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Hypoxia is a characteristic feature of solid tumors and occurs very early in neoplastic de-
velopment. Hypoxia transforms cell physiology in multiple ways, with profound changes in
cell metabolism, cell growth, susceptibility to apoptosis, induction of angiogenesis, and in-
creased motility. Over the past 20 years, our lab has determined that hypoxia also induces
genetic instability. We have conducted a large series of experiments revealing that this in-
stability occurs through the alteration of DNA repair pathways, including nucleotide excision
repair, DNA mismatch repair, and homology dependent repair. Our work suggests that hy-
poxia, as a key component of solid tumors, can drive cancer progression through its impact
on genomic integrity. However, the acquired changes in DNA repair that are induced by hy-
poxia may also render hypoxic cancer cells vulnerable to tailored strategies designed to ex-
ploit these changes.

THE TUMOR MICROENVIRONMENT

AND THE MALIGNANT PHENOTYPE

It is well established that solid tumors
constitute a unique tissue type, characterized
by hypoxia, low pH, and nutrient depriva-
tion [1]. Although decreased oxygen ten-
sions are potentially toxic to normal human
cells, cancer cells acquire genetic and adap-
tive changes allowing them to survive and
proliferate in a hypoxic microenvironment.

Clinically, studies have established hypoxia
as an independent and adverse prognostic
variable in patients with carcinomas of the
head and neck and the cervix, as well as soft
tissue sarcomas [2-4]. These correlations do
not simply reflect the resistance of hypoxic
cells to radiotherapy [5], as correlations have
also been seen in surgically treated cases [6].
These findings underscore the importance of
elucidating the effects of hypoxia at the mo-
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lecular level and the mechanisms by which
such conditions can exacerbate the malignant

phenotype.

HYPOXIA AND GENE EXPRESSION

Hypoxia induces the expression of
many genes that play important roles in
tumor angiogenesis, progression, and metas-
tasis, including glycolytic enzymes, growth
factors, and transcription factors [1,7-9], in
many cases via the action of the transcription
factor, HIF-1a [7,10]. However, many genes
are also suppressed under hypoxic stress,
often via HIF-independent mechanisms. Hy-
poxia induces the expression of histone
deacetylases, accounting for decreased ex-
pression of numerous genes [11]. However,
identification of hypoxia-induced repressors
such as DEC1 [12] and NC20/f [13] sug-
gests that promoter-specific mechanisms also
exist. Gene expression patterns in hypoxic
tumor cells do not simply conform to global
pro-survival or pro-apoptotic transcriptional
programs per se, as studies have established
that hypoxia induces the expression of genes
involved in both pro-apoptotic and pro-sur-
vival pathways [14,15].

GENETIC INSTABILITY IN THE
TUMOR MICROENVIRONMENT

In early work, we demonstrated that the
hypoxic tumor microenvironment constitutes
a cause of genetic instability in cancer cells
[16,17]. Studies in our lab and others demon-
strated that cells grown in tumors have higher
mutation frequencies compared to matched
cell lines grown in culture [16,18,19]. We
went on to show that hypoxia, in particular,
is responsible for this increased genetic in-
stability [20]. Subsequent studies have shown
that hypoxic stress is associated with in-
creased DNA damage (from reoxygenation),
enhanced mutagenesis, and functional im-
pairment of DNA repair pathways [17,18,20-
31]. With regard to DNA damage, hypoxia
and subsequent reoxygenation can induce
DNA strand breaks and oxidative base dam-
age, such as 8-oxoguanine and thymine gly-
col [21,32]. Exposure of cells in culture to
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hypoxia yields increased frequencies of point
mutations at reporter gene loci [16]. Hypoxia-
reoxygenation cycles are also associated with
gene amplification and DNA over-replica-
tion, although the mechanism by which they
occur has not been fully elucidated [33,34].
Collectively, these phenomena represent
forms of genetic instability induced by hy-
poxia, thereby accelerating the multi-step
process of tumor progression.

Over the past 15 years, we have tested
the hypothesis that hypoxia causes altered
DNA repair. We found that hypoxia induces
down-regulation of the DNA mismatch re-
pair (MMR) factors, MLH1 and MSH2, at
the transcriptional level. We also discovered
that hypoxia induces down-regulation of the
homology-dependent repair (HDR) factors,
RADS51 and BRCAL. Interestingly, Francia
et al. also found that MLH1 expression is re-
duced in cells grown as spheroids, consistent
with the decreased oxygen tensions found
within these cellular conglomerates [35].

Mechanistically, our work has identi-
fied roles for Myc and related factors in the
co-regulation of MLHI and MSH?2 [27] and
for E2F1 and E2F4/p130 complexes in the
co-regulation of RADS5! and BRCAI
[28,29,36]. We have also found that hypoxia
stimulates activation of the checkpoint ki-
nase, CHK?2, in an ATM-dependent manner
and that CHK2, in turn, phosphorylates
BRCAL on Serine 988 [37,38]. The finding
of CHK2 activation in response to hypoxia
suggests that CHK2 may regulate RADS51
and BRCAI expression in hypoxia by acti-
vating the phosphatase, PP2A (a known tar-
get of CHK2) [39,40]. The activation of
PP2A may then dephosphorylate p130,
thereby promoting the formation of repres-
sive p130/E2F4 complexes.

In other work, we confirmed the hy-
pothesis that unbalanced expression of
MMR factors in mammalian cells can cause
genetic instability and altered DNA damage
responses [41]. We also carried out a com-
prehensive analysis of genetic instability in
mice deficient in selected MMR factors
[42], and we examined induced mutagene-
sis and carcinogenesis by diet-associated
carcinogens in these mice [43,44].
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DOWN-REGULATION OF MLH1 AND
MSH2 GENE EXPRESSION IN
HYPOXIA

Via a candidate-based approach, we ini-
tially found by western blot analyses that hy-
poxia specifically causes decreased
expression of the MMR factors, MLH1 and
PMS2 [23]. We determined that MLH1, but
not PMS2, is down-regulated at the level of
transcription [23], whereas PMS2 protein
levels drop in hypoxic cells because PMS2
is destabilized in the absence of its het-
erodimer partner, MLH1. In further studies,
we also found that hypoxia induces the
down-regulation at the mRNA level not only
of MLH1 but also of MSH? following expo-
sure to severe hypoxia [27].

We also carried out immunofluorescent
image analysis of experimental tumors
formed in mice from xenografts of human
cancer-derived cell lines [23]. We found that
regions of hypoxia (as judged by staining
with the hypoxia marker, EF5) show re-
duced levels of MLHI.

ROLE OF MYC IN THE REGULATION
OF MMR GENE EXPRESSION IN
HYPOXIA

We have observed that hypoxia in-
duces substantial down-regulation of Myc
levels in MCF7, SW480, Caco-2, RKO,
and HeLa cells. These expression decreases
were correlated with a functional decrease
in the transcriptional regulatory activity of
Myec. As such, we considered the hypothe-
sis that hypoxia-induced changes in Myc
expression and/or transcriptional activity
may directly play a role in the regulation of
both MLH1 and MSH2 gene expression in
hypoxia. We used quantitative chromatin
immunoprecipitation (qChIP) to assess
Myc binding to the respective promoters.
We were able to localize Myc binding
specifically to the proximal promoter re-
gion of both the MLHI and MSH?2 genes.
Taking the next step, we also detected sub-
stantial decreases in Myc promoter occu-
pancy in hypoxic versus normoxic cells at
both the MLHI and MSH?2 proximal pro-
moters.
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BINDING OF MULTIPLE MYC-
RELATED FACTORS TO THE
PROXIMAL MMR GENE PROMOTERS

There are multiple repressive and acti-
vating factors within the Myc/Max network
that can bind at both canonical E-boxes and
non-canonical sites in Myc-target genes [45].
We found that several factors in the Max net-
work bind with high specificity to the proxi-
mal MLH1 and MSH?2 promoters in normoxic
cells, including Max, Madl, and Mnt [27].
Hence, hypoxia induces a dynamic shift in
MMR promoter occupancy between activat-
ing and repressive members of this network.

DECREASED EXPRESSION OF
RAD51 IN HYPOXIA

In a survey of gene expression changes
in response to hypoxia by transcriptome pro-
filing in MCF7 cells, we found that hypoxia
specifically down-regulates the expression of
the HDR-associated genes, RADS5] and
BRCAI [26,29]. Consistent with this, we
demonstrated that hypoxia causes a func-
tional impairment of homologous recombi-
nation [26]. Interestingly, we found that
RADS51 expression is low not only in hypoxic
cells but also in post-hypoxic cells for at least
24h following reoxygenation. Hypoxia-me-
diated RADS51 down-regulation in vivo was
also confirmed via immunofluorescent image
analysis of experimental tumors in mice [26].

SUPPRESSION OF BRCA1
EXPRESSION IN HYPOXIC CELLS
BY E2F4/P130

Decreases in BRCA expression were ob-
served in numerous human cell lines derived
from a wide range of tissues, and these de-
creases persisted during the post-hypoxic pe-
riod following reoxygenation (as we found for
RADS51) [29]. We next localized control of
BRCA 1 expression in hypoxia to two adjacent
E2F sites (referred to as E2FA and E2FB) in
the proximal promoter region via a collection
of wild-type and mutant BRCA 1 promoter-lu-
ciferase constructs [29]. We went on to per-
form an extensive series of qChIP assays in
MCEF7 cells that revealed that BRCAT1 pro-
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Figure 1. Regulation of homology-dependent repair in hypoxia and functional consequences.

moter occupancy by E2F1 decreases, whereas
occupancy by E2F4 and the associated pocket
proteins p130 and p107 increases [29], with
similar results at the RADS1 promoter.
Mechanistically, we found that the in-
creased E2F4/p130 occupancy at the BRCA1
and RAD51 promoters in hypoxia was cor-
related with p130 protein dephosphorylation
and nuclear accumulation and increased for-
mation of E2F4/p130 complexes [28]. Func-
tionally, we found that the hypoxia-mediated
decreases in HDR gene expression are also
associated with functional changes in HDR
at chromosomal sites, using a chromosoma-
Ily based (DR-GFP/I-Scel) DSB repair
assay [46], with production of GFP+ re-
combinants at frequencies of 0.53 percent
(hypoxia) vs. 4.3 percent (normoxia) [29].

ACTIVATION OF CHK2 IN RESPONSE
TO HYPOXIA IN AN ATM-DEPENDENT
MANNER

In studying the cellular response to hy-
poxic stress, we found that CHK2 phospho-
rylation on threonine 68 is induced within a
few hours after exposure to hypoxic condi-
tions. We found that this induction is de-
pendent on ATM [37], but not on the related
kinase, ATR. Furthermore, we found that key
downstream substrates of CHK2, including

p53, cde25, and BRCAL, are modified under
hypoxic conditions in a CHK2-dependent
manner [38], indicating that hypoxia-induced
phosphorylation of CHK?2 leads to functional
activation and downstream signaling. Finally,
CHK?2 was found to protect cells from hy-
poxia-induced apoptosis and, thus, appears to
play a role in cell survival under hypoxic
stress [37]. These results identified hypoxia
as a new stimulus for CHK2 activation in an
ATM-dependent manner and suggest a novel
pathway by which tumor hypoxia may influ-
ence cell survival and DNA repair.

SENSITIVITY OF HYPOXIC CELLS TO
INHIBITION OF POLY(ADP-RIBOSE)
POLYMERASE-1 (PARP-1)

Based on the finding that BRCA - and
BRCA2-deficient cells are hypersensitive to
PARP-1 inhibitors [47,48], we tested whether
that sensitivity may also occur in cells with
transient and partial BRCA1 (or RADS51) de-
ficiency due to hypoxia-induced down-regu-
lation. We found that hypoxic cells are,
indeed, sensitive to PARP inhibition. We also
made the unexpected finding that PARP inhi-
bition itself suppresses BRCA1 and RADS1
gene expression in a manner dependent on
E2F4 [49]. This suppression of BRCA1 and
RADS1 by PARP inhibition was also shown
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to mediate increased radiation sensitivity
[49], providing a mechanistic basis for the ob-
servation that PARP inhibitors serve as radi-
ation sensitizers.

Figure 1 provides a diagram depicting
the complex regulation of the homology-de-
pendent repair pathway in response to hy-
poxia. The predicted functional consequences
are illustrated, some of which have been ex-
perimentally validated, including genetic in-
stability, decreased homology dependent
repair, increased survival, and altered therapy
response [16,26,29,37,38,50].

HYPOXIA-INDUCED microRNAS THAT
IMPACT DNA REPAIR FACTORS

In addition to classic transcription fac-
tors like E2F and Myc, control of gene ex-
pression can be mediated by small
non-protein-coding RNAs, or microRNAs
(miRs), which target mRNA destabilization
or suppress translation. In general, miRs bind
to the 3’ untranslated regions (UTRs) of tar-
get mRNAs via imperfect base-pairing com-
plementarity leading to degradation or
translational inhibition. The regulation of
mRNAs by miRs can impact multiple cellu-
lar processes, including apoptosis, differen-
tiation, and cell survival. We examined miR
expression in response to hypoxic stress as
another potential mechanism that might alter
the factors involved in DNA repair. We found
that two miRs, miR-210 and miR-373, are el-
evated in response to hypoxia in a pathway
dependent on HIF-1 [51]. We found that
miR-210 targets RADS52, a member of the
HDR pathway, whereas miR-373 targets
both RADS52 and RAD23B [51]. Mechanis-
tically, levels of both RAD52 and RAD23B
are down-regulated in hypoxic cells; in nor-
moxic cells, the forced expression of miR-
210 reduces RADS52 levels, while miR-373
suppresses both RAD52 and RAD23B. In
hypoxic cells, the inhibition of miR-210 and
miR-373 partially reverses the hypoxia-in-
duced down-regulation of RADS52 and
RAD23B, respectively. The suppression of
RADS52 by miR-210 and by miR-373 offers
an additional mechanistic explanation for the
reduced HDR activity in hypoxic cells,
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whereas the down-regulation of RAD23B by
miR-373 provides a new mechanism for the
previously unexplained reduction of NER in
hypoxia [20]. These findings also highlight
an important role for miRs in the regulation
of DNA repair.

HYPOXIA-INDUCED miR-155 CONFERS
RADIATION RESISTANCE

Another miR, miR-155, has emerged as
a key regulator of numerous biological
processes, including immune function and
carcinogenesis. Interestingly, miR-155 is
overexpressed in lung cancers [52,53], and
its increased expression is associated with
poor prognosis in lung cancer patients
[53,54]. We identified miR-155 as another
miR that is induced by hypoxia [55] and
were able to show that elevated levels of
miR-155 protect cancer cells from radiation;
conversely, we further showed that inhibition
of miR-155 radiosensitizes hypoxic lung
cancer cells [55]. In recent work, it was
shown that miR-155 targets MLH1 and
MSH2 [56]. Based on this, we predicted that
increased levels of miR-155 would drive ge-
netic instability and mutagenesis by sup-
pressing DNA mismatch repair. Preliminary
experiments suggest that this is the case.

HYPOXIA DRIVES SILENCING OF
THE BRCA1 PROMOTER

As discussed above, we have shown that
BRCAI and MLH] are down-regulated at the
mRNA and protein levels in response to hy-
poxia via specific pathways of transcriptional
regulation [57-60]. Intriguingly, BRCA I and
MLH] are silenced in many sporadic cancers
of multiple sites [61-63], similar to a number
of other tumor suppressors. The silencing of
BRCAI and MLH] initially was attributed
primarily to promoter DNA hypermethyla-
tion at CpG sites [62]. However, further stud-
ies suggest that silenced promoters in cancer
cells are also marked by characteristic his-
tone modifications [64-66], and evidence is
emerging that histone methylation may be a
mediator of silencing that is independent of
DNA methylation [67-69].



448

Relevant to our work, hypoxia-induced
histone modifications have been reported, and
these can be found in both hypoxia-activated
and hypoxia-repressed genes [70]. The regu-
lation of gene expression by hypoxia through
covalent modification of histones is also sup-
ported by evidence that histone deacetylase
(HDAC) activity plays a role in activation of
many HIF-1-responsive genes [71]. In addi-
tion, certain histone demethylases and histone
methyltransferases have been identified as hy-
poxia- or HIF-1-regulated genes, including
JMID1A, IMJD2B, JARIDIB, and G9a his-
tone methyltransferase [64,69,72-75].

Based on the above, we tested whether
hypoxia might be a driving force in the si-
lencing of tumor suppressor genes, particu-
larly BRCAI and MLH1. Recent evidence has
shown that silenced BRCA1 alleles found in
sporadic cancers are associated not only with
promoter DNA hypermethylation [62,76,77],
but also with histone modifications in the pro-
moter region [78]. Hence, we hypothesized
that hypoxia-induced down-regulation of
BRCA1 might cause epigenetic histone mod-
ifications that mark the locus for potential si-
lencing. We found that hypoxia induces a set
of repressive histone marks at the BRCA/
promoter, including H3K4 demethylation,
H3K9 methylation, and H3K9 deacetylation,
with opposite changes in the histone code at
the promoter of the hypoxia-inducible VEGF
gene [79]. We further found that a key histone
modification at the BRCAI promoter in re-
sponse to hypoxia, H3K4 demethylation, is
mediated by the histone demethylase, lysine-
specific demethylase 1 (LSD-1) [79].

Importantly, using a reporter gene assay
system in which the BRCA I promoter is in-
serted upstream of a selectable gene, we de-
termined that prolonged exposure of cells to
moderate hypoxia over the course of several
weeks can promote the emergence of sub-
clones in which the BRCA I promoter has un-
dergone long-term silencing [79]. We further
showed that the BRCA I silencing persists for
weeks even when cells are no longer in hy-
poxic conditions. In these silenced clones,
the BRCAI promoter is marked by H3K4
demethylation and H3K9 deacetylation [79].
In recent preliminary work, we have ob-
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tained initial evidence that a related pathway
drives silencing of the MLH promoter in re-
sponse to hypoxia.

CONCLUSIONS

Genetic instability is a hallmark of can-
cer, and our ongoing work has shown that the
hypoxic tumor microenvironment is a key
driver of this instability. Mechanistically, we
have demonstrated that hypoxia down-regu-
lates the expression of several DNA repair
genes. We have also found that hypoxia in-
duces post-translational modification of key
DNA repair and damage response factors, in-
cluding ATM and CHK2, thereby further al-
tering the DNA repair capacity of hypoxic
cells. In addition, we have identified hypoxia-
induced microRNAs (miR-155, miR-210, and
miR-373) that also impact DNA metabolism
and DNA damage responses. In recent work,
we have also discovered that hypoxic stress
can bring about durable long-term silencing of
the BRCAI and MLH1 promoters by means of
specific epigenetic factors, including LSD-1.

Overall, our work has begun to elucidate
changes in DNA metabolism and in epige-
netic regulation in response to hypoxia that
underlie carcinogenesis and tumor progres-
sion. The thrust of our findings is that hy-
poxia causes both genetic and epigenetic
instability. Moreover, based on acquired
changes in DNA repair, we have begun to
identify potential vulnerabilities of hypoxic
cancer cells, but not normoxic, healthy cells,
to selected anti-cancer agents. We expect that
further characterization of the hypoxic cell
phenotype with respect to DNA repair will
offer the possibility of developing new ther-
apeutic agents to which hypoxic cancer cells
are particularly susceptible.

Acknowledgments: This work is based on a
presentation by PMG at the 50 Years of DNA
Repair Symposium held by the department
of Therapeutic Radiology at Yale. It was sup-
ported by the NIH (R01 ES05775 to PMG).

REFERENCES

1. Williams KJ, Cowen RL, Stratford 1J. Hy-
poxia and oxidative stress. Tumour hypoxia-
-therapeutic considerations. Breast Cancer
Res. 2001;3(5):328-31.



10.

I1.

12.

13.

14.

15.

Glazer et al.: Hypoxia and DNA repair

Nordsmark M, Overgaard M, Overgaard J.
Pretreatment oxygenation predicts radiation
response in advanced squamous cell carci-
noma of the head and neck. Radiother Oncol.
1996;41(1):31-9.

Brizel DM, Scully SP, Harrelson JM, Lay-
field LJ, Dodge RK, Charles HC, et al. Radi-
ation therapy and hyperthermia improve the
oxygenation of human soft tissue sarcomas.
Cancer Res. 1996;56(23):5347-50.

Gruber G, Greiner RH, Hlushchuk R, Aeber-
sold DM, Altermatt HJ, Berclaz G, et al. Hy-
poxia-inducible factor 1 alpha in high-risk
breast cancer: an independent prognostic pa-
rameter? Breast Cancer Res. 2004;6(3):R191-
8.

Rockwell S. Oxygen delivery: implications
for the biology and therapy of solid tumors.
Oncol Res. 1997;9(6-7):383-90.

Hockel M, Schlenger K, Aral B, Mitze M,
Schaffer U, Vaupel P. Association between
tumor hypoxia and malignant progression in
advanced cancer of the uterine cervix. Cancer
Res. 1996;56(19):4509-15.

Semenza GL. Hypoxia, clonal selection, and
the role of HIF-1 in tumor progression. Crit
Rev Biochem Mol Biol. 2000;35(2):71-103.
Koong AC, Denko NC, Hudson KM,
Schindler C, Swiersz L, Koch C, et al. Can-
didate genes for the hypoxic tumor pheno-
type. Cancer Res. 2000;60(4):883-7.
Sutherland RM. Tumor hypoxia and gene ex-
pression--implications for malignant pro-
gression and therapy. Acta  Oncol.
1998;37(6):567-74.

Maxwell PH, Dachs GU, Gleadle M,
Nicholls LG, Harris AL, Stratford 1J, et al.
Hypoxia-inducible factor-1 modulates gene
expression in solid tumors and influences
both angiogenesis and tumor growth. Proc
Natl Acad Sci USA. 1997;94(15):8104-9.
Kim MS, Kwon HJ, Lee YM, Baek JH, Jang
JE, Lee SW, et al. Histone deacetylases in-
duce angiogenesis by negative regulation of
tumor suppressor genes. Nat Med.
2001;7(4):437-43.

Ivanova AV, Ivanov SV, Danilkovitch-Mi-
agkova A, Lerman MI. Regulation of
STRA13 by the von Hippel-Lindau tumor
suppressor protein, hypoxia, and the
UBC9/ubiquitin proteasome degradation
pathway. J Biol Chem. 2001;276(18):15306-
15.

Denko N, Wernke-Dollries K, Johnson AB,
Hammond E, Chiang CM, Barton MC. Hy-
poxia actively represses transcription by in-
ducing negative cofactor 2 (Dr1/DrAP1) and
blocking preinitiation complex assembly. J
Biol Chem. 2003;278(8):5744-9.

Alarcon RM, Denko NC, Giaccia AJ. Genetic
determinants that influence hypoxia-induced
apoptosis. ~ Novartis ~ Found  Symp.
2001;240:115-28; discussion 128-32.

Dong Z, Venkatachalam MA, Wang J, Patel
Y, Saikumar P, Semenza GL, et al. Up-regu-

16.

17.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

449

lation of apoptosis inhibitory protein IAP-2
by hypoxia. Hif-1-independent mechanisms.
J Biol Chem. 2001;276(22):18702-9.
Reynolds TY, Rockwell S, Glazer PM. Genetic
instability induced by the tumor microenviron-
ment. Cancer Res. 1996;56(24):5754-7.
Bindra RS, Glazer PM. Genetic instability
and the tumor microenvironment: towards
the concept of microenvironment-induced
mutagenesis. Mutat Res. 2005;569(1-2):75-
85.

. Li CY, Little JB, Hu K, Zhang W, Zhang L,

Dewhirst MW, et al. Persistent genetic insta-
bility in cancer cells induced by non-DNA-
damaging stress exposures. Cancer Res.
2001;61(2):428-32.

. Paquette B, Little JB. In vivo enhancement

of genomic instability in minisatellite se-
quences of mouse C3H/10T1/2 cells trans-
formed in vitro by X-rays. Cancer Res.
1994;54(12):3173-8.

Yuan J, Narayanan L, Rockwell S, Glazer PM.
Diminished DNA repair and elevated mutage-
nesis in mammalian cells exposed to hypoxia
and low pH. Cancer Res. 2000;60(16):4372-
6.

Yuan J, Glazer PM. Mutagenesis induced by
the tumor microenvironment. Mutat Res.
1998;400(1-2):439-46.

Rockwell S, Yuan J, Peretz S, Glazer PM.
Genomic instability in cancer. Novartis
Found Symp. 2001;240:133-42; discussion
42-51.

Mihaylova VT, Bindra RS, Yuan J, Campisi
D, Narayanan L, Jensen R, et al. Decreased
expression of the DNA mismatch repair gene
Milhl under hypoxic stress in mammalian
cells. Mol Cell Biol. 2003;23(9):3265-73.
Koshiji M, To KK, Hammer S, Kumamoto K,
Harris AL, Modrich P, et al. HIF-1alpha in-
duces genetic instability by transcriptionally
downregulating MutSalpha expression. Mol
Cell. 2005;17(6):793-803.

Hammond EM, Giaccia AJ. The role of ATM
and ATR in the cellular response to hypoxia
and re-oxygenation. DNA Repair (Amst).
2004;3(8-9):1117-22.

Bindra RS, Schaffer PJ, Meng A, Woo J, Ma-
seide K, Roth ME, et al. Down-regulation of
Rad51 and decreased homologous recombi-
nation in hypoxic cancer cells. Mol Cell Biol.
2004;24(19):8504-18.

Bindra RS, Glazer PM. Co-repression of mis-
match repair gene expression by hypoxia in
cancer cells: Role of the Myc/Max network.
Cancer Lett. 2007;252(1):93-103.

Bindra RS, Glazer PM. Repression of RADS1
gene expression by E2F4/p130 complexes in
hypoxia. Oncogene. 2006;26(14):2048-57.
Bindra RS, Gibson SL, Meng A, Westermark
U, Jasin M, Pierce AJ, et al. Hypoxia-induced
down-regulation of BRCA1 expression by
E2Fs. Cancer Res. 2005;65(24):11597-604.
Papp-Szabo E, Josephy PD, Coomber BL.
Microenvironmental influences on mutagen-



450

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

esis in mammary epithelial cells. Int J Can-
cer. 2005;116(5):679-85.

Shahrzad S, Quayle L, Stone C, Plumb C,
Shirasawa S, Rak JW, et al. Ischemia-induced
K-ras mutations in human colorectal cancer
cells: role of microenvironmental regulation
of MSH2 expression. Cancer Res.
2005;65(18):8134-41.

Hammond EM, Green SL, Giaccia AJ. Com-
parison of hypoxia-induced replication arrest
with hydroxyurea and aphidicolin-induced
arrest. Mutat Res. 2003;532(1-2):205-13.
Coquelle A, Toledo F, Stern S, Bieth A, De-
batisse M. A new role for hypoxia in tumor
progression: induction of fragile site trigger-
ing genomic rearrangements and formation
of complex DMs and HSRs. Mol Cell.
1998;2(2):259-65.

Young SD, Marshall RS, Hill RP. Hypoxia
induces DNA overreplication and enhances
metastatic potential of murine tumor cells.
Proc Natl Acad Sci USA. 1988;85(24):9533-
7.

Francia G, Green SK, Bocci G, Man S,
Emmenegger U, Ebos JM, et al. Down-regu-
lation of DNA mismatch repair proteins in
human and murine tumor spheroids: implica-
tions for multicellular resistance to alkylating
agents. Mol Cancer Ther. 2005;4(10):1484-
94.

Bindra RS, Glazer PM. Basal repression of
BRCAI1 by multiple E2Fs and pocket pro-
teins at adjacent E2F sites. Cancer Biol Ther.
2006;5(10):1400-7.

Gibson SL, Bindra RS, Glazer PM. Hypoxia-
induced phosphorylation of Chk2 in an ataxia
telangiectasia mutated-dependent manner.
Cancer Res. 2005;65(23):10734-41.

Gibson SL, Bindra RS, Glazer PM. CHK2-
dependent phosphorylation of BRCAT1 in hy-
poxia. Radiat Res. 2006;166(4):646-51.
Liang X, Reed E, Yu JJ. Protein phosphatase
2A interacts with Chk2 and regulates phos-
phorylation at Thr-68 after cisplatin treatment
of human ovarian cancer cells. Int J Mol
Med. 2006;17(5):703-8.

Dozier C, Bonyadi M, Baricault L, Tonasso
L, Darbon JM. Regulation of Chk2 phospho-
rylation by interaction with protein phos-
phatase 2A via its B' regulatory subunit. Biol
Cell. 2004;96(7):509-17.

Gibson SL, Narayanan L, Hegan DC, Buer-
meyer AB, Liskay RM, Glazer PM. Overex-
pression of the DNA mismatch repair factor,
PMS2, confers hypermutability and DNA dam-
age tolerance. Cancer Lett. 2006;244(2):195-
202.

Hegan DC, Narayanan L, Jirik FR, Edelmann
W, Liskay RM, Glazer PM. Differing patterns
of genetic instability in mice deficient in the
mismatch repair genes Pms2, Mlhl, Msh2,
Msh3 and  Msh6.  Carcinogenesis.
2006;27(12):2402-8.

Smith-Roe SL, Lohr CV, Bildfell RJ, Fischer
KA, Hegan DC, Glazer PM, et al. Induction

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Glazer et al.: Hypoxia and DNA repair

of aberrant crypt foci in DNA mismatch re-
pair-deficient mice by the food-borne car-
cinogen 2-amino-1-methyl-6-phenylimidazo
[4,5-b] pyridine (PhIP). Cancer Lett.
2006;244(1):79-85.

Smith-Roe SL, Hegan DC, Glazer PM, Buer-
meyer AB. Mlhl-dependent suppression of
specific mutations induced in vivo by the
food-borne carcinogen 2-amino-1-methyl-6-
phenylimidazo [4,5-b] pyridine (PhIP). Mutat
Res. 2006;594(1-2):101-12.

Adhikary S, Eilers M. Transcriptional regu-
lation and transformation by Myc proteins.
Nat Rev Mol Cell Biol. 2005;6(8):635-45.
Pierce AJ, Johnson RD, Thompson LH, Jasin
M. XRCC3 promotes homology-directed re-
pair of DNA damage in mammalian cells.
Genes Dev. 1999;13(20):2633-8.

Bryant HE, Schultz N, Thomas HD, Parker
KM, Flower D, Lopez E, et al. Specific
killing of BRCA2-deficient tumours with in-
hibitors of poly(ADP-ribose) polymerase.
Nature. 2005;434(7035):913-7.

Farmer H, McCabe N, Lord CJ, Tutt AN,
Johnson DA, Richardson TB, et al. Target-
ing the DNA repair defect in BRCA mutant
cells as a therapeutic strategy. Nature.
2005;434(7035):917-21.

Hegan DC, Lu Y, Stachelek GC, Crosby ME,
Bindra RS, Glazer PM. Inhibition of
poly(ADP-ribose) polymerase down-regu-
lates BRCA1 and RADS1 in a pathway me-
diated by E2F4 and p130. Proc Natl Acad Sci
USA. 2010;107(5):2201-6.

Chan N, Koritzinsky M, Zhao H, Bindra R,
Glazer PM, Powell S, et al. Chronic hypoxia
decreases synthesis of homologous recombi-
nation proteins to offset chemoresistance and
radioresistance. Cancer Res. 2008;68(2):605-
14.

Crosby ME, Kulshreshtha R, Ivan M, Glazer
PM. MicroRNA regulation of DNA repair
gene expression in hypoxic stress. Cancer
Res. 2009;69(3):1221-9.

Volinia S, Calin GA, Liu CG, Ambs S, Cim-
mino A, Petrocca F, et al. A microRNA ex-
pression signature of human solid tumors
defines cancer gene targets. Proc Natl Acad
Sci USA. 2006;103(7):2257-61.

Yanaihara N, Caplen N, Bowman E, Seike M,
Kumamoto K, Yi M, et al. Unique microRNA
molecular profiles in lung cancer diagnosis
and prognosis. Cancer Cell. 2006;9(3):189-
98

Donnem T, Eklo K, Berg T, Sorbye SW, Lon-
vik K, Al-Saad S, et al. Prognostic impact of
MiR-155 in non-small cell lung cancer eval-
uated by in situ hybridization. J Transl Med.
2011;9:6.

Babar IA, Czochor J, Steinmetz A, Weidhaas
JB, Glazer PM, Slack FJ. Inhibition of hy-
poxia-induced miR-155 radiosensitizes hy-
poxic lung cancer cells. Cancer Biol Ther.
2011;12(10):908-14.



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Glazer et al.: Hypoxia and DNA repair

Valeri N, Gasparini P, Fabbri M, Braconi C,
Veronese A, Lovat F, et al. Modulation of
mismatch repair and genomic stability by
miR-155. Proc Natl Acad Sci USA.
2010;107(15):6982-7.

Bindra RS, Gibson SL, Meng A, Westermark
U, Jasin M, Pierce AJ, et al. Hypoxia-Induced
Down-regulation of BRCA1 Expression by
E2Fs. Cancer Res. 2005;65(24):11597-604.
Bindra RS, Glazer PM. Genetic instability
and the tumor microenvironment: towards
the concept of microenvironment-induced
mutagenesis. Mutat Res. 2005;569(1-2):75-
85.

Bindra RS, Schaffer PJ, Meng A, Woo J, Ma-
seide K, Roth ME, et al. Down-Regulation of
Rad51 and Decreased Homologous Recom-
bination in Hypoxic Cancer Cells. Mol Cell
Biol. 2004;24(19):8504-18.

Bindra RS, Glazer PM. Co-repression of mis-
match repair gene expression by hypoxia in
cancer cells: Role of the Myc/Max network.
Cancer Lett. 2007;252(1):93-103.

Herman JG, Umar A, Polyak K, Graff JR,
Ahuja N, Issa J-PJ, et al. Incidence and func-
tional consequences of hMLH1 promoter hy-
permethylation in colorectal carcinoma. Proc
Natl Acad Sci USA. 1998;95(12):6870-5.
Esteller M, Corn PG, Baylin SB, Herman JG.
A Gene Hypermethylation Profile of Human
Cancer. Cancer Res. 2001;61(8):3225-9.
Catteau A, Harris WH, Xu CF, Solomon E.
Methylation of the BRCA1 promoter region
in sporadic breast and ovarian cancer: corre-
lation with disease characteristics. Oncogene.
1999;18(11):1957-65.

Chen H, Yan Y, Davidson TL, Shinkai Y,
Costa M. Hypoxic Stress Induces Dimethy-
lated Histone H3 Lysine 9 through Histone
Methyltransferase G9a in Mammalian Cells.
Cancer Res. 2006;66(18):9009-16.
McGarvey KM, Fahrner JA, Greene E,
Martens J, Jenuwein T, Baylin SB. Silenced
Tumor Suppressor Genes Reactivated by
DNA Demethylation Do Not Return to a
Fully Euchromatic Chromatin State. Cancer
Res. 2006;66(7):3541-9.

Vakoc CR, Sachdeva MM, Wang H, Blobel
GA. Profile of Histone Lysine Methylation
across Transcribed Mammalian Chromatin.
Mol Cell Biol. 2006;26(24):9185-95.
Kondo Y, Shen L, Cheng AS, Ahmed S,
Boumber Y, Charo C, et al. Gene silencing in
cancer by histone H3 lysine 27 trimethylation
independent of promoter DNA methylation.
Nat Genet. 2008;40(6):741-50.

Li X, Liu J, Zhou R, Huang S, Chen XM.
Gene silencing of MIR22 in acute lym-
phoblastic leukaemia involves histone modi-
fications independent of promoter DNA

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

451

methylation. Br ] Haematol. 2010;148(1):69-
79.

Lee SH, Kim J, Kim WH, Lee YM. Hypoxic
silencing of tumor suppressor RUNX3 by hi-
stone modification in gastric cancer cells.
Oncogene. 2008;28(2):184-94.

Johnson AB, Denko N, Barton MC. Hypoxia
induces a novel signature of chromatin mod-
ifications and global repression of transcrip-
tion. Mutat Res. 2008;640(1-2):174-9.
Kasper LH, Boussouar F, Boyd K, Xu W,
Biesen M, Rehg J, et al. Two transactivation
mechanisms cooperate for the bulk of HIF-1-
responsive gene expression. EMBO J.
2005;24(22):3846-58.

Beyer S, Kristensen MM, Jensen KS, Johansen
JV, Staller P. The Histone Demethylases
JMJDIA and JMID2B Are Transcriptional
Targets of Hypoxia-inducible Factor HIF. J
Biol Chem. 2008;283(52):36542-52.

Xia X, Lemieux ME, Li W, Carroll JS,
Brown M, Liu XS, et al. Integrative analysis
of HIF binding and transactivation reveals its
role in maintaining histone methylation
homeostasis. Proc Natl Acad Sci USA.
2009;106(11):4260-5.

Yang J, Ledaki I, Turley H, Gatter KC, Mon-
tero J-CM, Li J-L, et al. Role of Hypoxia-In-
ducible Factors in Epigenetic Regulation via
Histone Demethylases. Ann NY Acad Sci.
2009;1177:185-97.

Krieg AJ, Rankin EB, Chan D, Razorenova
O, Fernandez S, Giaccia AJ. Regulation of
the Histone Demethylase JMJD1A by Hy-
poxia-Inducible Factor 1{alpha} Enhances
Hypoxic Gene Expression and Tumor
Growth. Mol Cell Biol. 2010;30(1):344-53.
Vasilatos SN, Broadwater G, Barry WT,
Baker JC, Lem S, Dietze EC, et al. CpG Is-
land Tumor Suppressor Promoter Methyla-
tion in Non-BRCA-Associated Early
Mammary Carcinogenesis. Cancer Epi-
demiol Biomarkers Prev. 2009;18(3):901-14.
Mirza S, Sharma G, Prasad CP, Parshad R,
Srivastava A, Gupta SD, et al. Promoter hy-
permethylation of TMS1, BRCA1, ER[alpha]
and PRB in serum and tumor DNA of inva-
sive ductal breast carcinoma patients. Life
Sci. 2007;81(4):280-7.

Jin W, Chen L, Chen Y, Xu S-g, Di G-h, Yin
W-j, et al. UHRF1 is associated with epige-
netic silencing of BRCA1 in sporadic breast
cancer. Breast Cancer Res Treat.
2010;123(2):359-73.

LuY, Chu A, Turker MS, Glazer PM. Hy-
poxia-induced epigenetic regulation and si-
lencing of the BRCA1 promoter. Mol Cell
Biol. 2011;31(16):3339-50.



