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Abstract
The G-quadruplex, a non-B DNA motif that forms in certain G-rich sequences, is often located
near transcription start sites in growth regulatory genes. Multiple lines of evidence show that
reactive oxygen species generated as second messengers during physiologic signaling target
specific DNA sequences for oxidative base modifications. Because guanine repeats are uniquely
sensitive to oxidative damage, and G4 sequences are known “hot spots” for genetic mutation and
DNA translocation, we hypothesized that G4 sequences are targeted for oxidative base
modifications in hypoxic signaling. Approximately 25% of hypoxia-regulated genes in pulmonary
artery endothelial cells harbored G4 sequences within their promoters. Chromatin
immunoprecipitation showed that common base oxidation product 8-oxoguanine was selectively
introduced into G4s, in promoters of hypoxia up-, down-, and non-regulated genes. Additionally,
base excision DNA repair (BER) enzymes were recruited to, and transient strand breaks formed in
these sequences. Transcription factor Sp1, constitutively bound to G4 sequences in normoxia, was
evicted as 8-oxoguanine accumulated during hypoxic exposure. Blocking hypoxia-induced
oxidant production prevented both base modifications and decreased Sp1 binding. These findings
suggest that oxidant stress in hypoxia causes oxidative base modifications, recruitment of BER
enzymes, and transient strand breaks in G4 promoter sequences potentially altering G4 integrity
and function.
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Introduction
While the vast majority of genomic DNA resides in the typical Watson and Crick double
helical structure (B-form DNA), it has become widely appreciated that certain nucleotide
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sequences can adopt non-B-form secondary motifs. One such secondary structure is the G-
quadruplex, or G4 [1, 2]. G-quadruplexes are formed in certain guanine-rich nucleic acid
sequences and consist of multiple stacked, planar guanine tetrads. These tetrads are
stabilized by Hoogsteen hydrogen bonding between the guanines and each contains a
coordinated monovalent cation, typically K+ or Na+ [3]. The specific conformation of the
G4 structure probably depends on multiple factors, including the primary DNA sequence,
the local ionic environment, protein-DNA interactions, supercoiling and other determinants
[1, 2, 4].

G-quadruplex motifs are fairly common in the genomes of higher eukaryotes, [5–8], and
multiple lines of indirect and direct evidence suggest that they serve a transcriptional
regulatory function. For example, although scarce within the coding sequences of genes,
>40% of human gene promoters may contain one or more potential G4 elements [3, 8–10].
A number of proteins, some of which are documented transcription factors, are known to
bind preferentially to G4 sequences [11–14]. It has been postulated that both DNA binding
proteins as well as mechanical forces linked to transcription initiation can shift the
equilibrium between G4 conformational states [4, 15–18]. Treatment of cells with G4-
stabilizing compounds alters expression of many genes harboring such sequences [14, 19–
23]. A final line of evidence supporting a key regulatory role for G4 sequences is that
mutations in G4 sequences are linked to genomic instability and disease-related phenotypes.
In certain B-cell lymphomas, for example, the presence of multiple runs of guanines on the
non-template DNA strand is strongly correlated with hypermutation and translocation [24].
Reporter constructs containing telomeric sequences capable of forming G4s display
extensive instability [25], and in yeast, insertion of telomeric sequences promoted
homologous recombination and formation of DNA strand breaks [26]. The repetitive mini-
satellite sequences displaying the highest incidence of instability in vivo are G-rich
sequences capable of forming G4s [27]. Most recently it has been demonstrated in a
genome-wide survey that there is an enrichment for G-quadruplex sequences in the vicinity
of DNA strand-breaks associated with somatic copy number alterations within multiple
varieties of cancers [28].

The basis of the genetic instability of guanine-rich promoter sequences is unknown. Studies
using oligonucleotide models predict that guanine-rich sequences should be hot spots for
oxidative base damage [29–34]. In particular, oligonucleotide models of G-quadruplex-
forming sequences show that the external G-tetrads are frequently targeted for oxidative
base modification [35] by a mechanism termed charge tunnelling [29]. Importantly, it has
not been established whether such motifs are sensitive to oxidative base damage in living
cells.

Herein we tested the hypothesis that G4 motifs are sensitive to oxidative base modifications
evoked by hypoxia. Hypoxia is of particular interest since it is a central feature of the tumor
microenvironment, promoting tumor growth [36]. Hypoxia also increases the mutation rate
in cancer cell lines and thereby contributes to the acquisition of an invasive, metastatic,
phenotype [37]. Of equal significance, reactive oxygen species (ROS) used as second
messengers in hypoxic signalling cause oxidative base damage in G-rich sequences of
hypoxic response elements in the VEGF and other hypoxia-inducible promoters [38–41] that
do not harbor putative G4 motifs. Our results indicate that putative G-quadruplex forming
promoter regions are indeed targets for hypoxia-induced base modifications and offer
interesting clues regarding the potential biological significance of such base damage.
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Materials and Methods
Overall strategy

To explore the postulated link between hypoxia-induced ROS generation and G-quadruplex-
targeted base modifications, the current studies used a responsive cell population –
pulmonary artery endothelial cells (PAECs) – to evaluate the association between the
hypoxic transcriptome and a genome-wide database of putative G-quadruplex forming
sequences. We then applied chromatin immunoprecipitation analyses (ChIP) to G-
quadruplex-forming and non-G4 containing (control) sequences in promoters of hypoxia-
up-, down-, and non-regulated genes to search for the common base oxidation product, 8-
oxoguanine (8-oxoG), and identify those sequences associating with base excision DNA
repair (BER) enzymes and with a G4-DNA binding protein, the common transcription factor
Sp1.

Pulmonary artery endothelial cell culture, hypoxic exposure, and drug treatments
Rat pulmonary artery endothelial cells (PAECs) isolated and cultured as previously
described were used between passages 6 and 16 [40, 41]. Cells were grown in 50/50
DMEM/F-12 (Mediatech, Inc) + 10% fetal bovine serum in 150 mm tissue culture dishes
(Corning) at 5% CO2 and 21% O2 until 85–90% confluent. Hypoxia exposure was
performed in an environment of 5% CO2 and 2% O2 for the specified durations (1, 3 or 6
hours). In some experiments, PAECs were incubated with myxothiazol (Sigma) at a
concentration of 10uM to inhibit ROS production by the mitochondrial complex III [41]. To
stabilize the G-quadruplex structures, TMPyP4 (Calbiochem) was added to PAECs at a final
concentration of 100 µM one hour prior to hypoxic exposure.

RNA isolation
PAECs were grown as above and exposed to hypoxic (2% O2) or normoxic (21% O2)
atmosphere for 3 hours. Cells were washed in ice cold PBS harvested with TRIzol
(Invitrogen) following manufacturer instructions.

Microarray and identification of G-quadruplex sequences
RNA from rat PAECs cultured for 3 hours in either hypoxia or normoxia was labeled and
hybridized to Rat Gene 1.0 ST Arrays (Affymetrix) following standard manufacturer’s
protocols. Each condition was tested in triplicate. The Rat Gene 1.0 ST Array provides full
genome coverage and approximately 26 independent probes spread across the full length of
each gene. Microarray data were normalized, analyzed and visualized using Partek
Genomics Suite v 6.5 (Partek, St. Louis, MO). Hybridization intensities from the Affymetrix
arrays were quantified and normalized using GC robust multiarray average probe set
summarization. All microarray data met the quality control criteria established by the Tumor
Analysis Best Practices Working Group (PMID:14970825). Non-expressed transcripts were
eliminated if there were less than two out of a total of 15 calls with a detection p-value <
0.05. The remaining ‘present’ transcripts (23,592 of 27,342 total) were used for all
subsequent statistical and visual analysis. A one-way analysis of variance (ANOVA) model
was used to test for differentially expressed genes with a false discovery rate (FDR) of less
than 10% used to control for multiple testing.

After identifying those genes differentially regulated by hypoxia, we next compared that list
to a database enumerating genes in the rat genome containing putative G-quadruplexes in
promoter sequences [5]. Hypoxia up-regulated genes selected for additional study are listed
in Table 1 and included: Vascular endothelial growth factor (VEGF), Metallothionein 1a
(Mt1a), and Nuclear factor of kappa light polypeptide gene enhancer in B cells (Nfκb2).
Hypoxia down-regulated genes included arginine vasopressin receptor 1a (Avpr1a) and
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Breast cancer 2 (Brca2), both of which contain two potential G4 sequences. G-quadruplex-
containing genes used for this study whose baseline expression was unaltered in hypoxia
were the Dual specificity phosphatase 10 (Dusp10) and Mothers against DPP homolog 6
(Smad6) genes. It should be noted that all three groups of genes are transcribed at some level
under both conditions (normoxia and hypoxia). We selected multiple sequences from two
genes to serve as negative controls; two are within the Vegf gene, one in the coding region
and the other in the 1st intron. Another lies just downstream of the Vegf stop codon. The
remaining three negative control sequences are in the promoter and coding region of the α-
actin gene, which lacks a putative G-quadruplex. One is in the promoter, one is entirely
within intron 2 and the last contains part of exons 3 and 4 and all of intron 3. These control
sequences contain a similar GC content despite lacking the G-rich G-quadruplex. The
control sequences are summarized in table 2. Both sets of sequences utilized for this study
have substantially higher GC content than the Rattus norvegicus genome, which is
approximately 42%.

Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) assays were performed using the commercially
available ChIP-IT Express kit as recommended by the manufacturer (Active Motif). Briefly,
~2×107 PAECs were fixed with 1% formaldehyde (Sigma) for 10 minutes and washed with
ice-cold 1x PBS. The fixation reaction was terminated by addition of Glycine Stop Fix
solution and incubation with gentle shaking at room temperature for 5 minutes. PAECs were
washed with 1xPBS and collected in Cell Scraping Solution supplemented with 0.5 mM
PMSF. Chromatin was sheared to ~300–500 base pair fragments by sonication on ice for ten
20s pulses at 30% amplitude with a Vibracell VCX 130PB (Sonics & Materials). The
chromatin was then immunoprecipitated with 2 μg of antibody for 12–14 hours on a rotary
mixer at 4°C. Antibodies used were directed at 8-oxoguanine (Millipore), Ogg1 (Abcam),
Ref-1/APE1 (Novus Biologicals), Sp1 (Santa Cruz Biotechnology), and IgG (Santa Cruz
Biotechnology). The immunoprecipitation and purification steps were performed as per
manufacturer’s specifications.

Precipitated DNA and input DNA controls were amplified by PCR using primers specific
for target sequence. The following primers were used for ChIP of G4 regions: Brca2; 5’-
CGAAGATCTCTTGTTGAATCCA, 5’-TAATTGTCTTATTGAGGAAG-GG; 5’-
TCGCAGGAGCGTGAGAAGTGAG, 5’-CTGCAAGGGGCCGGGAGGAG, Avpr1a; 5’-
AGTGCAGGGGCAAACCGTGTG, 5’-ATAAGTGAATGTAAAGCCAGGT; 5’-
GAATCCAGGAGTCTCAGCTCC, 5’-ATGGGATATTCAAACATGTCC, Mt1a; 5’-
ATGGTGGCACATGACTGGATG, 5’-CTGCATTTGGTTCTTCTGCTC, Nfkb2; 5’-
GATGAAACGCACATTCCTGTAG, 5’-GAGAATGTGATTCGGGCCGCTG, Smad6; 5’-
CGTGTTTGTTAGCGGGTGTGC, 5’-CTGATTGTTGCGCAAACAAGGTT, Dusp10; 5’-
AGGAGTGACAGGGGCACAGAAG, 5’-GTCCAACTTTCCCGAGGCCA, and VEGF;
5’-GGCTATGGACCCTGGTAAGGG, 5’-GAGGTTTGAATATCAAATCC. PCR products
were separated by agarose gel electrophoresis (2% gel), and integrated density values were
obtained using Kodak Gel Logic 1500 (Eastman Kodak). Densitometry values were
normalized to input DNA.

Detection of DNA strand breaks
PAECs were fixed at room temperature for 20 minutes with Streck Tissue Fixative (Streck)
+ 10 mM EDTA. This fixative solution does not damage the DNA. After 2 washes in ice
cold 1xPBS, the cells were resuspended in PBS and counted. The PAECs were
permeabilized in 100 mM Tris-HCl [pH7.4], 50 mM EDTA, and 1% Triton X-100 for 30
minutes at 4°C. After 2 ice cold PBS washes, the pellet was resuspended in 1x Terminal
deoxynucleotidyl transferase (TdT) buffer (Promega) supplemented with 1x hexanucleotide
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mix (Roche), 1nmol/µl biotin-16-dUTP (Roche), and 2 units of TdT (Promega) and held at
37°C for 30 minutes. Nuclei were washed once with 100 mM Tris-HCl + 150 mM NaCl,
resuspended in PBS, sonicated, and ChIP was performed as above using anti-biotin antibody
(Novus Biologicals).

Results
Hypoxia-regulated genes harboring promoter G-quadruplex sequences in rat PAECs

Microarray analysis comparing normoxic rat PAECs and cells exposed to hypoxia for 3
hours yielded 620 transcripts whose expression was differentially altered by hypoxia
exposure. Of the 507 hypoxia-responsive transcripts searchable in a G4-predictor database
[5], 123, or 24.3%, contained a predicted G4 sequence within the promoter region (Figure
1). The percentage of hypoxia-responsive genes containing a predicted G-quadruplex
sequence calculated in this study is very similar to that previously estimated for all genes in
the Rattus norvegicus genome (25.69%) [5]. Interestingly, G4 sequences tended to be
slightly more common in the promoters of genes that were up-regulated in response to
hypoxia (29.4%) in comparison to genes down-regulated in hypoxia (18.4%) in these cells.

Impact of hypoxia on 8-oxoG formation in G-quadruplex sequences
To determine whether G4s are prone to oxidative base modifications within the intact
genome of living cells, PAECs were exposed to hypoxic conditions (2% O2) known to
generate an oxidant stress directed at functionally-significant promoter sequences in
hypoxia-inducible genes [40, 41]. Chromatin immunoprecipitation analysis was utilized to
detect the presence of 8-oxoG in DNA sequences containing G-quadruplexes and control
sequences that do not contain potential G4s. In order to decrease the possibility that any
differences could be due to guanine content of the sequences, both the G4 sequences (mean
GC 60.64% ± 2.559 SEM) and the control sequences (mean GC 54.06% ± 5.569 SEM) were
selected on the basis that they contain a similar proportion of GC in comparison to G4-
containing sequences. Figure 2 demonstrates a substantial increase in 8-oxoG incorporation
in the nine G4-containing regions when compared to the six non-G4 control regions at all
time points examined.

DNA damage at the G4 sequences appears independent of the transcriptional state of the
gene in which they reside insofar as all three groups demonstrate similar increases in 8-
oxoG content (Figure 3). While there is conspicuous variability in time courses – even for
the same G4 – the occurrence of the increased 8-oxoG is consistent in all groups. In many
experiments there is a spike of 8-oxoG at one hour that begins to decrease, but often the
damage persists or rises over time as the cells are exposed to hypoxia. Potentially
noteworthy is the fact that in the two genes whose expression was unaltered by hypoxia
(Dusp10 and Smad6), the 8-oxoG tends to persist at a higher level longer than in the two
transcriptionally regulated groups (Comparisons shown in Supplementary Table 1).

Impact of the G4-stabilizing compound TMPyP4 on hypoxia-induced base oxidation in
promoter G4 sequences

To determine whether the oxidative damage is localized to the G-quadruplexes and not
adjacent regions, cells were treated with the cationic porphyrin compound TMPyP4 prior to
hypoxic exposure. TMPyP4 has been shown to react with high specificity to G4 motifs,
where it intercalates into the DNA and enhances the formation and stability of the G4
tertiary structure [23, 42]. In PAECs pre-treated for one hour with TMPyP4 prior to hypoxic
exposure the VEGF G4 was highly protected against 8-oxoG formation (Figure 4A). In
contrast, TMPyP4 failed to protect against formation of 8-oxoG in VEGF hypoxic response
element (HRE) sequence (Figure 4B), which is known to be prone to base oxidation under
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these conditions and does not contain a G4 sequence [38, 40, 43]. TMPyP4 also provided a
similar protective effect for the other G4 sequences examined (Supplementary Figure 1).

Recruitment of base excision repair enzymes to promoter G4 sequences in hypoxic cells
To test whether the oxidation of G4 guanines leads to recruitment of BER enzymes, ChIP
analyses were applied to the DNA glycosylase, Ogg1, and the bi-functional transcriptional
co-activator and apurinic/apyrimidinic endonuclease, Ref-1/APE1. Figure 5 shows
recruitment of the BER enzymes to G4- and non-G4-containing sequences in hypoxic
PAECs. Both Ogg1 and Ref-1/APE1 increased slightly over time in the non-G4-containing
sequences, an interesting finding in light of the absence of an hypoxia-induced increase 8-
oxoG in these regions (Figure 2). As shown in Figure 6, both of these proteins were present
at significantly increased levels in hypoxia. Ogg1 displayed a tendency to spike early and
then decrease (Figure 6A–C), whereas Ref-1/APE1 tended to persist at higher levels for the
duration of exposure (Figure 6D–F). Curiously, Ogg1 decreased most rapidly from the G4s
located in the promoters of the two unregulated genes, which as noted above, displayed
more persistent elevations in 8-oxoG.

Impact of hypoxia on strand break formation in G4-containing promoter sequences
A modified ChIP assay was used to determine if G4 sequences were susceptible to strand
breaks during hypoxic exposure. Such breaks could be a direct result of DNA damage or an
intermediate in the BER process. As shown in Figure 7, unlike 8-oxoG or the BER enzymes,
there was a low but detectable level of strand breaks in cells cultured in normoxic
conditions. However, the frequency of strand breaks was increased for cells in hypoxia. The
high level of DNA strand breaks was specific to sequences containing G4s, as the non-G4
regions only exhibited a low level of strand breaks in either normoxia or hypoxia.

Relation between hypoxia-induced G4 guanine oxidation and Sp1 binding
The VEGF promoter contains three Sp1 binding sites which overlap the G4 sequence.
Ghosh and Mitchell have previously shown that oxidative damage to the guanines in the Sp1
binding site blocks binding of the transcription factor [44]. Accordingly, we tested the idea
that the hypoxia-induced formation of 8-oxoG in the VEGF G4 motif altered Sp1 binding to
the sequence using myxothiazol, a mitochondrial complex III inhibitor, to suppress ROS
production and base damage, as shown previously [41]. As displayed in Figure 8A, three
hours exposure to hypoxia introduced 8-oxoG into a portion of the VEGF promoter G4
sequences. In normoxic PAECs, treatment with myxothiazol mimicked the effect of
hypoxia, increasing 8-oxoG-containing VEGF promoter G4 sequences. This finding is not
unexpected since it has been reported earlier that myxothiazol, although inhibiting complex
III, causes oxidant leakage from other sites in the electron transport chain [45]. In hypoxic
cells, however, the complex III inhibitor decreased formation of 8-oxoG in the VEGF
promoter G4 sequence by 56%. Sp1 binding to the VEGF promoter G4 sequence
demonstrated an inverse relationship to 8-oxoG incorporation. As shown in Figure 8B, Sp1
binding to the VEGF promoter G4 sequence was reduced in hypoxia by approximately 75%.
In normoxic cells, myxothiazol decreased Sp1 binding to a similar extent (68%). In contrast,
the complex III inhibitor not only blocked the hypoxia-induced eviction of Sp1 from the
VEGF promoter G4 but triggered an increase in Sp1-promoter G4 association.

Discussion
Because the concept that G4 motifs are prone to oxidative damage has been derived largely
from studies on oligonucleotide models [29–34], herein we tested the hypothesis that
promoter G4 sequences are sensitive to oxidative base modifications in the setting of
hypoxia-induced oxidant stress. Our microarray analysis of the hypoxia-regulated
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transcriptome in rat PAECs identified a little more than 600 genes – similar to previous
analyses in endothelial cells [46, 47] – of which 24% harbored putative G4 motifs in their
promoters, with 15% up-regulated and 9% down-regulated. We concentrated our search for
oxidative base modifications in functionally-relevant genes selected from these categories as
well as genes that were not regulated by hypoxia.

Hypoxia is a fundamental stimulus in biology and medicine, and considerable effort has
been directed towards understanding mechanisms of hypoxia-regulated adaptive gene
expression. Though remaining somewhat controversial [48], studies in transformed and non-
transformed cells suggest that hypoxia-induced ROS generation, either by mitochondria or
by membrane NADPH oxidase, plays a key role in this process. Reactive oxygen species so
generated may function to stabilize the critical transcription factor in hypoxia-regulated gene
expression, Hif-1 [49–51]. There are also several reports that hypoxia-generated ROS
oxidatively modify specific bases in the hypoxic response elements (HREs) of hypoxia-
inducible genes [38, 40, 41]. Based on multiple lines of indirect evidence [39, 41, 43],
including similarities between hypoxia-induced and ligand-mediated base modifications in
response elements of ligand-inducible promoters [52–55], it has been speculated that
hypoxia-induced base modifications might contribute to transcriptional regulation, possibly
by altering transcription factor binding or local sequence flexibility/topology [56–58].
Against this background, the present study determined if G4 sequences in hypoxia-regulated
and non-regulated genes were targeted for oxidative base modifications during hypoxia.

Our data demonstrate that each of the 9 selected genes acquired oxidative base damage in
G4 sequences during hypoxic exposure; “control” sequences selected for their similar GC
content were unaffected by hypoxia. The oxidative damage appears selectively targeted to
the G-quadruplex sequence insofar as the oxidation is largely blocked by TMPyP4, which
specifically interacts with G4 motifs [23, 42]. The reason(s) for the protective activity of
TMPyP4 is yet to be uncovered. It is possible that the intact G4 conformation, which is
enhanced by the drug, is more resistant to oxidative damage. Counter to this, however, is in
vitro evidence that intact quadruplexes are more prone to oxidative damage than the same
sequence in a typical duplex arrangement [35]. Alternatively, it is conceivable that
intercalation of TMPyP4 could simply shield the guanines of the G4 sequence from
oxidative attack. Additional studies will be required to define the mechanism by which
TMPyP4 suppresses oxidative damage to G4 sequences.

During hypoxic exposure we noted that the selected G4 sequences associated with the BER
enzymes, Ogg1 and Ref-1/APE1, to a greater extent than control sequences and that the G4
sequences displayed transient strand breaks. These findings provide direct evidence in living
cells that G-quadruplex motifs are unusually sensitive to oxidant stress. That G4 damage is
increased in the context of hypoxia, a physiologically and pathologically-relevant stimulus
utilizing ROS as second messengers, has implications relating to the mechanisms of
spontaneous mutation and in terms of the documented acquisition of highly aggressive and
metastatic behavior of tumor cells [24–27].

While there is mounting evidence that G-quadruplexes play a role in gene regulation, very
little is known about the nature or mechanism of the regulatory function. Genome-wide
studies of G-quadruplexes have shown that stabilizing promoter G4 structures enhances
transcription of some genes while inhibiting others (Ref). The precise mechanism by which
G4 structures govern expression is further complicated by the discovery that the opposite C-
rich DNA strand can, at least in some cases, form a structure called an i-motif which may
also function in gene regulation [2, 15]. The most thoroughly studied G-quadruplex resides
in the nuclease hypersensitive element III1 (NHEIII1) region of the Myc promoter [15, 17].
In the current model for Myc transcriptional regulation, the G-quadruplex serves as both a
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silencer element and as a buffer for the negative supercoiling generated during transcription
[17]. Because G4 structures are remarkably stable, in order to play such a regulatory role
they would require the assistance of proteins in order to destabilize and return to normal B-
form DNA. In the aforementioned model, the primary protein that is predicted to serve this
function is Topoisomerase I. Upon Myc activation toposiomerase I nicks the DNA releasing
the negative supercoiling and prompting disassembly of the G-quadruplex structure [15, 17].
Here we propose that oxidation of the G4 sequence and the attendant repair process could
perform an analogous function under conditions of oxidant stress, where transcription of
multiple genes must be altered rapidly in order for cell survival and adaptation. Furthermore
G4 sequences often contain or overlap putative transcription factor binding sites. Therefore,
formation and disassembly of the G-quadruplex structure as well as alteration of the DNA
sequence through oxidation could also have a role in regulation of transcription factor
binding as suggested previously.

Our model also contends that base oxidation and repair in G-quadruplex sequences is
necessary but not sufficient for gene expression. This position derives from the observation
that promoter G4 sequences in genes that are not regulated by hypoxia also are targets for
base oxidation and repair enzyme recruitment. It follows then that G-quadruplex oxidation
could be a relatively indiscriminate process designed to rapidly prime a broad range of stress
response genes by removing supercoiling, altering nucleosome placement, and modulating
transcription factor binding to the motif, but that the availability of key transcription factors
to interact with distinct promoter sites is critically required for transcriptional activation.

Another interesting functional implication of the oxidative base modifications in G4
sequences is their impact on G4-protein interactions. A recent genome-wide analysis
demonstrated that zinc finger transcription factors ubiquitously associate with promoter G4
sequences and postulated that such binding interactions may contribute to G4 functional
activity [14]. In the present study, we found that Sp1 associated with the G4 sequence
located within the VEGF promoter in normoxia, but was evicted during hypoxic exposure.
Loss of Sp1 was prevented when the oxidative base modifications in the G4 sequence were
suppressed by the mitochondrial complex III inhibitor, myxothiazol. Interestingly, it has
previously been shown that Sp1 binding to model oligonucleotide was attenuated when 8-
oxoguanine was incorporated into the consensus Sp1 binding site [44]. These findings raise
the interesting possibility that transcription factor interactions with G4 sequences might be
influenced by the introduction of oxidative base modifications and their repair, and in so
doing, impact functional properties of the sequence.

In summary, our data demonstrate that about 25% of hypoxia-regulated genes harbor
putative G4 sequences in close proximity to transcription start sites and that these sequences
are oxidatively damaged in hypoxia. The findings of this study point to a mechanistic basis
for instability and mutation associated with G-quadruplex motifs. The present observations
also attest to the probable complexity of G4 involvement in transcriptional regulation. We
detected no associations between the impact of hypoxia on transcriptional activity in specific
genes, the presence G4 sequences in promoters, and the kinetics of DNA damage and repair
in the specific G4 sequence. On the other hand, introduction of oxidative base damage in the
sequence impacted transcription factor binding, and the formation of strand breaks would be
expected to profoundly alter conformational properties of the sequences. Additional studies
will be needed to understand the biological roles of oxidative damage to G4 sequences in
hypoxia-induced signaling.
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Conclusion
Hypoxia, one of many physiological stimuli using reactive oxygen species as second
messengers, causes oxidative base modifications in G-quadruplex sequences that are
associated with recruitment of base excision DNA repair enzymes and formation of DNA
strand breaks. While the biological significance of the hypoxia-induced base oxidation on G-
quadruplex sequences cannot be discerned from the present observations, the finding that
base modifications were associated with eviction of the transcription factor Sp1 suggests
that base lesions could impact transcriptional regulatory functions of G4 sequences. Finally,
given the importance of mutations in G4 sequences to evolution of the cancer genome, the
present observation that G4 sequences are hot spots for hypoxia-induced base modifications
suggests a mechanistic basis for the apparent high G4 mutational rate.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

G4 G-quadruplex

8-oxoG 8-oxoguanine

BER base excision repair

Avpr1a arginine vasopressin receptor 1a

Brca2 breast cancer 2

Dusp10 dual specificity phosphatase 10

Smad6 Mothers against DPP homolog 6

Mt1a Metallothionein 1a

Nfkb2 Nuclear factor of kappa light polypeptide gene enhancer in B cells

Vegf Vascular endothelial growth factor

HRE hypoxic response element

ROS reactive oxygen species
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• We tested the idea that DNA G-quadruplex sequences are prone to oxidative
damage.

• G-quadruplex sequences are prone to oxidative damage in hypoxia.

• Damage attracts base excision repair enzymes and associates with DNA strand
breaks.

• The damage affects transcription factor binding in the vicinity.
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Figure 1.
Representation of the 507 hypoxia regulated genes that were able to be analyzed for the
presence of a potential promoter G4 sequence. White indicates genes that were found by
microarray to be up-regulated in PAECs after 3 hours of hypoxia (258 genes or 51%). Gray
represents those genes that were down-regulated (249 genes or 49%). The portion with lines
represents those genes predicted to have a G4 within the promoter (123 total genes or 24%).
The genes up-regulated in hypoxia were more likely to have a promoter G4 (75 or 61% of
G4s).

Clark et al. Page 14

Free Radic Biol Med. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Comparison of incorporation of 8-oxoG in G4-containing regions versus control sequences.
ChIP was used to compare incorporation of 8-oxoG during hypoxic exposure between G4-
containing sequences and non-G4 control sequences which do not contain a predicted G4
sequence. N≥8. The error bars indicate S.E.M. * Significance between G4 and non-G4
sequences (P<0.05).
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Figure 3.
Frequency of incorporation of the oxidized nucleotide 8-oxoG in the G4 region of multiple
promoters in hypoxia. ChIP was used to detect changes in level of incorporation of 8-oxoG
between cells in normoxia and various periods of hypoxia (1, 3, or 6 hours) in the regions of
promoters that contain predicted G4 sequences of genes that were determined to be down-
regulated (A), up-regulated (B), or transcriptionally unaffected (C) by hypoxia. Each line
represents an independent cell culture and chromatin preparation for ChIP.
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Figure 4.
Effect of G4-stabilizing compound TMPyP4 on 8-oxoG incorporation into VEGF G4 and
HRE sequences. Pre-treating PAECs with TMPyP4 prior to exposure to hypoxia for 3 hours
protected the VEGF G4 (A) but not the VEGF HRE (B) from oxidation of guanine to 8-
oxoG. *Significantly different from vehicle control (P<0.05).
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Figure 5.
Comparison of BER enzyme recruitment in G4-containing regions versus control sequences.
ChIP was utilized to compare the association of the BER enzymes Ogg1 (A) and Ref-1/
APE1 (B) during hypoxic exposure between G4-containing sequences and non-G4 control
sequences. N≥8. The error bars indicate S.E.M. * Significantly different between G4 and
non-G4 sequences (P<0.05)
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Figure 6.
Frequency of association of BER pathway enzymes with the G4 region of multiple
promoters in hypoxia. ChIP was used to analyze the levels of BER enzymes Ogg1 (A–C)
and Ref-1/APE1 (D–F) between cells in normoxia and various periods of hypoxia (1, 3, or 6
hours) in the regions of promoters that contain predicted G4 sequences of genes that were
determined to be down-regulated (A and D), up-regulated (B and E), or transcriptionally
unaffected (C and F) by hypoxia. Each line represents ChIP of an independent chromatin
preparation.
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Figure 7.
Formation of DNA strand breaks in G4 sequences. DNA strand breaks were labeled with
dUTP by TdT and detected by ChIP for G4-containing and non-G4 sequences. N≥4. The
error bars indicate S.E.M. * Significant change from normoxia (P<0.05). #Significant
difference between the G4- and non-G4 signal (P<0.05).
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Figure 8.
Effect of the mitochondrial complex III inhibitor, myxothiazol (Myx), on (A) 8-oxoG
incorporation into the VEGF promoter G4-containing sequence and (B) Sp1 association with
the VEGF G4-containing promoter sequence in normoxic and hypoxic PAECs. N=3–5.
*Significantly different from normoxia (P<0.05). * Significantly different from normoxia
(P<0.05). # Differs significantly from hypoxia (P<0.05). † Significantly different from
myxothiazol alone (P<0.05).
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Table 1

Properties of G-quadruplex regions analyzed for oxidative damage.

Gene
Regulation by

hypoxia
Distance
from TSS

% GC of
amplified
fragment

Avpr1a down 318 59.73

85 55.02

Brca2 down 998 71.56

263 50.57

Dusp10 unchanged 594 68.81

Mt1a up 341 49.56

Nfkb2 up 502 62.2

Smad6 unchanged 172 65.13

Vegf up 66 63.14
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Table 2

Properties of control regions used in ChIP analyses.

Gene Location

% GC of
amplified
fragment

Actb Promoter 66.67

Inton 2 45.92

Exon3-Exon4 50.84

Vegf Exon1 73.59

Intron1 50.66

3'UTR 36.69

Free Radic Biol Med. Author manuscript; available in PMC 2013 July 01.


