PP-1
phosphatase activity, leads to dephosphorylation of pRb and
inhibition of cell cycle progression (16). Similar results were
obtained in ovarian carcinoma cells, suggesting a possible com-
mon pathway (17).

Cell cycle arrest induced by hypoxia is reversible, though the
extent of reversibility is reduced with longer or more stringent
hypoxic treatments (30). In fact, most cells are able to resume
DNA synthesis within 10 min to 3 h after reoxygenation (38).
However, little information is known about the genetic deter-
minants that govern the reentry of hypoxic cells into the cell
cycle except that recovery of DNA synthesis is blocked by
cycloheximide addition in Ehrlich ascites cells (11, 32) and is
associated with the appearance of hyperphosphorylated pRb in
T-47D breast cancer cells (2).

Earlier work in our lab revealed that hypoxia induces arrest
in a variety of transformed and nontransformed cell types and
that this response is independent of p53 status (12). Here, we
further examine the oxygen-dependency, kinetics, and revers-
ibility of the cell cycle response to hypoxia in nontransformed,
immortalized mouse embryo fibroblasts (MEFs). We find that
only stringent hypoxia (<0.01% O,) elicits a robust cell cycle
arrest response; DNA synthesis ceases within 5 to 10 h and
recovers within a few hours after reoxygenation. Using genet-
ically matched cell lines we further demonstrate that neither
p21€iPL p27%PL nor pRb is necessary for cell cycle arrest
under hypoxia. Hypoxia causes a 50 to 75% decrease in Cdk2
activity that is independent of p21 and p27 and is not associ-
ated with appreciable changes in cyclin E, cyclin A, or Cdk2
protein or in Thr160 or Tyr15 phosphorylation of Cdk2; how-
ever, dephosphorylation of Thr14 and Tyr15 with CDC25B can
partially restore activity to Cdk2 complexes from hypoxic cells.
While not necessary for arrest under hypoxia, p21 and p27 do
play a role in inhibiting cell cycle reentry upon reoxygenation;
both DNA synthesis and Cdk2 activity are restored more rap-
idly in cells lacking both p21 and p27. These results suggest
that p21 and p27 act as important modulators of cellular re-
entry into S phase.

MATERIALS AND METHODS

Tissue culture and hypoxia treatment. Immortalized wild type, p21~/~,
P27/, and p21~/~ p27~/~ MEFs were generously provided by James Roberts
(7). All were found to be wild type for p53 by cDNA sequence analysis (data not
shown). Rb~/~ and wild-type MEFs were generously provided by Scott Lowe and
immortalized in our lab. All cells were grown at 37°C in Dulbecco modified Eagle
medium plus 10% fetal bovine serum in the presence of 5% CO,. Cells were
plated at a density of 9 X 10° cells per 150-mm glass dish 18 to 24 h prior to
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hypoxic treatment; the medium was changed ~1 h before treatment to assure an
adequate nutrient and growth factor supply. Cells were rendered hypoxic by
placement in a Bactron IV anaerobic chamber (Sheldon Manufacturing) filled
with a defined gas mixture. For moderate hypoxia experiments, this gas mixture
was 5% CO,, 1 or 0.1% O,, and the remainder nitrogen. For stringent hypoxia,
the chamber was filled with a mixture of 90% nitrogen, 5% CO,, and 5%
hydrogen, and a palladium catalyst was used to scavenge any contaminating
oxygen by combining it with hydrogen, bringing the oxygen concentration to
<0.01%. Oxygen concentrations of between 0.01 and 0.1% were found to be
experimentally infeasible; without the use of the oxygen-scavenging catalyst,
which reduces oxygen essentially to zero, oxygen concentration rapidly rises in
this semisealed chamber such that frequent purging is necessary to maintain even
a 0.1% oxygen level. Oxygen concentration was monitored using an oxygen
electrode (OS1000; Oxygen Sensors, Inc., Frazer, Pa.), whose threshold of de-
tection is 0.01% oxygen, or oxygen-sensitive chemical strips (Becton Dickinson,
Cockeysville, Md.).

Flow cytometry. During the last half hour of treatment (2 h for the experiment
with Rb™/~ and p130~/~ cells), S-phase cells were labeled with 10 wuM bromode-
oxyuridine (BrdU; a thymidine analog) added directly to the medium. Cells were
then removed from the dishes by trypsinization, collected in ice-cold phosphate-
buffered saline (PBS), and centrifuged 5 min at 500 X g to pellet them. For
hypoxic samples, trypsinization was carried out under hypoxia to avoid BrdU
incorporation upon reoxygenation. Cells were then washed in cold PBS, fixed in
80% ethanol, and stored at —20°C until stained. Staining with fluorescein iso-
thiocyanate (FITC)-conjugated anti-BrdU antibody (Becton Dickinson, San
Jose, Calif.) and propidium iodide was carried out essentially according to the
manufacturer’s instructions. Briefly, cells were treated with 2 N hydrochloric acid
plus 0.5% Triton X-100 to denature the DNA, washed in 0.1 M sodium tetrabo-
rate to neutralize the acid, and then stained with anti-BrdU antibody diluted 1:50
in PBS containing 0.5% Tween 20 and 1% bovine serum albumin (BSA). Fol-
lowing anti-BrdU staining, cells were washed in the same solution and resus-
pended in 5 g of propidium iodide per ml in PBS. After at least 1 h on ice, cells
were analyzed on a FACScalibur flow cytometer (Becton Dickinson).

[*H]thymidine incorporation. [*H]thymidine was added to dishes at a concen-
tration of 2 wCi/ml 1 h prior to lysis. Cells were lysed by adding 200 wl of lysis
buffer (25 mM Tris, pH 7.5; 25 mM EDTA; 0.5% sodium dodecyl sulfate [SDS])
directly to the dish. Lysate was collected and precipitated with 12% trichloro-
acetic acid (TCA), and precipitated counts were collected on Whatman GF-C
filters. Filters were washed extensively with 20 mM sodium pyrophosphate-5%
TCA followed by 70% ethanol, dried, immersed in scintillation fluid, and
counted.

Cell extracts, IPs, and kinase assays. Cells were removed from dishes by
trypsinization. For hypoxic samples, this was generally done after removal from
hypoxia; carrying out this step within the hypoxic environment was found to have
no effect on final results. Cells were collected in cold PBS and washed in PBS,
and the pellet was resuspended in immunoprecipitation (IP) buffer (50 mM
HEPES, pH 7.5; 150 mM NaCl; 1 mM EDTA; 0.1% Tween 20) plus 10 mM
sodium fluoride, 1 mM sodium orthovanadate, 20 mM B-glycerophosphate, 5 pug
of leupeptin per ml, 5 pg of aprotinin per ml, 1 pg of pepstatin per ml, and 1 mM
phenylmethylsulfonyl fluoride. Extracts were sonicated on ice twice for 10 s and
centrifuged 10 min at 15,000 rpm in a microcentrifuge to remove debris. The
protein concentration was measured using the BCA assay (Pierce, Rockford,
11L).

For IP reactions, 100 to 300 pg (for kinase assays) or 0.5 to 1 mg (for Western
blotting) of cell extract was incubated with 1 to 5 pg of antibody in a 0.4- to 1-ml
total volume 1X IP buffer with inhibitors for 4 to 12 h. To this reaction, 20 to 60
wl of a 1:4 slurry of protein A/G PLUS Agarose (Santa Cruz) was added, and the
reaction was incubated for 1 h. The beads were then collected by centrifugation
and washed once in IP buffer and then three times in kinase reaction buffer (20
mM Tris, pH 7.4; 7.5 mM MgCl,; 1 mM dithiothreitol [DTT]). For Western
blots, the beads were then resuspended in 20 pl of kinase reaction buffer plus 20
wl of 2X SDS dissociation buffer and stored at —80°C. For kinase assays, the
beads were resuspended in 50 pl of kinase reaction mixture (kinase reaction
buffer plus 20 pM ATP, 40 pg of Histone H1 [Sigma] per ml, and 5 pnCi of
[y-**P]ATP [Amersham]) and incubated for 30 min at 37°C. The kinase reaction
was stopped by the addition of 50 pl of 2X SDS dissociation buffer and boiling
at 95°C for 5 min. Beads were then removed by centrifugation, and 50 pl of the
reaction was run on a SDS-12.5% polyacrylamide gel electrophoresis (PAGE)
gel. The gel was dried and exposed to a screen that was scanned on a Molecular
Dynamics Storm Imager. For Cdk2 reactivation experiments, IPs were carried
out as described above with 300 pg of cell extract and 3 pg of anti-Cdk2 antibody
(Santa Cruz). Beads were then washed once in IP buffer and three times in
phosphatase buffer (100 mM Tris, pH 7.4; 250 mM NaCl; 1 mM DTT). The
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reaction mixture was divided into three tubes, and CDC25B or an equal volume
of glutathione elution buffer was added. This reaction was then incubated for 30
min at 30°C; the beads were then washed three times in kinase reaction buffer.

Antibodies and Western blotting. Rabbit polyclonal antibody to p21<"P! was a
generous gift from Greg Hannon. Mouse monoclonal antibodies to p27%iP!,
Cdk2, phosphotyrosine (PY20), and p130Rb2 were from Transduction Labora-
tories; rabbit polyclonal antibodies to cyclin A, p57Kip2, and p107 (C-18) and
goat polyclonal antibody to Cdk2 (used for IPs) were from Santa Cruz Biotech-
nology. Polyclonal antibody to cyclin E was generously provided by James Rob-
erts.

Samples (35 pg of cell extract or total IP supernatant) were loaded onto an
SDS-PAGE gel and run at 30 mA/gel. Proteins were transferred to polyvinyli-
dene difluoride (PVDF) membrane using a semidry transfer apparatus. Mem-
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FIG. 1. Cell cycle response to moderate and stringent hypoxia in
immortalized MEFs. (A) 2D cell cycle diagrams of cells treated with 1,
0.1, or 0.01% oxygen compared to time-matched normoxic controls.
The x axis is red propidium iodide fluorescence; the y axis is green
fluorescence from FITC-conjugated anti-BrdU antibody. The percent-
age of cells that are BrdU positive is indicated. (B) Composite data
from multiple experiments, indicating the percentage of cells that are
BrdU positive after 24 h (12 h in the case of 0.01% oxygen treatment).

branes were blocked in Tris-buffered saline (TBS) containing 5% nonfat milk
and 0.2% Tween 20 for 1 h at room temperature (except for the antiphospho-
tyrosine blots, in which BSA was used instead of milk) and then incubated
overnight in primary antibody diluted in the same solution at 4°C. They were
then subjected to three 15-min washes in TBST (TBS plus 1% BSA, 0.1% Tween
20) and incubated in alkaline phosphatase-conjugated anti-mouse or anti-rabbit
secondary antibody (Vector Labs) diluted 1:2,500 in TBST for 1 h. After three
15-min washes in TBST, the membranes were incubated in AttoPhos reagent
(Vistra, Amersham, and Molecular Dynamics) for 5 min, dried, and scanned on
a Storm Imager (Molecular Dynamics).

CDC25B expression and purification. Glutathione S-transferase (GST)-
CDC25B bacterial expression construct was kindly provided by Tony Hunter
(University of California at San Diego). The protein was expressed in BL21-
Gold(DE3)pLysS-competent cells (Stratagene). Bacteria were grown to mid-log
phase (optical density at 60 nm of 0.6 to 0.7) and induced with 0.6 mM IPTG for
2 h at room temperature. They were then harvested, washed in TD buffer (150
mM NaCl; 10 mM Tris-HCI, pH 7.5) and lysed in TD plus 1% Tween 20 and 1%
Triton X-100 by sonication three times for 10 s each time. Extracts were clarified
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FIG. 2. Effect of mild hypoxia on tritiated-thymidine incorporation.
Raw counts are plotted for dishes incubated in 2 or 21% oxygen for 24
or 48 h.
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FIG. 3. Cell cycle behavior of matched immortalized MEFs during
hypoxia. (A) 2D cell cycle diagrams of all four cells lines from a
representative experiment. (B) Composite data for wild-type () and
p217/~ p27~/~ double-knockout (m) cell lines from all experiments;
error bars represent the standard error. Cells were placed in an an-
aerobic chamber for the times indicated, pulse-labeled for 30 min with
BrdU under continuous hypoxia, and then collected and prepared for
analysis as described in Materials and Methods.

by centrifugation at 15,000 rpm in a microcentrifuge for 10 min. Then, 100 wl of
glutathione-Sepharose was added, and the reaction was incubated overnight at
4°C. Beads were then washed four times in wash buffer (500 mM NaCl; 10 mM
HEPES, pH 8.0; 10 mM DTT) and eluted in glutathione elution buffer (100 mM
Tris-HCI, pH 8.0; 10 mM DTT; 5 mM glutathione) for 3 h at 4°C. Beads were
centrifuged out, and the supernatant was used fresh for Cdk2 reactivation.

RESULTS

The majority of previous studies investigating the molecular
factors contributing to hypoxia-induced cell cycle arrest relied
on transformed cells that were not genetically matched. In
order to study the molecules necessary for arrest in normal
cells, we used matched immortalized MEFs that contain dele-
tions in defined cell cycle regulatory genes. We initially deter-
mined the level of oxygen at which cellular growth was inhib-
ited. While normal atmospheric oxygen contains ca. 21%
oxygen, tissues typically experience a lower oxygen concentra-
tion in the range of 3 to 9% (3, 15, 37). Thus, mild reductions
in oxygen concentration often improve cell growth compared
to growth in air; higher-than-normal oxygen (hyperoxia) ap-
pears to limit cell growth due to oxidative stress. At some level
of hypoxia, however, oxygen availability becomes limiting and
cell proliferation is inhibited. Oxygen concentrations as low as

B
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Time (hours)

1% have been found to enhance cell growth; however, other
reports have found this oxygen level to be growth inhibiting (3,
17).

We exposed immortalized MEFs to 1% oxygen to determine
whether this degree of hypoxia would lead to a cell cycle arrest.
After 24 or 48 h, no cell cycle inhibition was apparent in 1%
O,-treated cultures. At 24 h, hypoxic cells appeared to show a
somewhat larger S phase (BrdU-positive) population than nor-
moxic controls (56 versus 46%; Fig. 1). At 48 h, both aerobic
and hypoxic cultures exhibited a slight decrease in the S phase
compared to the situation at 24 h, a finding presumably result-
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FIG. 4. (A) Representative Western blots of p21 and p27 in hy-
poxic cell extracts. (B) Composite Western blot data from multiple
experiments. Blots were scanned on a Storm Imager and analyzed with
ImageQuant; the numbers given are ratios relative to the control. (C)
Western blot of pRb in hypoxia-treated cells; the higher mobility band
represents unphosphorylated or hypophosphorylated pRb (pRb) while
the lower mobility band contains hyperphosphorylated pRb (ppRb).
WT, wild type.

ing from the depletion of nutrients and/or growth factors from
the medium; there was no significant difference in cell cycle
distribution between control and hypoxic cells.

Similar experiments at 0.1% oxygen revealed that even this
rather profound decrease in oxygen tension did not appear to
inhibit cell cycling. Cell cycle profiles of cells incubated in
either 21 or 0.1% oxygen for 24 or 48 h reveal virtually no
changes in BrdU incorporation in hypoxic samples compared
with time-matched controls (Fig. 1A). These experiments were
repeated several times, and composite results are graphed in
Fig. 1B. After 24 h of treatment, the number of BrdU-positive
cells was consistently higher in 1% oxygen-treated samples and
unchanged in 0.1% oxygen-treated samples. Stringent hypoxia
(<0.01% 0O,), in contrast, led to complete growth arrest within
12 h (Fig. 1).

These results are at odds with recent reports that have found
oxygen concentrations of 0.5 to 1.5% oxygen to be capable of
inducing cell cycle arrest (16-18). This difference may be due,
in part, to differences in cell type; this previous work was done
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with ovarian carcinoma cells and CV-1P monkey kidney cells.
It may also be due to differences in methodology, including
both the methods used to achieve hypoxia (described in detail
in Materials and Methods) and the methods used to measure
DNA synthesis, specifically [*H]thymidine incorporation ver-
sus BrdU incorporation. While these two methods might seem
very similar, two-dimensional (2D) fluorescence-activated cell
sorter (FACS) analysis measures DNA synthesis on a cell-by-
cell basis, while [*H]thymidine incorporation measures the to-
tal incorporation in a dish of cells. As a result, [*H]thymidine
incorporation, unlike 2D FACS analysis, is influenced by cell
number as well as by the percentage of cells in S phase and the
rate of DNA synthesis. Therefore, during a prolonged hypoxic
treatment, a subtle decrease in proliferation rate could lead to
a pronounced reduction in [*H]thymidine incorporation. To
test the possibility that these two measures would lead to
different conclusions, we incubated cells in 2% oxygen for 24
and 48 h and measured [*H]thymidine incorporation during a
1-h pulse-label at the conclusion of the experiment (Fig. 2).
Using this method, we found that hypoxic samples did exhibit
reduced [*H]thymidine incorporation compared to aerobic
conditions; in this experiment, the difference was only border-
line statistically significant. However, a comparison between
the 24- and 48-h samples revealed two interesting facts. First,
incorporation increased more than fourfold in the aerobic
samples at 48 h; this difference is presumably due entirely to
the increase in cell number, since the fraction of cells in S
phase would not be expected to increase. Second, incorpora-
tion increased threefold in the hypoxic samples, suggesting that
significant cellular proliferation is able to take place under
these conditions, albeit at a slightly reduced rate compared to
the aerobic conditions. Therefore, we believe that the reduc-
tions in [*H]thymidine incorporation under moderate hypoxia
are largely due to the accumulated effects of a mild decelera-
tion of progress through the cell cycle and not a true “arrest.”

In order to study the genetics and biochemistry of cell cycle
arrest under hypoxia, we considered it necessary to use condi-
tions capable of eliciting a robust arrest response. Therefore,
the remaining experiments were performed using stringent
hypoxic treatments in which the oxygen concentration was kept
as low as was experimentally achievable using an oxygen-free
gas mixture and an oxygen-scavenging catalyst. Some cancer
cell lines are able to continue BrdU incorporation for as long
as 24 to 48 h under these conditions (10); therefore, we believe
the arrest observed in MEFs is the result of an active signaling
pathway rather than nucleotide pool depletion or other ener-
getic or metabolic limitations.

A closer examination of the kinetics of arrest showed that
immortalized wild-type MEFs exhibit a gradual decrease in
DNA synthesis under stringent hypoxic conditions. In these
cells, a slight reduction in BrdU incorporation is apparent by as
early as 2.5 h, and by 10 h there is virtually no incorporation
(Fig. 3). Interestingly, essentially no change is observed in the
DNA histograms of these populations; analysis with ModFit
reveals the G, S, and G, populations to vary by no more than
5% of the total number of cells, and no consistent trends are
observed. Therefore, the decrease in DNA synthesis observed
in these cells appears to be the result of cells arresting in mid-S
phase rather than accumulating in another phase of the cell
cycle.
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Two molecules that have been implicated in a variety of
stress-induced cell cycle arrest pathways are the cyclin kinase
inhibitors (CKIs) p21<P' and p27%®! (6, 9, 33). p27<"P! has
been found to be upregulated by hypoxia and has been sug-
gested as a mediator of hypoxia-induced arrest (5, 16). To
more rigorously test the role of these proteins in hypoxia-
induced arrest, we obtained immortalized MEFs lacking p21
and p27 individually, as well as cells inactivated in both, and
examined their cell cycle behavior under hypoxia. The control
aerobic cell cycle distributions differ somewhat among cell
lines, which may be a result of the immortalization pathways,
as well as the CKI deletions (7). However, all four cells lines
arrest with similar kinetics under hypoxia: a reduction in DNA
synthesis beginning at 2.5 h leading to total arrest by 10 h (Fig.
3). Furthermore, p21 and p27 levels in the cell are unchanged,
as determined by Western blot (Fig. 4A and B). These obser-
vations reveal that something other than these CKIs is respon-
sible for blocking DNA synthesis under these severely hypoxic
conditions.

Since p21 and p27 were found not to be essential in induc-
tion of arrest under hypoxia, it remained in question whether
the lack of DNA synthesis under hypoxia was due to a cyclin-
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FIG. 5. (A) Cell cycle profiles of Rb~/~ and wild-type fibroblasts
during hypoxia. (B) Cell cycle profiles of p130~/~ cells under hypoxia
compared to the wild type. Cells were labeled with BrdU for the final
2 h of treatment. WT, wild type.

Cdk-dependent arrest pathway or some basic metabolic con-
straint. To address this question, we examined the phosphor-
ylation state of pRb, an important regulator of the G,/S-phase
transition. As early as 2 h after initiation of the hypoxic treat-
ment, pRb begins to appear in the hypophosphorylated, active
form, suggesting that pRb could be an upstream element of the
hypoxia-induced arrest, as has been proposed previously (16)
(Fig. 4C). However, cell cycle analysis of hypoxia-treated Rb
knockout cells in comparison to matched immortalized MEFs
reveals that they exhibit a normal hypoxia-induced arrest (Fig.
5). Thus, pRb is not a vital component of the arrest pathway.
We also assessed the arrest competency of MEFs deleted in
p130Rb2, an Rb homolog, and found that they, too, exhibit cell
cycle arrest when subjected to hypoxia (Fig. 5B).

These results were surprising, given the importance attrib-
uted to pRb in previous studies of hypoxia-induced arrest;
however, pRb phosphorylation is not the only important ele-
ment of the G,/S transition. In fact, while cyclin D1 has been
found to be dispensable in cells lacking Rb, cyclin E is still
required for S-phase entry in these cells (27). This and other
evidence suggests that Cdk2, which forms complexes with cy-
clins E and A, has targets besides pRb whose phosphorylation
is necessary for entry into and progression through S phase.
We therefore assayed the activity of Cdk2 in extracts from
hypoxia-treated cells. We found that Cdk2 activity decreases
dramatically in both wild-type and mutant cells after 4 to 12 h
of hypoxia, though to a slightly lower degree in the mutants
(Fig 6A and B). Therefore, the activity of this kinase is being
downregulated under hypoxia by some means independent of
p21 and p27. Replication inhibitors such as hydroxyurea or
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FIG. 6. Cdk2 activity regulation in hypoxic cells. (A) Cdk2 activity
in hypoxia-treated cells, measured by immune-complex kinase assay.
Autoradiograms of phosphorylated Histone H1 were scanned and then
analyzed by using ImageQuant, and **P incorporation was plotted as a
percentage of the control. (B) Histone H1 autoradiogram and Western
blots of Cdk2, cyclin E, and cyclin A from a representative time course.
(C) Kinase activity and Cdk2 content of cyclin A and cyclin E immu-
noprecipitates from control and hypoxic cell extracts.

aphidicolin, in contrast, do not affect Cdk2 activity (reference
25 and unpublished observations), so these data suggest that
hypoxia’s effects on the cell cycle are not solely the result of
direct DNA synthesis inhibition.

In order to form an active kinase complex, Cdk2 must first
bind to cyclin E or cyclin A. Since hypoxia is known to gener-
ally downregulate macromolecular synthesis, it was important
to determine whether these subunits were present in adequate
amounts in hypoxic cells. By Western blotting, we showed that
the levels of Cdk2, cyclin E, and cyclin A remain stable during
a 12-h hypoxic treatment (Fig. 6B); thus, the lack of Cdk2
activity in hypoxic extracts is not the result of a decrease in
either Cdk2 protein or its cyclin binding partners. After bind-
ing to cyclin, Cdk2 must be phosphorylated on Thr160 by the
cyclin-activating kinase to become fully active; this phosphor-
ylation leads to an increase in mobility on SDS-PAGE. The
relative intensity of the two bands in the Cdk2 doublet on also
remains unchanged with hypoxia (Fig. 6B), suggesting that
dephosphorylation of this residue is not responsible for Cdk2
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inactivation. This analysis was also performed on the p21~/~
p27~'~ cells to ensure that the behavior of this cell line was the
same.

Though Western blots showed that Cdk2 and cyclin E and A
levels are essentially unchanged by hypoxic treatment, it was
not clear that they actually remain associated in complexes. It
was therefore possible that the Cdk2 in hypoxic cells is ren-
dered inactive by sequestration that prevents cyclin associa-
tion. We tested this hypothesis by measuring the level of cyclin-
associated Cdk2. Complexes were immunoprecipitated from
control or hypoxic cell extracts using antibodies to cyclin E or
cyclin A; the reaction was then divided and assayed for kinase
activity or for associated Cdk2 by Western blot. As shown in
Fig. 6C, both cyclin A- and cyclin E-associated activities are
inhibited by hypoxia, but the amount of bound Cdk2 is un-
changed.

Cdks can also be inactivated by inhibitory phosphorylation;
in the case of mouse Cdk2, the inhibitory residues are Thrl4
and Tyrl5. Most reports have indicated that, of these two
inhibitory phosphorylation sites, Tyr15 is the more important
and the more frequently phosphorylated in vivo. In fact, Thr14
is seldom if ever phosphorylated in the absence of Tyr15 phos-
phorylation, at least in normally cycling cells (14). To deter-
mine whether Tyrl5 phosphorylation was increased by hyp-
oxia, we used an antiphosphotyrosine antibody to probe a
Western blot of immunoprecipitated Cdk2. While antiphos-
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40

CDC25B added

FIG. 7. Inhibitory phosphorylation under hypoxia. (A) Antiphos-
photyrosine and anti-Cdk2 Western blots of anti-Cdk2 or mock IPs.
(B) Histone H1 kinase activity of Cdk2 complexes treated with GST-
CDC25B.
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FIG. 8. Cell cycle profiles of matched immortalized MEFs after
reoxygenation. (A) 2D cell cycle diagrams from a representative ex-
periment. (B) Composite BrdU incorporation data for wild-type and
double-knockout cell lines from all experiments. (C) [*H]thymidine
incorporation. After a 12-h hypoxic treatment, cells were returned to
atmospheric oxygen and allowed to reenter the cell cycle. Incorpora-
tion for each cell line was normalized to a 12-h aerobic control.

photyrosine immunoreactivity is low, there is a distinct pair of
bands present in anti-Cdk2 IPs that is absent in a mock IP (Fig.
7A). Most of the phosphotyrosine appears to be associated
with the higher-mobility, Thr160-phosphorylated form of Cdk2,
as has been observed previously. However, while phosphoty-
rosine immunoreactivity is increased in irradiated cells, as re-
ported (8), Cdk2 complexes from hypoxic cells do not demon-
strate increased phosphotyrosine staining. Reprobing of this
blot with an anti-Cdk2 antibody revealed equal amounts of
Cdk2 in control and hypoxic samples (Fig. 6A).

We further tested whether dephosphorylation of Thr14 and
Tyr15 could restore activity to Cdk2 complexes from hypoxic
cells. Removal of the inhibitory phosphates from Cdks is car-
ried out by the CDC25 family of dual-specificity phosphatases;
a member of this family, CDC25B, can dephosphorylate and
reactivate both Cdk2 and Cdc2 in vitro (34). We treated the
Cdk2 immunoprecipitates from control and hypoxic cells with
GST-tagged CDC25B expressed in bacteria and purified on
glutathione agarose. CDC25B treatment leads to significant
activation of Cdk2 complexes from hypoxic cells; however,
complexes from control cells are activated to a similar degree
(Fig. 7B). Cdk2 immunoprecipitates from confluent and se-
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FIG. 9. Western blots of p21 and p27 from reoxygenated cells (A),
along with a graph of average values over all experiments (B). Cells
were exposed to hypoxia for 12 h prior to being returned to atmo-
spheric oxygen.

rum-starved cells, in contrast, remain inactive upon CDC25B
treatment (data not shown). This suggests that inhibitory phos-
phorylation plays some role in Cdk2 inactivation under hypoxia
but probably cannot entirely account for the lack of Cdk2
activity in hypoxic cell extracts.

A few other proteins are known to be capable of inhibiting
Cdk2 in vitro or in vivo; these include the Cip/Kip family
member p57%F? and the Rb-related pocket proteins p130 and
p107. Western blot analysis of these proteins did not reveal any
significant induction by hypoxia (data not shown); moreover,
p130 null cells arrest normally, as shown in Fig. 5B. Thus, Cdk2
inhibition under hypoxia may result in part from a novel mech-
anism or from changes in complex formation or phosphoryla-
tion that are too subtle to be detected by the methods used
here.

Although p21 and p27 play no significant role in the onset of
hypoxia-induced arrest, we hypothesized that these CKIs could
regulate the kinetics of cell cycle reentry upon reoxygenation.
After a 12-h hypoxic treatment, wild-type cells are able to
resume DNA synthesis within 3 h of reoxygenation. A group of
G, DNA content cells synchronously enters S phase after
roughly 3.5 h, and by 6 h the number of BrdU-positive cells is
comparable to that of aerobic samples (Fig. 8). Approximately
5 to 10% of cells remain arrested in S phase at this point. The
p21 knockout cells, on the other hand, initiate DNA synthesis
within an hour after release from hypoxia, substantially earlier
than the wild type (Fig. 8A). The p27 '~ fibroblasts do not
exhibit rapid cell cycle reentry, though these results were dif-
ficult to interpret due to the slowly cycling nature of this cell
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line (Fig. 8A). Deletion of p27 in a p21 knockout background,
however, results in even greater DNA synthesis posthypoxia;
by 6 h the majority of cells are BrdU positive, even more than
in aerobic control cells (Fig. 8).

Since these differences in timing are fairly subtle, we recon-
firmed the results with the single knockout cells using [*H]thy-
midine incorporation to assess DNA synthesis (Fig. 8C). As
expected, a 12-h hypoxic treatment reduces incorporation to
background levels; synthesis recovers upon reoxygenation, but
total incorporation remains less than for the time-matched
controls because of the reduced number of cells in hypoxia-
treated dishes. Cells lacking p21 alone exhibit significantly
greater DNA synthesis at 3.5 h of reoxygenation, reconfirming
the results obtained by 2D FACS analysis. At 6 h the incorpo-
ration in the p21 knockouts is reduced compared to that at
3.5 h, a finding which we believe to be the result of cell death;
these cells appear to be hypersensitive to hypoxic stress (data
not shown). The p27 knockout cells again show poor incorpo-
ration but clearly seem to be recovering at 6 h postreoxygen-
ation.

To further investigate the roles of p21 and p27 in regulating
the cell cycle during reoxygenation, we examined the levels of
these cyclin kinase inhibitors both under hypoxia and at mul-
tiple times after reoxygenation. Both p21 and p27 levels are
largely unchanged during a 12-h hypoxic treatment and are
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FIG. 10. Cdk2 activity regulation in reoxygenated cells. (A) Auto-
radiograms of phosphorylated Histone H1 and Western blots of Cdk2,
cyclin E, and cyclin A from a representative reoxygenation time course.
(B) [**P]phosphate incorporation into Histone H1 averaged over all
experiments. WT, wild type.
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only mildly induced upon subsequent reoxygenation (Fig. 9).
Although this may seem surprising in light of the cell cycle
data, some evidence suggests that redistribution of inhibitory
molecules in the absence of major protein induction can have
a significant effect on cell cycling (28). Differences in associa-
tion are not readily apparent by coimmunoprecipitation and
Western blotting, but this is not unexpected given the subtlety
of the effects observed and the crude nature of this assay.

After reoxygenation, changes in Cdk2 activity in the wild-
type and double-knockout cells parallel changes in DNA syn-
thesis (Fig. 10). In the wild-type cells, Cdk2 activity decreases
slightly at 2 h of reoxygenation and then begins to recover by
4 h. In the double p21 and p27 knockout cells, kinase activity
is consistently higher than that in the wild-type cells, but the
kinetics of recovery are variable between experiments (Fig.
10). The changes in activity are not associated with changes in
protein levels, since Cdk2, cyclin A, and cyclin E levels remain
stable under all of these conditions (Fig. 10A). The close cor-
relation between Cdk2 activity, which is required for S-phase
entry, and DNA synthesis implies that kinase activity is a lim-
iting factor for S-phase entry under these conditions.

DISCUSSION

In this study, we have observed a cessation of DNA synthesis
in immortalized MEFs under low-oxygen conditions similar to
that observed in other cell types. This arrest is accompanied by
a significant downregulation of Cdk2 kinase activity and there-
fore is unlikely to result from a direct block to DNA synthesis
such as deoxynucleotide shortage. Interestingly, the hypoxia-
induced arrest is intact in cells lacking pRb, implying that other
Cdk2 targets are mediating this response. We found that the
kinase inhibition is not due to association with the inhibitory
molecules p27<P! or p21©P!; both the arrest and the Cdk2
activity downregulation under hypoxia are normal in cells lack-
ing both p21 and p27. Cdk2, cyclin E, and cyclin A protein
levels are largely unaffected by hypoxia, so the lack of kinase
activity is also not due to lack of the Cdk2 protein itself or its
cyclin-binding partners. Activating phosphorylation on Thr160,
inhibitory phosphorylation on Tyr15, and the binding of cyclins
by Cdk2 also appear unchanged, though Cdk2 complexes from
hypoxic cells can be partially reactivated by treatment with
CDC25B. The mechanism by which Cdk?2 is inactivated under
hypoxia is still under investigation; while inhibitory phosphor-
ylation appears responsible in part, a further means of inhibi-
tion exists which could act through a novel mechanism or
through changes too subtle to be detected by the methods used
here.

We have also found that both the arrest and the kinase
inhibition under hypoxia are reversible and regulated by p21
and p27 upon reoxygenation. In wild-type cells, Cdk2 activity
and DNA synthesis are restored within 6 h after the return to
normoxia, while this recovery is much more rapid in the p21
p27 double-knockout cells. This may be due to p21 and p27
representing an inhibitory “threshold” which must be over-
come in the wild-type cells. Also, a moderate (~50%) induc-
tion of these CKlIs after reoxygenation may contribute to the
prolonged Cdk2 inhibition in the wild-type cells. p21~/~
p27~/~ cells also appear to be hypersensitive to hypoxia in a
clonogenic survival assay (data not shown); while a variety of
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factors may influence the colony-forming potential in immor-
talized cells, it is interesting to note that premature reentry into
the cell cycle may impair viability.

These results suggest that hypoxia-induced Cdk2 inhibition
occurs through a pathway distinct from known stress-activated
cell cycle arrest pathways, many of which appear to involve p21
and/or p27. These include both genotoxic stresses, such as
ionizing or UV radiation (4, 28), and nongenotoxic stresses,
such as transforming growth factor § treatment or serum de-
privation (6, 33). Interestingly, oxidative stresses such as per-
oxide treatment and hyperoxia are among the stimuli known to
upregulate p21 (26, 39). This could explain the p21 induction
caused by reoxygenation, which is known to lead to free radical
production and can be considered a stress in itself. In addition,
the p21 message, but not protein, is induced in a p53-indepen-
dent manner under hypoxia in a variety of cell lines (10), and
reoxygenation may allow translation of this accumulated
mRNA.

Our finding that pRb is not essential to the arrest in re-
sponse to hypoxia appears to be in conflict with previously
published work. However, this work has been mostly correla-
tive, demonstrating that arrest under hypoxia is associated with
the appearance of hypophosphorylated pRb (1, 24). Amellem
et al. did find that T-47D breast cancer cells, unlike two Rb-
null cancer cell lines, could not be stimulated to enter S phase
upon deoxynucleotide addition under hypoxia, and these au-
thors attributed this to a secondary arrest pathway dependent
on functional Rb. However, no matched cell lines that differed
in Rb status were compared (1). Our results are therefore
consistent with previously published reports in that we, too,
observed pRb hypophosphorylation under hypoxia but differ
from them in that we found that this modification is not a
critical component of the arrest pathway. Therefore, other
Cdk2 targets are likely to be involved in mediating the arrest in
response to hypoxia.
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