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Hypoxia-inducible factor 1 (HIF-1) is a transcription factor that
mediates adaptive responses to oxygen deprivation. In addition,
the HIF-1a subunit has a nontranscriptional role as a negative reg-
ulator of DNA replication through effects on minichromosome
maintenance helicase loading and activation. However, some cell
types continue to replicate under hypoxic conditions. The mecha-
nism by which these cells maintain proliferation in the presence of
elevated HIF-1a levels is unclear. Here we report that HIF-1a phys-
ically and functionally interacts with cyclin-dependent kinase 1
(Cdk1) and Cdk2. Cdk1 activity blocks lysosomal degradation of
HIF-1a and increases HIF-1a protein stability and transcriptional
activity. By contrast, Cdk2 activity promotes lysosomal degrada-
tion of HIF-1a at the G1/S phase transition. Blocking lysosomal
degradation by genetic or pharmacological means leads to
HIF-1a-dependent cell-cycle arrest, demonstrating that lyso-
somal degradation of HIF-1a is an essential step for the mainte-
nance of cell-cycle progression under hypoxic conditions.
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ypoxia elicits a variety of adaptive cellular and systemic

responses, which include changes in angiogenesis, red blood
cell production, metabolism, and autophagy (1). Many of these
changes are mediated through the transcriptional activity of
hypoxia-inducible factor 1 (HIF-1) (2). HIF-1 is a heterodimer
composed of HIF-1a and HIF-1p subunits (3). HIF-1 activity is
regulated by cellular O, availability through O,-dependent hy-
droxylation reactions. Proline hydroxylation targets HIF-1a for
ubiquitination by the von Hippel-Lindau ubiquitin ligase com-
plex and subsequent proteasomal degradation (4-6), whereas
asparagine hydroxylation inhibits binding of the HIF-1a trans-
activation domain to the coactivator p300 (7). Under hypoxic
conditions, both proline and asparagine hydroxylation are inhibi-
ted, leading to increased stability of HIF-1a, enhanced binding of
coactivators, and increased transcription of HIF-1 target genes.
Among the hundreds of target genes regulated by HIF-1 are
GLUTI, encoding glucose transporter 1 (8); PDKI, encoding
pyruvate dehydrogenase kinase 1 (9, 10); VEGF, encoding
vascular endothelial growth factor (11); BNIP3, encoding Bcl-2/
adenovirus E1B 19-kDa protein-interacting protein 3 (12);
PLOD2, encoding procollagen lysyl hydroxylase 2 (13); and
P4HAI, encoding procollagen prolyl 4-hydroxylase al (14).
HIF-2, which is composed of HIF-2a and HIF-1f subunits, is
regulated by oxygen in a similar manner, although HIF-2 has
a more limited tissue distribution and in some cases regulates
distinct target genes (15). Mechanisms by which HIF-la is
regulated in an O,-independent manner have also been iden-
tified (16-26). In addition to proteasome-dependent pathways
for HIF-1a degradation, we identified a pathway by which HIF-
la can be targeted for lysosomal degradation through chaperone-
mediated autophagy (27), which subsequently was confirmed by
others (28-30).

www.pnas.org/cgi/doi/10.1073/pnas.1412840111

Because an inadequate supply of oxygen will only be exacer-
bated by an increase in cell number, inhibition of proliferation is
a fundamental adaptive response to hypoxia. This effect has been
shown to be dependent on HIF-la in multiple cell types, in-
cluding various cancer cell lines (31-34), fibroblasts (34), lym-
phocytes (34), and hematopoietic stem cells (35). Forced
overexpression of HIF-1a is sufficient to arrest the mammalian
cell cycle in G1 phase (31, 36). We have recently shown that
HIF-1a functions in a transcription-independent manner to in-
hibit DNA replication. HIF-1a binds to the minichromosome
maintenance (MCM) proteins (31, 32), which normally assemble
as a hexamer during G1 phase and are kept in a loaded but
inactivated state by the proteins Cdc6 and Cdtl (37). During the
G1/S-phase transition, phosphorylation of this complex by cyclin-
dependent kinase 2 (Cdk2) causes nuclear export of Cdc6 and
subsequent phosphorylation and activation of the MCM helicase
by Cdc7 (38, 39). MCM complex activation leads to DNA rep-
lication during S phase, with Cdkl activity subsequently co-
ordinating the events of G2/M phase. HIF-la promotes
interaction of Cdc6 with the MCM helicase, leading to enhanced
loading of the MCM helicase onto chromatin, but the presence
of HIF-1a blocks phosphorylation and activation of the MCM
complex (31). However, because some fraction of cells proceed
through the cell cycle during hypoxia, we hypothesized that cells
possess a mechanism to selectively degrade HIF-1a during S
phase of the cell cycle.

In this article, we report that lysosomal degradation of HIF-1a
is regulated by the activity of Cdkl and Cdk2, which physically
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interact with HIF-1a. Overexpression of Cdk1 increased HIF-1a
protein levels, whereas Cdk2 overexpression decreased HIF-1a
levels. Pharmacological or genetic inhibition of lysosome func-
tion led to cell-cycle arrest, which was rescued by knockdown of
HIF-1a and HIF-2a. This study establishes that Cdk-dependent
regulation of HIF-1a lysosomal degradation is essential for DNA
replication under hypoxic conditions.

Results

Cdk1 and Cdk2 Interact with HIF-1a. We hypothesized that HIF-1a
may be subject to cell-cycle phase-specific regulation and there-
fore analyzed binding of HIF-1a to Cdkl and Cdk2. We detected
Cdkl after immunoprecipitation of endogenous HIF-la from
lysates of hypoxic HeLa human cervical carcinoma cells (Fig. 14),
and HIF-1a was detected after immunoprecipitation of Cdk1 (Fig.
1B). Similarly, we detected Cdk2 after immunoprecipitation of
HIF-1a (Fig. 1C). Thus, HIF-la interacts with both Cdk1
and Cdk2.

Cdk1 Is a Positive Regulator of HIF-1a. To examine the effect of
Cdk1 activity on HIF-1a, we overexpressed wild-type Cdkl or
a catalytically inactive Cdk1(D146N) mutant in HeLa cells. Cells
transfected with wild-type Cdkl showed increased induction of
HIF-1o upon exposure to hypoxia, whereas cells transfected with
Cdk1(D146N) showed no increase (Fig. 24). The kinase activity
of Cdkl is dependent upon binding of cyclin B and over-
expression of cyclin B also led to increased HIF-1a protein levels
under hypoxic conditions (Fig. 2B).
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Fig. 1. Cdks interact with HIF-1a. (A and B) Antibody against HIF-1a (A) or
Cdk1 (B), or IgG control, was used for immunoprecipitation (IP) of lysates
prepared from Hela cells that were exposed to 1% O, for 6 h. Western blot
(WB) assays of the immunoprecipitates were performed using antibody
against HIF-1a or Cdk1. (C) Anti-HIF-1a antibody or I9G was used for IP of
lysates prepared from Hela cells that were exposed to 1% O, for 6 h. WB
assays of the immunoprecipitates were performed using antibody against
HIF-1a or Cdk2.
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To determine the effect of Cdkl on HIF-1 transcriptional
activity, cells were cotransfected with p2.1, a reporter plasmid
that contains a 68-bp hypoxia response element from the human
ENOI gene upstream of a basal SV40 promoter and firefly lu-
ciferase coding sequences, and pSV-RL, a control reporter that
contains Renilla luciferase coding sequences downstream of the
SV40 promoter only (40). The ratio of firefly:Renilla luciferase
activity serves as a measure of HIF transcriptional activity. In
both HeLa cells (Fig. 2C) and Hep3B human hepatocellular
carcinoma cells (Fig. 2D), Cdkl overexpression was associated
with a significant increase in HIF-1 transcriptional activity. We
also analyzed expression of three different HIF-1 target genes by
reverse transcription and quantitative real-time PCR (RT-
qPCR). Cdk1 enhanced induction of GLUT1, PDK1, and VEGF
mRNA expression in HeLa cells under hypoxic conditions (Fig.
2F), whereas the inactive D146N mutant had no effect. Similarly,
overexpression of the Cdkl activator cyclin B significantly in-
creased the hypoxia-induced expression of all three HIF-1 target
genes analyzed (Fig. 2F).

To examine the effect of Cdk1 inhibition on HIF-1, we used
both pharmacological and genetic approaches. Treatment of
HeLa cells with the Cdk inhibitor roscovitine (20 pM) impaired
the hypoxic induction of all three HIF-1 target genes examined
(Fig. 34). Roscovitine treatment also inhibited the induction of
HIF-1a protein levels in response to hypoxia (Fig. 3B). Fla-
vopiridol (300 nM), a Cdk inhibitor that is chemically unrelated
to roscovitine, also decreased hypoxic induction of HIF-1a pro-
tein levels (Fig. 3C), as did a Cdk1-specific inhibitor (Fig. 3D).

As pharmacological treatments may be confounded by off-
target effects, we generated three shRNA vectors targeting dif-
ferent nucleotide sequences within Cdkl mRNA, which were
designated A, B, and C. Knockdown of Cdk1 with each shRNA
vector led to decreased HIF-1 transcriptional activity in lucifer-
ase reporter assays in Hep3B cells (Fig. 3E) and HeLa cells (Fig.
3F). Cdk1 knockdown led to decreased HIF-1a protein levels in
HeLa cells (Fig. 3G). Cdkl knockdown also led to decreased
HIF-2 transcriptional activity in both Hep3B cells (Fig. 3H) and
HeLa cells (Fig. 3I). Taken together, the data in Fig. 3 demon-
strate that Cdkl is a positive regulator of HIF-1 and HIF-
2 activity.

Regulation of HIF-1a by Cdk1 Is Proteasome-Independent and
Lysosome-Dependent. As proline hydroxylation is a major regula-
tor of HIF-1a protein levels, we tested the hypothesis that Cdk1
might regulate hydroxylation-dependent proteasomal degradation
of HIF-1a. However, Cdkl overexpression led to increased levels
of a double mutant HIF-1a protein, which contained Pro — Ala
mutations in both hydroxylation sites (P402A/P564A), to a similar
extent as wild-type HIF-1a (Fig. 44). Cdk1 increased HIF-1a and
HIF-2a levels in the presence or absence of the proteasome in-
hibitor MG132 (Fig. 4B). Cdk1 overexpression also increased HIF
transcriptional activity in the presence of the hydroxylase inhibitor
dimethyloxalylglycine (DMOG) (Fig. 4C). These data indicate
that Cdk1 regulation of HIF-1 is independent of proline hydrox-
ylation and proteasomal degradation.

We next investigated whether Cdk1 regulated lysosomal deg-
radation of HIF-la. Cdkl overexpression increased HIF-1
transcriptional activity in cells in which HIF-la was overex-
pressed (Fig. 4C) or induced by hypoxia (Fig. 4D), but Cdk1 had
no effect on HIF-1 activity in cells that were treated with the
lysosome inhibitor bafilomycin. Cdkl overexpression increased
HIF-1a protein levels in hypoxic cells (Fig. 4E) and in cells
transfected with a HIF-1a expression vector (Fig. 4F), but had no
effect on HIF-1a levels when cells were treated with bafilomycin.
Similarly, cyclin B overexpression increased HIF-1 transcrip-
tional activity in cells treated with DMOG, but had no effect in
cells treated with bafilomycin or chloroquine, which is a lyso-
some inhibitor that is chemically unrelated to bafilomycin (Fig.
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Fig. 2. Cdk1 is a positive regulator of HIF-1a. (A) Hela cells were transfected with either empty vector (=) or vector encoding wild-type (WT) or catalytically-
inactive (DN) Cdk1, then exposed to either 20% or 1% O, for 6 h. Cell lysates were analyzed by WB with the indicated antibody. (B) HelLa cells were
transfected with empty vector (=) or vector encoding cyclin B (+), then exposed to 20% O, (-) or 1% O, (+) for 6 h. Cell lysates were analyzed by WB. (C and D)
HelLa (C) and Hep3B (D) cells were transfected with HIF-dependent firefly luciferase reporter p2.1, control Renilla luciferase reporter pSV-RL, and either empty
vector (-) or vector encoding Cdk1 (+). Cells were exposed to 20% O, (=) or 1% O, (+) for 24 h, and the ratio of firefly:Renilla luciferase activity was de-
termined. (E) Hela cells were transfected with empty vector or vector encoding Cdk1 that was either WT or DN. Cells were exposed to 20% or 1% O, for 24 h,
RNA was isolated, and RT-gPCR was performed to quantify the indicated mRNA. (F) HeLa cells were transfected with either empty vector or vector encoding
cyclin B, and mRNA analyses were performed. All results in bar graphs are presented as mean + SEM (n = 4). *P < 0.01; *P < 0.05.

4G). HIF-1a protein levels were increased by cyclin B over-
expression in hypoxic cells (Fig. 4H) and in cells overexpressing
FLAG-HIF-1a (Fig. 4I), but cyclin B did not increase HIF-1a
levels in cells treated with bafilomycin. Taken together, the data
in Fig. 4 indicate that Cdkl1 increases levels of HIF-1a by pro-
tecting it from lysosomal degradation.

Cdk2 Activity Decreases HIF-1a Protein Levels. As Cdk2 was also
found to interact with HIF-1a, we analyzed the effect of Cdk2
overexpression on HIF-la protein levels. Whereas Cdkl in-
creased HIF-la protein levels in both Hela (Fig. 54) and
Hep3B (Fig. 5B) cells, Cdk2 had the opposite effect. Over-
expression of the Cdk2 binding partner cyclin E or cyclin A also
led to decreased levels of both HIF-1a and HIF-2a (Fig. 5C).
Mouse embryo fibroblasts (MEFs) from Cdk2 knockout (KO)
mice (41) showed enhanced expression of HIF-1 target genes in
response to hypoxia compared with MEFs from wild-type mice
(Fig. 5D), which was associated with increased induction of HIF-
la protein levels (Fig. SE). Cdk2 KO increased HIF-1 tran-
scriptional activity in hypoxic or DMOG-treated MEFs but had
no effect in chloroquine-treated cells (Fig. 5F). Overexpression
of either cyclin E or cyclin A led to decreased HIF-1 transcrip-
tional activity in wild-type MEFs, but not in Cdk2 KO MEFs
(Fig. 5G), implicating Cdk2:cyclin E and Cdk2:cyclin A com-
plexes as negative regulators of HIF-1a. We further analyzed the
role of cyclin E, which activates Cdk2 at the G1/S phase transition,

Hubbi et al.

using MEFs from cyclin E KO mice that lack expression of both
cyclin E1 and cyclin E2 (42). Cyclin E KO MEFs had increased
expression of multiple HIF-1 target genes, including P4HAI,
PLOD2, GLUTI, BNIP3, and VEGF, but this effect was lost with
bafilomycin treatment (Fig. SH). Cyclin E KO MEFs had a cor-
responding increase in HIF-la levels in response to hypoxia
compared with wild-type MEFs, but not in the presence of bafi-
lomycin (Fig. 5I). Taken together, the data in Fig. 5 indicate that
Cdk2 activity stimulates the lysosomal degradation of HIF-1a.

Cdk2 Promotes HIF-1 Transcriptional Activity in Cancer Cell Lines. In
Hep3B cells transfected with a HIF-la expression vector,
knockdown of Cdk2 with each of three different shRNA vectors
led to increased HIF-1la protein levels under nonhypoxic con-
ditions, which was consistent with a role for Cdk2 in stimulating
HIF-1a degradation (Fig. 64). Surprisingly, under similar con-
ditions, Cdk2 knockdown was also associated with decreased
HIF-1 transcriptional activity in both Hep3B (Fig. 6B) and HeLa
(Fig. 6C) cells. Cdk2 knockdown also decreased HIF-2 tran-
scriptional activity (Fig. 6 D and E). Overexpression of Cdk2,
cyclin E, or cyclin A led to an increase in hypoxia-induced HIF-1
transcriptional activity and the effect was even greater when
overexpression of Cdk2 was combined with either of its cyclin
partners (Fig. 6F). Using Hep3B cells stably transfected with
vectors encoding shRNAs against both HIF-1a and HIF-2a (38),
we found that the stimulatory effect of Cdk2 on HIF reporter
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Fig. 3. Cdk1 inhibition decreases HIF-1a protein levels and transcriptional activity. (A and B) Hela cells were treated with vehicle or roscovitine (20 uM),
exposed to 20% or 1% O, for 24 h, and RT-qPCR was performed to quantify the indicated mRNA (A) or cell lysates were analyzed by WB with the indicated
antibody (B). (C and D) Hela cells were treated with vehicle, flavopiridol (300 nM) (C), or Cdk1 inhibitor (D) and exposed to 20% or 1% O, for 24 h, and cell
lysates were analyzed by WB. (E and F) Hep3B (E) and Hela (F) cells were cotransfected with FLAG-HIF-1a vector, p2.1 HIF reporter, pSV-RL control reporter,
and either empty vector (—) or one of three shRNA expression vectors (A, B, or C) targeting different Cdk1 mRNA sequences. At 48 h posttransfection, lu-
ciferase activities were determined. (G) Hela cells were transfected with FLAG-HIF-1a vector and either empty vector or one of three shRNA vectors targeting
different Cdk1 mRNA sequences. At 48 h posttransfection, cell lysates were analyzed by WB. (H and /) Hep3B (H) and HelLa (/) cells were transfected with HIF-
2a vector, p2.1, pSV-RL, and either empty vector or one of three shRNA vectors targeting different Cdk1 mRNA sequences. At 48 h posttransfection, luciferase
activities were determined. All results in bar graphs are presented as mean + SEM (n = 4). *P < 0.01; *P < 0.05.

activity was dependent on HIF-la and HIF-2a (Fig. 6G), ex-
cluding the possibility that Cdk2 had nonspecific effects on gene
transcription. We also found that overexpression of Cdk2 led to
increased induction of HIF target genes in response to hypoxia
(Fig. 6H), which is consistent with a role for Cdk2 as a positive
regulator of HIF transcriptional activity in HeLa cells.

To examine the effect of Cdk2 activity on HIF-1 trans-
activation domain function, HeLa cells were cotransfected with
reporter plasmid pG5-E1b-Luc, which contains five Gal4 binding
sites upstream of the E7b gene promoter and firefly luciferase
coding sequences, and an expression vector encoding the Gal4
DNA-binding domain either alone (Gal4-EV) or fused to HIF-
1a(531-826), which encompasses the HIF-la transactivation
domain (43). Cdk2 knockdown led to decreased HIF-la trans-
activation domain function (Fig. 6/), whereas overexpression led
to the opposite effect (Fig. 6J, Left). Transactivation domain
function is O,-regulated through hydroxylation of asparagine 803
(N803), which prevents interaction with the HIF coactivators
p300 and CBP (7). However, Cdk2 overexpression led to in-
creased activity of HIF-1a(531-826/N803A), indicating that
Cdk2 does not modulate asparagine hydroxylation (Fig. 6J,
Right). The effect of Cdk2 overexpression on HIF transcriptional

E3328 | www.pnas.org/cgi/doi/10.1073/pnas.1412840111

activity was maintained even when a HIF-la construct con-
taining mutations in all three hydroxylation sites (P402A/
P564A/N803A) (Fig. 6K) or the analogous triple-mutant HIF-
2a construct (Fig. 6L) was expressed. Thus, Cdk2 can stimulate
HIF-1 and HIF-2 transcriptional activity in a hydroxylation-
independent manner.

Lysosome Function Promotes Cell-Cycle Progression by Degrading
HIF-1o. We previously described nontranscriptional effects of
HIF-1a protein, which enhanced chromatin loading of the MCM
complex but impaired MCM helicase activation, thereby block-
ing DNA replication (31). Induction of HIF-1a levels with a ly-
sosome inhibitor (bafilomycin or chloroquine) led to increased
MCM chromatin loading as determined by immunofluorescence
(Fig. 74) and immunoblot analysis of chromatin-enriched frac-
tions (Fig. 7B, Lower), despite no increase of total MCM levels in
whole cell lysates (Fig. 7B, Upper). Lysosome inhibitors de-
creased MCM?2 phosphorylation (Fig. 7C), which is a marker of
MCM helicase activation, as well as DNA replication, as de-
termined by BrdU incorporation (Fig. 7D). We next analyzed
HCT116 colorectal carcinoma cells stably transfected with either
empty shRNA vector or shRNA vector targeting HIF-1a.
Consistent with results observed in HelLa cells, treatment with

Hubbi et al.
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Fig. 4. Regulation of HIF-1a by Cdk1 is proteasome-independent and lysosome-dependent. (A) Hela cells were cotransfected with expression vector
encoding FLAG epitope-tagged HIF-1a that was either wild-type (WT) or P402A/P564A double-mutant (DM), and either empty vector (-) or vector encoding
HA-tagged Cdk1 (+). At 24 h posttransfection, cell lysates were analyzed by WB. (B) HelLa cells were cotransfected with FLAG-HIF-1a vector, HIF-2a vector, and
empty vector or Cdk1 vector as indicated. At 24 h posttransfection, cells were treated with vehicle or MG132 (20 pM) for 6 h, and cell lysates were analyzed by
WB. (C) Hep3B cells were cotransfected with p2.1, pSV-RL, FLAG-HIF-1a vector, and either empty vector or Cdk1 vector. At 24 h posttransfection, cells were
treated with vehicle, bafilomycin (10 nM), or DMOG (500 nM) for an additional 24 h, and luciferase activities were determined. (D) Hep3B cells were
cotransfected with p2.1, pSV-RL, and empty vector or Cdk1 vector. Cells were exposed to 1% O, for 24 h as indicated, and luciferase activities were de-
termined. (E and H) Hela cells were transfected with empty vector or vector encoding either Cdk1 (E) or cyclin B (H). At 24 h posttransfection, cells were
exposed to 1% O, or treated with bafilomycin (10 nM) for 24 h, and cell lysates were analyzed by WB. (F and /) HeLa cells were cotransfected with FLAG-HIF-
1o vector and empty vector or vector encoding either Cdk1 (F) or cyclin B (/). At 24 h posttransfection, cells were treated with vehicle or bafilomycin (10 nM)
for an additional 24 h, and cell lysates were analyzed by WB. (G) Hep3B cells were cotransfected with p2.1, pSV-RL, FLAG-HIF-1a vector, and either empty
vector or cyclin B vector. At 24 h posttransfection, cells were treated with vehicle, DMOG (500 nM), bafilomycin (10 nM), or chloroquine (50 uM) for an
additional 24 h, and luciferase activities were determined. All results in bar graphs are presented as mean + SEM (n = 4). *P < 0.01; n.s., not significant.

bafilomycin or chloroquine led to a decrease in the percentage
of BrdU™ cells that were replicating DNA (Fig. 7E) as well as
a decreased number of replication sites in dividing cells (Fig.
7F), and these effects were abolished by HIF-1a knockdown.

As both bafilomycin and chloroquine are nonspecific inhib-
itors of lysosome function, we generated HCT116 cells stably
transfected with any of three sShRNA vectors targeting different
sequences within LAMP-2A to specifically investigate the role
of chaperone-mediated autophagy in cell-cycle regulation.
Hypoxic induction of HIF-1a protein was increased in LAMP-2A
knockdown cells, and the magnitude of the increase was inversely
proportional to the magnitude of the decrease in LAMP-2A and
phospho-MCM2 levels (Fig. 7G). Importantly, the inhibitory
effect of LAMP-2A knockdown on MCM2 phosphorylation was
lost with simultaneous knockdown of HIF-1a (Fig. 7G) in HCT116
cells, which express predominantly HIF-1a, unlike HeLa cells,
which express abundant amounts of both HIF-1a and HIF-2a
(31). We conclude that chaperone-mediated autophagy regulates
the cell cycle through its effects on HIF-1a.

Consistent with prior results (44), we found that Hep3B cells
do not have impaired proliferation in the presence of hypoxia
(Fig. 7H), unlike both HCT116 and HeLa cells. This could be
due to a mechanism that renders the DNA replication complex
insensitive to the effects of HIF-1a or due to degradation of HIF-1«
before the onset of DNA replication in this cell line. We tested
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the hypothesis that lysosomal degradation of HIF-la before
DNA replication was an essential step in this process. Consistent
with this hypothesis, we found that treatment with bafilomycin or
chloroquine had a significant effect on Hep3B cell proliferation,
in contrast to hypoxia (Fig. 7H). Using Hep3B cells with stable
knockdown of both HIF-1a and HIF-2a (45), we showed that the
effect of either lysosome inhibitor on proliferation was de-
pendent on induction of HIF-1a and HIF-2a levels (Fig. 7H),
demonstrating that Hep3B cells are sensitive to the inhibitory
effects of HIF-1a and HIF-2a on cell proliferation. We conclude
that lysosomal degradation of HIF-1a is an essential step in the
proliferation of mammalian cells under hypoxic conditions.

Discussion

Oxygen availability is a critical and dynamic regulator of cell
proliferation. Hypoxia induces reversible cell-cycle arrest in
a HIF-dependent manner (31-36), but suppresses senescence,
which is the irreversible loss of replicative potential, in a HIF-
independent manner (46). In the present study, we have de-
lineated a molecular mechanism by which Cdks regulate HIF-1.
Both Cdkl and Cdk2 interact with HIF-1a. Overexpression of
wild-type Cdk1 increased HIF-la protein levels, HIF-1 tran-
scriptional activity, and HIF target gene expression, whereas
a catalytically inactive mutant did not. These effects were also
observed with overexpression of the Cdkl-activating protein,
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Fig. 5.

Cdk2 down-regulates HIF-1a protein levels. (A and B) HelLa (A) and Hep3B (B) cells were cotransfected with FLAG-HIF-1a vector and either empty

vector or vector encoding Cdk1 or Cdk2. At 24 h posttransfection, cell lysates were analyzed by WB. (C) Hep3B cells were cotransfected with FLAG-HIF-1«
vector and either empty vector or vector encoding cyclin E or cyclin A. At 24 h posttransfection, cells lysates were analyzed by WB. (D and E) Mouse MEFs from
Cdk2 WT or KO mice were exposed to 20% or 1% O, for 24 h, and RT-qPCR (D) or WB (E) assays were performed. (F) Cdk2 WT or KO MEFs were cotransfected
with p2.1 and pSV-RL. At 24 h posttransfection, cells were treated with vehicle, DMOG (500 nM), or chloroquine (50 pM), then exposed to 1% O, for an

additional 24 h, and luciferase activities were determined. (G) Cdk2 WT or KO

MEFs were cotransfected with p2.1, pSV-RL, and either empty vector or vector

encoding cyclin E or cyclin A. At 24 h posttransfection, cells were exposed to hypoxia for an additional 24 h, and luciferase activities were determined. (H and /)

MEFs from Cyclin E1/Cyclin E2 WT or KO mice were exposed to 20% or 1% O,

or treated with bafilomycin (10 nM) for 24 h, and RT-gPCR (H) or WB (/) assays

were performed. All results in bar graphs are presented as mean + SEM (n = 4). *P < 0.01; #P < 0.05; n.s., not significant.

cyclin B. In contrast, overexpression of Cdk2 decreased HIF-1a
protein levels, as did overexpression of cyclin E or cyclin A.
However, whereas Cdk2 activity led to decreased HIF target
gene expression in MEFs, in two cancer cell lines, Cdk2 activity
led to increased HIF-1 transcriptional activity. The effects of
Cdkl and Cdk2 on HIF-1 were maintained in the presence of
proteasome or hydroxylase inhibitors but abolished by inhibitors
of lysosomal degradation. While this manuscript was in prepa-
ration, another group reported that Cdkl promoted tumor
growth through increased HIF-1a protein levels and that Cdk1
phosphorylated HIF-1a at serine residue 668, which inhibited its
proteasomal degradation (47). However, our data demonstrate
that Cdk1 and Cdk2 regulate lysosomal degradation of HIF-1a.
Additional studies are required to determine if Cdk2 phos-
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phorylates HIF-1a (on a residue other than Ser-688) to increase
its lysosomal degradation.

Progression through the cell cycle is a highly controlled process,
dependent on cell-cycle phase-specific synthesis and degradation
of multiple regulatory proteins. Cell-cycle phase-specific protea-
somal degradation of proteins is generally mediated by two
ubiquitin ligase complexes: the Skp1-Cullin-F box complex, which
is active during the G1/S and G2/M transitions, and the anaphase-
promoting complex/cyclosome complex, which is active during the
metaphase—anaphase transition (37). We have previously dem-
onstrated that several MCM subunits bind to and promote the
proteasomal degradation of HIF-1a independent of their helicase
activity (32). Induction of cellular quiescence led to decreased
levels of MCM proteins and increased HIF-1a levels, whereas
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Fig. 6. Cdk2 enhances HIF-1a transactivation function in cancer cells. (A) Hep3B cells were cotransfected with FLAG-HIF-1a vector and empty vector or vector
encoding one of three shRNAs targeting Cdk2. At 48 h posttransfection, cell lysates were analyzed by WB. (B—E) Hep3B (B and D) and Hela (C and E) cells were
cotransfected with p2.1, pSV-RL, FLAG-HIF-1a vector, and the indicated shRNA vector. At 48 h posttransfection, luciferase activities were determined. (F)
Hep3B cells were cotransfected with p2.1, pSV-RL, and the indicated expression vector. At 24 h posttransfection, cells were exposed to 20% or 1% O, for an
additional 24 h, and luciferase activities were determined. (G) Hep3B cells stably transfected with either shEV (white) or shRNAs against both HIF-1« and HIF-
2a [double knockdown (DKD); black] were cotransfected with p2.1, pSV-RL, and Cdk2 vector as indicated. At 24 h posttransfection, cells were exposed to 20%
or 1% O, for an additional 24 h and luciferase activities were determined. (H) Hela cells were transfected with empty vector or Cdk2 vector followed by
exposure to 20% or 1% O, for an additional 24 h, and qRT-PCR was performed. (/) Hep3B cells were cotransfected with vector encoding Gal4-HIF-1a(531-826),
firefly luciferase reporter pG5E1bLuc, pSV-RL, and the indicated shRNA vector. At 48 h posttransfection, luciferase activities were determined. (J) Hep3B cells
were cotransfected with vector encoding Gal4-HIF-1a(531-826) or Gal4-HIF-1a(531-826)(N803A), pG5E1bLuc, pSV-RL, and the indicated expression vector. At
48 h posttransfection, luciferase activities were determined. (K and L) Hep3B cells were cotransfected with p2.1, pSV-RL, vector encoding wild-type (WT) or
triple mutant (TM) HIF-1a (K), or HIF-2a (L), and the indicated expression vector. At 24 h posttransfection, luciferase activities were determined. All results in

bar graphs are presented as mean + SEM (n = 4). *P < 0.01; #P < 0.05; ns., not significant.

stimulation of cellular proliferation led to an MCM-dependent
decrease in HIF-1 activity (32). However, MCM protein levels do
not vary with particular phases of the cell cycle. The results of the
present study indicate that under conditions of cell proliferation,
degradation of HIF-1a to allow DNA replication is mediated by
the lysosome. This is the first report, to our knowledge, implicating
lysosome function as a regulator of cell-cycle progression.

Our results suggest the following model (Fig. 8): Cdk2—cyclin E,
which is active in late Gl/early S phase, stimulates HIF-la
degradation by chaperone-mediated autophagy to overcome the
nontranscriptional inhibitory effect of HIF-1a on DNA replica-
tion. In cancer cells, Cdk2—cyclin E activity also stimulates HIF-1
transactivation function to compensate for the effect of reduced
HIF-1a protein levels on HIF-1 target gene transcription. Be-
cause Cdkl—cyclin B is only active in late-G2/M phase, it is not
involved in the regulation of DNA replication by HIF-1a and
serves mainly to counteract the negative effect of Cdk2—cyclin A
on HIF-1a stability and to further increase HIF-1 target gene
transcription in late-G2/early M phase. During late M phase,
Cdkl-cyclin B is unopposed, allowing for high levels of HIF-1
transcriptional activity. In addition, high levels of HIF-1a at the
beginning of G1 may promote the initial steps of MCM helicase
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loading, although MCM helicase activation requires the sub-
sequent degradation of HIF-la at the G1/S phase transition.
This mechanism likely underlies past observations that HIF-1a
activity fluctuates when arrested cells are induced to proceed
through the cell cycle (32, 47).

HIF-1la induction leads to an arrest of DNA replication
through two main mechanisms. The first is an immediate and
nontranscriptional mechanism, which is mediated through
binding of HIF-1a to Cdc6 and the MCM complex, leading to
inhibition of helicase activation (31). The second mechanism
relies on sequestration of c-Myc and subsequent induction of the
cell-cycle inhibitors p21 and p27 (33). The mechanism by which
certain cancer cell lines maintain proliferation while expressing
HIF-1a protein has been a subject of investigation and did not
seem to correlate with levels of HIF-1a, p21, or p27 levels (44).
Previous studies have suggested that HIF-2a may promote cel-
lular proliferation, with the relative balance between HIF-2a and
HIF-1a determining the response to hypoxia (48). Supporting
data for this hypothesis are particularly strong in renal cell car-
cinoma, where cancers expressing HIF-2a have been shown
to have higher proliferation rates than those expressing both
HIF-1a and HIF-2a (49). However, both HIF-1a and HIF-2a
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Fig. 7. Lysosome activity promotes DNA replication via HIF-1a degradation. (A-C) HeLa cells were treated with vehicle, bafilomycin (10 nM), or chloroquine
(50 pM) for 24 h. Cells were fixed, stained with anti-MCM5 antibody, and analyzed by confocal microscopy (A), or whole cell lysates (WCLs) and chromatin
fractions were prepared and analyzed by WB (B and C). (D) HelLa cells were treated with vehicle, bafilomycin, or chloroquine for 24 h, and exposed to a 5-min
BrdU pulse before fixation and confocal imaging with anti-BrdU antibody. (E and F) HCT116 cells stably transfected with empty vector or HIF-1a shRNA vector
were treated with vehicle (=), bafilomycin (Baf), or chloroquine (CQ). The percentage of BrdU-positive cells (E) and BrdU incorporation per replicating cell (F)
were determined. Results are shown as mean + SEM (n = 3). *P < 0.01; n.s., not significant. (G) HCT116 cells stably transfected with either empty vector or one
of three shRNA vectors targeting LAMP-2A were transfected with empty vector or HIF-1a ShRNA vector, exposed to 1% O, for 24 h, and lysates were analyzed
by WB. (H) Hep3B cells stably transfected with either empty vector or vectors encoding shRNAs against HIF-1a and HIF-2a (DKD) were treated with vehicle
control (Con), Baf, or CQ, or exposed to 1% O,. After 36 h of treatment, cells were counted. Results are shown as mean + SEM (n = 4). *P < 0.01; *P < 0.05; n.s.,
not significant.

bind to the MCM helicase (32) and overexpression of either thereby functionally uncouple the transcriptional effects of HIF-1,
protein inhibits proliferation in other cell types (36). We found  which promote metabolic adaptation, from the nontranscriptional
that Hep3B cells maintained proliferation upon hypoxic in- effect of HIF-1a on DNA replication, which arrests the cell cycle.
duction of HIF-la and HIF-2a, but lysosome inhibitors led to  This arrangement is highly unusual but remarkably similar to the
potent cell-cycle arrest, which was dependent on HIF-la and effect of S-phase kinase-associated protein 2 (Skp2) on the c-Myc
HIF-2a. This finding confirms that Hep3B cells are sensitive to  transcription factor, whereby Skp2 promotes c-Myc degradation
the effects of HIF-1a on DNA replication, but use lysosomal  while acting as a cofactor for its transcriptional activity (51, 52). c-
degradation of HIF-la to maintain cell proliferation under Myc is similar to HIF-la, as it is a transcription factor with
hypoxic conditions. The ability to degrade HIF-1a and HIF-2a  a nontranscriptional role in DNA replication, although it functions
before DNA replication through chaperone-mediated autophagy  as an activator rather than an inhibitor of MCM helicase activity
may maintain cancer cell proliferation in the hypoxic tumor  (53). Thus, it appears that regulation of HIF-1a by Cdk2 is anal-
microenvironment, and partially explain recent results implicat-  ogous to regulation of c-Myc by Skp2 and indicates that mam-
ing chaperone-mediated autophagy in tumor growth (50). malian cells have evolved mechanisms to differentially regulate

The effect of Cdk2 on HIF-1a is particularly interesting as it ~ the nontranscriptional and transcriptional functions of HIF-la
promotes lysosomal degradation of HIF-la while increasing and c-Myc. A recent study demonstrated that the Heml tran-
HIF-1a transactivation domain function in cancer cells. Cdk2 can  scription factor was phosphorylated by Cdk1, which increased
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Fig. 8. Cdk activity couples HIF-1a levels to the cell cycle. Cdk2:cyclin E and
Cdk2:cyclin A complexes target HIF-1a for lysosomal degradation during the
G1/S phase transition and throughout the S phase, respectively, thereby pro-
moting DNA replication and cell-cycle progression. In cancer cell lines, Cdk2 has
a positive effect on HIF-1a transactivation domain function, thereby pro-
moting HIF-1 target gene expression. Cdk1:cyclin B complexes promote HIF-1a
stabilization and HIF-1 target gene expression at the conclusion of the S phase
by blocking lysosomal degradation of HIF-1a. Cell-cycle phases are coupled to
HIF-1a levels through Cdk activity, thereby allowing cell proliferation while
simultaneously inducing the adaptive HIF-1 transcriptional response.

Heml transcriptional activity through phosphorylation of the N
terminus and targeted it for degradation through phosphorylation
of the C terminus, suggesting another instance whereby tran-
scription factor activity and abundance are dissociated (54).

We demonstrated that pharmacological inhibition of Cdk1 was
associated with decreased induction of HIF-1a and HIF-1 target
genes, which is in agreement with a recent study (47). Previous
studies revealed that the Cdk inhibitor flavopiridol decreased
HIF-1a levels and HIF target gene expression (55, 56). This ef-
fect was noted to be proteasome-independent, although the
molecular mechanism was not delineated (55). Cdk inhibitors
have long been of interest as anticancer agents (57). Our results
lend mechanistic support for the use of Cdk1 inhibitors in tumors
with high levels of HIF-1a, given their dual effects as inhibitors
of HIF-1a transcriptional activity and of cell-cycle progression.

Materials and Methods

Tissue Culture. HelLa and Hep3B cell lines and MEFs were cultured in DMEM,
and HCT116 cells were cultured in McCoy's 5A medium, all supplemented with
10% (vol/vol) FBS and penicillin/streptomycin. Cells were maintained at 37 °C
in a 5% (volivol) CO,, 95% air incubator. Cells were subjected to hypoxia by
exposure to 1% 0,/5% CO,/balance N, at 37 °C in a modular incubator
chamber (Billups-Rothenberg). DMOG (Sigma-Aldrich) was used at a concen-
tration of 1 mM. Hep3B-shEV and Hep3B-DKD cells were described pre-
viously (45). HCT116-shEV and HCT116-shHIF-1a cells were described
previously (31). Roscovitine, flavopiridol, and Cdk1 inhibitor were obtained
from Sigma-Aldrich.

1. Semenza GL (2012) Hypoxia-inducible factors in physiology and medicine. Cell 148(3):
399-408.

2. lyer NV, et al. (1998) Cellular and developmental control of O, homeostasis by hyp-
oxia-inducible factor 1 a. Genes Dev 12(2):149-162.

3. Wang GL, Jiang BH, Rue EA, Semenza GL (1995) Hypoxia-inducible factor 1 is a basic-
helix-loop-helix-PAS heterodimer regulated by cellular O, tension. Proc Natl Acad Sci
USA 92(12):5510-5514.
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Reporter Assays. A total of 20,000 HeLa or Hep3B cells were seeded onto 24-
well plates and 48 h after seeding were transfected with plasmid DNA using
Polylet (SignaGen). Control reporter pSV-RL (10 ng), HIF-1-dependent re-
porter p2.1 (120 ng), and expression vectors were cotransfected. For trans-
activation assays, pSV-RL (10 ng), pG5-E1b-Luc (100 ng), and expression
vectors were cotransfected. The cells were lysed, and luciferase activities
were determined with a multiwell luminescence reader (Perkin—-Elmer Life
Science) using a dual luciferase reporter assay system (Promega).

Immunoprecipitation and Immunoblot Assays. Cells were lysed in PBS with
0.1% Tween 20, 1 mM DTT, protease inhibitor mixture, 1 mM Na3VO,, and
10 mM NaF, followed by gentle sonication. For immunoprecipitation assays,
2 pg of antibody and 30 L of protein G-Sepharose beads (GE Healthcare)
were incubated with 2 mg of cell lysate overnight at 4 °C. Beads were
washed four times in lysis buffer. Proteins were eluted in SDS sample buffer
and fractionated by SDS-polyacrylamide gel electrophoresis. The following
antibodies were used in immunoblot and immunoprecipitation assays: his-
tone H3 and f-actin (Santa Cruz Biotechnology), HIF-1a (BD Biosciences),
FLAG (Sigma), and IgG, Cdk1, Cdk2, Mcm2, Mcm5, Mcm7, phospho-Mcm2,
Lamp-2A, and HIF-2a (Novus Biologicals).

RT-qPCR Assays. Total RNA was extracted from 293T cells using TRIzol (Invi-
trogen) and treated with DNase | (Ambion). A 1-ug aliquot was used for first-
strand synthesis with the iScript cDNA Synthesis System (Bio-Rad). The gPCR
assays were performed with iQ SYBR Green Supermix and iCycler Real-Time
PCR Detection System (Bio-Rad). Primer sequences are listed in Table S1. The
induced expression (E) of each target mRNA, normalized to 185 rRNA in each
sample, was calculated based on the threshold cycle (C) as E = 2744,
where AC; = Ci(target) — C¢(18S) and A(AC,) = ACi(control) — ACi(treatment).

Immunofluorescence Assay. Cells were plated on gelatin-coated glass-bot-
tomed plates (Live Assay). Posttreatment, samples were washed with ice-cold
PBS, fixed with 4% (wt/vol) paraformaldehyde for 20 min at room temperature,
permeabilized with 0.05% Triton X-100 for 15 min, washed twice with PBS, and
blocked with 10% (vol/vol) goat serum and 1% AlbuMAX (Invitrogen) for 1 h.
Samples were incubated with rabbit polyclonal anti-MCM5 (Santa Cruz) and
sheep polyclonal anti-BrdU (Abcam) primary antibodies for 1 h, washed, and
incubated with Alexa Fluor-conjugated secondary antibodies (Invitrogen) for
1 h (27). Samples were washed and mounted on microscope slides with a drop
of SlowFade (Invitrogen) and sealed with Vectashield (Vector Labs). Samples
were imaged within 2 d postpreparation using a Nikon A1R confocal micro-
scope with a 60x oil immersion objective and 1.4 numerical aperture. Images
were analyzed using Nikon Elements Software (Nikon Instruments).

Chromatin Isolation. Chromatin fractions were isolated as previously described
(31). Briefly, cells were washed with PBS, pelleted, and lysed with cytoskeleton
buffer [20 mM Hepes (pH 7.8), 10 mM KCl, 2 mM EDTA, 300 mM sucrose, and
0.5% Triton X-100, supplemented with protease inhibitors and phenyl-
methylsulfonyl fluoride]. After incubation on ice for 10 min, samples were
centrifuged, and the pellet was isolated. This process was repeated twice, after
which the pellets were suspended in 10 mM Hepes (pH 7.8), 2 mM EDTA,
0.3 mM EGTA, and 1 mM DTT. Samples were sonicated, and protein concen-
trations were normalized before immunoblot assays were performed.

Statistical Analysis. Data are presented as mean + SEM, except where oth-
erwise noted. Differences between two conditions were analyzed using
Student’s t test.
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