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severe hypoxia has been demonstrated 
to induce a replication arrest which is 

associated with decreased levels of nucle-
otides. chk1 is rapidly phosphorylated in 
response to severe hypoxia and in turn 
deactivates tlK1 through phosphory-
lation. loss of chk1 has been shown 
to sensitize cells to hypoxia/reoxygen-
ation. after short (acute) exposure to 
hypoxia this is due to an increased rate 
of reoxygenation-induced replication 
restart and subsequent p53-dependent 
apoptosis. after longer (chronic) expo-
sure to hypoxia s phase cells do not 
undergo reoxygenation-induced replica-
tion restart. cells exposed to these lev-
els of hypoxia are however sensitive to 
loss of chk1. this suggests a new role 
for chk1 in the cell cycle response to 
reoxygenation.

Introduction

Hypoxia is a physiologically relevant stress 
during embryonic development, wound 
healing and tumor progression. The sig-
nificance of the hypoxia effect on tumor 
progression has been effectively high-
lighted by many reports demonstrating 
that hypoxia correlates with poor prog-
nosis in cancer patients.1-3 This has been 
attributed to the finding that hypoxic 
cells are both more resistant to current 
therapies (chemo and radio) and are more 
aggressive i.e., more likely to be resis-
tant to apoptosis and/or metastasize.4-6 
Regions of hypoxia occur in tumors due 
to the demand for oxygen outstripping the 
supply.7-9 This is due, in part, to the poor 
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tumor vasculature, which often includes 
aberrant structures. Hypoxic gradients 
exist in tumors, with the highest oxygen 
concentrations being found near func-
tional vessels and the lowest surrounding 
necrotic regions. Vessel mismatch experi-
ments have demonstrated that hypoxia is 
not necessarily constant within a tumor 
but fluctuates dramatically.7-11 The result 
of this is periods of hypoxia followed by 
reoxygenation/reperfusion.12

In our studies we have focused on 
severe hypoxic conditions (<0.1% O

2
), 

which exist adjacent to the necrotic areas 
in tumors. The cells which experience this 
almost complete lack of oxygen (anoxia) 
for the most part die through either necro-
sis, apoptosis or possibly autophagy.13,14 
However, as mentioned the tumor vascula-
ture is very dynamic with vessels opening 
and closing at surprising rates suggest-
ing that reperfusion or reoxygenation of 
hypoxic regions can and does occur.9,11 
Reoxygenation is also significant as a con-
sequence of radio-therapy. Tumor cells at 
physiologically normal oxygen levels are 
more sensitive to radiation, therefore these 
cells are preferentially killed by radia-
tion leaving the more hypoxic/resistant 
cells. These cells, as a direct consequence, 
may receive an improved oxygen supply 
post radiation i.e., they are reoxygenated. 
Our previous work has shown that cells 
exposed to severe hypoxia experience an S 
phase arrest or more accurately an inhibi-
tion of DNA synthesis.15 This should not 
be confused with a checkpoint response as 
it appears independent of both ATM and 
ATR-mediated signalling.16



www.landesbioscience.com Cell Cycle 2503

 extra view extra view

MCM complex, were repressed and/or 
relocalized from the chromatin in chronic 
hypoxia.19 In contrast after shorter, acute, 
periods of hypoxia cells did resume rep-
lication after reoxygenation and this cor-
related with no functional changes in the 
replication proteins investigated. These 
findings are significant for numerous rea-
sons and especially when considered with 
the current literature which indicates that 
DNA repair is also repressed in hypoxic 
conditions.20 A number of reports indicate 
that repair pathways such as non homolo-
gous end joining (NHEJ) and mismatch 
repair (MMR) are repressed in response 
to hypoxia although the most studied 
response is in the homologous recom-
bination (HR) pathway.21-25 Proteins 
essential to HR, such as BRCA1/2 and 
Rad51 have been shown to be repressed 
in response to hypoxia through a variety 
of mechanism involving for example E2F 
promoter occupancy and microRNAs.26,27 
The emerging picture is that in response 
to severe hypoxia the cell turns off its abil-
ity to restart replication and repair DNA. 
The importance of this is highlighted 
by the finding that, although the repres-
sion of either pathway (replication and 
repair) may not have functional conse-
quences until chronic periods of time have 
passed, the repression begins very early in 
hypoxia exposure. This is demonstrated in 
figure 1 which shows the levels of Rad51 
decreasing in response to hypoxia; after 
2 hours the levels of Rad51 protein are 
down by 25%. This point was also high-
lighted in our recent manuscript which 
showed that the mRNA levels of MCM4, 
5, 6 and 7 are repressed after just 4 hours 
of hypoxia.17 We found that MCM6 lev-
els were repressed in hypoxic regions of 
both spheroids and xenograft tumor sec-
tions. Importantly, these regions were not 
necrotic areas but contained viable cells. 
These data indicate that during acute 
exposure to hypoxia, cellular decisions 
are made to repress replication re-start 
and DNA repair and that by the time 
the exposure is chronic neither of these 
pathways remain functional. The obvi-
ous unanswered question is why the cell 
would do this? The active inhibition of 
these pathways could represent a self-pres-
ervation energy-preservation shift for the 
cell, which speculatively, would resemble 

lack of nucleotides versus DNA damage 
response signalling. We cannot however 
exclude the possibility that in response 
to either falling nucleotide levels or some 
other hypoxia-induced signal, DNA syn-
thesis is also inhibited by additional stress 
response pathways. For example, the 
inhibition of DNA synthesis may be re-
enforced by checkpoint signalling. Our 
previous attempts to artificially maintain 
nucleotide levels during hypoxia have 
been unsuccessful, although it is unclear 
if this was for technical reasons or if alter-
native signalling pathways are active.15

We demonstrated that nucleotide 
levels return to normal very rapidly in 
response to reoxygenation suggesting that 
the materials for DNA synthesis become 
available. Replication restart was inves-
tigated after either acute (up to 8 hours) 
or chronic (12–24 hours) exposure to 
hypoxia. Using both BrdU incorporation 
and DNA fibers we demonstrated that 
reoxygenated cells after chronic hypoxia 
exposure do not undergo replication 
restart. We have attributed this to the 
disassembly of the replisome (machin-
ery required for replication). Essential 
components of the replisome, such as the 

Chronic Exposure to Hypoxia 
Inhibits Both Replication Restart 

and DNA Repair

In our recent study, we demonstrated 
that decreasing levels of nucleotides cor-
relate with this block in DNA s ynthesis 
in response to hypoxia (<0.1% O

2
).17 

We attributed this to the finding that 
the activity of ribonucleotide reductase 
which, is the chief enzyme responsible for 
generating nucleotides, is oxygen depen-
dent.18 The principle question addressed 
in our study was, what happens to cells 
arrested in this way if they become reoxy-
genated? In order to address the possibil-
ity of reoxygenation-induced replication 
restart we made use of the DNA fiber 
technique to allow us to look at individ-
ual DNA strands and measure replica-
tion rates. In support of our previous data 
showing that nucleotides are limiting we 
found that replication is inhibited during 
both the initiation and elongation phases 
i.e., actively replicating forks stalled and 
origins failed to fire. In the conditions 
measured, this was found to be inde-
pendent of the checkpoint kinase, Chk1, 
again supportive of it being the result of a 

Figure 1. Levels of the Hr protein rad51 drop rapidly in response to severe hypoxia. rKO cells 
were exposed to 0.02% O2 for the time periods indicated or as a positive control 1 mM HU. the 
protein levels of rad51 and actin are shown. Quantification of the levels of rad51 normalized to 
actin are also shown.
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TLK1 is the first reported Chk1 target to 
be phosphorylated in hypoxic conditions. 
The phosphorylation of TLK1 persisted 
for at least 2 hours after reoxygenation 
(McGurk C and Hammond EM unpub-
lished). A previous report indicates that 
another known target of Chk1, cdc25A is 
not phosphorylated in response to hypoxia 
suggesting that hypoxia-activated Chk1 
has a distinct set of targets.30 After phos-
phorylation by either Chk1 or Chk2, 
cdc25A is quickly degraded and as a result 
promotes cell cycle arrest in both the G

1
 

and G
2
 phases. It is tempting to speculate 

that during exposure to severe hypoxia 
neither a G

1
 or G

2
 arrest are required as the 

cells cannot enter S phase and are there-
fore arrested in G

1
. It is possible that Chk1 

does contribute to the hypoxia induced 
S phase arrest, through phosphorylation 
of for example TLK1, but that this effect 
is masked by the more dramatic loss of 
nucleotides.

Our data indicate that the Chk1 
response to hypoxia and indeed the DNA 
damage response in general appears to be 
transient. Chk1 is robustly phosphory-
lated after 6 hours of hypoxia but this 
signal is absent by 18 hours. This corre-
lated with falling levels of Chk1 which 
has been noted previously in response to 
other replication stresses. This led us to 
question the hypoxia-induced DNA dam-
age response initiating signal. Regions of 
single stranded DNA have been shown to 
accumulate during hypoxia previously and 
the presence of stalled replication verified 

activity. The downstream target of Chk1, 
TLK1 (tousled like kinase 1) was shown to 
be phosphorylated in a Chk1-dependent 
manner in response to hypoxia (fig. 2a 
and b). These experiments, using phar-
macological inhibition of Chk1 (Gö6976 
or UNC-01), were supported by data 
showing the siRNA mediated depletion of 
Chk1 also reduced the levels of phosphor-
ylated TLK1 in hypoxia (McGurk C and 
Hammond EM, data not shown).

TLK1 is a serine/threonine kinase 
named for its similarity to the tousled gene 
in Arabidopsis thaliana, which is essential 
for proper flower and leaf development. 
Tousled genes are absent in yeast and other 
eukaryotic microbes and were thought to 
be specific to multi cellular organisms 
until homologues in Trypanosoma brucei 
were sequenced. Mammalian TLK1 was 
identified in 1999 and was shown to be 
maximally active in S-phase leading to 
the hypothesis that TLK1 has a role in cell 
cycle progression.34 More recently TLK1 
has been reported to be involved in both 
the processing of newly replicated DNA 
and chromatin formation. The kinase 
activity of TLK1 decreases in response to 
genotoxic stress, such as ionising radiation 
or treatment with hydroxyurea.35,36 The 
proposed mechanism of action is that in 
response to DNA damage ATM phosphor-
ylates Chk1 which in turn phosphorylates 
and deactivates TLK1.36 The downstream 
targets of TLK1 include assembly factor 
anti-silencing function 1 (Asf1), DEAD-
box protein p68 and histone H3.37-39 

autophagy, also suggested by Glazer and 
colleagues.27 This is also supported by 
reports demonstrating that in response to 
hypoxia translation is abrogated.28

Cancer cells exposed to hypoxia for 
time periods sufficient to repress HR 
and collapse the replisome pose no threat 
to the host as they are unable to resume 
replication even if reoxygenation were to 
occur. However, we and others suggest 
that DNA repair can become compro-
mised in response to hypoxia in conditions 
that still permit replication or replication-
restart.17,29 These cells risk accumulating 
DNA replication associated damage and 
also ROS-mediated damage generated 
during periods of reoxygenation.30 These 
reoxygenated cells are replication restart 
competent but do so in the presence of 
DNA damage with impaired DNA repair 
capabilities. Our data indicated that in the 
presence of wild type p53 these cells are 
eliminated through the induction of apop-
tosis. However, as described in numerous 
reports, the majority of tumor cells have 
lost this ability, therefore raising the pos-
sibility that reoxygenated cells which have 
accumulated DNA damage may re-enter 
the cell cycle.31 It is our hypothesis that, 
although a rare event, these cells could 
contribute to genomic instability and 
therefore tumor development.

Chk1 Signalling  
in Hypoxia/Reoxygenation

We have investigated the role of Chk1 in 
the response to both hypoxia and reoxy-
genation.32 Using BrdU or 3H-thymidine 
incorporation assays we have been unable 
to demonstrate a role for Chk1 in the cell 
cycle response to hypoxia.33 The DNA 
fiber technique demonstrated that both 
fork stalling and inhibition of origin fir-
ing occurred with normal kinetics in the 
response to hypoxia in the presence of a 
Chk1 inhibitor. This was somewhat sur-
prising as we have shown previously that 
ATR phosphorylates Chk1 in response to 
hypoxia at serines 345 and 317 implying 
that it is active. To date, a downstream 
target of hypoxia-induced Chk1 has not 
been identified, raising the possibility that 
Chk1 is not actually active in these condi-
tions. Here, we show that hypoxia-induced 
phosphorylation of Chk1 correlates with 

Figure 2. tLK1 is phosphorylated by Chk1 in response to hypoxia. (a) rKO cells were treated with 
the Chk 1 inhibitor UCN-01 (dose) and exposed to hypoxia (0.02% O2) as indicated. HU was used as 
a positive control. the levels of both phosphorylated and total tLK1 are shown. (B) rKO cells were 
treated with the Chk 1 inhibitor Gö6976 (100 nM) and exposed to hypoxia (0.02% O2) as indicated. 
HU was used a appositive control. the levels of both phosphorylated and total tLK1 are shown.
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to hypoxia-induced replication arrest and 
remains so during the time period which 
cells remain replication competent but, 
once this is passed the DDR is not sus-
tained. The mechanism by which the 
levels of ssDNA decrease remains to be 
investigated.

The role of Chk1 in the response to 
reoxygenation is more clear and corre-
lates with the response to other stresses 
reported in the literature.41-43 Our DNA 
fiber analysis demonstrated that in 
response to  inhibition of Chk1 the rate 
of new origin firing in response to reoxy-
genation significantly increased.17 This 
supports the suggested role for Chk1 
in delaying origin firing during a DNA 
damaging stress to ensure accurate repair 
of the DNA.41,44 Failure to pause replica-
tion restart in these situations encour-
ages the incorporation of DNA damage 
and therefore genomic instability. It is 
also likely that, like Chk2, Chk1 con-
tributes to the reoxygenation-induced 
cell cycle arrest.30,45 Taken together these 
data indicate that Chk1 functions dur-
ing both hypoxia and reoxygenation. We 
have carried out a modified form of our 
colony survival experiment to determine 
in which phase, hypoxia or reoxygenation, 
the cells are more sensitive (fig. 4).46 
Asynchronous RKO cells were exposed 
to hypoxia for the times indicated and 
the Chk1 inhibitor (Gö6976) was added 
as indicated, either present during both 
hypoxia and reoxygenation or just during 
reoxygenation. The colony survival shown 
demonstrates that the increased sensitivity 
to hypoxia/reoxygenation is dependent on 
inhibition of Chk1 during reoxygenation 
as the cells are no more sensitive if Chk1 
is also inhibited during hypoxia. This sug-
gests that the role of Chk1 in hypoxia has 
a less significant impact on cell viability 
than it’s role in reoxygenation. This was 
somewhat surprising as it has been dem-
onstrated that ATR, through Chk1 sig-
nalling, acts to protect stalled replication 
forks collapse and that this is also likely 
in hypoxic conditions as loss of ATR was 
shown to lead to accumulation of S phase 
specific DNA damage.33 Our hypothesis is 
that loss of Chk1 during hypoxia would 
lead to replication fork collapse and hence 
increased sensitivity. It is likely that if syn-
chronized cells were used this would be 

(single stranded DNA). However, in light 
of the transient response of Chk1 we 
revisited this and quantified both ssDNA 
and RPA foci in hypoxia over time. The 
data demonstrated that both the level of 
ssDNA and RPA foci decreased after an 
initial peak in the acute time frame. This 
suggests a model whereby the DDR (DNA 
damage response) is induced in response 

by DNA fiber analysis. Our data and the 
literature suggest a model in which repli-
cation stalls leading to an accumulation of 
RPA (replication protein A) coated single 
stranded DNA which is the signal for ini-
tiating ATR activity.40 Our studies have 
shown that replication does not resume 
during hypoxia exposure and so our 
model assumed a constant level of ssDNA 

Figure 3. inhibition of Chk1 during reoxygenation leads to an increase in new origin firing. rKO 
cells, in the presence of either vehicle alone or 100 nM of the Chk1 inhibitor Gö6976 were exposed 
to 6 h hypoxia and reoxygenated for 1 h and DNa fibers were produced. replication rates were 
determined from fiber length measurements and the number of replication structures (including 
new origins) were scored and were reported previously.17,48

Figure 4. inhibition of Chk1 during reoxygenation is sufficient to sensitise cells to hypoxia/reoxy-
genation. rKO cells were exposed to hypoxia (0.02% O2) for the time periods indicated either in 
the presence/absence of 100 nM Gö6976. Cells were then returned to normal incubation condi-
tions and 100 nM Gö6976 added to some. Colonies were allowed to form (>50 cells), stained and 
counted. all conditions were carried out in triplicate.
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