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Introduction

Angiogenesis, cell survival, invasion, and enhanced glucose 
metabolism are hallmarks of tumorigenesis that involve the 
upregulation of genes that are frequently activated by hypoxia.1,2 
Hypoxia, involving a reduction in the normal level of tissue 
oxygen, is frequently observed in cancer, and exposure to 
prolonged or severe hypoxic conditions can lead to cell death 
or promote selection for death resistance.3,4 While hypoxia 
can be toxic to both normal and cancer cells, cancer cells take 
particular advantage of their ability to initiate a transcriptional 
program that allows them to adapt to these harsh conditions, 
promoting survival and proliferation in a hypoxic environment.5 
Hypoxia-inducible factor 1 (HIF-1) is a basic helix-loop-helix-
PAS domain transcription factor that is a critical mediator of the 
cellular response to oxygen deprivation.6 HIF-1 is a heterodimer 
that consists of a constitutively expressed subunit, HIF-1β, 
and HIF-1α, a subunit whose expression is tightly regulated 
in an oxygen-dependent manner. In the presence of oxygen, 
cytoplasmic HIF-1α is rapidly hydroxylated on proline 402 
(Pro402) and 564 (Pro564) by prolyl hydroxylase-domain protein 
1–3 (PHDs).7,8 Following hydroxylation, HIF-1α is recognized 
by the von Hippel-Lindau (VHL) tumor suppressor protein, 

which recruits an E3 ubiquitin-protein ligase complex that leads 
to the ubiquitination and subsequent degradation of HIF-1α by 
the 26S proteasome.9,10 Under hypoxic conditions, HIF-1α is no 
longer rapidly degraded, allowing the protein to accumulate and 
enter the nucleus, where it dimerizes with HIF-1β. The HIF-1 
heterodimer then binds to regulatory DNA sequences known as 
hypoxia response elements (HRE), and it recruits transcriptional 
co-activators to enhance the transcription of a plethora of target 
genes that promote angiogenesis, tumor progression, therapeutic 
resistance, and metastasis.11,12

In addition to intratumoral hypoxia, HIF-1α is frequently 
overexpressed in human cancers due to genetic alterations. Most 
notably, loss of VHL results in impaired ubiquitination and 
degradation of HIF-1α, leading to its constitutive expression 
under normoxic conditions, which results in the constitutive 
upregulation of hypoxia-inducible genes that drive angiogenesis 
and tumor growth.13 Alternatively, gain of function mutations 
in oncogenic signaling pathways, such as PI3K or RAS, enhance 
the transcription of HIF-1α and increase its steady-state levels.14,15 
Post-translational modification of HIF-1α has also been shown 
to regulate its expression and function. For example, direct 
phosphorylation by ERK blocks the nuclear export of HIF-1α and 
ensures its efficient nuclear accumulation and full activation.16 It 
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Hypoxia-inducible factor 1 (HIF-1) is a major mediator of tumor physiology, and its activation is correlated with 
tumor progression, metastasis, and therapeutic resistance. HIF-1 is activated in a broad range of solid tumors due to 
intratumoral hypoxia or genetic alterations that enhance its expression or inhibit its degradation. As a result, decreasing 
HIF-1α expression represents an attractive strategy to sensitize hypoxic tumors to anticancer therapies. Here, we 
show that cyclin-dependent kinase 1 (CDK1) regulates the expression of HIF-1α, independent of its known regulators. 
Overexpression of CDK1 and/or cyclin B1 is sufficient to stabilize HIF-1α under normoxic conditions, whereas inhibition of 
CDK1 enhances the proteasomal degradation of HIF-1α, reducing its half-life and steady-state levels. In vitro kinase assays 
reveal that CDK1 directly phosphorylates HIF-1α at a previously unidentified regulatory site, Ser668. HIF-1α is stabilized 
under normoxic conditions during G2/M phase via CDK1-mediated phosphorylation of Ser668. A phospho-mimetic 
construct of HIF-1α at Ser668 (S668E) is significantly more stable under both normoxic and hypoxic conditions, resulting 
in enhanced transcription of HIF-1 target genes and increased tumor cell invasion and migration. Importantly, HIF-1α 
(S668E) displays increased tumor angiogenesis, proliferation, and tumor growth in vivo compared with wild-type HIF-1α. 
Thus, we have identified a novel link between CDK1 and HIF-1α that provides a potential molecular explanation for 
the elevated HIF-1 activity observed in primary and metastatic tumors, independent of hypoxia, and offers a molecular 
rationale for the clinical translation of CDK inhibitors for use in tumors with constitutively active HIF-1.
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has also been reported that phosphorylation by glycogen synthase 
kinase 3 (GSK3) and Polo-like kinase 3 (PLK3) promote 
HIF-1α degradation, while binding to the cellular chaperone, 
HSP90, stabilizes HIF-1α.17-19 Thus, HIF-1α expression and 
the transcriptional activation of HIF-1 are controlled by both 
oxygen-dependent and oxygen-independent mechanisms in 
response to extracellular stimuli and the conditions of the cellular 
microenvironment. The identification of novel mechanisms that 
regulate HIF-1α expression is extremely valuable in the effort to 
understand tumor progression as well as to target HIF-1 as an 
anti-cancer therapeutic strategy.

In this study, we identify a novel mechanism controlling the 
stability of HIF-1α, independent of its known regulators and 
oxygen concentration. Specifically, we found that CDK1 directly 
phosophorylates HIF-1α at Ser668, increasing its steady-state 
levels under both normoxic and hypoxic conditions to promote 
the transcription of HIF-1 target genes. Expression of a phospho-
mimetic construct of HIF-1α at Ser668 (S668E) enhanced tumor 
angiogenesis, proliferation, and tumor growth in vivo. Thus, 
CDK1-mediated phosphorylation of HIF-1α is important for 
regulating the steady-state levels of HIF-1α and provides a novel 
molecular explanation for the elevation of HIF-1 in primary and 
metastatic tumors, independent of hypoxia.

Results

Inhibition of CDK1/4 decreases HIF-1α expression at the 
post-translational level, independent of its known regulators

Due to the importance of HIF-1 activation for tumor 
progression and lethal metastases, the regulation of HIF-1α 
stability and the mechanisms responsible for its degradation 
warrant further investigation. A recent report from our lab 
revealed that SLM3, a novel compound that sensitizes cancer cells 
to TRAIL-induced cell death under hypoxic conditions, does so 
in part by inhibiting CDK1, which subsequently reduced HIF-1α 
levels.28 Thus, we tested whether other CDK inhibitors, which 
are known to block CDK1 activity and have shown promising 
results in preclinical and clinical trials, could also reduce HIF-1α 
expression. To this end, we assembled the following panel of 
relevant CDK inhibitors: flavopiridol, roscovitine, alsterpaullone, 
purvalanol A, Ro-3306 (CDK1-specific), and PD-0332991 
(CDK4/6-specific).29,30 HCT116 colon carcinoma cells were 
exposed to hypoxia (0.2% O

2
) and treated with vehicle or the 

indicated inhibitor for 16 h, and western blotting was used to 
monitor HIF-1α protein levels. All of the CDK inhibitors tested 
significantly reduced HIF-1α protein levels, with the exception 
of Roscovitine, which showed only a modest effect (Fig.  1A). 
The protein levels of HIF-2α were not significantly changed 
by any of the CDK inhibitors, although modest inhibition was 
observed following treatment with PD-0332991. To assess the 
transcriptional activation of HIF-1, a parallel experiment was 
performed on HCT116 cells stably expressing a previously 
described HIF-1 reporter that drives luciferase expression (HRE-
Luc) (Fig. 1B).28 To account for cell death or growth inhibition 
in response to treatment with these compounds, HCT116 cells 
constitutively expressing luciferase (CMV-Luc) were treated 

simultaneously, and the HRE-Luc signal was normalized to 
CMV-Luc levels. These results verified that HIF-1 activity 
correlated with HIF-1α levels, and was significantly reduced by 
multiple CDK inhibitors (Fig. 1B).

A majority of the CDK inhibitors that have been developed 
inhibit multiple CDKs with similar IC

50
.31 Therefore, we sought 

to identify which individual CDK(s) alter HIF-1α expression. 
HCT116 cells were transfected with control siRNA or siRNA 
against CDK1, CDK2, CDK4, CDK5, CDK7, and CDK9. After 
48 h, the cells were incubated in hypoxia for 4 h, and western 
blotting was used to measure HIF-1α expression levels. Only 
knockdown of CDK1 or CDK4 significantly reduced HIF-1α 
levels (Fig.  1C), confirming that specific inhibition of CDK1 
and/or CDK4 effectively blunts hypoxia-induced HIF-1α 
expression and HIF-1 transcriptional activity.

Next, we focused on identifying the mechanism by which 
CDK1 and CDK4 regulate HIF-1α expression. First, we asked 
whether CDK1/4-mediated downregulation of HIF-1α is 
controlled by p53 and/or VHL, which are known regulators 
of HIF-1α stability.10,32 HCT116 p53+/+ and HCT116 p53−/− 
colon cancer cell lines were transfected with scrambled siRNA 
(siCON) or siRNA targeting CDK1, CDK4, or both. Forty-eight 
hours after transfection, the cells were exposed to hypoxia for 4 h. 
Hypoxia-induced HIF-1α expression was decreased to a similar 
extent by knockdown of both CDK1 and CDK4, regardless of p53 
status (Fig. 1D); it is noteworthy that the combination of CDK1 
and CDK4 knockdown reduced HIF-1α to a greater extent than 
either siRNA alone. To determine whether VHL was required for 
CDK-mediated downregulation of HIF-1α, RCC4 cells, which 
constitutively express HIF-1α in normoxic conditions due to the 
loss of VHL function, were transfected with siCON, siCDK1, or 
siCDK4. Knockdown of CDK1 or CDK4 dramatically reduced 
HIF-1α levels in the absence of VHL under both normoxic and 
hypoxic conditions (Fig.  1E). Therefore, CDK1/4-mediated 
regulation of HIF-1α expression is independent of p53, VHL, 
and oxygen concentration.

Because protein levels are dictated by the rate of biosynthesis 
and degradation, we sought to determine whether CDK1/4 
inhibition altered the rate of HIF-1α transcription. To this 
end, mRNA was collected from HCT116 p53+/+ cells in parallel 
with protein lysates. While knockdown of CDK1 and CDK4 
dramatically reduced HIF-1α protein levels (Fig. 1D), RT-PCR 
analysis revealed no effect on HIF-1α mRNA levels (Fig. 1F). 
Furthermore, GLUT1 mRNA levels increased in response to 
hypoxia, indicative of HIF-1 activation, and knockdown of 
CDK1/4 reduced GLUT1 expression to near normoxic levels, 
verifying that the observed reduction in HIF-1α protein levels 
following CDK1 or CDK4 knockdown correlated with reduced 
HIF-1 activity (Fig.  1F). These data indicate that CDK1/4 
inhibition reduces HIF-1α expression at the post-transcriptional 
level.

CDK1 inhibition increases the proteasomal degradation of 
HIF-1α

We next focused our attention on investigating the mechanism 
by which CDK1 regulates HIF-1α stability. First, we questioned 
whether CDK1 inhibition alters the rate of HIF-1α degradation. 
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HCT116 cells were transfected with siCON or siCDK1 for 
48 h, and the cells were placed in hypoxia for 4 h prior to the 
addition of cycloheximide (CHX), a global inhibitor of protein 
translation. Lysates were collected over a 4-h time course, and 
HIF-1α expression levels were monitored over time. Silencing of 
CDK1 not only blunted the induction of HIF-1α in response to 
hypoxia by approximately 50% (Fig.  2A, bar graph), but also 
significantly reduced the half-life of the cellular HIF-1α protein 
(siCON, t

1/2
 = 1.0 ± 0.1 h vs. siCDK1, t

1/2
 = 0.7 ± 0.1 h) (Fig. 2A). 

Because long-term knockdown of CDK1 affects various cellular 
processes, such as the cell cycle, we sought to assess whether acute 
inhibition of CDK1 kinase activity had similar effects on HIF-1α 
expression. HCT116 cells were exposed to hypoxia for 4 h and 
then pretreated with DMSO or Ro-3306 for 30 min prior to 
treatment with CHX. Following the addition of CHX, lysates 
were collected over a 4-h time course, and HIF-1α expression was 

monitored over time. Acute inhibition of CDK1 by Ro-3306 did 
not significantly alter the cell cycle profile (4 h), whereas long-
term treatment (20 h) resulted in complete cell cycle arrest in 
G

2
/M-phase; in vitro kinase assays demonstrated that Ro-3306 

effectively blocked CDK1 activity (Fig.  S1A and  1B). In the 
presence of Ro-3306, HIF-1α was degraded at a significantly 
faster rate (t

1/2
 = 0.6 ± 0.1 h) compared with the DMSO-

treated control (t
1/2

 = 1.0 ± 0.1 h) prior to significant cell cycle 
arrest (Fig.  2B). These data indicate that inhibition of CDK1 
kinase activity rapidly decreases the stability of HIF-1α protein, 
independent of its effects on the cell cycle.

Because the proteasomal degradation pathway is known 
to regulate HIF-1α protein stability, we tested whether 
CDK1 inhibition promotes HIF-1α degradation through the 
proteasome. HCT116 cells were treated with Ro-3306 alone or 
in combination with MG-132, a proteasome inhibitor, for 6 h 

Figure 1. CDK inhibitors decrease HIF-1α expression and HIF-1 activity independent of p53, VHL, or oxygen concentration. (A) HCT116 cells and (B) 
HCT116 cells stably expressing an HRE-Luc reporter were treated with the indicated compounds and exposed to hypoxia for 16 h. (A) HIF-1α expres-
sion levels were monitored by western blotting, and (B) HIF-1 activity was measured by luciferase activity. The bar graph represents HIF-1 activity after 
normalization to CMV-LUC. (C) HCT116 cells were transfected with the indicated siRNA for 48 h prior to exposure to hypoxia for 4 h. (D) HCT116 (WT and 
p53−/−) and (E) RCC4 (VHL−/−) cells were treated with the indicated siRNA for 48 h and then exposed to hypoxia for 4 h. Protein was collected for western 
blotting, and (F) RNA was collected for RT-PCR analysis. (n = 3 for all experiments).
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under hypoxic conditions. As expected, treatment with Ro-3306 
alone led to a significant decrease in the levels of HIF-1α 
(Fig.  2C, compare lanes 1 and 2). However, in the presence 
of a proteasome inhibitor (MG-132), Ro-3306 was unable to 
reduce HIF-1α levels, indicating that CDK1 inhibition reduces 
HIF-1α stability in a proteasome-dependent manner (Fig.  2C, 
compare lanes 2 and 4). To further investigate the role of the 
ubiquitin–proteasome pathway in regulating CDK1-mediated 
HIF-1α stability, we designed an assay to determine whether 
CDK1 inhibition increases the amount ubiquitin linked to 
HIF-1α. HCT116 cells were transfected HA-ubiquitin for 24 
h and incubated with MG-132 for 30 min prior to treatment 
with either DMSO or Ro-3306 for the indicated times. 
HIF-1α was immunoprecipitated, and the amount of ubiquitin 
linked to HIF-1α was detected by immunoblotting with an 
anti-HA antibody. The western blot in Figure  2D revealed a 

robust increase in the amount of HA-ubiquitin conjugated to 
HIF-1α immunoprecipitated from cells treated with the CDK1 
inhibitor compared with DMSO, within 1 h. Each blot was 
stripped and reprobed to determine the total amount of HIF-1α 
immunoprecipitated in each sample, and densitometry was 
used to calculate the relative amount of ubiquitin at each time 
point (Fig. 2D). These data reveal that HIF-1α ubiquitination 
significantly increases when CDK1 kinase activity is blocked, 
further suggesting that CDK1 stabilizes HIF-1α by interfering 
with its regulation by the ubiquitin–proteasome pathway.

CDK1 directly phosphorylates HIF-1α at Serine 668 
in vitro

To gain further insight into how CDK1 may be modifying 
HIF-1α to affect its stability, we tested whether CDK1 or CDK4 
and HIF-1α physically interact in cells. HCT116 cells were treated 
with MG-132 to block HIF-1α degradation and incubated in 

Figure 2. CDK1 inhibition increases the rate of HIF-1α ubiquitination and proteasomal degradation. (A) HCT116 cells were transfected with control or 
CDK1 siRNA for 48 h and exposed to hypoxia for 4 h prior to the addition of cycloheximide (CHX, 12.5 μg/mL). (B) HCT116 cells were exposed to hypoxia 
for 4 h and pretreated with DMSO or Ro-3306 (5 μM) for 30 min prior to the addition of CHX. Lysates were harvested at the indicated time points, HIF-1α 
expression was monitored by western blotting, and densitometry was used to determine the rate of decay. (C) HCT116 cells were treated with MG-132 
(1 μM), Ro-3306, or the combination of both for 6 h in hypoxia, and HIF-1α expression was monitored by western blotting and densitometry. (D) HCT116 
cells were transfected with HA-ubiquitin, pretreated for 30 min with MG-132 prior to the addition of Ro-3306 or DMSO, and lysates were collected at 
the indicated time points. HIF-1α was immunoprecipitated and ubiquitination was detected using the anti-HA antibody. The blot was stripped and 
reprobed using the HIF-1α antibody to determine the total amount of HIF-1α immunoprecipitated in each sample, and densitometry was used to assess 
the relative amount of ubiquitination at each time point (n = 3 for all experiments).
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hypoxic conditions for 4 h prior to harvest. Endogenous HIF-1α, 
CDK1, or CDK4 were then immunoprecipitated, and western 
blotting was used to detect their interaction. We found that 

immunoprecipitated HIF-1α pulled down CDK1 under hypoxic 
conditions, and similar results were observed for the reciprocal 
immunoprecipitation experiment (Fig. 3A). However, we could 

Figure  3. CDK1 regulates HIF-1α stability via direct phosphorylation of Ser668. (A) HCT116 cultured in hypoxia for 6 h in the presence of MG-132. 
Endogenous HIF-1α, CDK1, and CDK4 were immunoprecipitated, and western blotting was used to detect their reciprocal interaction. (B) Sequence 
alignment of Ser668 of HIF-1α; yellow box indicates the Ser668 residue in human HIF-1α. (C) Purified CDK1/cyclin B1 was incubated with increasing con-
centrations of WT or 668A peptides, and phosphorylation was plotted relative to control reactions lacking a substrate. The indicated purified CDK/cyclin 
complexes were incubated with no substrate, a positive control, (D) 30 μM of the WT or 668A peptides, or (E) purified full-length His-tagged WT or 668A 
proteins and average phosphorylation was plotted. (F) HCT116 cells were transfected with the vector or the indicated constructs of HIF-1α (WT, 668E, or 
668A) for 24 h. Cells were then exposed to hypoxia and treated with DMSO or Ro-3306 (5 μM) for 6 h prior to harvest. (G) HCT116 cells were transfected 
with the indicated HA-tagged constructs of HIF-1α (WT, 668E, or 668A) for 24 h. Cells were exposed to hypoxia for 4 h prior to the addition of CHX, and 
lysates were collected at the indicated time points. HIF-1α expression was monitored by western blotting, and densitometry was used to determine the 
rate of decay. *P < 0.05 vs. (668A vs. WT); + P < 0.05 (668E vs. WT). (n = 3 for all experiments).
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not detect an interaction between HIF-1α and CDK4 under these 
conditions. Thus, CDK1 and HIF-1α physically interact in cells.

The fact that CDK1 and HIF-1α interact in vivo led us to 
question whether CDK1 modulates HIF-1α stability through 
direct phosphorylation. CDK1 is a proline residue-directed 
kinase that readily phosphorylates Ser/Thr-Pro sites in a number 
of substrates. Thus, to identify potential Ser/Thr residues that 
were likely to be modified by CDK1, we used in silico methods to 

analyze the amino acid sequence of HIF-1α for putative CDK1 
phosphorylation consensus motifs (pS/T-P-x-R). Two potential 
CDK1 phosphorylation motifs were identified in the sequence 
of HIF-1α: Ser657 (ATSSPYR) and Ser668 (RTASPNR). The 
Ser657 site was previously identified as a target of PLK3, and 
mutation of this residue to an Ala enhances the stability of 
HIF-1α.19 Therefore, we focused on the other candidate site, 
Ser668. Sequence alignment revealed that the Ser668 residue is 

highly conserved in lower species, indicating 
that it may be of functional importance 
to HIF-1α (Fig.  3B). Importantly, in vivo 
phosphorylation of HIF-1α Ser668 was 
previously reported by mass spectrometry in 
a human gastric cancer cell line, MKN-45.33 
To determine whether CDK1 can directly 
phosphorylate Ser668, we performed in vitro 
kinase assays using 15 aa peptides of the 
sequence surrounding the Ser668 residue: 
WT HIF (DTQSRTASPNRAGKGV) 
and, as a negative control, HIF-1α (S668A) 
(DTQSRTAAPNRAGKGV). Increasing 
concentrations (3.3 μM, 10 μM, and 30 μM) 
of these peptides were incubated with purified 
CDK1/Cyclin B and radiolabeled with ATP 
to determine whether HIF-1α Ser668 is a 
direct substrate of CDK1. CDK1 efficiently 
phosphorylated the WT HIF-1α peptide in a 
substrate concentration-dependent manner. 
However, the mutant HIF-1α (S668A) 
peptide was not phosphorylated by CDK1, 
verifying that CDK1 can phosphorylate a 
HIF-1α peptide specifically at the Ser668 
residue (Fig.  3C). Furthermore, CDK2 and 
CDK4 were unable to phosphorylate the WT 
HIF peptide in vitro (Fig. 3D). Importantly, 
the results of our in vitro kinase assays were 
confirmed using full-length recombinant WT 
HIF-1α and HIF-1α (S668A); CDK1/cyclin 
B1 readily phosphorylated the WT protein, 
but not the 668A mutant, whereas CDK4/
cyclin D1 was unable to phosphorylate either 
protein (Fig.  3E). Taken together, these data 
suggest that CDK1 directly and specifically 
phosphorylates HIF-1α at Ser668 in vitro.

CDK1-mediated regulation of HIF-1α 
expression is dependent on Ser668 
phosphorylation

To test whether Ser668 phosphorylation is 
necessary for CDK1-mediated regulation of 
HIF-1α stability in vivo, HCT116 cells were 
transfected with vector control or HA-tagged 
constructs of WT HIF-1α, 668E, or 668A. 
After 24 h, the cells were treated with DMSO 
or Ro-3306, exposed to hypoxia for 6 h, and 
exogenous HIF-1α levels were monitored 
using an anti-HA antibody. Inhibition of 

Figure 4. Overexpression of CDK1/cyclin B1 or accumulation of the G2/M-phase population is 
sufficient to stabilize HIF-1α. (A) HCT116 and (B) HCT116 HRE-Luc cells were transfected with 
HA-CDK1, cyclin B1 or both for 24 h, and DMSO or Ro-3306 (5 μM) were added for 6 h prior to 
harvest. (C) HCT116 cells were synchronized in S phase (double-thymidine block), and HIF-1a 
expression, phosphorylation (top), and cell cycle profile (bar graph, bottom) were moni-
tored over time after release from S phase by western blotting and PI staining, respectively. 
A, asynchronous population; C, lysate from cells incubated in hypoxic conditions for 6 h. (D) 
HCT116 HRE-Luc cells were synchronized in S phase, released, and bioluminescence (BLI) was 
recorded at the indicated time points. Scatter plot represents HIF-1 activity as a function of the 
percentage of cells in G2/M phase (P < 0.05, as determined by linear regression analysis). (C) 
WT, 668A, and 668E constructs were transfected into HCT116 cells. After S-phase synchroniza-
tion and release, as described previously, expression of exogenous and endogenous HIF-1α 
was determined by western blotting. (n = 3 for all experiments).
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CDK1 significantly reduced the levels of both endogenous and 
WT HIF-1α (Fig.  3F). In contrast, the protein levels of both 
668E and 668A were refractory to CDK1 inhibition. Thus, the 
ability to modify the phosphorylation state of the Ser668 residue 
is required for CDK1-mediated regulation of HIF-1α expression. 
Next, we questioned whether the phosphorylation state of Ser668 
alters the basal rate of HIF-1α degradation. HCT116 cells 
were transfected with each of the indicated HIF-1α constructs 
and exposed to hypoxia for 4 h prior to the addition of CHX. 
As expected, the 668E mutant protein (t

1/2
 = 3.5 ± 0.2 h) was 

significantly more stable than WT HIF-1α (t
1/2

 = 1.8 ± 0.2 h), 
while the 668A mutant protein (t

1/2
 = 0.9 ± 0.1 h) was significantly 

less stable (Fig. 3G). Thus, the phosphorylation state of HIF-1α 
at Ser668 plays a critical role in controlling both the rate of 
HIF-1α turnover and its steady-state level.

HIF-1α is stabilized by CDK1/cyclin B1 overexpression and 
in G

2
/M phase via phosphorylation of Ser668

Next, we sought to determine whether overexpression of 
CDK1 and/or cyclin B1 was sufficient to stabilize HIF-1α 
in normoxic conditions. HCT116 cells were transfected with 
HA-CDK1, cyclin B1, or both for 24 h, and western blotting 
was used to monitor HIF-1α 
expression. Overexpression of CDK1 
or cyclin B1 alone was sufficient 
to stabilize HIF-1α in normoxic 
conditions. Importantly, this effect 
was abolished when cells were treated 
with Ro-3306 for 4 h prior to harvest, 
indicating that CDK1 kinase activity 
was required to increase HIF-1α 
levels (Fig.  4A). Furthermore, we 
measured HIF-1 transcriptional 
activity in a parallel experiment 
using the HCT116 HRE-Luc cell 
line. As expected, in the presence of 
exogenous CDK1 or cyclin B1, HIF-1 
activity was significantly increased, 
and inhibition of CDK1 blocked this 
activation (Fig. 4B). Taken together, 
these data reveal that overexpression 
of CDK1 and/or cyclin B1 stabilize 
HIF-1α and promote HIF-1 
transcriptional activity in a CDK1-
dependent manner.

CDK1 is activated during late 
G

2
 phase to initiate mitosis, and 

it is necessary for proper cell cycle 
progression. Thus, we reasoned 
that HIF-1α expression and HIF-1 
activity were likely to be regulated 
concomitant with CDK1 activation 
during progression through the 
cell cycle. To test this hypothesis, 
we synchronized HCT116 cells in 
S phase using a double-thymidine 
block. Then, the cells were released 

in fresh medium containing 10% serum, and cell lysates were 
collected at the indicated time points to assess HIF-1α expression. 
In parallel, cells were collected for propidium iodide (PI) staining 
and subsequent FACS analysis to determine the cell cycle profile 
at each time point. After 8 h release, the time at which a majority 
of the cell population was in G

2
/M phase (approximately 80%; 

Fig. 4A, bar graph; Fig. S2) and CDK1 highly active, HIF-1α 
was markedly stabilized under normoxic conditions. HIF-1α 
stability was sustained through 16 h and returned to basal levels 
by 24 h (Fig.  4C). To determine whether CDK1 activity was 
required for the cell cycle-dependent stabilization of HIF-1α, 
we performed a similar experiment in the presence of Ro-3306. 
CDK1 inhibition completely abolished the cell cycle-dependent 
increase in HIF-1α expression (Fig. 4C, bar graph). To assess the 
transcriptional activation of HIF-1, a parallel synchronization 
experiment was performed in HCT116 cells stably expressing 
HRE-Luc. As expected, as HIF-1α levels increased in G

2
/M 

phase, HIF-1 was activated. When the bioluminescence at 
each time point was plotted relative to the percentage of cells 
in G

2
/M phase, a statistically significant linear correlation was 

observed, suggesting that HIF-1 becomes active under normoxic 

Figure  5. Phosphorylation at Ser668 enhances tumor cell migration and invasion. (A) Wild-type RKO 
cells or RKO cells stably expressing HIF-1α shRNA (shHIF) were transfected with the indicated HIF-1α con-
structs (WT, 668A, or 668E), cultured in normoxia or hypoxia for 6 h, and endogenous and exogenous 
HIF-1α expression was monitored by western blotting and (B) RT-PCR. (C) The indicated cell lines were 
seeded into the top chamber of a Matrigel-coated filter in DMEM lacking serum, and DMEM contain-
ing 10% FBS was placed in the bottom chamber as a chemoattractant. The cells were then cultured in 
normoxia or hypoxia for 24 h, and the number of cells that migrated through the filter was counted by 
microscopy. (D) The indicated cell lines were plated in 6-well plates and allowed to grow to confluence. 
Each well was scratched with a 200 μl pipette tip, the cells were washed twice with PBS, and complete 
medium containing 10% serum was added back to the wells. Images were acquired immediately and 24 h 
after the scratch, and the distance between each edge was measured. *P < 0.05. (n = 3 for all experiments).
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conditions during G
2
/M phase (Fig. 4D). To determine whether 

phosphorylation of Ser668 was required for the stabilization 
of HIF-1α in G

2
/M phase, HA-tagged WT, 668A, or 668E 

constructs were overexpressed in HCT116 cells, and these cells 
were synchronized as described previously. Similar to endogenous 
HIF-1α, the expression of WT HIF-1α was markedly increased 
at 8 and 16 h, In contrast, the expression the 668A and 668E 
mutants remained unchanged, as assessed by relative levels of 
the HA-tagged protein (Fig.  4E). Thus, HIF-1α is stabilized 
and HIF-1 is activated via CDK1-mediated phosphorylation of 
Ser668 in G

2
/M phase.

Phosphorylation of HIF-1α at Ser668 enhances tumor cell 
migration and invasion

Altering HIF-1α levels has been shown to increase tumor 
growth, angiogenesis, and invasion in colon carcinoma cells.34 
Therefore, we assessed whether the phosphorylation state of 
Ser668 could influence the invasive potential of colon carcinoma 
cells, with the hypothesis that a more stable construct of 
HIF-1α, 668E, would augment tumor proliferation, migration, 
and invasion. To assay the effects of hypoxia and HIF-1α 
overexpression on these processes, we transfected RKO colorectal 
cancer cells in which HIF-1α was stably knocked down (shHIF) 
with shRNA-resistant WT HIF-1α, 668E, and 668A mutants. 
Despite having similar mRNA levels, 668E protein levels 
were greater than WT HIF-1α, particularly under normoxic 
conditions, whereas 668A expression was reduced compared with 
WT (Fig. 5A and B). Using this system, we assessed the effect 
of Ser668 phosphorylation on tumor cell invasion. The indicated 
cell lines were seeded onto a filter that was coated with Matrigel, 

exposed to normoxia or hypoxia for 24 h, and the number of 
cells that migrated through the 8-μm pores in the filter was 
counted. The invasiveness of the vector control cells significantly 
increased under hypoxic conditions compared with normoxia 
(Fig.  5C). Verifying previous reports, knockdown of HIF-1α 
greatly reduced tumor cell invasion under hypoxic conditions 
(Fig. 5C, Vec vs. shHIF in hypoxia). Expression of WT HIF-1α 
in the shHIF cell line restored hypoxia-induced invasion and led 
to a modest increase in invasiveness under normoxic conditions, 
(Fig. 5C, RKO vs. WT). Importantly, the 668E mutant cell line 
displayed significantly increased tumor cell invasion compared 
with WT under normoxic conditions (Fig.  5C, RKO or WT 
vs. 668E in normoxia). Under hypoxic conditions, 668E also 
increased invasiveness compared with WT, but this difference 
did not reach statistical significance. In contrast, the 668A cell 
line displayed significantly reduced invasion under hypoxic 
conditions (Fig.  5C, WT vs. 668A in hypoxia). Next, we 
assessed whether the phosphorylation state of Ser668 could effect 
tumor cell migration using a scratch assay. At 24 post-scratch, 
the 668E mutant cells migrated significantly further than the 
vector control or WT cell lines, whereas no significant difference 
was observed between the Vec, WT, and 668A (Fig. 5D). Taken 
together, these data indicate that the phosphorylation state of 
Ser668 significantly increases HIF-1α-mediated tumor cell 
migration and invasion.

Phosphorylation at Ser668 enhances proliferation, 
angiogenesis, and tumor growth in vivo

Due to the importance of HIF-1 in the tumor 
microenvironment and on physiological processes that are 

critical for tumorigenesis, we sought 
to determine whether a phospho-
mimetic of HIF-1α at Ser668 was 
sufficient to promote tumor growth 
in vivo. To this end, WT HIF-1α and 
668E mutant constructs were stably 
expressed in both RKO and HCT116 
colorectal cancer cells. HIF-1α mRNA 
levels, protein expression levels, and 
proliferation were assessed in both the 
RKO (Fig. S3A–C, respectively) and 
HCT116 (Fig.  S4A–C, respectively) 
stable cell lines prior to inoculation. 
Interestingly, there was no difference 
in the proliferation rate of the cell 
lines stably expressing Vec, WT, and 
668E in vitro. To assess in vivo tumor 
growth, 1 × 106 RKO or HCT116 
cells stably expressing the indicated 
constructs of HIF-1α were injected 
subcutaneously into 4–6-wk-old 
female athymic nude mice. In order to 
minimize inter-mouse variability, mice 
were injected in the right or left flank 
with cells expressing WT or 668E, 
respectively, and tumor growth was 
measured with calipers 3 times a wk 

Figure 6. Phosphorylation at Ser668 promotes angiogenesis, proliferation, and tumor growth in vivo. 
One million (A) RKO (WT, n = 7; 668E, n = 9) and (B) HCT116 (n = 10 for both groups) cells stably express-
ing WT or 668E were injected subcutaneously into the rear flanks of athymic nude mice. Tumor volumes 
were monitored over time by caliper measurements (graphs). At the end of the study, RKO tumors were 
harvested and immunostained with antibodies specific for (C) Ki67 and (D) CD34 to assess prolifera-
tion and angiogenesis, respectively. Percent Ki67 and vessel count were determined as described in the 
materials and methods section. *P < 0.05.
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for approximately 4 wk. At the end of the study, the 668E tumors 
grew significantly faster and larger than the WT tumors in both 
cell lines, suggesting that a phospho-mimetic at the Ser668 site 
is sufficient to promote tumor growth in vivo (Fig. 6A and B). 
Surprisingly, in contrast to the results of our in vitro proliferation 
assays, immunohistochemical staining of Ki67 revealed 
that the 668E tumors had significantly higher proliferation 
compared with WT tumors (Fig. 6C). Furthermore, the 668E 
tumors exhibited enhanced angiogenesis, as determined by 
immunostaining for CD34 (Fig. 6D). Indicative of the increased 
pro-angiogenic potential of the 668E mutant compared WT, we 
observed elevated VEGF levels in the 668E vs. WT RKO cell line 
in normoxic and hypoxic conditions in vitro (Fig. S3D). Taken 
together, these findings suggest that the increased vascularity of 
the 668E tumors promoted a tumor microenvironment that was 
conducive to cell proliferation and growth.

Discussion

The association between HIF-1 and therapeutic resistance, 
metastasis, and poor patient prognosis has been well documented, 
but is still not fully understood. In this report, we show that 
CDK1 increases the steady-state level of HIF-1α via direct 
phosphorylation of Ser668. As a result, inhibition of CDK1 
significantly reduces HIF-1α protein levels and HIF-1 activation, 
independent of its known regulators. These findings provide new 
insights into pathways of HIF-1 regulation that are independent 
of hypoxia and support the development of CDK inhibitors as 
a novel therapeutic strategy for targeting HIF-1α-expressing 
tumors.

HIF-1α expression and the cell cycle
A growing body of literature has 

confirmed that HIF-1α is overexpressed in 
tumors compared with normal tissue.35 Our 
results demonstrate that CDK1 directly 
phosphorylates HIF-1α at the Ser668 
residue, suggesting that the expression of 
HIF-1α could be controlled in a cell cycle-
dependent manner during tumor growth, 
even prior to the evolution of significant 
hypoxia associated with bulky tumor growth 
in vivo. Several groups have reported that 
colon cancer cells undergo partial G

1
 arrest 

and that proliferation is altered in response to 
hypoxia, in which case, CDK1 activity would 
be reduced in these cells.36,37 While we observe 
that CDK1 activation and phosphorylation of 
Ser668 affect HIF-1 stability in both hypoxic 
and normoxic conditions, the physiological 
effects are much more evident in normoxic 
conditions (i.e., enhanced invasion; statistical 
significance is only observed between WT and 
668E in normoxic conditions [Fig. 5C]). We 
believe that this finding is due to the fact that 
under hypoxic conditions, HIF-1α levels are 
above the threshold necessary to fully activate 

HIF-1 transcription, and the increase in protein expression 
observed with the 668E construct does not significantly enhance 
HIF-1 activity. In contrast, in normoxic conditions, wild-
type HIF-1α is essentially absent, whereas the basal levels of 
the 668E mutant are sufficient to activate the transcription of 
HIF-1 target genes. Therefore, it is likely that CDK1-mediated 
phosphorylation and stabilization of HIF-1α plays a much more 
important role in promoting the oncogenic effects of HIF-1 in 
normoxic conditions where CDK1 is aberrantly activated.

The relevance of Ser668 phosphorylation in tumorigenesis
The constitutive activation of oncogenes is a common theme 

underlying the initiation and progression of human tumors. The 
frequent overexpression of HIF-1α in cancer is commonly the 
result of mutations that inactivate its negative regulators, such 
as VHL, or upregulation of oncogenic pathways, including 
PI3K or RAS.38 However, there are instances where HIF-1α is 
highly expressed in tumors, independent of hypoxia or its known 
regulators. The identification of Ser668 phosphorylation as an 
important regulator of HIF-1α provides a novel mechanism to 
explain the constitutive expression of HIF-1α in some tumors, 
most of which also have increased CDK activity. The results of 
our overexpression experiments indicate that mutation of Ser668 
to a negative charge is sufficient to promote HIF-1α expression 
in normoxic conditions, activate the transcription of HIF-1 
target genes, and promote tumor growth and invasion in vivo 
(Fig. 7). Therefore, mutation at this site could provide a selective 
advantage for tumor cells and may be retained in aggressive 
tumors and metastatic cells. To our knowledge, there have been 
no reported mutations of the Ser668 residue in human cancer, 

Figure 7. CDK1 regulates HIF-1α protein stability and HIF-1 activity to promote tumor growth. 
Under normoxic conditions, CDK1 directly phosphorylates HIF-1α at Ser668, which inhibits the 
proteasomal degradation of HIF-1α. Phosphorylation at this site increases the steady-state lev-
els of HIF-1α and the expression of HIF-1 target genes that promote physiological processes 
associated with invasion and tumor growth.
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but due to the apparent importance of Ser668 in maintaining 
the proper steady-state levels of HIF-1α, a thorough sequencing 
effort in a broad range of tumor types is needed to determine 
whether this site is mutated in human cancers and whether 
mutations evolve in metastatic tumors or drug-treated tumors. 
Also, alterations in the expression level and activity of CDK1 
have been reported in human cancers via several different 
biological mechanisms. For example, cyclin B1 overexpression is 
observed in many cancers, including non-small cell lung cancer, 
esophageal cancer, colorectal cancer, and breast cancer, among 
others, and it has been shown to be associated with high-grade 
tumors, advanced disease, and poor patient prognosis.39-42 CDK1 
activity is also acutely regulated by CDK activating enzymes; 
deregulation or overexpression of Cdc25 isoforms has been 
shown to promote the assembly and activity of the CDK1-cyclin 
B1 complex,43 and it is commonly correlated with progressive 
disease and poor prognosis. 44 Thus, CDK1 is frequently activated 
in human cancers through various mechanisms, which promotes 
the phosphorylation of CDK1 substrates, including HIF-1α. As 
a result, in addition to its canonical role in cell cycle progression, 
the enhanced expression or activation of CDK1 observed in 
tumors could promote an aggressive phenotype and poor patient 
prognosis through constitutive activation of HIF- 1.

CDK inhibition as a strategy to oppose HIF-1 in cancer
It has been well established that HIF-1 inhibition sensitizes 

solid tumors to radiation, standard chemotherapies, and targeted 
agents.45,46 Therefore, the use of CDK inhibitors to reduce HIF-1 
activity may be a useful strategy in combination with therapies 
that are currently used in the clinic. Here, we show that inhibition 
of CDK1 and CDK4 dramatically reduces HIF-1 activity in 
both normoxic and hypoxic environments. Thus, inhibition of 
CDK1/4 represents a novel approach for the treatment of cancer 
cells with constitutively active HIF-1, regardless of whether 
HIF-1α is overexpressed as a result of intratumoral hypoxia or 
the deregulation of genetic mechanisms. Due to their role in 
the cell cycle and association with apoptotic pathways, there 
has been great interest in the development of CDK inhibitors as 
cancer therapeutics. Our preliminary data indicate that CDK1 
inhibition selectively downregulates HIF-1α expression. Sequence 
alignment revealed that the Ser668 regulatory residue identified 
in HIF-1α is not present in HIF-2α, a closely related α subunit 
protein of the HIF-1 family. The fact that this CDK1-controlled 
residue is not present in HIF-2α explains why HIF-2α protein 
levels remained largely unchanged in response to treatment with 
various CDK inhibitors, while HIF-1α levels were dramatically 
decreased (Fig.  1A). Therefore, CDK1 inhibitors are specific 
inhibitors of HIF-1α, which may limit their efficacy in some 
tumor types, such as renal cell carcinoma, which commonly 
express only HIF-2α.

It is noteworthy that inhibition of CDK4 reduced the 
expression of both HIF-1α and HIF-2α (Fig. 1A), which makes it 
a more promising approach for reducing HIF-1 activity clinically. 
This study provides rationale for the further development of 
CDK1 and/or CDK4 inhibitors as a novel approach to negate 
HIF-1 signaling and sensitize tumors to chemotherapy and 
targeted agents.

In summary, we identified a novel mechanism regulating the 
protein stability and steady-state levels of HIF-1α, independent 
of hypoxia or its known regulators (Fig. 7). Specifically, CDK1 
directly phosphorylates HIF-1α at Ser668, which inhibits its 
proteasomal degradation, thus providing a potential molecular 
explanation for the elevation of HIF-1 in primary and metastatic 
tumors, independent of hypoxia. These data implicate CDK1 as 
driver of key hallmarks of cancer, including angiogenesis, cell 
survival and invasion, through the stabilization of HIF-1α, and 
provide a novel molecular rationale for the clinical translation 
of CDK inhibitors for use in tumors with constitutively active 
HIF-1.

Materials and Methods

Plasmids and siRNA
HA-HIF-1α,20 HA-CDK1,21 and cyclin B122 expression 

constructs were purchased from Addgene, and HA-Ubiquitin 
was a generous gift from Dr Alexandra C Newton (University of 
California).23 Point mutations were introduced into HA-HIF-1α 
using the Quikchange Lightning site-directed mutagenesis kit 
(Aligent Technologies) and verified by DNA sequencing. His-
tagged WT and 668A constructs were generated by subcloning 
the indicated HIF-1α DNA sequence into N-terminal pQE-30 
vector (Qiagen). shRNA-resistant constructs of HIF-1α were 
generated by introducing silent mutations via changing the 3′ 
nucleotide of 4 amino acids within the shRNA seed sequence. 
Control, CDK1, CDK2, CDK4, CDK7, and CDK9 targeting 
siRNAs were purchased from Santa Cruz Biotech. CDK2 and 
CDK5 siRNA were purchased from Cell Signaling Technology.

Materials and antibodies
Cycloheximide, MG-132, and thymidine were purchased 

from Sigma. Flavopiridol, roscovitine, and PD-0332991 were 
purchased from Selleck Chemicals. Alsterpaullone and purvalanol 
A were purchased from Sigma, and Ro-3306 was purchased from 
Santa Cruz Biotech. All of the listed inhibitors were dissolved 
in dimethyl sulfoxide (DMSO). The antibodies to HIF-1α, 
HIF-2α, and RAN were purchased from BD Transduction 
Laboratories. CDK2 and CDK5 antibodies were purchased from 
Cell Signaling Technology. An anti-HA monoclonal antibody 
was purchased from Covance. Antibodies to CDK1, CDK4, 
CDK7, CDK9, and p53 (DO-1) were purchased from Santa 
Cruz Biotech. The antibody against cyclin B1 was purchased 
from Leica Microsystems. Antibodies against CD34 and Ki67 
were purchased from DAKO. All other materials and chemicals 
were reagent-grade.

Cell transfection and immunoblotting
HCT116 and HCT116 p53−/− cell lines were a gift from the 

laboratory of Dr Bert Vogelstein (Johns Hopkins University) and 
were maintained in McCoy 5A medium (Cellgro) containing 
10% FBS (Hyclone) and 1% penicillin/streptomycin. RCC4 
cells were a generous gift from Dr Celeste Simon (University 
of Pennsylvania),24 and the RKO shHIF-1α cell line was a kind 
gift from Dr Nicolas Denko (Stanford University).25 These 
cells were maintained in DMEM containing 10% FBS and 1% 
penicillin/streptomycin. RKO and HCT116 stable cell lines were 
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transfected with the indicated HIF-1α constructs and selected 
for 2 wk in Geneticin (500 μg/ml, Gibco). Surviving cells were 
pooled and cultured in the presence of 100 μg/ml Geneticin 
for all subsequent experiments. All cell lines were maintained 
at 37 °C in 5% CO

2
. When indicated, cells were maintained 

in a hypoxia environment (0.2 or 0.5% O
2
) using a hypoxia 

chamber (In vivo2, Ruskinn). Transient transfection of DNA 
and siRNA was performed using Lipofectaimine 2000 and 
Lipofectamine RNAiMAX transfection reagents, respectively 
(Invitrogen), according to the manufacturer’s protocol. For 
immunoblotting, cultured cells were lysed in buffer A (50 mM 
Na

2
HPO

4
, 1 mM sodium pyrophosphate, 20 mM NaF, 2 mM 

EDTA, 2 mM EGTA, 1% Triton X-100, 1 mM DTT, 200 
μM benzamidine, 40 μg ml−1 leupeptin, and 1 mM PMSF, pH 
7.4), and protein yield was determined using a Bio-Rad Protein 
Assay kit. Lysates containing equal amounts of protein were 
analyzed by SDS-PAGE, and individual blots were probed using 
the indicated antibody. Densitometric analysis was performed 
with the NIH ImageJ analysis software (version 1.63). Where 
indicated, membranes were stripped using Restore stripping 
buffer (Invitrogen), according to the manufacturer’s protocol.

Immunoprecipitation
HCT116 cells were transiently transfected with the indicated 

constructs. Approximately 24–36 h post-transfection, cells were 
lysed in buffer B (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 5 mM 
EDTA, 1% Triton X-100, 10 mM sodium pyrophosphate, 1 mM 
phenylmethylsulfonyl fluoride, 1 mM sodium vanadate). Five 
percent of the total detergent-solubilized cell lysate was quenched 
in SDS sample buffer for further analysis, and the remaining 
detergent-solubilized cell lysate was incubated with appropriate 
antibody overnight at 4 °C, followed by a 2 h incubation with 
Ultra-link protein A/G-agarose (Pierce). The immunoprecipitates 
were washed 3 times in buffer B and proteins were separated 
using SDS-PAGE and analyzed by immunoblotting.

Cellular ubiquitination assays
HCT116 cells were transfected with HA-uiquitin (0.5 μg), 

and the cells were treated with MG-132 and either Ro-3306 
or DMSO for the indicated times before harvest with 
buffer  B containing 10 mM N-ethylmaleimide to preserve 
the ubiquitinated species. After centrifugation at 13 000 × g 
for 5 min, the supernatants were incubated with anti-HIF-1α 
antibody overnight at 4 °C, and then Ultralink protein A/G 
beads for 2 h. The immunocomplexes were washed 3 times with 
buffer B containing 10 mM N-ethylmaleimide. Each sample was 
resuspended in 1× lysis buffer, incubated at 95 °C for 5 min, and 
analyzed by immunoblotting with the indicated antibodies.

In vitro kinase assays
His-tagged full-length HIF-1α and His-HIF-1α (S668A) 

were purified using Ni-NTA resin (Thermo Scientific), 
according to the manufacturer’s protocol. Sixteen amino acid 
peptides surrounding the Ser668 residue were synthesized 
for WT-HIF-1α (DTQSRTASPNRAGKGV) and HIF-1α 
(S668A) (DTQSRTAAPNRAGKGV). In vitro kinase assays 
were performed by Reaction Biology Corporation, as previously 
described.26 Parallel reactions were performed with the 
appropriate positive (CDK1/2, Histone H1 [20 μM] and CDK4, 

Rb [3 μM]) and negative (no substrate) controls. Kinase activity 
was detected using the P81 filter binding method.

RT-PCR analysis
MRNA was isolated from cell lysates using the RNeasy 

mini kit (Qiagen), and RT-PCR reactions were performed 
on equal amounts of starting material (1 μg RNA) using the 
OneStep RT PCR kit (Qiagen), according to the manufacturer’s 
suggested parameters. The following primers were used for 
RT-PCR experiments: HIF-1α, Fwd – GGCGCGAACG 
ACAAGAAAAA, Rev – CCTTATCAAG ATGCGAACTC 
AC; GLUT1, Fwd – GCCAGAAGGA GTCAGGTTCA A, 
Rev – TCCTCGGAAA GGAGTTAGAT CC; VEGF, Fwd – 
AGGGCAGAAT CATCACGAAG T, Rev – AGGGTCTCGA 
TTGGATGGCA; GAPDH, Fwd – TGTGGGCATC 
AATGGATTTG G, Rev – ACACCATGTA TTCCGGGTCA 
AT.

Synchronization
Cells were synchronized in S phase by double-thymidine 

block. Briefly, HCT116 cells were plated at low confluence 
(approximately 50%) in 12-well plates and allowed to adhere 
overnight. The next day, the cells were incubated in 2 mM 
thymidine for 16 h, complete medium for 8 h, thymidine for 16 h, 
and then released by adding complete medium. When indicated, 
Ro-3306 was added at the time the cells were released from the 
second thymidine block, and WT, 668A, or 668E mutants were 
transfected into cells after the first thymidine block.

Invasion assays
Invasion assays were performed using the Biocoat 

Tumor Invasion System (BD Biosciences), according to the 
manufacturer’s instructions. Briefly, RKO cells expressing 
the indicated constructs plated in DMEM without FBS at  
2.5 × 104 cells/well into the apical chambers. The chemo-
attractant (DMEM containing 10% FBS) was added to the basal 
chamber, and the cells were incubated at normoxia or hypoxia for 
24 h. Non-invading cells were removed by scrubbing the apical 
side of the membrane 2 times with a Q-tip, and the cells that 
migrated to the basal side of the membrane were stained using the 
Diff-Quik staining kit (Fisher Scientific). The membranes were 
then mounted on microscope slides, and the number of invading 
cells was manually counted. Cells were counted as number of  
cells/field at 10× magnification, and at least 3 fields were counted 
for each membrane. Data represent the mean ± s.e. of at least 3 
independent experiments.

Migration assays
The indicated cell lines were plated in 6-well plates and 

allowed to grow to confluence. Then, each well was scratched 
with a 200-μl pipette tip, and the cells were washed twice with 
PBS. Complete medium containing 10% serum was added back 
to the wells, and the cells were incubated for an additional 24 
h. Images were acquired immediately after the scratch and after  
24 h, and the distance between each edge was measured.

In vivo studies
Hairless severe combined immunodeficient (SCID) mice were 

housed and maintained in accordance with the Institutional 
Animal Care and Use Committee and state and federal 
guidelines for the humane treatment and care of laboratory 
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animals. RKO and HCT116 cells stably expressing either WT 
HIF-1α or the 668E mutant were injected subcutaneously into 
the rear flanks of mice at a density of 1 × 106 cells per injection in 
PBS/Matrigel (v:v) in 200 μL total volume. Tumor volumes were 
monitored over time by caliper measurements. At the end of the 
study, tumors were harvested, fixed, and embedded in paraffin, 
sectioned and stained with hematoxylin and eosin (H&E), or 
immunostained with antibodies specific for Ki67 and CD34. The 
percentage of Ki67-positive cells was calculated using a Prism and 
Reflector Imaging Spectroscopy System (PARISS) hyperspectral 
imaging system, as described previously.27 After CD34 staining, 
2 independent investigators who were blinded to the identity of 
the samples scored vessel density as the number of CD34+ vessels 
present per 20× field (4 fields were counted on 3 separate tumors 
from the WT and 668E groups).

Statistical analysis
All western blots shown are representative of at least 

3 independent experiments. Exponential decay curves were used 
to determine the half-life of HIF-1α. Differences between groups 

were determined by the Student t test and linear regression 
analysis. The data are presented as the mean ± s.e., and a P value 
< 0.05 was considered to be statistically significant.
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