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Abstract

Hypoxia is a hallmark of the tumour microenvironment with profound effects on tumour biology, 
influencing cancer progression, the development of metastasis and patient outcome. Hypoxia also 
contributes to genomic instability and mutation frequency by inhibiting DNA repair pathways. 
This review summarises the diverse mechanisms by which hypoxia affects DNA repair, including 
suppression of homology-directed repair, mismatch repair and base excision repair. We also 
discuss the effects of hypoxia mimetics and agents that induce hypoxia on DNA repair, and we 
highlight areas of potential clinical relevance as well as future directions.

Introduction

Hypoxia, or low oxygen content, is a hallmark of the tumour micro-
environment, arising when tumour cell proliferation outpaces the 
development of sufficient vasculature. This leads to regions within 
the tumour with sparse or structurally and functionally abnormal 
vasculature (1). Hypoxia and anoxia are found in up to 60% of lo-
cally advanced solid tumours across a wide range of tumour types, 
including breast, uterine, cervical, head and neck, prostate, rectal, 
pancreatic, lung, brain, liver, renal cell, soft tissue sarcoma, non-
Hodgkin’s lymphoma and melanoma (2). Tumour hypoxia can be 
both chronic, as is seen when oxygen diffusion is limited by spatial 
distribution of the vasculature, or acute, e.g. when disruptions in 
perfusion due to fluctuating vasoconstriction lead to transient hyp-
oxic episodes on a timescale of minutes to hours (3). Furthermore, in 
tumours, dynamic changes in perfusion can lead to cycles of hypoxia 
and re-oxygenation, generating reactive oxygen species (3).

Hypoxia is a poor prognostic factor for patient outcome and is 
associated with invasive growth and metastasis (2). Furthermore, 
hypoxia can cause resistance to cancer therapeutics, including radi-
ation and chemotherapy. In the case of radiation therapy, this is pri-
marily due to reduced formation of free radicals, thereby lessening 
the DNA damage caused by radiation (4). Chemotherapy resistance 
is likely due partially to poor drug delivery and reduced cell prolif-
eration (5). Many of the biological responses to hypoxia are medi-
ated through hypoxia-inducible factors (HIFs), transcription factors 
whose expression is stabilised under conditions of low oxygen (6). 

HIF-dependent transcriptional changes affect several biological 
pathways, including apoptosis, proliferation, migration, metabolism 
and immortalisation, and may contribute to the therapeutic resist-
ance and poor prognosis phenotypes observed in hypoxia (7).

Hypoxia contributes to genomic instability in tumours and 
is associated with high rates of mutation frequency, DNA over-
replication, fragile site induction and microsatellite instability (8–12). 
As hypoxia does not generate DNA damage, this increased genomic 
instability can be attributed to decreased capacity of cellular DNA 
repair pathways. The effects of hypoxia on DNA repair are complex 
and multifaceted, and include regulation of several DNA repair 
pathways through transcriptional, translational, post-translational 
and epigenetic mechanisms. Ultimately, hypoxia decreases capacity 
for high-fidelity repair pathways, thereby increasing mutagenesis 
and genomic instability. In this review, we summarise the mechan-
isms by which hypoxia and hypoxia mimetics affect DNA repair 
pathways and highlight areas of potential clinical relevance as well 
as future directions.

Defining, measuring and modelling hypoxia
There is substantial variability in the physiologic oxygenation levels 
in normal human tissues, which can range from oxygen partial pres-
sure or oxygen tension (pO2) levels of 23–70 mm Hg (13). Lower 
oxygenation levels are considered hypoxic; however, there does 
not appear to be a consensus on the quantitative definition of hyp-
oxia. In general, at pO2 < 10 mm Hg, activation of HIFs (14) and 
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resistance to radiation therapy (15) can be observed. Further, tu-
mours with median pO2 <10 mm Hg show worse outcomes than 
those with higher median pO2 (2). Anoxia refers to a complete lack 
of oxygen, or pO2 = 0 mm Hg.

A variety of different techniques have been used to quanti-
tatively measure hypoxia in tumours. Oxygen tension can be dir-
ectly measured using an electrode (16). Indirect measurements 
of hypoxia include the use of bioreductive compounds, such as 
2-nitroimidazole derivatives, which accumulate intracellularly under 
hypoxic conditions due to their propensity to covalently bind to 
thiol groups (17). These compounds can be imaged ex vivo using 
immunohistochemistry or flow cytometry as well as in vivo using 
positron emission tomography or magnetic resonance imaging (17). 
Efforts have also been made to quantify hypoxia on the basis of ex-
pression of hypoxia-induced proteins, including HIFs and carbonic 
anhydrase IX (CAIX) (18). Gene-expression-based hypoxia signa-
tures have also been identified in a number of cancer types (19,20).

These techniques have been used in an effort to quantify rela-
tive oxygenation within and between different tumour types. Using 
mRNA-based hypoxia signatures to quantitatively compare hypoxia 
in >8000 human tumours across 19 different tumour types, a re-
cent study found that head and neck, cervical and lung squamous 
cell tumours were the most hypoxic, whereas thyroid and prostate 
adenocarcinomas were the least hypoxic (21). However, prostate 
cancer has also been cited as having a relatively low median oxygen 
tension, consistent with a high degree of hypoxia, when compared 
with other tumour types (22). It is important to note that a direct 
comparison of relative levels of hypoxia between tumour types is 
limited by the large amount of variance found within tumour types. 
In fact, Bhandari et al. (21) found that >40% of the variance within 
hypoxia scores occurred within individual tumour types. In addition, 
the temporal and spatial heterogeneity of hypoxia within an indi-
vidual tumour further complicates efforts to quantify and compare 
levels of hypoxia.

Although specialised chambers, hoods and incubators are com-
monly used by researchers to tightly control oxygen levels for both 
in vitro and in vivo experiments, these techniques do not mimic the 
spatial heterogeneity of hypoxia as it occurs in human tumours. 
However, recent advances in microfluidics and biomaterials have 
allowed for the development of novel model systems to induce hyp-
oxia with a higher degree of spatial control (23,24).

DNA damage response
Coordination of the cellular response to DNA damage relies largely 
on the activity of a family of phosphoinositide 3-kinase-related kin-
ases, which includes ataxia-telangiectasia-mutated kinase (ATM), 
ataxia telangiectasia and Rad3-related protein (ATR) and DNA-
dependent protein kinase (DNA-PK). These kinases are activated 
via post-translational modifications in response to DNA damage 
[specifically double-strand breaks (ATM and DNA-PK) and replica-
tion stress (ATR)], where they subsequently phosphorylate a number 
of substrates, thereby coordinating the cellular response to DNA 
damage, including DNA repair, cell cycle control and apoptosis (25). 
In the absence of DNA damage, hypoxia has been shown to acti-
vate these kinases through post-translational modifications, ultim-
ately protecting cells from hypoxia-induced replication stress and 
re-oxygenation-induced DNA damage.

Hypoxia induces ATM-dependent signalling, including Chk2 
phosphorylation (26). This signalling cascade is likely medi-
ated through hypoxia-induced replication stress in the con-
text of a heterochromatin-like state (27). ATM-induced Chk2 

phosphorylation subsequently causes G2 cell-cycle arrest upon 
re-oxygenation (28). Hypoxia-induced ATM and Chk2 activa-
tion protect cells against apoptosis after exposure to both hypoxia 
and re-oxygenation, as cells lacking ATM or Chk2 show reduced 
clonogenic survival and increased apoptosis after exposure to hyp-
oxia as well as hypoxia/re-oxygenation (26,28). The protective ef-
fect of ATM under hypoxia conditions likely relies on activation of 
the mammalian target of rapamycin (mTOR) pathway, as treatment 
with the mTOR inhibitor rapamycin reduces the induction of apop-
tosis after exposure to hypoxia in ATM-deficient cells (29).

In addition, hypoxia induces replication arrest, thereby 
activating ATR-dependent signalling, including induction of Chk1 
phosphorylation (30). Hypoxia-dependent ATR/Chk1 activation 
subsequently causes induction of γH2AX and phosphorylation of 
p53 (31). Furthermore, activation of both ATR and Chk1 protects 
against apoptosis after re-oxygenation, as knockdown of either ATR 
or Chk1 decreases cellular survival and increases apoptosis after ex-
posure to hypoxia/re-oxygenation (32).

It has also been reported that hypoxia induces activation of 
DNA-PK via phosphorylation of Ser2056 of the catalytic sub-
unit (33), through a mechanism relying on histone acetylation. 
Hypoxia-induced DNA-PK activation was also shown to regulate 
HIF-1 expression (33). However, although the primary consequence 
of DNA-PK activation is repair of double-strand breaks (DSBs) 
through the non-homologous end joining (NHEJ) pathway, hypoxia 
is not associated with an increase in nuclear localisation of NHEJ 
factors, such as XRCC4 (33), and thus its impact on NHEJ, as fur-
ther discussed later, remains unclear.

Homology-directed repair
Homology-directed repair (HDR) represents a high-fidelity mech-
anism by which cells repair DSBs. This pathway, which is limited to 
the S and G2 phases of the cell cycle, uses a homologous sequence 
to serve as a template for repair (34). Hypoxia suppresses HDR 
through several mechanisms, including transcriptional, translational 
and epigenetic repression of the expression of key repair factors, 
which may ultimately lead to increased mutagenesis and genomic 
instability.

Hypoxia reduces the transcription of key HDR factors BRCA1 
and RAD51 through the induction of nuclear E2F4/p130 complexes, 
which bind to E2F consensus sites in the BRCA1 and RAD51 pro-
moters, suppressing gene expression (35,36). The induction of these 
repressive transcription regulatory complexes is associated with 
hypophosphorylation of p130 (36). It has been proposed that p130 
hypophosphorylation is mediated by protein phosphatase 2, which is 
activated under hypoxic conditions (37). Expression of the Fanconi’s 
anaemia protein FANCD2, which plays a role in HDR, is also sup-
pressed by a similar mechanism under hypoxic conditions (38).

Translational repression of several key HDR factors has also 
been documented under hypoxic conditions. Under hypoxic condi-
tions that only mildly affect global translation efficiency, dramatic 
suppression of RAD51, RAD51B, RAD51C, RAD51D, RAD54, 
XRCC3, BRCA1 and BRCA2 protein expression and mRNA 
polysomal fractions was observed, suggesting that hypoxia reduces 
the translational efficiency of specific HDR genes (39). MicroRNAs 
(miRNAs) also mediate translational repression of HDR factors 
under hypoxic conditions. The miRNAs miR210 and miR373 are 
both induced by hypoxic conditions, and have been shown to sup-
press RAD52 and RAD23B expression, respectively, by targeting the 
3′-untranslated region of these genes (40). In addition, miR-155 is in-
duced by hypoxia (41,42) and its overexpression increases mutation 
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frequency (43). miR-155 has been shown to both suppress RAD51 
expression and induce a functional HDR deficit (44). Regulation of 
HDR also occurs at the epigenetic level, as hypoxia promotes epi-
genetic silencing of the BRCA1 and RAD51 via the lysine-specific 
histone demethylase LSD1 (45). Hypoxia also induces expression of 
the Polycomb protein EZH2, leading to epigenetic suppression of 
RAD51 expression (46).

A correlation between decreased HDR factor expression and 
hypoxia has been documented in both mouse tumour models and 
in the clinical setting. RAD51 and EF5, a marker of hypoxia, was 
noted in colorectal tumour xenografts (47). In addition, in a series of 
clinical breast cancer resection specimens, expression of the hypoxia 
marker CAIX has been shown to inversely correlate with BRCA1 ex-
pression as detected by quantitative immunofluorescence (48).

Regulation of HDR through hypoxia may also occur through the pro-
duction of the hypoxia-induced metabolite S-2-hydroxyglutarate, which 
has recently been shown to functionally inhibit HDR (49). Although the 
mechanism of this repression has yet to be elucidated, it may be similar 
to the mechanism by which the oncometabolite R-2-hydroxyglutarate 
suppresses HDR, namely suppression of the α-ketoglutarate-dependent 
lysine demethylase KDM4A and KDM4B (49).

Non-homologous end joining
Although hypoxia has a clear effect on HDR, its effects on the other 
major pathway of double-strand break repair, NHEJ are less well 
defined. NHEJ, which is responsible for repairing the majority of 
DSB breaks in human cells (50), is required to maintain genomic 
stability. However, this rapid and relatively error-prone pathway of 
repair, which relies on DNA end processing and ligation, can also 
introduce insertion and deletion mutations (50), thereby increasing 
genomic instability.

Several mRNA-based studies seem to indicate that hypoxia causes 
a downregulation of NHEJ factor expression. A microarray analysis 
of cultured breast cancer cells showed significant downregulation of 
NHEJ factor mRNA expression under hypoxia (51). Furthermore, 
inverse correlations have been observed between RNA-based hyp-
oxia (HIF-2α) signatures and gene expression in several DNA repair 
pathways, including NHEJ (52).

However, whether the reported downregulation of NHEJ factor 
mRNA translates to reduced expression of NHEJ proteins is unclear. 
Although hypoxia has been shown to decrease mRNA expression 
of the NHEJ factor Ku70 in prostate cancer cells, these same con-
ditions did not cause a reduction in Ku70 protein expression (53). 
Furthermore, various studies have reported conflicting effects of hyp-
oxia on NHEJ factor protein expression, including no change (35), 
upregulation (54,55) and downregulation (52). In addition, func-
tional assays indicate that hypoxia does not suppress, and may even 
enhance, NHEJ capacity (35,54). Augmented NHEJ capacity would 
represent an increase in the use of an error-prone repair pathway, 
which would contribute to the mutagenesis and genomic instability 
observed under hypoxic conditions.

Although the exact effects of hypoxia on NHEJ remain to be 
elucidated, it is likely that multiple mechanisms underlie the ob-
served changes in repair factor expression and functional repair. 
Furthermore, the impact of hypoxia on NHEJ may be affected by 
the nature of the hypoxic conditions as well as cell-type specificities, 
and additional work is needed to more clearly define these effects.

Mismatch repair
Mismatch repair (MMR), which removes mismatched bases from 
newly synthesised DNA, is particularly important for maintenance 

of genomic stability (56), as cells with deficiencies in MMR develop 
a mutator phenotype, or an increase in mutation rates, which can 
lead to the development of cancer (56). Hypoxia suppresses MMR 
through multiple mechanisms, including decreased gene expres-
sion of the MMR factors MLH1 and MSH2 (57,58). Under hyp-
oxic conditions, transient transcriptional repression of MLH1 and 
MSH2 occurs due to a shift in promoter occupancy from activating 
c-Myc/Max to repressive Mnt/Max and Mad1/Max complexes, re-
spectively (58). Transcriptional repression of MSH2 also occurs due 
to displacement of the transcriptional activator c-Myc from Sp1 by 
HIF-1α (59). Finally, hypoxia also induces the expression of tran-
scriptional repressors differentiated embryo chondrocyte 1 and 2, 
which suppress MLH1 transcription by binding to E-box-like motifs 
in the MLH1 promoter (60).

Together these mechanisms repress MMR factor expression 
under hypoxic conditions. Hypoxia has been correlated with low 
protein expression of MSH2 and MLH1 in mouse xenograft models 
(61,62). These results have also been validated in a clinical setting, as 
HIF-1α expression has been found to inversely correlate with MSH2 
expression in sporadic human colon cancer (59). Hypoxia also regu-
lates MMR through miRNA-mediated suppression of MMR gene 
expression. The hypoxia-induced miRNA miR-155 has been shown 
to suppress MLH1, MSH2 and MSH6 expression (43,63) and to 
induce microsatellite instability, a hallmark of MMR deficiency (63).

Epigenetic regulation also underlies the suppression of MMR by 
hypoxia. This is evidenced by the fact that the histone deacetylase 
inhibitor, trichostatin A, prevents downregulation of MLH1 under 
hypoxic conditions (57,60,64). Furthermore, hypoxia increases 
markers of epigenetic repression, including H2K9 (65) and H3K9 
(62) methylation, and decreases markers of activation, including 
H3K9 acetylation and H3K4 methylation (62), at the MLH1 pro-
moter. Hypoxia-mediated H3K4 demethylation occurs via the action 
of the H3K4 demethylases LSD1 and PLU-1 (62). Prolonged hyp-
oxia also induces stable silencing of the MLH1 promoter through a 
mechanism requiring LSD1 (62).

Nucleotide excision repair
Nucleotide excision repair (NER) is the major pathway of DNA re-
pair for removal of bulky DNA lesions caused by ultraviolet (UV) 
irradiation, environmental mutagens and specific cancer therapeutics 
(66). The effects of hypoxia on NER are unclear. Some evidence in-
dicates that hypoxia suppresses NER. For example, severe hypoxia 
has been shown to cause reduced NER capacity and UV irradiation-
induced hypermutability (67). However, moderate hypoxia has been 
shown to increase, and not decrease, NER capacity (68). Many NER 
genes contain hypoxia response elements in their promoters (69), 
however, it is unclear whether hypoxia downregulates mRNA ex-
pression of these genes. Furthermore, protein levels of NER genes, 
such as XPA, XPB, XPD and XPG, remain unchanged after hyp-
oxia exposure (57,67). The expression of one NER factor, ERCC1, 
is downregulated at both the mRNA and protein level after hypoxia 
exposure (70). Ultimately, further work is needed to more conclu-
sively determine the effects of hypoxia on NER, including a more 
comprehensive study of dose and time responses.

Base excision repair
Base excision repair (BER) is essential for maintaining genomic in-
tegrity after oxidative damage (71). Hypoxia has been shown to de-
crease expression of several BER factors, including OGG1, MYH, 
POLB, APE1, RPA and PCNA (72). Hypoxia also downregulates the 
expression of ASCIZ/ATMIN (73), a zinc-finger protein that may 
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play a role in BER (74,75). Furthermore, hypoxia causes a reduc-
tion in functional BER as measured by MYH- and OGG1-specific 
glycosylase assays and an increase in accumulated residual base 
damage after hydrogen peroxide exposure (72).

Translesion synthesis
Translesion synthesis describes a process by which cells use 
specialised polymerases, such as DNA polymerases ι, κ and ζ, to 
bypass DNA lesions in an effort to avoid replication fork stalling 
(76). Although this process can be essential for cellular survival 
after DNA damage, it is also error-prone and can lead to both mu-
tagenesis and carcinogenesis. There is evidence suggesting that hyp-
oxia may increase the use of this error-prone DNA repair pathway. 
For example, DNA polymerase ι expression is induced by hypoxia 
through HIF-1α-dependent mechanism (77). Furthermore, hypoxia 
decreases expression of polymerase δ, a high-fidelity DNA poly-
merase, via induction of miR-155 (43), and it has been hypothe-
sised that this reduction may lead to a compensatory increase in the 
activity of more error-prone translesion polymerases, such as DNA 
polymerase ι. In addition, cells lacking the catalytic subunit of DNA 
polymerase ζ show decreased survival and increased chromosomal 
breaks after irradiation under hypoxic conditions (78), suggesting 
that translesion synthesis may play an important role in cellular re-
sponses to radiation in hypoxia. However, the exact effects of hyp-
oxia on translesion synthesis remain to be elucidated.

Hypoxia mimetics
Several lines of evidence indicate that hypoxia mimetics induce 
similar impairments in DNA repair to hypoxia. For example, the 
iron chelator desferrioxamine mimics the effects of hypoxia by sta-
bilising HIF-1α through inactivation of the iron-dependent pro-
line hydroxylases that ordinarily inactive HIF (6). Desferrioxamine 
has been shown to suppress gene expression of both MMR and 
HDR factors (35,38,57). Nickel similarly inhibits the HIF proline 
hydroxylases (79) and induces transcriptional repression of HDR as 
well as MMR factors (80).

Inactivating mutations in the von Hippel-Lindau (VHL) protein 
mimic hypoxia by preventing the degradation of HIF-1α. It is es-
timated that between 60 and 80% of sporadic clear cell renal cell 
carcinoma (ccRCC), the most common form of kidney cancer, dis-
play VHL mutations (81). In ccRCC, VHL deficiency confers im-
pairments in HDR via reduced expression of HDR factors BRCA1 

and RAD51 (82). Similar to hypoxia, VHL deficiency also reduces 
FANCD2 and MLH1 expression (82).

We have also recently reported that the small-molecule inhibitor, 
cediranib, which was developed as a vascular endothelial growth 
factor receptor inhibitor (83), mimics the effects of hypoxia on 
HDR. Like hypoxia, treatment with cediranib suppresses expression 
of key HDR factors through a pathway mediated by E2F4 and p130, 
inducing a functional HDR deficit (84). The effects of cediranib on 
HDR have been attributed to inhibition of platelet-derived growth 
factor receptor (PDGFRs), as other small-molecule inhibitors of 
PDGFRs as well as small interfering RNA targeting PDGFRβ also 
impair HDR.

Clinical implications and future directions
Although the suppression of DNA repair caused by hypoxia may 
lead to increased genomic instability and mutagenesis, it may also 
create opportunities for potential therapeutic targeting (Figure 1). 
For example, hypoxia-induced activation of DNA damage response 
(DDR) factors, such as ATM, ATR, Chk1 and Chk2, has been shown 
to protect cells against apoptosis under hypoxia and re-oxygenation. 
Therefore, the use of small-molecule inhibitors to such factors may 
re-sensitise hypoxic cells, inducing cellular death. For example, hyp-
oxia sensitises cancer cells in culture to the ATR inhibitor VE-821 in 
a dose-dependent fashion (85). Small-molecule inhibitors targeting 
the DDR pathways are currently in clinical trials (86). Hypoxia-
induced suppression of BER also creates an opportunity for po-
tential therapeutic targeting, as it sensitises cells to oxidative and 
alkylating agents (72).

Although acute hypoxia can cause resistance to radiation therapy 
by reducing the formation of free radicals, there is evidence that 
chronic hypoxia and re-oxygenation can confer radiosensitivity, 
likely due to suppression of HDR (39,87). The functional decrease 
in HDR caused by hypoxia also confers increased sensitivity to DNA 
crosslinking agents, such as mitomycin C and cisplatin (39,88).

Furthermore, by suppressing HDR, hypoxia also renders tumour 
cells sensitive to poly (ADP-ribose) polymerase  (PARP) inhibitors, 
inducing a synthetic vulnerability in the tumour microenvironment. 
Evidence supporting this hypothesis includes the increased sensi-
tivity of cancer cells grown in hypoxic culture conditions to PARP 
inhibition (89). Furthermore, treatment of tumour xenografts with 
the PARP inhibitor, ABT888, increased markers of DNA damage 
and apoptosis in hypoxic regions of tumours (20). Hypoxia mimetics 
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Figure 1. Effects of hypoxia on DNA repair pathways with potential opportunities for therapeutic interventions.
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similarly increase tumour cell sensitivity to PARP inhibition (82) and 
ionising radiation (80). The concept of a hypoxia-induced synthetic 
lethality is particularly intriguing given the ability of antiangiogenic 
therapeutic compounds, such as bevacizumab and cediranib, to pro-
mote tumour hypoxia (90–93). Phase 1 clinical trials have found the 
combination of the PARP inhibitor olaparib with antiangiogenics to 
be tolerable (94,95), and a phase 3 clinical trial evaluating the effi-
cacy of combination bevacizumab and olaparib maintenance therapy 
is currently underway (PAOLA-1; NCT02477644). Interestingly, the 
combination of cediranib with olaparib has already been shown to 
improve progression-free survival in ovarian cancer in a recent clin-
ical trial (96,97). The combination of cediranib and olaparib may 
be a particular effective strategy given the additional direct effect of 
cediranib on HDR, as described earlier. Indeed, cediranib has been 
shown to sensitise cancer cells to olaparib both in culture as well as 
in xenografts in vivo (84,98).

Hypoxia has been shown to induce a longstanding deficiency in 
MMR by stable silencing of MMR promoters. Cancers with MMR 
appear to be particularly responsive to immune checkpoint inhibitors 
(99,100). Thus, it is possible that cancers with substantial hypoxic 
fractions may be more responsive to immune checkpoint inhibitors 
due to their acquired MMR deficiency. Hypoxia also upregulates 
PDL1 expression in a HIF-1α-dependent fashion (101,102), pro-
viding another reason that immune checkpoint inhibitor therapy 
may be particularly effective in highly hypoxic tumours regardless of 
changes in MMR status. However, to date no studies have evaluated 
the relative cytotoxic effects of immune checkpoint inhibitor therapy 
on normoxic and hypoxic fractions of tumours in vivo.

A preponderance of literature demonstrates that hypoxia pro-
foundly impairs genomic stability by inhibiting a number of high-
fidelity DNA repair pathways, including HDR, MMR and BER. 
Compounds or genetic mutations that mimic or induce hypoxia have 
comparable effects on DNA repair. Hypoxia also activates DDR path-
ways, which appears to serve a protective role. However, the effects of 
hypoxia on other DNA repair pathways, including NHEJ, NER and 
translesion synthesis remain incompletely elucidated. Furthermore, 
many of the studies on the role of hypoxia on DNA repair have been 
performed only under in vitro conditions; therefore, extending these 
findings to physiologic conditions using tumour model systems re-
mains an important future direction. Further studies in a more physio-
logic model system will also allow for the study of the role of the 
tumour microenvironment, including contributions from stromal and 
immune cells, in regulating the effects of hypoxia. This work will lead 
to a more comprehensive understanding of the impacts of hypoxia 
on tumour biology and how DNA repair and mutagenesis is regu-
lated. It may also ultimately contribute to the development of new 
therapeutic paradigms to target a population of relatively treatment-
resistant cancer cells.
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