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Abstract

Hypoxia, as a pervasive feature in the microenvironment of solid tumors, plays a significant role
in cancer progression, metastasis, and ultimately clinical outcome. One key cellular consequence
of hypoxic stress is the regulation of DNA repair pathways, which contributes to the genomic
instability and mutator phenotype observed in human cancers. Tumor hypoxia can vary in severity
and duration, ranging from acute fluctuating hypoxia arising from temporary blockages in the
immature microvasculature, to chronic moderate hypoxia due to sparse vasculature, to complete
anoxia at distances more than 150 uM from the nearest blood vessel. Paralleling the intra-tumor
heterogeneity of hypoxia, the effects of hypoxia on DNA repair occur through diverse
mechanisms. Acutely, hypoxia activates DNA damage signaling pathways, primarily via post-
translational modifications. On a longer timescale, hypoxia leads to transcriptional and/or
translational downregulation of most DNA repair pathways including DNA double-strand break
repair, mismatch repair, and nucleotide excision repair. Furthermore, extended hypoxia can lead to
long-term persistent silencing of certain DNA repair genes, including BRCA1 and MLH1,
revealing a mechanism by which tumor suppressor genes can be inactivated. The discoveries of
the hypoxic modulation of DNA repair pathways have highlighted many potential ways to target
susceptibilities of hypoxic cancer cells. In this review, we will discuss the multifaceted hypoxic
control of DNA repair at the transcriptional, post-transcriptional, and epigenetic levels, and we
will offer perspective on the future of its clinical implications.

Keywords

Hypoxia; Tumor microenvironment; Genetic instability; Replication stress; DNA damage
response; DNA repair; Gene regulation; Gene silencing; Post-translational modifications

Corresponding Author: Peter Glazer, Therapeutic Radiology, PO Box 208040, New Haven, CT 06520-8040, Phone: (203)
737-2788, Fax: (203) 737-1467, peter.glazer@yale.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of Interest Statement: The authors have no conflict of interest to declare.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Scanlon and Glazer Page 2

1. Introduction

Cancer cells in solid tumors grow within a complex microenvironment, consisting of
associated stromal and immune inflammatory cells, diverse extracellular signaling
molecules, and the altered conditions of low oxygen, low pH, and low nutrient levels [1, 2].
These attributes of the microenvironment collectively enable the growth and proliferation of
neoplastic cells. Hypoxia, or low oxygen content, is particularly prevalent in the tumor
microenvironment. It arises as rapid cell proliferation outpaces the development of sufficient
organized vasculature, leading to regions of tumors with sparse vessels as well as to
structural and functional abnormalities of the new microvasculature [3]. Hypoxic or anoxic
regions are found in 50-60% of locally advanced solid tumors and have been demonstrated
in a wide range of malignancies, including breast, cervical, head and neck, prostate, rectal,
pancreatic, lung, brain, and soft tissue cancers (reviewed in [4-6]). Though hypoxia is
pervasive within tumors, it is temporally and spatially heterogeneous. Transient disruptions
in perfusion can induce acute hypoxia on a timescale of minutes to hours while oxygen
diffusion limitations can lead to more chronic hypoxia over hours to days [7]. In addition,
cycles of hypoxia and reoxygenation can occur due to dynamic changes in microvessel
perfusion and lead to the generation of reactive oxygen species [7].

In solid human cancers, the presence and level of hypoxia generally correlate with features
of aggressive tumors, but also appear to have independent clinical significance (reviewed in
[4, 5]). Direct oxygen level measurements in tumors have shown hypoxia to be an
independent negative prognostic factor for disease-free and overall survival in cervical
cancer, head and neck cancer, and soft tissue sarcomas [4]. Endogenous and exogenous
markers of hypoxia also show prognostic significance for poorer patient outcome in many
tumor types [4, 5]. In addition, hypoxic gene expression signatures serve as adverse
prognostic markers in breast cancer, head and neck cancer, and glioblastoma [5]. Poorer
outcomes in patients with hypoxic compared to normoxic tumors are associated with both
progressive locoregional disease and increased risk of metastasis [4, 8].

Lack of oxygen increases cellular resistance to radiotherapy via a decrease in fixation of free
radical DNA damage as well as resistance to some chemotherapy due to poor drug delivery
or restrained cell proliferation [6]. However, cellular adaptions induced by hypoxia also
directly promote tumor progression and metastasis through changes in gene expression,
genomic changes, and clonal selection [6]. The hypoxia-inducible factors (HIFs),
heterodimeric transcription factors consisting of a hypoxia-regulated a-subunit and a
constitutively expressed pB-subunit, mediate many of the cellular effects of hypoxia [9, 10].
Hypoxia-induced stabilization of the most broadly expressed a-subunit, HIF-1a, leads to
direct transcriptional activation by the HIF-1a/B dimer of genes involved in cell growth,
migration, energy metabolism, and angiogenic signaling. Additional signaling pathways,
including the mTOR, NF-xB, and unfolded protein response pathways, are affected by
hypoxia and mediate additional changes in transcription and translation [11, 12].

One key cellular event induced by hypoxia that contributes to tumor progression is genetic
instability, itself an enabling feature of cancer (reviewed in [13]). The tumor
microenvironment, and hypoxia in particular, have been shown to lead to both large-scale
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chromosomal aberrations and small-scale DNA mutations. Cells grown as tumors in vivo
acquire increased levels of genomic rearrangements and higher levels of point mutations and
small deletions in reporter genes compared with cells grown in cell culture [14-18]. In vitro,
hypoxic stress leads to similar genomic rearrangements, comparable elevations in mutation
frequency, DNA over-replication with gene amplification, and fragile site induction [16, 18—
23]. Importantly, in vitro hypoxic exposure of fibrosarcoma and melanoma cells not only
generated genomic instability, but also led to increased metastatic efficiency in mice [20].
The current evidence thus strongly supports a link between hypoxia, genomic instability,
and tumorigenesis.

Several studies have demonstrated that hypoxia, in the absence of reoxygenation, does not
induce direct DNA damage [24-26]. Instead, hypoxia-induced genetic instability arises from
the impact of hypoxia on DNA damage repair pathways [13]. Numerous mechanisms of
DNA repair modulation by hypoxia have been reported, many of which depend upon the
type or severity of hypoxia. Acute hypoxic stress rapidly stimulates changes in DNA repair
pathways via post-translational modifications. On a slightly longer timescale, persistent
hypoxia leads to transcriptional and/or translational downregulation of DNA repair proteins.
More prolonged moderate hypoxia induces epigenetic regulation of DNA repair genes.
Within this review, severe and moderate hypoxia will refer to conditions of <0.2% oxygen
and 0.5%—-2% oxygen, respectively. In the following sections, we will describe the diverse
ways in which hypoxia impacts DNA repair function, classifying them according to post-
translational, transcriptional, translational, and epigenetic mechanisms, and we will highlight
areas for future research and with potential therapeutic promise.

2. Post-Translational Control of DNA Damage Signhaling

Post-translational protein modifications (PTMs) allow rapid control of protein functionality
in response to cellular events or stressors. These covalent protein modifications, such as
phosphorylation, hydroxylation, ubiquitination, or acetylation, can lead to changes in protein
enzymatic activity, cellular localization, stability, and interactions with other proteins or
DNA. Much of the cellular hypoxic response is initiated by changes in PTMs of HIF [10]. In
parallel to HIF signaling, severe hypoxia rapidly induces a wide spectrum of PTMs of
proteins involved in DNA damage response signaling and DNA repair, including
components of both the ATR-CHK1 and ATM-CHK2 pathways [25, 27]. Given the absence
of DNA damage under hypoxia, the main stimulus appears to be hypoxia-induced
replication stress. Within six hours of severe hypoxic stress, replication initiation and
elongation stall, giving rise to an accumulation of single-stranded DNA and RPA foci [28,
29]. It is generally accepted that this S phase arrest, which is independent of checkpoint
signaling factors and HIF, is due to the depletion or imbalance of cellular
deoxyribonucleotides since certain nucleotide biosynthesis enzymes, including
dihydroorotate dehydrogenase and ribonucleotide reductase, require oxygen to function [29,
30]. The hypoxic modulation of DNA repair pathways by PTMs serves to coordinate
stabilization of replication forks, though it may also induce cell cycle arrest, initiate
apoptosis, generate chromatin changes, and affect DNA repair itself (Figure 1).
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The ataxia telangiectasia and Rad3-related (ATR) checkpoint kinase responds to DNA
damage that impedes replication fork progression and generates single-stranded DNA [31].
Under hypoxia-induced replication stress, ATR forms nuclear foci and is required for
phosphorylation of downstream targets, including CHK1 (S317/S345), H2AX (S139),
RAD17 (S645), and NBS1 (S343) [24-26]. Activated CHK1 phosphorylates and inactivates
TLK1, a serine/threonine kinase involved in cell cycle progression and processing newly
replicated DNA [32]. Phosphorylated H2AX (YH2AX) exhibits pan-nuclear staining under
hypoxia but also forms foci that colocalize with RPA foci, likely marking sites of single-
stranded DNA [25, 27]. In addition, ATR is required for hypoxia-induced
monoubiquitination of FANCD2 and FANCI [33]. These PTMs appear critical for
stabilizing replication forks, as loss of ATR activity or FANCD2 monoubiquitination leads
to DNA damage during hypoxia [28, 33]. In addition to promoting stabilization of
replication forks, hypoxia-induced ATR also regulates p53. Hypoxia induces ATR-
dependent phosphorylation of p53 (S15) and CHK1-dependent MDMX (S367)
phosphorylation, which together lead to p53 stabilization, gene transrepression, G1 cell
cycle arrest, and promotion of apoptosis [24, 34, 35].

The ataxia telangiectasia mutated (ATM) checkpoint kinase primarily senses and responds
to DNA double-strand breaks (DSBs), which lead to ATM autophosphorylation at serine
1981, foci formation, and phosphorylation of downstream targets [31]. Although hypoxia
does not generate DSBs, ATM does undergo autophosphorylation within six hours of severe
hypoxic stress [27, 36, 37]. However, unlike activation of ATM by DSBs, hypoxic
activation of ATM is independent of the MRN (Mrel11-Rad50-Nbs1) complex and leads to
diffuse localization throughout the nucleus rather than the formation of distinct nuclear foci
[27]. Hypoxia-induced ATM is required for phosphorylation of downstream targets,
including CHK2 (T68), KAP1 (S824), 53BP1 (S25), and DNA-PKcs (T2609) [27, 36-38].
CHK2 in turn is required for phosphorylation of BRCA1 (S988), which is postulated to
regulate the choice between error-free and error-prone DSB repair, and p53 (S20) which is
required for its stabilization [38, 39]. BRCA1, as well as 53BP1, do not form distinct foci
under hypoxia, further suggesting that their phosphorylation is not a response to DNA DSBs
[27]. Recent evidence by Olcina et al. instead indicates that ATM signaling activation under
hypoxia is due to replication stress in the setting of specific chromatin alterations [40].
Hypoxia induces an increase in histone H3 lysine9 trimethylation (H3K9me3), preferentially
in the vicinity of replication forks. Increased H3K9me3 is dependent upon the histone
methyltransferases Suv39hl and Suv39h2 whose protein levels increase under hypoxia.
Olcina et al. demonstrated that the combination of replication stress and increased
H3K9me3 together activate ATM, though neither is independently sufficient for ATM
activation. Moreover, they suggest that hypoxia-induced ATM signaling is required for
promoting replication progression by protecting forks in heterochromatin-like regions of
DNA as inhibition of ATM leads to a decreased rate of DNA replication and an
accumulation of DNA damage in S phase cells under hypoxic, but not normoxic conditions.
ATM-dependent KAP1 phosphorylation may be important for chromatin relaxation to allow
replication progression, but this hypothesis has not been formally tested. Of note, loss of
CHK?2 also leads to increased apoptosis under hypoxia [38], suggesting that hypoxia-
induced ATM signaling may serve multiple distinct functions.
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Following transient hypoxia, reoxygenation leads to accelerated and detectable DNA
damage, primarily due to the production of reactive oxygen species. In response to this
oxidative DNA damage, the ATM-CHK2 pathway is activated in a classical manner,
resulting in 53BP1 foci formation and maintenance of p53 phosphorylation [25, 27]. Upon
reoxygenation, ATM and CHK2 are required for cell cycle arrest in G2 phase via Cdc25C
and Cdc2 phosphorylation and for protection from apoptosis [36, 37, 41]. If reoxygenation
occurs within 8 to 12 hours, replication forks can reinitiate DNA synthesis; otherwise, the
replisome is disassembled, preventing replication restart [29]. Both the ATM and ATR
pathways appear to regulate firing of new origins of replication as inhibition of either CHK1
or ATM leads to an increase in new origin firing [29, 40]. Loss of ATR, ATM, CHK1, or
CHK?2 also sensitizes cells to reoxygenation [28, 36, 37], likely reflecting their importance
in protecting cells from both hypoxia-induced replication stress and reoxygenation-induced
DNA damage.

Hypoxia-induced activation of ATR and ATM signaling is independent of HIF, yet recent
studies have revealed interesting crosstalk between the DNA damage response and HIF
pathways. ATR kinase activity is required for accumulation of HIF-1a in the early hours of
hypoxic exposure via an uncharacterized translational mechanism [42]. Under hypoxic
stress, ATM also directly phosphorylates HIF-1a (S696), resulting in its stabilization [43].
DNA-PK similarly regulates HIF-1 protein stability, potentially via phosphorylation of
HSF1 and upregulation of Hsp70/90 [44, 45]. BRCAL also interacts with HIF-1, enhances
its stability under hypoxia, and increases HIF-mediated gene transactivation [46]. Finally,
hypoxia-induced phosphorylation of H2AX is partially HIF-dependent and is important for
endothelial cell proliferation and neovascularization [47, 48]. Further studies to fully
understand all the functions of hypoxia-modified DNA repair proteins will be critical,
particularly as they are now being investigated as potential therapeutic targets (see below).

3. Transcriptional Downregulation of DNA Repair

Transcriptional and translational control of gene expression enables cells to exert more
sustained changes in protein function. Accordingly, more prolonged exposure, generally 12
to 72 hours, to either severe or moderate hypoxia results in transcriptional regulation of
many DNA repair genes in various DNA repair pathways (Figure 2). Certain genes involved
in mismatch repair (MMR), homologous recombination (HR), and potentially nucleotide
excision repair (NER) undergo downregulation, while some reports suggest that non-
homologous end joining (NHEJ) and translesion synthesis (TLS) genes may undergo
upregulation. These changes in gene expression can persist upon initial return to normoxia
but eventually reverse over the course of a few days.

MMR capacity is reduced under hypoxia as hypoxic cells display microsatellite instability,
instability of dinucleotide-repeat sequences, and increased frameshift mutations in reporter
genes [49-51]. Hypoxia has been shown to lead to transcriptional downregulation of the
MMR genes, MLH1, MSH2, and MSH6, by a variety of different mechanisms. Under severe
hypoxia (0.01% oxygen), MLH1 and MSH2 are downregulated at the protein and mRNA
levels in a HIF-independent manner [49]. Mechanistically, severe hypoxia causes a decrease
in Myc expression leading to a shift in occupancy at E-box motifs in proximal promoter
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regions of MLH1 and MSH2 from c-Myc/Max transcriptional activators to Mad1/Max and
Mnt/Max transcriptional repressors [52]. Under more moderate hypoxia (1% oxygen),
MSH2 and MSH6 are repressed in a HIF- and p53-dependent manner [50, 53]. In this case,
HIF-1a displaces Myc from the MSH2 and MSH6 promoters to interact with constitutively
bound Sp1 and repress expression. Moderate hypoxia also decreases MLH1 transcription in
a HIF-dependent manner via the DEC1/2 transcriptional repressors, which are induced by
hypoxia and bind to the E-box matif in the MLH1 promoter [54]. Finally, in stem cells,
moderate hypoxia can induce decreased Spl binding at the MLH1, MSH2, and MSH6
promoters leading to their transcriptional repression in a HIF-independent manner [51].
Most of these mechanisms of hypoxia-induced MMR downregulation also require histone
deacetylase (HDAC) activity, suggesting that coordination between histone modifications
and transcription factor activity plays an important, though incompletely understood, role
[49, 51, 54]. Altogether, these studies suggest that moderate hypoxia downregulates MMR
genes in a HIF-dependent manner, while severe hypoxia can lead to transcriptional
repression independent of HIF. The specific predominant pathway is also likely influenced
by the cell type, genetic background, and experimental conditions.

Cellular HR capacity is diminished 3 to 8-fold in hypoxic cells as measured by
recombination of a shuttle vector plasmid with donor DNA or by an intrachromosomal DSB
repair assay [55-58]. The major mechanism underlying this repression of HR appears to be
coordinated transcriptional downregulation of key HR mediators, BRCA1, RAD51, and
FANCD?2, by the E2F transcription factor network [33, 56, 59]. BRCAL, RAD51, and
FANCD2 have conserved E2F consensus sites in their proximal promoter regions. In
normoxic log phase cells, the E2F1 transcriptional activator and E2F4 and p130
transcriptional repressors bind simultaneously to the BRCAL promoter and mediate a basal
level of expression [60]. Upon severe hypoxic stress, independently of HIF and cell cycle
phase, p130 undergoes dephosphorylation, nuclear accumulation, and increased binding to
E2F4, leading to a shift in binding from the activating E2F1 factor to the repressive E2F4/
p130 factor at the BRCA1 and RAD51 promoters [56, 59]. Hypoxia-induced FANCD2
mRNA and protein downregulation can be blocked by inhibition of p130, suggesting that its
repression is also likely mediated by the E2F pathway in a manner analogous to BRCA1 and
RAD51 [33]. Additional studies have suggested that hypoxia may lead to decreases in the
mRNA and protein levels of other HR factors, including RAD51C, RAD51D, and XRCC3
[61]. BRCA2 was also identified in a microarray screen as being repressed by moderate
hypoxia and confirmed to be downregulated at the protein and mRNA levels [62]. However,
the mechanisms underlying these observations are unknown. Finally, moderate hypoxia (1%
oxygen) leads to repression of another HR gene, NBS1, in manner similar to the repression
of MSH2 under moderate hypoxia [63]. HIF-1a binds to Sp1 at the NBSL promoter,
displacing Myc and resulting in transcriptional repression. Whether NBSL downregulation
contributes to a decrease in HR function remains to be determined.

Unlike the clear inhibitory effect of hypoxia on MMR and HR, the impact of hypoxia on
NER and NHEJ is less certain. Severe hypoxia reduces cellular NER capacity, as cells
exposed simultaneously to hypoxia and low pH have decreased ability to repair a UV-
damaged plasmid [64]. Cells also demonstrate hypermutability to UV irradiation on a
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chromosomal reporter gene when cultured under hypoxic and acidic conditions immediately
after irradiation [64]. However, a recent study reported increased NER efficiency under
moderate hypoxia (1.8% oxygen) [65]. The role of transcriptional regulation of NER genes
is similarly not definitive. Many NER genes contain hypoxia response elements (HRES) in
their promoter regions, and HIF has been shown to compete with the Sp1 transcriptional
activator at the XPC promoter and to bind directly to the XPA promoter [66, 67]. It has not
been determined whether these events could lead to downregulation under hypoxia, although
HIF appears to upregulate rather than downregulate XPA and XPC gene expression under
the conditions studied, cobalt chloride treatment and UV irradiation, respectively [66, 67].
Moreover, the protein levels of XPA, XPB, XPD, and XPG have been reported to be
unchanged under hypoxic conditions [49, 64]. Recently, another gene involved in NER,
ERRC1, was found to be downregulated at the mRNA and protein levels after moderate
hypoxic exposure [68]. The underlying mechanism was not investigated, but these results
suggest a promising explanation for the hypoxia-induced repression of NER. In addition, as
ERCC1 also contributes to DNA crosslink repair, its hypoxic downregulation may have
implications for tumor sensitivity to chemotherapeutic agents.

NHEJ and TLS are error-prone repair pathways, implying that their upregulation could lead
to increased mutagenesis under hypoxia. Pol 1, an extremely low fidelity polymerase
involved in TLS, undergoes transcriptional upregulation under hypoxia mediated by HIF-1
binding to a consensus HRE site located in intron 1 of the POLI gene [69]. By bypassing 8-
oxo-dG lesions, Pol 1 may contribute to oxidative point mutagenesis during hypoxia or
reoxygenation, though this possibility has not been fully investigated [69]. Various studies
have reported NHEJ gene expression and function to be unchanged, increased, or decreased.
First, a luciferase plasmid religation assay showed no statistically significant change in end
joining activity in hypoxic cells, though there did appear to be a trend towards increased
activity under hypoxia [56]. This study found no change in the protein levels of Ku70 or
Ku80. Another study found decreases in the mRNA levels of Ku70, DNA-PKcs, and DNA
Ligase 1V, but similarly found no change in the protein level of Ku70 after hypoxia [61]. In
contrast, a recent proteomic study identified several NHEJ proteins to be upregulated under
severe hypoxia [70]. Increased protein expression of Ku70, Ku80, and DNA-PKcs was
confirmed in epithelial carcinoma cells, but changes in mMRNA expression were not
investigated. Another recent study found that moderate hypoxia (1.8% oxygen) increased
NHEJ repair efficiency with a corresponding increase in NHEJ protein expression [65]. It
has been suggested that BRCA1 S988 phosphorylation may promote precise NHEJ over
error-prone alternative NHEJ, but also that downregulation of BRCA1 may favor the use of
NHEJ over HR to repair DNA DSBs [39, 56]. Further studies, for example utilizing assays
to measure competition between HR and NHEJ or to detect precise versus error-prone
NHEJ, will be necessary to clarify the activity of NHEJ and whether it ultimately has a
stabilizing or destabilizing effect on genomic integrity under hypoxia.

4. Translational Downregulation of DNA Repair

Under hypoxic stress, control of gene expression at the translational level occurs through at
least two major mechanisms: regulation of translational efficiency via changes in translation
initiation and induction of microRNA activity (Figure 2). Anoxia and hypoxia both lead to a
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HIF-independent global decrease in translation initiation mediated acutely by PERK-
mediated phosphorylation of the elF2a translation initiation factor and chronically by
disruption of the elF4F cap-binding complex [71]. Under anoxic conditions, translation
efficiency decreases about 60% within 1-2 hours, and then recovers slightly and stabilizes at
about 50% of control levels [72]. Less stringent hypoxia (0.2% oxygen) leads to a rapid, but
less severe, decrease in translation efficiency to about 85% of control levels, which remains
stable over 72 hours [73]. In addition to global repression of translation efficiency, hypoxia
also leads to gene-specific regulation of translation, with different mMRNA transcripts
showing divergent patterns of translational repression or upregulation under acute and
prolonged hypoxia [72, 74].

Recent studies have revealed that hypoxia can control expression of DNA repair genes via
specific changes in translational efficiency of their MRNA transcripts [58, 75]. Chronic
exposure to 0.2% oxygen, which produced little cellular toxicity, no impact on cell cycle
distribution, and a mild repression of global translation, led to decreased protein expression
of genes involved in HR, including RAD51, BRCA2, RAD51B/C, RAD54, and XRRC3,
without changes in their mMRNA expression levels [58]. Using polyribosome analysis, the
authors demonstrated a decrease in translational efficiency of the RAD51 and BRCA2
MRNA, as evidenced by a decrease in the number of attached ribosomes per transcript.
These conditions also induced a corresponding 3-fold reduction in HR activity. Under the
same conditions, multiple genes involved in base excision repair (BER) are also
translationally repressed, including APE1, OGG1, MYH, NEIL2, and MTH1 [75].
Importantly, this study demonstrated a functional deficiency in BER and increased cellular
sensitivity to DNA base damaging agents under hypoxia, adding to the list of DNA repair
pathways that are functionally downregulated by chronic hypoxia. These studies suggest that
translational control of gene expression may play a significant role in repressing HR and
BER under hypoxic conditions that do not induce transcriptional downregulation, and it will
be interesting to determine whether additional DNA repair pathways are regulated in a
similar manner.

A second major mechanism of translational adaptation induced by hypoxic stress is the
regulation of microRNA activity. Hypoxic stress has been shown to regulate the expression
of more than 90 microRNAs, which play a role in modulating cellular metabolism,
angiogenesis, apoptosis, proliferation, and invasion, as well as DNA repair [76]. To date,
three individual hypoxia-induced microRNAs, miR-210, miR-373, and miR-155, have been
implicated in targeting DNA repair factors [77-79]. MiR-210, whose levels increase several-
fold under both moderate and severe hypoxia in a HIF-dependent manner, correlates with
tumor hypoxia in vivo and is associated with poor clinical outcomes in breast and head and
neck cancer [80-83]. In addition to impacting many cellular pathways of hypoxic
adaptation, it targets the DNA DSB repair gene RAD52 likely via a predicted binding site in
the 3’ untranslated region of RAD52 mRNA [77]. RAD52 protein levels are reduced under
hypoxia and can be partially restored with anti-miR-210, indicating yet another way in
which hypoxia may downregulate HR activity. MiR-373, which is similarly induced by
hypoxia, targets both RAD52 and RAD23B mRNA, mediating the repression of their protein
products [77]. As RAD23B plays a role in DNA damage recognition for NER and
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potentially BER [84], hypoxia may also repress these repair pathways via miR-373. Finally,
miR-155 targets several MMR factors, and its overexpression leads to downregulation the
MLH1, MSH2, and MSH6 proteins without affecting their mRNA levels [78, 79].
Overexpression of miR-155 generates microsatellite instability, and in vivo, elevated
expression of miR-155 is found in microsatellite unstable tumors with unknown MMR
defects [78]. MicroRNAs thus appear to suppress multiple DNA repair pathways, and given
the vast number of microRNAs regulated by hypoxia, additional effects of microRNAs on
DNA repair are likely to exist.

5. Epigenetic Regulation of DNA Repair

Hypoxia-induced transcriptional and translational changes, though important mechanisms of
gene regulation, are eventually reversible upon return to normoxia. Epigenetic changes,
including histone modifications and DNA methylation, can cooperate with and modulate the
transcriptional control activity of transactivators and transrepressors. Furthermore, these
chromatin modifications can additionally permit long-term stable changes in gene
expression that persist in the absence of continued hypoxic stress (Figure 2).

Both severe and moderate hypoxic conditions induce global epigenetic alterations,
generating a hypoxic signature of chromatin modifications [85-87]. A recent quantitative
proteomic study of the chromatin-associated proteome identified a large number of proteins
that changed their chromatin association under hypoxia, including over 100 proteins
involved in chromatin and transcription modulation, which likely represent factors
mediating epigenetic changes as well as those responding to the changes [88]. The most
commonly reported global histone changes under hypoxia involve histone H3 lysine 4 and
lysine 9 di- and tri-methylation (H3K4me2, H3K4me3, H3K9me2, and HeK9me3). Hypoxia
increases the total levels of H3K9me2 and H3K9me3, which generally promote gene
repression [85, 89, 90]. The increase in H3K9me?2 is partially dependent upon the
methyltransferase G9a, which itself is upregulated under hypoxia [89]. In addition,
decreased activity of oxygen-dependent Jumonji homology domain (JHDM) demethylases
may contribute to increased H3K9me2 and H3K9me3 [90]. Global levels of H3K4me2 and
H3K4me3, which facilitate an open chromatin conformation and transcriptional activation,
are also increased under hypoxia, potentially via decreased activity of the JHDM
demethylase JARID1A [85, 91]. Additional global hypoxia-induced histone alterations
include the activating changes of increased H3K14 acetylation, H3K79me2, and H4R3me2,
and the repressive changes of decreased H3K9 and H4 acetylation and increased H3K36me3
and H3K27me2/3 [85, 90, 92]. Finally, hypoxia alters DNA methylation patterns, with acute
anoxia leading to a reduction in DNA methylation and prolonged exposure to moderate
hypoxia resulting in increased DNA methylation that correlates with increased DNMT3b
activity [86, 93].

In addition to global changes in histone modifications and DNA methylation, hypoxia can
induce distinctive changes at specific promoters, leading to gene-specific epigenetic
regulation. The promoters of DNA repair genes involved in MMR and HR are among those
specifically modified under hypoxia. The importance of histone modifications at the
promoters of MLH1, MSH2, and MSH6 was initially inferred from the finding that the
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pathways mediating their downregulation by transcription factors could be blocked by the
HDAC inhibitor trichostatin A (TSA) [49, 51, 54]. Indeed, hypoxia leads to early repressive
histone modification changes at the MLH1 promoter, including decreased H3K4 methylation
via the LSD1/CoREST and PLU-1 demethylases, increased H3K9me2/3, and decreased
H3K9 acetylation [89, 94]. Similar changes occur at the BRCAL and RAD51 promoters,
except that the decrease in H3K4 methylation is dependent on only LSD1 [95]. In addition,
increased H3K27me3 at the RAD51 promoter, mediated by hypoxia-induced histone
methyltransferase EZH2, leads to decreased RAD51 expression in breast tumor initiating
cells [96]. Exactly how these histone modifications cooperate with transcription factors
mediating MLH1, BRCAL, and RAD51 downregulation is not fully understood, but a likely
possibility is that the histone modifications may impair or enhance binding of transcription
factors to the promoters.

Beyond the early epigenetic changes induced by hypoxia, recent evidence suggests that
prolonged moderate hypoxia (0.5-1% oxygen for several weeks) can induce stable silencing
of the MLH1 and BRCA1 promoters [94, 95]. Reporter constructs containing the MLH1 or
BRCAL promoter underwent silencing at significantly higher frequency in hypoxic
compared to normoxic cells, and the silencing persisted long after the cells were returned to
normoxia. MLH1 promoter silencing was partially reversed with the DNA methylation
inhibitor 5-aza-dC, while BRCA1 promoter silencing was reversed with TSA but not 5-aza-
dC. Though similar, there may be subtle differences in the hypoxia-induced silencing of
MLH1 and BRCAL. Given the array of chromatin changes induced by hypoxia, it will be
interesting to determine whether additional DNA repair genes are epigenetically regulated.

6. Clinical Implications & Future Directions

The knowledge accumulated over the past several decades about the influence of hypoxia on
DNA repair has yielded suggestions for potential therapies targeting susceptibilities of
hypoxic tumor cells, some of which are now in various stages of clinical development. As
detailed in the previous sections, hypoxia modulates DNA repair by diverse mechanisms,
many of which offer independent therapeutic promise (Figure 3). Acutely, PTMs of DNA
repair proteins are required for responding to replication stress induced by severe hypoxia,
and targeting these signaling pathways has been shown to sensitize cells to hypoxia-induced
apoptosis. Under chronic moderate or severe hypoxia, transcriptional and translational
downregulation of DNA repair introduces susceptibilities in hypoxic cells to DNA damaging
agents or synthetic lethal approaches. Finally, prolonged hypoxia induces epigenetic
changes that can lead to long-lasting changes in DNA repair gene expression, raising the
possibility of trying to reactivate silenced tumor suppressor genes to mitigate hypoxia-
induced genomic instability. An important step in the process of translating these findings to
clinical medicine is the validation of the many mechanisms of DNA repair pathway
modulation by hypoxia in in vivo tumor models. In this concluding section, we will describe
the known in vivo correlations, discuss current investigations targeting DNA repair in
hypoxic tumors, and end with focuses for future research.

Several of the specific effects of hypoxia on DNA repair pathways have been validated in
tumor models, supporting their possibility as targets for therapeutic intervention. First,
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concerning PTMs of DNA damage signaling proteins, phosphorylated p53 and yH2AX have
been shown to colocalize in hypoxic regions of tumors grown in mice [25]. Recently,
phosphorylated ATM and the histone modification supporting ATM activation (H3K9me3)
were found to associate with the hypoxia marker CAIX in xenograft tumors [40]. These
findings support the conclusion that both the ATR and the ATM signaling pathways are
activated in hypoxic tumor regions, though the activity of many of their downstream targets
remain to be investigated in vivo. In terms of DNA repair repression, factors involved in the
MMR and HR pathways have been found to undergo regulation associated with in vivo
hypoxia. MLH1 and MSH2 expression has been shown to inversely correlate with markers
of hypoxia (CAIX or pimonidazole) in colon cancer mouse xenografts [94, 97]. In addition,
MSH2 expression was inversely correlated with HIF-1a expression in human sporadic colon
cancers containing wild type p53 [50, 53]. The HR factor RAD51 has been found to be
downregulated in hypoxic regions of tumors, both at the protein level via
immunofluorescence staining in cervical and prostate cancer xenografts and at the mRNA
level via laser-capture microdissection and mRNA expression analysis in a glioma tumor
model [55, 98]. Finally, BRCA1 protein expression was also found to inversely correlate
with CAIX staining in a human breast cancer cohort, and CAIX positively correlated with a
BRCAL1 mutant signature indicating loss of BRCA1 function [99]. Altogether, these findings
provide strong evidence that many consequences of hypoxic modulation of DNA repair
reported in vitro can be recapitulated in vivo.

The acute activation of the ATR and ATM signaling pathways by hypoxia-induced
replication arrest represents one component of the hypoxic stress response amenable to
therapeutic intervention. As previously described, cells in which ATR, CHK1, ATM, or
CHKZ2 have been depleted or inhibited exhibit increased sensitivity to both hypoxia and
reoxygenation [28, 36-38, 100]. These observations suggest that targeting these kinases may
selectively kill cancer cells in the hypoxic tumor microenvironment. Currently, CHK1 and
combined CHK1/CHK?2 inhibitors are being evaluated in clinical trials, primarily for their
ability to potentiate the effects of DNA-damaging chemotherapy and radiotherapy [101].
Several first-generation inhibitors entered Phase 1 or 2 clinical trials in combination with
cytotoxic chemotherapy, but encountered problems with toxicity or pharmacokinetics. Two
newer agents, which may show more favorable toxicity profiles, are currently in Phase 1
trials in combination with gemcitabine. In addition to these combination therapy studies, a
dual CHK1/CHK2 inhibitor (LY 2606368) has recently entered trials as a single agent in
patients with advanced cancer or with BRCA1/2 mutant breast or ovarian cancer
(NCT01115790 and NCT02203513). ATM and ATR inhibitors are still in preclinical
development, but are generating promising results. The ATM inhibitor KU59403 was
recently shown to sensitize cells to both chemotherapy and radiation and to enhance the
antitumor activity of topoisomerase inhibitors in human colon cancer mouse xenografts
without major toxicity [102]. A novel ATR inhibitor VE-821 also sensitizes cells to
radiotherapy, both in normoxic and hypoxic conditions, and can inhibit the growth of cancer
cells in 3D spheroid models containing regions of hypoxia [103]. As of yet, no clinical
studies have directly investigated the ability of DNA damage response kinase inhibitors to
target hypoxic tumors or to synergize with modulators of angiogenesis. However, given the
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efficacy of kinase inactivation under hypoxia in vitro, as well as the advances being made in
in vivo hypoxia imaging, these should be important directions for future study.

Downregulation of DNA repair capacity under chronic hypoxia offers a second opportunity
to exploit the hypoxic tumor microenvironment in a clinical setting. Although hypoxic cells
are generally resistant to radiotherapy and chemotherapy requiring active cell proliferation,
the repression of DNA repair induces sensitivity to certain genotoxic agents. For example,
hypoxic cells demonstrate increased sensitivity to the DNA crosslinking agents mitomycin C
and cisplatin, likely due to the functional decrease in HR capacity [58, 104]. The
downregulation of HR also appears to confer radiosensitivity under chronic hypoxia and in
the immediate post-hypoxic period, in contrast to the radioresistance observed during acute
hypoxia [58, 105]. Fewer DSBs are generated during irradiation in chronically hypoxic cells,
but they persist at higher levels, leading to increased cell death under continual hypoxia
[105]. The hypoxia-induced downregulation of BER also sensitizes chronically hypoxic
cells to oxidative or alkylating DNA damage with hydrogen peroxide or methyl
methanesulfonate and results in an accumulation of residual base damage [75].

Hypoxia-induced downregulation of DNA repair can also be combined with inhibition of
complementary repair mechanisms to generate a synthetic lethal interaction in hypoxic cells.
As a prime example, inhibition of the single-strand break repair protein poly(ADP-ribose)
polymerase-1 (PARP-1) leads to the formation of DSBs that fail to be repaired in the setting
of hypoxia-induced HR repression [106]. Hypoxic cells are more sensitive to PARP
inhibition, and this susceptibility can be partially reversed by RAD51 overexpression [106].
Additionally, in vivo treatment of colon cancer xenografts with a PARP inhibitor can induce
DNA damage and increase cell death specifically in hypoxic cells [106]. Interestingly,
PARP inhibitors themselves lead to downregulation of BRCAL and RAD51, which may
factor into their radiosensitizing effects [107, 108]. Several PARP inhibitors are currently
undergoing clinical investigation in human trials, both as single agents and in combination
with genotoxic chemotherapy, and have shown clinical benefit in BRCA1/2-mutant or
BRCA-like cancers [109]. Recently, trials have begun to examine the possibility that
hypoxia and PARP inhibition may have clinical synergistic effects by investigating the
combined treatment of PARP inhibitors and angiogenesis inhibitors. Phase 1 studies have
found this dual therapy to have promising activity with manageable toxicities, and a Phase 2
study is now in progress [110, 111]. If this pursuit continues to yield encouraging results, it
will support the investigation of additional proposals to specifically target DNA repair
susceptibilities under hypoxia, such as the combination of other DNA damage signaling
inhibitors with angiogenesis modulators or the development of hypoxia-activated prodrugs
whose active metabolites could exploit DNA repair dysfunction [112-114].

Through the research efforts directed at understanding the effects of hypoxia on DNA repair,
much has been learned about the diverse mechanisms underlying hypoxia-induced genetic
instability, and these findings are now beginning to be applied towards clinical therapies.
Nevertheless, important questions remain regarding some of the specific pathways regulated
by hypoxic stress. What additional DNA repair proteins are altered post-translationally by
acute hypoxic stress? How does hypoxia ultimately regulate NHEJ and NER? Can hypoxia
induce silencing of other genes involved in genomic maintenance and by what mechanisms?
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In addition to addressing these and other basic mechanistic questions, it will also be
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important to extend many of the results from artificial in vitro systems to more physiologic
conditions. Several DNA repair factor PTMs and changes in DNA repair gene expression
have been observed in tumor models, but many other findings have not yet been confirmed
in vivo. The mechanisms of transcriptional or translational downregulation that are utilized
in vivo and whether intra-tumor hypoxia induces gene silencing also remain unknown. In
addition, the interaction between hypoxia and other microenvironmental factors, such as low
pH, low glucose, and inflammation, and its impact on DNA repair require further study.

Ultimately, a more complete understanding of DNA repair pathway regulation under

hypoxia will aid in the development of cancer therapies that explicitly take advantage of

DNA repair alterations in the hypoxic tumor microenvironment.
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Figure 1. DNA damage response signaling pathways activated by acute hypoxia and mediated by
post-translational modifications

ATR, activated by replication stress, and ATM, activated by the combination of replication
stress and chromatin alterations, signal to downstream transducer and effector proteins. This
signaling cascade leads to replication fork stabilization, chromatin relaxation, regulation of
DNA repair pathway choice, cell cycle arrest, and potentially apoptosis. Several DNA
damage response factors also contribute to stabilization and activation of HIF-1a.
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Figure 2. Mechanisms involved in hypoxia-induced regulation of DNA repair gene expression
The HR, MMR, NER, BER, NHEJ, and TLS DNA repair pathways undergo hypoxic

regulation via transcriptional, translational, or epigenetic modulation of multiple DNA repair
proteins. Transcription factors, microRNAs, and chromatin modifying enzymes implicated
in regulating these proteins are indicated in parentheses.
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Figure 3. General time course over which hypoxia induces different regulatory mechanisms
controlling DNA repair and potential associated clinical implications

Acute severe hypoxia activates PTM-mediated DNA damage signaling pathways that can be
abrogated via inhibition of DNA damage signaling kinases. More chronic hypoxia leads to
translational and transcriptional downregulation of DNA repair capacity, which generates
cellular sensitivity to certain DNA damaging agents, radiotherapy, and PARP inhibitors.
Prolonged moderate hypoxia induces stable silencing of specific DNA repair genes, which
may be candidate tumor suppressor genes for reactivation. Drugs targeting hypoxia-induced
DNA repair alterations may benefit from combination with agents that interact with hypoxia,
such as angiogenesis inhibitors or hypoxia-activated prodrugs.
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