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Hypoxia promotes an aggressive tumor phenotype with increased genomic instability,

partially due to downregulation of DNA repair pathways. However, genome stability is

also surveilled by cell cycle checkpoints. An important issue is therefore whether hypoxia

also can influence the DNA damage-induced cell cycle checkpoints. Here, we show that

hypoxia (24 h 0.2% O2) alters the expression of several G2 checkpoint regulators, as exam-

ined by microarray gene expression analysis and immunoblotting of U2OS cells. While

some of the changes reflected hypoxia-induced inhibition of cell cycle progression, the

levels of several G2 checkpoint regulators, in particular Cyclin B, were reduced in G2 phase

cells after hypoxic exposure, as shown by flow cytometric barcoding analysis of individual

cells. These effects were accompanied by decreased phosphorylation of a Cyclin dependent

kinase (CDK) target in G2 phase cells after hypoxia, suggesting decreased CDK activity.

Furthermore, cells pre-exposed to hypoxia showed increased G2 checkpoint arrest upon

treatment with ionizing radiation. Similar results were found following other hypoxic con-

ditions (w0.03% O2 20 h and 0.2% O2 72 h). These results demonstrate that the DNA

damage-induced G2 checkpoint can be altered as a consequence of hypoxia, and we pro-

pose that such alterations may influence the genome stability of hypoxic tumors.

ª 2016 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.
1. Introduction of the repair proteins RAD51 and BRCA2 (Bindra et al., 2004;
Tumor hypoxia (low oxygen concentration) can induce

genomic instability resulting in more aggressive tumors

(Bristow and Hill, 2008). Recent work has shown that hypoxia

can suppress the homologous recombination (HR) DNA dam-

age repair pathway through hypoxia-induced downregulation
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Meng et al., 2005; Bindra and Glazer, 2007; Chan et al., 2008;

Marotta et al., 2011). This effect was reported both in vitro

and in vivo and wasmost pronounced following severe hypox-

ia/anoxia or a prolonged hypoxia treatment of 72 h (Meng

et al., 2005; Marotta et al., 2011). Such suppression of DNA

damage repair has been proposed as a major mechanism
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leading to hypoxia-induced genomic instability (Bristow and

Hill, 2008; Luoto et al., 2013). However, genome stability is

also maintained by cell cycle checkpoints, and an important

issue is therefore whether hypoxia can alter the efficacy of

DNA damage-induced cell cycle checkpoints. As HR repair oc-

curs predominantly in S and G2 phases (Rothkamm et al.,

2003; Saleh-Gohari and Helleday, 2004), the G2 checkpoint

may be particularly important in preventing division of cells

with defective HR repair following prolonged hypoxia. The

impact of hypoxia on the G2 checkpoint is, however, poorly

understood, although G2 checkpoint activation has been re-

ported after reoxygenation-induced DNA damage following

severe hypoxia (Freiberg et al., 2006).

A key regulator of the G2 to M transition is the Cyclin B/

CDK1 mitosis promoting kinase complex (Lew and

Kornbluth, 1996; Ohi and Gould, 1999; Lindqvist et al.,

2009). In response to DNA damage, G2 checkpoint arrest is

activated through suppression of Cyclin B/CDK1 activity.

The checkpoint kinase Chk1 is activated in an ATM/ATR

dependent manner and directly phosphorylates Cdc25 phos-

phatases, leading to their suppression and thereby

decreased capability to remove the inhibitory phosphoryla-

tion on the Tyr15 residue on CDK1 (Sanchez et al., 1997;

Bartek and Lukas, 2003). In addition, Cyclin B/CDK1 activity

is regulated by inhibitory phosphorylation of CDK1 Tyr15

by Wee1, Cyclin B transcription and protein stability, bind-

ing of the inhibitor p21, and nuclear exclusion of the kinase

complex (Takizawa and Morgan, 2000; Lindqvist et al., 2009).

Following repair of DNA damage, the G2 checkpoint is termi-

nated and cells can enter mitosis (van Vugt et al., 2004). This

recovery from G2 checkpoint arrest requires the Plk1 and

Aurora A kinases (van Vugt et al., 2004; Macurek et al.,

2008). Aurora A phosphorylates the Thr210 residue of Plk1,

leading to Plk1-mediated suppression of Wee1, activation

of Cdc25 and subsequent mitotic entry (Macurek et al.,

2008; Lens et al., 2010).

Although the G2 checkpoint promotes DNA repair, human

cells often terminate the checkpoint prematurely and enter

mitosis with low amounts of residual DNA damage

(Sylju�asen et al., 2006; Deckbar et al., 2007; Lobrich and

Jeggo, 2007; Tkacz-Stachowska et al., 2011). Particularly, a pro-

cess of checkpoint adaptation has been reported, where pro-

tein expression and/or cell signaling may change as a

consequence of responding to the DNA damage insult, result-

ing in premature checkpoint termination (Sylju�asen, 2007).

Given that hypoxia promotes major changes of cellular tran-

scription and translation (Wouters and Koritzinsky, 2008),

and that severe hypoxia can activate DNA damage signaling

(Hammond et al., 2003; Hasvold et al., 2013), we reasoned

that hypoxia would likely lead to alterations of the G2

checkpoint.

In this studywehave investigated the impact of hypoxia on

the G2 checkpoint. We show that mild and severe levels of

hypoxia (0.2% andw0.03% O2) can cause altered protein levels

of key G2 checkpoint regulators in individual G2 phase cells,

and cause an increased ionizing radiation (IR)-induced G2

checkpoint. Thus, in addition to the previously reported

downregulation of DNA repair pathways, changes in G2

checkpoint activation may also influence genome stability af-

ter hypoxic exposure.
2. Materials and methods

2.1. Cell lines, hypoxia and IR treatment

Human U2OS osteosarcoma, HeLa cervical carcinoma cells

and NCIeH460 lung cancer cells (ATCC) were cultured in

DMEM (Dulbecco’smodified Eagle’s) medium (Invitrogen) sup-

plemented with 10% fetal bovine serum (FBS) and 1% Peni-

cillin/Streptomycin (P/S) at 37 �C in a humidified atmosphere

with 5% CO2. The cell lines were identity tested by STR

profiling as described previously (Hasvold et al., 2013). Rosco-

vitine (#9885, Cell Signaling) was used at 25e50 mM. Nocoda-

zole (Sigma) was used at 0.04 mg/ml. Hypoxia treatments

were carried out in an Invivo2 200 Hypoxic workstation (Rus-

kinn) as described previously (Hasvold et al., 2013). Oxygen

concentration setpoints were 0.0% (referred to as w0.03%, as

the recorded O2 level in gas phase was 0.00e0.03%) and 0.2%

(recorded O2 level in gas phase 0.16e0.24%). Irradiation of cells

was performed with an X-ray generator (Faxitron CP160,

160 kV, 6.3 mA) at a dose-rate of 1 Gy/min.

2.2. Microarray gene expression analysis

Gene expression profiling of cell lines was performed using

the Illumina bead arrays human WG-6v3 (Illumina Inc., San

Diego, CA) with 48803 transcripts as described previously

(Lando et al., 2009). Total RNAwas isolated using RNeasyMini-

Kit (Qiagen) from cells cultured at normoxia (21% O2), or after

24 h incubation in the hypoxia chamber at 0.2% O2, as

described previously (Halle et al., 2012). An aliquot of 500 ng

was amplified using the Illumina� TotalPrep RNA amplifica-

tion kit (Ambion Inc., Austin, TX), and cRNA was synthesized,

labeled, and hybridized to the arrays. The hybridized arrays

were stained with streptavidin-Cy3 (AmershamTM, PA43001,

Buckinghampshire, UK) and scannedwith an Illumina beadar-

ray reader. Signal extraction, quality control, and quantile

normalization were performed using software provided by

Illumina. The data have been deposited in the gene expression

omnibus (GEO) database (GSE70530).

2.3. Flow cytometry

For analysis of protein expression in different cell cycle phases,

cells were fixated with either 70% ethanol (Cyclin A, Aurora A

and Plk1) or first 1% formaldehyde (1 h on ice) followed by 70%

ethanol (Cyclin B1, p21 and Chk2) and stained with rabbit

anti-phospho-Histone H3(Ser10) (06-570, Millipore) and mouse

anti-Cyclin B1 (sc-245, Santa Cruz), anti-Chk2 (DCS 270.1

(Sørensen et al., 2003)) or anti-Plk1 (37-7000, Invitrogen/Life

Technologies), alternatively mouse anti-phospho-Histone

H3(Ser10) (05-806, Millipore) and rabbit anti-Cyclin A (sc-751,

Santa Cruz), anti-Aurora A (ab1287, Abcam) or anti-p21 (sc-

756, Santa Cruz). Mouse anti-phospho-Histone H2AX(Ser139)

(05-636, Millipore) and rabbit anti-phospho-BRCA2(Ser3291)

(AB9986, Millipore) were used for analysis of DNA damage and

CDK activity, respectively. Antibody staining was performed

asdescribedpreviously (Tkacz-Stachowskaetal., 2011). Barcod-

ing (Krutzik and Nolan, 2006; Tkacz-Stachowska et al., 2011)

was used to eliminate variation in antibody staining between

http://dx.doi.org/10.1016/j.molonc.2015.12.015
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individual samples. For barcoding, four individually fixed sam-

ples were stained with different concentrations (0.125, 0.031,

0.0062, and 0.00078 ng/ml) of Pacific Blue succinimidyl ester

(Invitrogen) for 30 min in the dark at room temperature, and

subsequently mixed into one tube. The mixed cells were then

stained with antibodies and the DNA-stain FxCycle Far Red

(Invitrogen). For each barcoding experiment an aliquot of the

mixed cells was analyzed without any antibodies to check the

need for compensation of the Pacific Blue signal, and an aliquot

was stained with secondary antibodies only (no primary anti-

bodies) to correct for background staining (see Figure S1).

When repeating individual experiments, the concentrations

of Pacific Blue were alternated between the treatment condi-

tions to avoid any potential influence on the results by the Pa-

cific Blue staining. For analysis of G2 checkpoint activation,

cells were stained with rabbit anti-phospho-Histone H3(Ser10)

(06-570, Millipore) and the DNA stain Hoechst 33258 (1.5 mg/

ml) (SigmaeAldrich). Flow cytometry analysis was performed

on a LSRII flow cytometer (BD Biosciences) using Diva software.

Error bars represent standard errors of mean from at least 3 in-

dependent experiments.
2.4. Immunoblotting

Cells were lysed in SDS boiling buffer (2% SDS, 10 mM

TriseHCl pH 7.5, 100 mM Na3VO4), and immunoblotting was
Table 1 e Positive and negative regulators with reference to published st

Gene name Protein name G2 checkpoint regula

ATM ATM Positive

ATR ATR Positive

AURKA AURORA A Negative

BRCA1 BRCA1 Positive

BRCA2 BRCA2 Positive

C12ORF32 RHINO Positive

C13ORF34 BORA Negative

CCNA2 CYCLIN A2 Negative

CCNB1 CYCLIN B1 Negative

CCNB2 CYCLIN B2 Negative

CDC2 CDK1 Negative

CDC25A CDC25A Negative

CDC25B CDC25B Negative

CDC25C CDC25C Negative

CDKN1A p21 Positive

CHEK1 Chk1 Positive

CHEK2 Chk2 Positive

CLSPN Claspin Positive

HUS1 HUS1 Positive

MYT1 MYT1 Positive

NEK11 NEK11 Positive

PALB2 PALB2 Positive

PLK1 PLK1 Negative

PPP2R4 PP2A Positive

RAD17 RAD17 Positive

RAD9A RAD9A Positive

RAD9B RAD9B Positive

RBBP8 CTIP Positive

TOPBP1 TOPBP1 Positive

TP53 TP53 Positive

WEE1 WEE1 Positive
performed as described previously (Hasvold et al., 2013).

The following antibodies were used for blotting: Anti-CDK1

(#9112) from Cell Signaling, anti-Cyclin B1 (sc-245), anti-

Cyclin A (sc-751), anti-p21 (sc-756), anti-MCM7 (sc-65469)

and anti-Cdc25A (sc-7389) from Santa Cruz, anti-HIF1a

(610958) from BD Transduction Laboratories, anti-H4 (05-

858) and anti-BRCA2 (OP-95) from Upstate (Millipore), anti-

Plk1 (Zy-1700) from Zymed, anti-Aurora A (ab1287) from

Abcam, anti-g-Tubulin (T6557) from SigmaeAldrich, and

anti-Chk1 (DCS310) and anti-Chk2 (DCS 270.1) (Sørensen

et al., 2003).
3. Results

3.1. Hypoxia-induced changes in gene expression of G2
checkpoint regulators

To explore whether hypoxia leads to altered expression of G2

checkpoint regulators, we first analyzed gene expression by

microarray analysis in U2OS osteosarcoma cells incubated

at 0.2% O2 for 24 h. U2OS cells were used for this analysis

because they have functional, well characterized S and G2

DNA damage checkpoints (Sørensen et al., 2003; Sylju�asen

et al., 2006). A collection of 31 G2 checkpoint regulators was

selected from published studies (Table 1). These were
udy.

tion Ref.

Beamish et al.( 1996)

Cliby et al. (1998)

Macurek et al. (2008)

Xu et al. (1999)

Cotta-Ramusino et al.( 2011); Menzel et al. (2011)

Cotta-Ramusino et al. (2011)

Macurek et al. (2008)

Walker et al. (1995); Furuno et al. (1999)

Kao et al. (1997)

Gimenez-Abian et al. (2002); Wu et al. (2010)

Kao et al. (1997)

Zhao et al. (2002)

van Vugt et al. (2004)

Sanchez et al. (1997)

Bunz et al. (1998)

Sanchez et al. (1997); Liu et al. (2000)

Hirao et al. (2000)

Bassermann et al. (2008)

Roos-Mattjus et al. (2002); Cotta-Ramusino et al. (2011)

Wang et al. (2004)

Melixetian et al. (2009)

Cotta-Ramusino et al. (2011); Menzel et al. (2011)

van Vugt et al. (2004)

Yan et al. (2010)

Bao et al. (2001)

Roos-Mattjus et al. (2002); Cotta-Ramusino et al. (2011)

Dufault et al. (2003)

Kousholt et al. (2012)

Yamane et al. (2003)

Bunz et al. (1998)

Wang et al. (2001)
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grouped into positive and negative regulators of the G2

checkpoint and the ratio of gene expression for hypoxic

versus normoxic cells was obtained. Hypoxia caused a

20e50% reduction in mRNA levels of several tested G2 check-

point regulators, while others were less affected or even

slightly upregulated (Figure 1A and B). While this change in

mRNA expression was modest compared to the most down-

regulated genes in our dataset (Table S1), a decrease in pro-

tein levels of a panel of the G2 checkpoint regulators for

which we had available antibodies was also detected by

immunoblotting (Figure 1C). Protein levels of Plk1, Cdc25A,

Chk2, Chk1, Cyclin A, Cyclin B, and Aurora A were all mark-

edly decreased after 24 h of hypoxia (Figure 1C).

3.2. Analysis of protein levels in individual G2 phase
cells (after 0.2% O2, 24 h)

Hypoxia treated cells accumulated in G1, with a lower fraction

of cells in S and G2 phase, compared to the normoxic cells

(Figure 2A). As expression of many G2 checkpoint regulators

is cell cycle phase dependent, changes in mRNA and protein

levels in pooled cell populations (Figure 1) could potentially

be a consequence of hypoxia-mediated suppression of cell cy-

cle progression. We therefore measured protein levels in G2

phase cells by multiparameter flow cytometry for a smaller

panel (Cyclin A & B, Plk1, Aurora A, Chk2 and p21) of the G2

checkpoint regulators. In these experiments cells were incu-

bated for 24 h at 0.2% O2 followed by 0e6 h at 21% O2, and

compared to cells cultured at normoxia (21% O2). Barcoding

with Pacific Blue (Krutzik and Nolan, 2006) was included to

minimize sample-to-sample variation (Figure 2B and S1). By

this method, we observed a marked reduction in Cyclin B

levels in G2 phase cells after hypoxia, which persisted at least
Figure 1 e Hypoxia-induced alterations in mRNA and protein expression

checkpoint regulators in U2OS cells. The ratio of mRNA expression in cells

cells cultured at normoxia (21% O2) is shown. Data were obtained from gen

were found from published studies as described in Table 1. B. Gene expre

Immunoblot analysis of protein extracts from U2OS cells exposed to hypoxi

the microarray results shown in A and B. HIF1a was shown to confirm hy
until 6 h after reoxygenation (Figure 2B and C). Minor reduc-

tions were observed in levels of Plk1 and Aurora A, whereas

Chk2 levels were not affected by the hypoxic exposure itself,

and only slightly decreased after reoxygenation. However,

no changes were observed in the G2 levels of Cyclin A, and

the observed increase in p21 was minor (Figure 2C). Thus,

although the whole-population based microarray and immu-

noblotting analysis showed altered expression of all of these

proteins after exposure to 0.2% O2 (Figure 1), only levels of

Cyclin B, and to some extent Plk1 and Aurora A, were reduced

in individual G2 phase cells.

3.3. Altered G2/M phenotypes after hypoxia (0.2% O2,
24 h)

Our initial microarray and immunoblotting results suggested

that both positive and negative G2 checkpoint regulators

may be affected by hypoxia (Figure 1). It was therefore not

clear whether the overall balance between these regulators

would be shifted, potentially resulting in altered G2/M pheno-

types. We therefore next examined if CDK activity in G2 phase

cells and G2 checkpoint activation in response to DNAdamage

were altered by hypoxia.

To measure CDK activity in G2 phase cells we used a

similar flow cytometry barcoding approach as above, to assess

CDK-dependent phosphorylation of BRCA2 on Ser3291 (Esashi

et al., 2005). The method was validated by addition of the

Wee1 inhibitor MK1775 and the CDK-inhibitor Roscovitine to

increase and decrease the CDK activity, respectively

(Figure S2). Interestingly, we observed a decrease in Ser3291

phosphorylated BRCA2 in G2 cells after exposure to hypoxia

(24 h 0.2% O2) compared to normoxic U2OS cells (Figure 3A).

Of note, the BRCA2 protein was not down-regulated by
of G2 checkpoint regulators. A. Gene expression of positive G2

treated with hypoxia (0.2% O2, 24 h) relative to mRNA expression in

ome wide microarray analysis. The positive G2 checkpoint regulators

ssion of negative G2 checkpoint regulators similar as in A. C.

a or normoxia for 24 h. The samples are from the same experiment as

poxia. H4 was used as loading control.

http://dx.doi.org/10.1016/j.molonc.2015.12.015
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Figure 2 e Protein levels of G2 checkpoint regulators in individual G2 cells following hypoxia. A. Cell cycle profiles of U2OS cells after hypoxia

treatment as in Figure 1 (24 h 0.2% O2). Flow cytometric analysis was performed after staining with anti phospho-H3Ser10 (H3P) to mark mitotic

cells, and the DNA stain Hoechst. Numbers indicate fraction of mitotic cells. B. Flow cytometric barcoding analysis for accurate measurement of

protein levels in G2 phase cells. U2OS cells treated with four different conditions, as indicated in the right column, were labeled with different

concentrations of Pacific Blue and combined into a single sample. The single sample of cells was then stained with antibodies to Cyclin B and

phospho-H3 and with the DNA-stain FxCycle Far Red, and analyzed by flow cytometry. Gating of the Pacific Blue-SSC plot (left) was used to

separate the four original samples. The G1, S, G2 and M cell cycle phase populations were gated from the scatter plot of phospho-Histone

H3(Ser10) (H3P) versus DNA content, and the median signal for Cyclin B levels in each cell cycle phase could thus be obtained. C. Median values

of G2 phase levels of the indicated proteins obtained as in B, after subtraction of background values obtained as in Figure S1. U2OS cells were

grown at 21% O2, or exposed to 24 h hypoxia at 0.2% O2, or first exposed to 0.2% O2 for 24 h followed by subsequent incubation at 21% O2 for

90 min (90 min reox) or 6 h (6 h reox). Average results from at least 3 independent experiments are shown. Error bars indicate SEM.
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hypoxia at this condition (Figure 3B), which is in agreement

with our own microarray data (Figure 1) and with previous

studies showing downregulation of DNA repair proteins only

after anoxia or longer hypoxic incubations (Meng et al., 2005;

Marotta et al., 2011). The measurements of CDK activity by
this method after incubation at 0.2% O2 for 24 h were thus

not disturbed by changes in BRCA2 expression levels. We

conclude that hypoxia (24 h 0.2% O2) leads to reduced phos-

phorylation of a CDK target in G2 phase cells, indicating

decreased CDK activity.

http://dx.doi.org/10.1016/j.molonc.2015.12.015
http://dx.doi.org/10.1016/j.molonc.2015.12.015
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Figure 3 e Hypoxia-induced changes in CDK activity and G2 checkpoint activation. A. CDK activity in G2 phase cells as measured by

phosphorylation of BRCA2-Ser3291. U2OS cells were grown at 21%O2, or incubated at 0.2%O2 for 24 h and harvested inside the hypoxia chamber

and at 1 and 4 h after reoxygenation, or treated with Roscovitine for 2 h at 21%O2. Flow cytometry barcoding analysis of phospho-BRCA2-Ser3291

was performed as in Figure 2 and S2. B. Immunoblot analysis of U2OS cells treated as in A with antibodies to total BRCA2 and g-tubulin (loading

control). C.G2 checkpoint activation after IR (0.2%O2 24 h). Flow cytometric analysis ofG2 checkpoint arrest after X-ray irradiation (0, 0.5, 1Gy) of

normoxic U2OS cells (21%O2) or U2OS cells exposed to 24 h of hypoxia at 0.2%O2 and irradiated 15min after reoxygenation. Nocodazole was added

to all samples 1 h after IR, and the samples were harvested 5 h later. The relative mitotic fraction was determined as the fraction of phospho-H3

positive cells in irradiated samples divided by the fraction of phospho-H3 positive cells in non-irradiated samples. Average values from 3 independent

experiments are shown. Error bars indicate SEM.D. Phosphorylation of BRCA2-Ser3291 inH460 cells treated with hypoxia and analyzed as in A. E.

G2 checkpoint activation in H460 cells treated with hypoxia and IR and analyzed as in C.
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To investigate whether G2 checkpoint activation also was

affected, we examined the G2 checkpoint after IR in cells pre-

exposed to hypoxia (24 h 0.2% O2) compared to normoxic

cells. Because IR induces less DNA damage when performed

in hypoxic conditions (Brown, 1999), we allowed the hypoxic

cells to reoxygenate at 21% O2 for 15 min before the IR treat-

ment. In this way the IR-induced DNA damage was similar

for the normoxic and hypoxia-exposed cells, as measured

by the DNA damage marker gH2AX (Figure S3A). The micro-

tubule inhibitor Nocodazole was added at 1 h after IR to

trap mitotic cells that escaped the G2 checkpoint until cell

harvest 5 h later. The results showed a more pronounced

G2 arrest in cells that had been exposed to hypoxia

(Figure 3C), confirming that hypoxia indeed can cause altered

G2 arrest. Similar effects on BRCA2 phosphorylation and G2

checkpoint activation were observed in H460 lung cancer

cells (Figure 3D and E), accompanied by decreased Cyclin B

levels after hypoxic exposure (Figure S4A). Altogether, these

results suggest that hypoxia can change the balance between
positive and negative G2 checkpoint regulators, resulting in

altered G2/M phenotypes.

3.4. Responses to severe and prolonged hypoxia
(w0.03% O2, 20 h and 0.2% O2, 72 h)

Hypoxia in tumors can be characterized as mild (0.2%e2%

O2), leading to altered transcriptional and translational re-

sponses, or severe (<0.1% O2), often triggering replication

stress and activation of DNA damage signaling in addition

to altered transcription/translation (Hammond et al., 2014).

Furthermore, the duration of hypoxia can vary. Reoxygena-

tion can for instance occur as a consequence of cell death

during radiation therapy, or due to fluctuations in blood

flow (Bussink et al., 2000). As mentioned above, downregula-

tion of HR repair was previously reported after severe levels

of hypoxia and prolonged mild hypoxia (Meng et al., 2005;

Pires et al., 2010). To address whether the G2 checkpoint

was altered after similar hypoxic conditions, we examined

http://dx.doi.org/10.1016/j.molonc.2015.12.015
http://dx.doi.org/10.1016/j.molonc.2015.12.015
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the G2 checkpoint after exposure to w0.03% O2 for 20 h (se-

vere hypoxia) or 0.2% O2 for 72 h (prolonged mild hypoxia).

Indeed, the IR-induced G2 checkpoint was also increased af-

ter these hypoxic incubations (Figure 4A and B). Further-

more, Cyclin B and Plk1 levels were clearly reduced in G2

phase cells, and remained low at least until 6 h after reoxyge-

nation (Figure 4C and D). As was the case after 24 h 0.2% O2,

no changes were observed in the Cyclin A levels, whereas

only some minor changes were observed for Aurora A and

Chk2. Upregulation of p21 was mainly seen after severe hyp-

oxia, consistent with activation of a replication stress

response in these cells (Figure 4C and D), and may contribute

to further decrease the CDK activity.
Figure 4 e IR-induced G2 checkpoint and expression of G2 checkpoint re

prolonged mild hypoxia (0.2%O2, 72 h). A. Similar G2 checkpoint measure

(w0.03% O2 20 h). B. Similar as in A following incubation at prolonged m

analysis of protein levels in G2 phase cells as in Figure 2C following incuba

incubation at 0.2% O2, 72 h.
Thus, among the G2 checkpoint regulators we have

analyzed by flow cytometry after hypoxia treatment of

U2OS cells, in particular Cyclin B and to some extent Plk1

were the most downregulated. To address whether similar

changes were found in an additional cell line, we also have

performed analysis of HeLa cervical cancer cells. Consistent

with our results in U2OS cells, though with even more pro-

nounced effects, we observed downregulation of Cyclin B,

Plk1 and Aurora A in G2 phase cells after incubation of

HeLa cells at severe hypoxia (Figure S4B). However, in HeLa

cells some of the other factors were also downregulated in

G2 phase, such as Cyclin A, whereas after mild hypoxia

(72 h 0.2% O2) these cells overall displayed less change in
gulators in U2OS cells after severe hypoxia (w0.03% O2 20 h) and

ment after IR as in Figure 3C following incubation at severe hypoxia

ild hypoxia (0.2% O2 72 h). C. Similar flow cytometric barcoding

tion at severe hypoxia (w0.03% O2 20 h). D. Similar as in C following
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the levels of G2 checkpoint regulators than that observed in

U2OS cells (data not shown). Therefore, different cell lines

may show slightly different hypoxia-induced alterations of

G2 checkpoint regulators.
4. Discussion

The aim of this study was to investigate whether hypoxia can

lead to an alteredDNAdamageG2 checkpoint. For thefirst time

we have used a flow cytometric barcoding approach to accu-

rately compare protein levels in G2 phase cells after hypoxic

and normoxic incubation. We demonstrate that in particular

Cyclin B, and to some extent Plk1 and Aurora A, were downre-

gulated in G2 phase cells after exposure to hypoxia. However,

other proteins, such as Cyclin A, showed no difference in G2

phase levels even though immunoblotting and microarray

analysis of cell lysates fromnon-synchronized pooled cell pop-

ulations indicated downregulation. Thus, our results highlight

the need for careful examination of expression levels in each

cell cycle phase, in order to evaluate whether protein expres-

sion is truly altered after a treatment that also has an impact

on cell cycle progression, such as hypoxia.

As hypoxiamay affect both positive and negative G2 check-

point regulators, it was not obvious in what direction hypoxia

would be expected to alter the G2 checkpoint. However, we

consistently observed reduced phosphorylation of a CDK

target in G2 phase cells after hypoxic incubation, and

increased IR-induced G2 checkpoint arrest. Our results thus

demonstrate that hypoxia can lead to altered G2 checkpoint

regulation. These effects were not likely a consequence of

additional DNA damage caused by reoxygenation. We found

no increase in gH2AX after reoxygenation following exposure

to 0.2% O2 for 24 h (Figure S3B), and the incidence of micronu-

clei was not increased after incubation at w0.03% O2 for 20 h

or 0.2% O2 for 72 h (Figure S3C). Moreover, our hypoxic condi-

tions did not reduce clonogenic survival (Hasvold et al., 2013).

In contrast, a previous report demonstrated DNA damage in-

duction, G2 arrest and strongly reduced clonogenic survival

after reoxygenation following hypoxia (Freiberg et al., 2006).

Most likely a more severe hypoxic/anoxic condition was

used in this study. They used glass while we used plastic

dishes, and plastic will bind and release small amounts of ox-

ygen (Chapman et al., 1970), thereby preventing anoxic condi-

tions in our experiments. Furthermore, by calculating the

numbers of mitotic cells after IR and hypoxia relative to the

numbers after exposure to hypoxia alone, we avoided influ-

ence from any hypoxia/reoxygenation-related cell cycle ef-

fects on our measurements of the IR-induced checkpoint

(Figure 3C and E).

The enhanced G2 checkpoint in the hypoxia treated cells

presumably providesmore time for DNA damage repair before

cell division. However, as hypoxia also can affect DNA repair

pathways (Meng et al., 2005; Pires et al., 2010), an interesting

issue is whether hypoxia might alter the stringency of the

G2 checkpoint. Potentially, the G2 checkpoint could be less

stringent after hypoxia, contributing to increased genomic

instability. Particularly, one could imagine that the DNA dam-

age checkpoints may be less stringent after severe hypoxia,

due to a process of “adapation” to hypoxia-induced replication
stress. To briefly examine this issue, we have analyzed G2

checkpoint stringency by live cell imaging of the DNA damage

marker 53BP1 in G2 phase after severe hypoxia, and by count-

ing of the micronuclei formed during the first division after IR

after mild and severe hypoxia (data not shown). The results

suggest that neither mild nor severe hypoxia causes major

changes in G2 checkpoint stringency. Thus, based on our anal-

ysis, the enhancedG2 checkpoint seems sufficient tomaintain

checkpoint stringency in U2OS cells at a normal level after

hypoxia.

Our analysis of G2 phase cells by flow cytometry included a

small panel of G2 checkpoint regulators for which we found

well functioning antibodies. Among the factors examined,

Cyclin B, Plk1 and to some extent Aurora A were the most

downregulated proteins in G2 phase after hypoxic incubation.

The mechanisms of hypoxia-induced alterations of G2 check-

point regulators remain to be elucidated, but may potentially

involve HIF1-a mediated regulation of gene expression, or

regulation of translation via the mTOR or UPR pathways

(Wouters and Koritzinsky, 2008). Of note, additional G2 check-

point regulators would likely show altered expression in G2

phase cells if examined by similar flow cytometry analysis.

For instance, Chk1 and Cdc25Awere reported to be downregu-

lated by hypoxia (Hammer et al., 2007; de Oliveira et al., 2009),

aswe also show in Figure 1, although protein expression levels

were only measured in lysates from pooled cell populations in

these studies.

In conclusion, we have shown that hypoxia can lead to

altered expression of key G2 checkpoint regulators associated

with an increased G2 checkpoint in response to IR and

decreased phosphorylation of a CDK target in G2 phase. We

propose that an enhanced G2 checkpoint may allow extra

time for repair and thereby contribute to maintaining genome

stability in some hypoxic tumors. Thus, hypoxia-induced

genomic instability may be influenced by hypoxia-induced

changes in G2 checkpoint regulation, in addition to the previ-

ously reported suppression of DNA damage repair pathways

(Luoto et al., 2013) and hypoxia-induced replication stress

(Olcina et al., 2010).
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