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ARTICLE INFO ABSTRACT

Keywords: Background: The adaptation to hypoxia is mainly controlled by the HIF transcription factors. Increased expres-
Hypoxia sion/activity of HIF-1a correlates with poor prognosis in cancer patients. PARP-1 inhibitors are used in the clinic
PARP-1 . to treat BRCAness breast/ovarian cancer and have been shown to regulate the hypoxic response; therefore, their
PARylation use could be expanded.

ChIP-seq

Methods: In this work by integrating molecular/cell biology approaches, genome-wide ChIP-seq, and patient
samples, we elucidate the extent to which PARP-1 exerts control over HIF-1-regulated genes.

Results: In human melanoma, PARP-1 and HIF-1a expression are strongly associated. In response to a hypoxic
challenge poly(ADP-ribose) (PAR) is synthesized, HIF-1a is post-transcriptionally modified (PTM) and stabilized
by PARylation at specific K/R residues located at its C-terminus. Using an unbiased ChIP-seq approach we
demonstrate that PARP-1 dictates hypoxia-dependent HIF-recruitment to chromatin in a range of HIF-regulated
genes while analysis of HIF-binding motifs (RCGTG) reveals a restriction on the recognition of hypoxia
responsive elements in the absence of PARP-1. Consequently, the cells are poorly adapted to hypoxia, showing a
reduced fitness during hypoxic induction.

Conclusions: These data characterize the fine-tuning regulation by PARP-1/PARylation of HIF activation and
suggest that PARP inhibitors might have therapeutic potential against cancer types displaying HIF-la over-
activation.

Tumor microenvironment

1. Introduction situation involves the expression of hundreds of genes implicated in the

maintenance of cellular survival through metabolic adaptation. These

Hypoxia is a common event during tumor development consequence
of accelerated tumor growth. When the mass exceeds a volume of a few
mm?, regions of low oxygen concentration occur in the inner parts of the
tumor. Under this situation cells must modify their metabolism to cope
with this new environmental context. The adaptation to the hypoxic

* Corresponding author.
E-mail address: joliver@ipb.csic.es (F.J. Oliver).

https://doi.org/10.1016/j.redox.2021.101885

adaptations include new vessels formation [1], glycolysis activation [2],
cancer stem cells (CSCs) regulation [3] and even tumor exosome pro-
duction [4]. All these changes facilitate cell survival, tumor growth,
migration, and metastasis [5-7]. The hypoxic response is associated
with poor overall survival, lower disease-free survival, and diminished
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loco-regional control [8-10].

This transcriptional induction is mediated by the hypoxia-inducible
factors (HIFs). This family of transcription factors are active as an
alpha/beta heterodimer which binds to nucleotides sequences, being the
most common known as HRE (5-RCGTG-3’) or hypoxia response
element, localized in the promoters of the hypoxic expressed genes,
inducing their transcription [11].

The HIF family is composed of 1 beta chain (HIF-1f) and 3 alpha
subunits (HIF—1a, HIF-2a and HIF-3a). The fine-tuning of the HIF
response depends on the alpha chain, which induces the expression of
different genetic patterns, allowing the cell to respond efficiently to
different hypoxic intensities and durations. The hypoxic response is
regulated under well oxygenated conditions via HIF-oa degradation.
Prolyl hydroxylase domain proteins (PHDs) hydroxylate proline resi-
dues on the alpha subunits specifically during normoxia. This hydrox-
ylation is recognized by the von Hippel-Lindau (VHL) E3 ligase, causing
the ubiquitination of the alpha subunits and their subsequent degrada-
tion via the proteasome [12]. Although this is the major mechanism
controlling HIF stability and activity, many other PTM including phos-
phorylation, acetylation, SUMOylation and hydroxylation have been
described as modulators of HIF induction/activity [13]. The C-terminus
domain of HIF-1a has gained increasing attention as a regulatory site of
HIF-1a activation. This domain undergoes hydroxylation of an aspara-
gine by FIH (factor inhibiting HIF), reducing the recruitment of
co-activators such as the p300 and thus reducing the expression of
hypoxic genes in different cancer types [14,15].

The Poly(ADP-ribose) polymerases (PARP) proteins are a family of
intracellular enzymes characterized by the presence of a domain
referred as “PARP signature”. Substitutions on this domain make only
the members PARP-1, 2 and tankyrases able to synthesize a polymer of
poly(ADP-Ribose) or PAR, while the rest of the family is inactive or
generates mono(ADP-Ribose) or MAR [16]. Both PAR and MAR require
NAD™ to be consumed as a substrate in an ATP-dependent reaction [17].
The final product of the PARP enzymatic activity (mono or poly
(ADP-ribose)) is then covalently bound onto Glu, Asp, Lys and Ser [18].
PARPs themselves can undergo this modification (auto modification) or
they can modify other proteins (hetero modification). These changes are
considered a type of reversible PTM and are tightly regulated by en-
zymes that cleave the linkage between ADP-ribose units and the ac-
ceptors (e.g. ADP-ribosyl-acceptor hydrolases (ARH3, MacroD1,
MacroD2) or poly(ADP-ribose) glycohydrolases (PARG)).

Through PARylation, PARPs regulate a wide array of cellular pro-
cesses, including genomic instability and survival [19], chromatin or-
ganization [20], protein degradation via proteasome [21], RNA
metabolism [22] and cell death [23,24].

PARP-1 was the first described and most active member of the
family, generating up to the 90% of the polymer observed in the cell
[25]. It is known primarily for its important role during DNA repair.
Owing to this property, the inhibition of PARP activity is recognized as a
potential therapeutic strategy to enhance the cytotoxic action of
anti-cancer drugs or radiotherapy, and for the treatment of cancers with
specific DNA repair defects [26,27]. PARP-1 has also been described as a
regulator of the hypoxic response [28-30]; however, the signal linking
the selective regulation via PARP-1 of HIF-dependent genes is not
known. In this study we describe a new pathway demonstrating that
early during the response to hypoxia, increased poly(ADP-ribose) ac-
tivity leads to PARylation of HIF-1a at specific residues located at its
C-terminus domain. This PARylation directs HIF-1a to a selective sub-
group of genes (mostly excluding glucose metabolism-related genes)
suggesting a hierarchy to avoid overlap in the regulation in
HIF-dependent gene expression and to protect critical survival functions
during hypoxia.
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2. Materials and methods
2.1. Cultures and growth medium

HEK 293T cells were cultured using Dulbecco’s Modified Eagle me-
dium low glucose supplemented with r-glutamine 4 mM, MEM non-
essential amino acids 0.1 mM, 10% heat-inactivated fetal bovine
serum (FBS) plus penicillin (50 IU/ml) and streptomycin (50 mg/ml).
HepG2 cells were cultured using Dulbecco’s Modified Eagle medium
high glucose supplemented with 10% heat inactivated FBS plus peni-
cillin (50 IU/ml) and streptomycin (50 mg/ml). COS cells were cultured
in Dulbecco’s Modified Eagle medium low glucose supplemented with
10% of heat inactivated FBS plus penicillin (50 IU/ml) and streptomycin
(50 mg/ml). All cells were grown using a regular incubator at 37 °Cin a
humidified 21% O and 5% CO, atmosphere. Hela cells were cultured on
D-MEM (high glucose), 10% heat inactivated FBS, 0.1 mM MEM
Nonessential Amino Acids (NEAA), 2 mM r-glutamine, 1% Pen-Strep.
C8161 were cultured on RPM11640 (GIBCO) supplemented with 10%
heat inactivated FBS, glutamine (0.8 Mg/ml), and gentamicin (10 ng/
ml). MUM2b cells were grown on Eagle’s minimum essential medium
(EMEM) (BioWhittaker, Walkersville, MD) supplemented with 10%
heat-inactivated FBS (Fisher, Ontario, ON, Canada), 1% nonessential-
amino acids (NEAA-Mixture, 100; BioWhittaker) 2 mmol/L 1-gluta-
mine, and penicillin/streptomycin.

2.2. Treatments

The PARP inhibitor PJ34 was purchased from Enzo Life Sciences
(San Diego, CA, USA) and was used at a concentration of 10 pM, 90 min
before hypoxia. The PARP inhibitor olaparib was used at 5 pM, 90 min
before hypoxia and purchased from Selleckchem (Houston, USA). The
ROS inhibitor MPG-2, also referred as N-(2-Mercaptopropionyl) glycine,
was purchased from Sigma-Aldrich (San Louis. Missouri, USA) and was
used at 300 pM 90 min before the exposure to different times of hypoxia.
Mitochondrial antioxidant MitoTempo was purchased from Sigma-
Aldrich (San Louis. Missouri, USA) and used at a final concentration of
20 pM. Cells were pretreated for 120 min and then exposed to hypoxia.

2.3. Hypoxia

Hypoxic incubation was achieved using a sealed hypoxic workstation
(Ruskin, Bridgend, UK). Cells were exposed to 1% O3 and 5% CO; at
37 °C. Hypoxic duration was 4 h if a different duration is not indicated.

2.4. Western Blot

For Western Blot analysis, cells were plated in six-well plates at a
density of 2.5 x 10°, lysed using TRE buffer and then the whole cell
extract was sonicated, resuspended, and boiled for 5 min in modified
Laemli charge buffer (250 mM Tris-HCl (pH 75), glycerol 20%, SDS
10%, 1,4 M of mercaptoethanol and 1% blue bromophenol). Samples
were transferred to a nitrocellulose membrane through wet transfer
(Amersham Biosciences). Proteins were then visualized using the ECL
system (Amersham Biosciences) after using specific antibodies for: HIF-
la (Bethyl), GST antibodies (Bethyl), Tubulin (Sigma-Aldrich), Actin
(Sigma-Aldrich), Myc-tag (Cell Signaling Technology), Poly(ADP-
ribose) (Trevigen), PARP-1 (Enzo), RPA (Cell Signaling), p-RPA
(Bethyl), P53 (Santa Cruz), p-P53 (Millipore), H2AX (Millipore), p-
H2AX (Millipore), Histone H1 (Santa Cruz), Laminin B (Abcam).

2.5. Transfection assay

Cells were cultured in six-well plates at a density of 2.5 x 10° cells
per well. 24 h later they were transfected using the reagent jetPRIME
(Polyplus, Illkirch, France) using the concentrations indicated by the
manufacturer for the solutions and plasmids of interest. Cells were
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cultured for 24 h before being exposed to the reactive. Four hours later
the medium was refreshed and one day later cells were lysed using TR3
buffer. For pull down and immunoprecipitation assays, cells were plated
in p100 plates at 1.5 10° concentration. Then the jetPRIME protocol was
completed in the same way following Polyplus instructions.

2.6. Pull down assay

Cells were co-transfected with Myc-HIFla C-ter and different GST-
PARP-1 domains. After following the jetPRIME protocol they were
harvested in 20 nM Tris-HCl (pH 7.5), 400 mM NacCl, 20% glycerol, 5
mM DTT, 0,5 mM pefabloc and protease inhibitors (Complete Mini;
Roche, Mannheim, Germany). Lysates were cleared by centrifugation
and incubated for 2 h with glutathione-sepharose 4B (Sigma, St Louis,
MO, USA) Beads were washed three times with 20 nM Tris-HCI (pH 7.5),
150-500 nm NaCl, 0.1% NP-40 and protease inhibitors. All samples
were resuspended and boiled for 5 min in modified Laemli charge buffer
(250 mM Tris-HCl (pH 7.5), glycerol 20%, SDS 10%, 1,4 M mercap-
toethanol and 1% blue bromophenol). Then samples were analyzed by
western blot. Blots were subsequently incubated with the anti-GST
antibody.

2.7. Irradiation

Cell cultures were irradiated in an Xstrahl RS225 cabinet using tissue
flasks at room temperature. A voltage of 195 kV X-rays was used at a
dose rate of 1.6 Gy/min until a final dose of 5Gy was accumulated on the
sample.

2.8. Immunoprecipitation

For IP, 2x10° cells per condition were incubated. After undergoing
the different treatments, they were collected and exposed to ice for 20
min on a lysis buffer (1% NP-40, 1 mM EGTA (pH 8.0), 100 mM NaCl, 1
mM sodium orthovanadate, 20 mM Tris-Cl (pH 7.6), 10 mM sodium
pyrophosphate, 10 mM NaF, 500 mM phenylmethyl sulfonyl fluoride
and cocktail of proteases inhibitors (Complete Mini, Roche, Zurich,
Switzerland)). Lysates were incubated with Protein A Sepharose to
reduce non-specific signaling. Then, the pre-cleared supernatants were
isolated and incubated with the antibodies of interest plus Protein A
Sepharose overnight at 4 °C. The extracts were washed five times with
saline buffer (100 mM NacCl, 20 mM Tris-HCI (pH 8.0), 0,5% NP-40, 1
mM EDTA, and protease inhibitors). The immunoprecipitated com-
plexes were isolated by centrifugation and boiled for 5 min in modified
Laemli charge buffer (250 mM Tris-HCl (pH 7.5), glycerol 20%, SDS
10%, 1,4 M mercaptoethanol and 1% blue bromophenol). Then, samples
were analyzed by western blot.

2.9. Immunostaining

On 6-well plates, sterilized coverslips were placed, then 2.5 x 10°
cells were seeded on top of them. After growing overnight cells were
exposed to different treatments. They were then washed gently with PBS
1x and fixed using 3% paraformaldehyde during 15 min at room tem-
perature. Then, they were washed using PBS 1x and permeabilized with
0.25% Triton for 10 min. They were washed again with PBS 1x and
blocked with BSA 2% during 1 h at room temperature. Samples were
incubated with BSA 2% using anti-FLAG (Sigma Aldrich) or anti-53BP1
(Milipore) (1:100) for 45 min at 37 °C. A secondary antibody, anti-rabbit
or anti-mouse, was incubated with BSA 2% for 20 min at 37 °C. Cells
were washed with PBS 1x and then sealed with Vectashield antifade
mounting medium + DAPI. Images were obtained using confocal mi-
croscopy (SP5 Confocal Leica Microscope). Detecting the anti-rabbit
signal at 488 nm and the anti-mouse at 647 nm.
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2.10. Real time g-PCR

Cells were harvested and the RNA isolated following the instructions
provided for the RNeasy mini kit (Qiagen, Hilden, Germany). Reverse
Transcription was performed using the iScript Reverse Transcription
Supermix for RT-qPCR (Bio-Rad, Hercules, USA). Real time PCR was
performed on a CFX96 thermocycler using the iTag™ Universal SYBR®
Green Supermix (Bio-Rad, Hercules, USA). The primers were synthe-
sized by the “PCR Primer Design” service (Sigma-Aldric, Saint Louis,
USA). 36B4 was used as housekeeping gene. The list of primers goes as
follow:

h HIF1a Fw CTGCAACATGGAAGGTATTGCA

h HIF1a Rv TACCCACACTGAGGTTGGTTACTG
h CAIX Fw TAAGCAGCTCCACACCCTCT

h CAIX Rv TCTCATCTGCACAAGGAACG

h LDHA Fw TGGGAGTTCACCCATTAAGC

h LDHA Rv AGCACTCTCAACCACCTGCT

h ANGPTL4 Fw CGTACCCTTCTCCACTTGGG

h ANGPTL4 Rv GCTCTTGGCGCAGTTCTTG

h GLUT-1 Fw CAGTTTGGCTACAACACTGGAGT
h GLUT-1 Rv ATAGCGGTGGACCCATGTCT

h VEGFA Fw GGGCAGAATCATCACGAAGT

h VEGFA Rv TGGTGATGTTGGACTCCTCA

h DDIT4 Fw: GACAGCAGCAACAGTGGCTTC

h DDIT4 Rv: CCACGCTATGGCAGCTCTTGC

h UBE2M Fw: CCTGCCCAAGACGTGTGATA

h UBE2M Rv: CCCTGGCCCACCTTAAAACT

h GAPDH Fw: ACAGTCAGCCGCATCTTCTT

h GAPDH Rv: ACGACCAAATCCGTTGACTC

2.11. ROS determination

To measure ROS, DCFA-Cellular Reactive Oxygen Species Detection
Assay Kit (AbCam) was used. Cells were seeded at a concentration of 2.5
x 10* per point of 96 wells, 24 h later they were stained using 25 pM of
DCFDA for 45 min. Next, the DCFDA was washed and cells were exposed
to the different treatments. ROS were measured by fluorescence at Ex
485 + 20 nm Em 535 + 25 nm using a TECAN plate reader Infinite PRO
200.

To confirm the ROS induction observed during hypoxia we used a
non DCFDA-related method for ROS detection based on the molecule
DHE (Dihydroethidium). Following the instructions provided by the
DHE Assay Kit (Abcam) 2.5 x 10* were seeded per point on a 96 well.
After 24 h they were washed using PBS 1X and then exposed to DHE 5
uM for 90 min at 37 °C in the dark. The DHE was then removed and the
experiments performed. Using the TECAN plate reader Infinite PRO 200,
DHE fluorescence was detected at a Ex 550 & 10 nm and Em 590 + 10
nm.

2.12. 32P-PAR synthesis for the in vitro PARylation assay

Purified 3?P-PAR was prepared by incubating 20 pg of purified
human PARP-1 (Alexis) in a mixture containing 50 mM Tris-HCl (pH
8.0), 4 mM MgCl,, 0.15 M NaCl, 1 mM DTT, 0.5. DNase I treated-DNA,
0.1 mM BSA, 0.4 mM NAD™, 0.5 Ci [32P]-NAD™ (800 Ci/mmol, 5 Per-
kinElmer) in a total 500 pl reaction. PARP-1 and the mixture were
incubated for 1 h at 32 °C. Then, 2 pl of 10 mg/ml DNAse I (Roche) and
2 pl of 1 M CaCl, were added and incubated for 1 h at 37 °C. Following
this step, 250 pl H0, 5 pl 20% SDS and 20 pl of 10 mg/ml Proteinase K
were added to the mix and incubated for 4 h at 37 °C. Proteins were then
extracted using a phenol/CHCls treatment: 500 pl phenol/CHCl; were
added, vortexed and centrifugated for 5 min at 4 °C. The upper phase
was recovered, and the PAR precipitated by adding 100 pl of 3 M po-
tassium acetate and 1 ml isopropyl alcohol. The samples were then left
to precipitate at —20 °C overnight, then centrifuged in low binding
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Eppendorf tubes at 14,000 rpm at 4 °C 1 h. Carefully the liquid was
removed, and the precipitate was washed with 1 ml 80% ethanol. The
PAR was left then to dry at room temperature for 1 h. Finally, the PAR
was resuspended in 400 pl TE buffer.

2.13. PAR binding assay on peptides

Biotinylated peptides were ordered at Genscript. Dried peptides were
resuspended in HyO to 3 pg/pl 3 pg of peptides were bound to 15 pl
slurry of streptavidin-magnetic beads (Millipore) on ice for 1 h with
frequent agitation using 1.5 ml Eppendorf tubes. Beads were washed
twice in 1 ml PBS 1x. The beads-peptides complexes were incubated
with 50,000 cpm 32p_PAR in 200 ul PBS 1x for 1 h on ice with agitation.
The beads were then washed three times with 1 ml PBS 1x, and the tubes
were changed after each wash to ensure that no radioactivity was bound
non-specifically onto the plastic of the tubes. After the last wash, the
supernatant was removed almost to dry the beads and the radioactivity
bound to the beads was evaluated by Cerenkov counting using a Packard
counter.

2.14. CRISPR-Cas?9 cells

The production of HEK 293T cells PARP-1 KO was performed thanks
to the use of CRISPR-Cas9 technology. Different sgRNAs were selected
using the “Zhang Lab Optimized CRISPR design tool” and then cloned
into the pL-CRISPR.EFS.GFP obtained from Addgene (#57818). Cells
were transfected using JetPrime reagents, then the GeneArt Genomic
Cleavage Detection Kit (Invitrogen) was used to validate the sgRNAs
following the manufacturer’s instructions. The guides number 2 and 4
were selected for, allelic disruption.

Guide 2: GAGTCGAGTACGCCAAGAGC
Guide 4: GCATCCCCAAGGACTCGCTC

These guides were transfected again, the GFP positive cells were
isolated and a clone selection was performed after single-cell separation
through flow cytometry. Finally, PARP-1 KO status was confirmed by
Sanger sequencing and Western Blot.

2.15. ChIP-seq

The chromatin immunoprecipitation was performed using the Sim-
pleChIP enzymatic Chromatin IP Kit with magnetic beads #9003 (Cell
SignalingTechnology, Danvers, USA). Following the provider in-
structions, 2 x 107 cells were seeded and 5 pg of HIF—1a antibody
ab2185 (AbCam, Cambridge, UK) were used per condition. To test IP
efficiency, a quantitative PCR was performed for the hypoxic-induced
gen EGLN3. Afterward, the Percent Input was calculated to measure
this expression as a percent of the global input chromatin.

2.16. ChIP-seq sequencing, data alignment, and peak calling

Immunoprecipitated DNA was processed for sequencing using stan-
dard protocols and sequenced on an Illumina Nextseq 500 with 75-bp
single end reads. Two biological replicates for each ChIP in hypoxic
conditions, and one biological replicate for the remaining normoxic
samples were sequenced obtaining 21,064,518 as the average read
number. Quality assessment and samples alignment were performed
using the miARma-Seq pipeline [31,32]. In detail, fastqc [33] were
applied to gather the overall sequence quality and possible adapter
accumulation. Then, all samples were aligned to the reference Human
GRCH38 genome from the GENCODE portal, version 28. All samples
were aligned using Burrows-Wheeler Aligner software [34]. PCR du-
plicates were removed using samtools markdup with options —s -r [35].
Peak calling was performed using MACS2 [36] with option —f BAM —g hs
-5 75 -B ~SPMR —nomodel.
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All ChIP-Seq raw data are available in the Gene Expression Omnibus
(GEO) repository: GEO accession GSE144189.

2.17. Immunohistochemistry

Four-micrometer-thick tissue sections from paraffin blocks (mela-
noma in situ n = 11 and metastasis n = 12) were dewaxed in xylene and
rehydrated in a series of graded alcohols. Sections were immersed in 3%
H20, aqueous solution for 30 min to exhaust endogenous peroxidase
activity, then covered with 1% blocking reagent (Roche, Mannheim,
Germany) in 0.05% Tween 20-PBS, to block nonspecific binding sites.
Antigen retrieval was performed using a pressure cooker and EDTA
buffer (pH 8.0). Sections were incubated with primary antibodies during
1 h for anti-PARP1 (#BML-SA250-0050, Enzo Life Sciences, Farm-
ingdale, NY) (1/300) or overnight at 4 °C for anti- HIF-1a (#A300-286A,
polyclonal anti-HIF-1a (Bethyl, Montgomery, TX, USA) (1/100).
Peroxidase-labelled secondary antibodies and 3,3-diaminobenzidine
were applied to develop immunoreactivity, according to manufac-
turer’s protocol (EnVision; Dako, Glostrup, Denmark). Slides were then
counterstained with hematoxylin and mounted in DPX (BDH Labora-
tories, Poole, UK). Sections in which primary antibody was omitted were
used as negative controls. Immunostaining was evaluated by an expe-
rienced pathologist. The percentage of immunostained tumor cells was
scored as follows: 0, negative; <19%, weak: and >20%, positive.
Representative images were acquired in a microscope (Olympus BX-61).

2.18. Glycolysis assay

The glycolysis assay was performed following the instructions pro-
vided for the product “Glycolysis assay” ab197244 (Abcam). This assay
measured extracellular acidification due to lactate production during
glycolysis. As instructed, cells (8 x 10*) were cultured in 96-well plates
overnight and then purged from CO; on a CO»-free incubator at 37 °C for
3 h. Then 150 pl of the Respiration buffer were added in combination with
10 pl of the Glycolysis Assay Reagent, which contained a cell imperme-
able, pH-sensitive fluorophore. Then cells were exposed to hypoxia and
after this step, plates were taken to a TECAN fluorescent spectroscope,
where fluorescence (Ex 380 + 40 nm Em 620 + 10 nm) was measured
every 5 min for 1 h.

2.19. Oz consumption assay

The assay was performed following the instructions provided by the
supplier for the product “Extracellular Oxygen Consumption Assay”
ab197242 (Abcam). This assay gave a real-time kinetic analysis of the
oxygen consumption, informing of cellular respiration rate and mito-
chondrial activity. Cells were cultured at a concentration of 8 x 10* per
condition and let to grow overnight. The next day were added 10 pl of
the Extracellular oxygen consumption reagent, which contained a fluo-
rescent dye that was quenched in the presence of oxygen. Then cells
were exposed to hypoxia. Before oxygen determination, 100 pl of the
High sensitivity mineral oil were added on top of the assay medium,
limiting oxygen diffusion into the medium. On this context mitochon-
drial activity reduced oxygen concentration, reducing the dye quench-
ing. Oy consumption was measured by fluorescent microscopy on a
TECAN fluorescent spectroscope (Ex 380 + 20 nm Em 650 + 20 nm)
every 5 min for 1 h.

3. Results
3.1. HIF-1a stability depends on PARP-1 PARylation activity

Previous results from different groups (including ours) [29,30,37]
have shown a connection between PARP-1 and HIF-la activation.

However, the mechanism connecting both proteins, the extent to which
PARP-1 determines HIF-dependent gene recruitment/transcription, and
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the relevance in cancer patients, has not been explored yet. In order to
assess the clinical relevance of the association between HIF-la and
PARP-1, using the TCGA database we analyzed the correlation in gene
expression in metastatic [38], acral [39] and uveal melanoma, where
hypoxia plays an important role during tumor development [40]. Using
cBioportal [41,42] to query this association we found a statistically
significant positive correlation between PARP-1 and HIF-la gene
expression (Fig. 1a). To further support the previous data, we charac-
terized the expression of both proteins in biopsies from in situ melanoma
patients using a tissue micro array. PARP-1 and HIF-1a expression was
co-incident in consecutive sections and over expressed when compared
to the adjacent healthy tissue (Fig. 1b). The reliance of HIF-la on
PARP-1 during early hypoxia was tested in HeLa cells, metastatic
(C8161), and uveal (MUM2B) melanoma. PARP inhibition with olaparib
led to HIF-1a depletion in all cases (Fig. 1c). To test if this effect was
specifically PARP-1-dependent, we confirmed that PARP-1 silencing
caused the same depletion on HIF-la accumulation (Fig. 1d). To
discriminate if HIF-1la stability depended on PARP-1 itself or on its
PARylation activity, we observed that after PARG silencing HIF-1a was
induced in parallel with polymer accumulation (mainly synthesized by
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PARP-1) (Fig. 1e). These results suggested that HIF-1a stability was
affected not only by the presence PARP-1, but also by PARP activity.

3.2. Hypoxia-induced ROS leads to PARP activation and HIF-1a
accumulation

To understand HIF-1la and PARP-1 interaction, we focused in the
signals arising during early hypoxia (4 h, 1% O). This is the case for
reactive oxygen species (ROS), that have been described to increase very
early after acute hypoxia [43]; ROS are a family of molecules known to
trigger the poly (ADP-ribose) activity [44]. After different minutes of
hypoxia ROS, were measured using two different probes: DCFA (Fig. 2a)
and DHE (Figure S1b). In both cases, ROS peaked during the first hour
and their induction was prevented using the general ROS scavenger
MPG-2 (N-(2-mercaptopropionyl) glycine) (Fig. 2a and Sla). During
early hypoxia PAR levels were rapidly up-regulated in parallel with
HIF-1a accumulation. The inhibition of PAR synthesis completely pre-
vented PAR accumulation, consequently reducing HIF-1a stabilization
(Fig. 2b and Slc). Cells treated with the ROS scavenger also displayed
decreased PAR synthesis and reduced HIF-1a accumulation (Fig. 2c and
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Fig. 2. Hypoxia induces ROS and PAR accumulation, both events necessary for HIF-1a stability and activity. a ROS measurement during increasing times of hypoxia
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MPG2 300 pM respectively. d-i Gene expression of different hypoxic-related genes. During normoxia and hypoxia (2, 4 and 24 h). Cells were pretreated with PJ34 10
pM and MPG-2 at 300 pM. In both cases HIF-1a transcriptional activity is impaired.

S1d), unveiling the importance of ROS induction for PARP-1 activation,
and subsequently, for HIF-1a stabilization. Using the mitochondrial ROS
scavenger MitoTempo we were unable to reduce the ROS induction
during hypoxia, implying that maybe other ROS sources (non--
mitochondrial) were involved (Figure Sle).

As total HIF-1a levels were decreased after PARP inhibition, we
asked if HIF-1a transcriptional activity was also down-regulated. This
was indeed the case, as reflected by the expression of five different genes
known to be HIF-1a targets: CAIX, ANGPTLA4, GLUT1, VEGF and LDH
(Fig. 2d-h). A significant down-regulation was found for all tested genes
after treating with either ROS scavenging or PARP inhibition, with
exception of LDHA after 24 h of hypoxia following PJ34 treatment. Non-
significant alterations on HIF-1la mRNA levels were described (Fig. 2i).
These data strengthen the idea of a tight link between hypoxia, ROS
production, PARylation induction, and HIF-la stabilization and
activation.

3.3. PARP-1 interacts with the C-terminus domain of HIF-1a regulating
the stability of the protein

It has been previously shown that PARP-1 and HIF-1a form a com-
plex after ciclopirox olamine treatment (hypoxia mimetic) and in
response to Epstein Barr virus (EBV) infection [28,29,37]. However, this
interaction and the domains mediating its formation have not been
addressed in the hypoxic context, where HIF-1a performs its major ac-
tivity. To further dissect the influence of PARP-1 in HIF—1la stability
during normoxia and hypoxia, we generated a double mutant HIF-1« for

the PHD sites P*°2 and P54, These prolines were changed into alanines
using site-directed mutagenesis on two constructs spanning the HIF-1a
full length (DML: 1-826), and a truncated HIF-1a lacking the C-terminus
domain (DMS: 1-657). In addition, we generated a C-terminus fragment
of HIF-1a (C-ter: 630-826) that lacks sites for PHD regulation (Fig. 3a).
pVHL overexpression affected the stability of the wild type full length
and wild type short HIF-1a, but not to the C-ter domain (Fig. 3b, ¢ and
d). As expected, when the PHD sites were mutated, the DML and DMS
became insensitive to pVHL over-expression. Therefore, both constructs
were stable during normoxia (Fig. 3e and f). We then exposed cells
transfected with the different constructs to PARP inhibition, this pre-
vented the accumulation of the DML and C-ter but did not affect the
stability of the DMS construct (Fig. 3g). These results showed that the
C-terminus (present in both the C-ter and the DML domain) was
responsible for this regulation. Moreover, GST-pull down assay using
different PARP-1 fragments (Fig. 3h) demonstrated that the C-ter of
HIF-1a interacted with the PARP-1 domain D, which is known to be
responsible for protein-protein interactions (Fig. 3i).

3.4. HIF-1a is modified by poly(ADP-ribose) at its C-terminus

Having demonstrated that HIF-1a and PARP-1 do interact, we asked
if HIF-1a is a substrate for PARP-1-mediated PARylation during hypoxia.
Using a co-IP approach with anti HIF-1a as bate, we found that HIF-1a is
PARylated in normoxia and that this modification increased during
hypoxia (Fig. 4a). Co-IP with anti-PARP-1 and HIF-1a confirmed the
presence of both proteins forming a complex that increased during
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hypoxia and that was destabilized in the presence of PARP inhibitors
(Fig. 4b). To further deepen in the characteristics of this interaction, co-
IP assays were performed against poly(ADP-ribose) in cells over-
expressing the HIF-1a domains C-ter and DMS. PARylation was observed
in the endogenous HIF-1a protein and the C-terminus domain, and it was
reduced after PARP inhibition. No modification was observed on the
DMS domain (Fig. 4c).

To identify the specific amino acids undergoing this modification, we
interrogated the C-ter sequence for putative PARylable sites. It has been
described that amino acid sequences presenting repeated lysine and
arginine motifs can be acceptors of poly(ADP-ribose) [45]. We identified
two sequences with similar characteristics on the C-ter domain. Site
directed mutagenesis was performed to change these lysins and argi-
nines residues into non-PARylable alanines (Figure S2a). Cells were then
transfected with these HIF-la mutants. Unexpectedly, the mutations
directed HIF-1a to the cytosol (Figure S2b). Further research revealed
that those potential PARylable sites were located in a secondary bipar-
tite NLS described for HIF-1a [46]. We decided then to perform an in
vitro approach where we observed how purified HIF-1a was PARylated
by PARP-1 (Fig. 4d). To study the C-ter domain, four different
biotin-modified peptides containing the previously described sequences,
were synthesized on their wild type and mutant form (Fig. 4e). Again, an
in vitro PARylation assay was performed, showing that both wild type
peptides were modified with PAR; after the alanine mutation, this PTM
was reduced to the same level than the negative control (Fig. 4f).

3.5. PARP-1 conditioned HIF-1a recruitment to target promoters during
hypoxia

Once studied the nature of the interactions between PARP-1 and HIF-
la on the hypoxic context, we evaluated the impact that PARP-1 had on
the recruitment of HIF-1a to the chromatin. Firstly, we generated a cell
line of HEK 293T PARP-1 knockout cells using CRISPR/Cas9. We
confirmed that PARP-1 was correctly removed and tested the capacity of
the cells to produce poly(ADP-ribose) during peroxide-induced stress
(Figure S2c). We also determined that, similarly to PARPi, the absence of
PARP-1 diminished the amount of HIF-1a accumulated during hypoxia
(Figure S2d).

Then, a ChIP-Seq analysis was performed during early hypoxia (4
hours) on the HEK 293T WT and PARP-1 KO cells. The ChIP-Seq
revealed that most of the HIF-1a binding peaks detected were located
within the first kilobase upstream of translation start sites: 48,16% in
wild type and 43,9% in PARP-1 KO (Figs. 5 and 6)) which includes the
5'-UTR and the promoter region of the genes. Statistical analyses were
completed to eliminate non-significant peaks and to compare them with
the input and the normoxic control signals. 123 peaks were detected on
the hypoxic wild type cells and 68 in the PARP-1 KO cells. Comparing
with a previous study by Schodel et al. [47] 400 high stringency
HIF-1-binding sites were found. The differences with our study could be
ascribed to the different cell type used in their study (MCF7), and the
fact that they were analysing the hypoxic response after 16 h at 0,5% Oa.
In our case we focused on the early response (4 h) using a less limiting
oxygen concentration (1% Og).
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results are presented in counts per minute.

During hypoxia, PARP-1 KO cells presented 44,72% less HIF-1a
binding sites and not a single new peak gained with respect to the wild
type cells. After grouping these genes according to their functions
(Fig. 5a), we found that the effect of PARP-1 on HIF-1a association to the
chromatin was not randomly distributed, but there was a range of hi-
erarchical reduction depending on the gene ontology. While some
cellular activities remained almost unchanged (this was the case of
glucose metabolism, angiogenesis, or DNA repair), other functions
almost disappeared (mitochondrial activity, membrane organization
and cell cycle regulation) (Fig. 5b). We then compared the common
peaks found among the top 30 binding sites reported in pervious ChIP-
seq and our results [47] and we found that 7 out of 10 common genes
(ALDOA, ANKRD37, EGLN3, ENO1, GPI, PDK1, PFKFB3, PFKFB4, PKM,
RSBN1) are involved in glycolysis, confirming that the regulation of
glucose metabolism it is likely to be a key parameter to be regulated
during cell’s adaptation to hypoxia.

Intrigued by this differential loss we completed a MEME analysis
[48] on the sequences to which HIF-1a bound during hypoxia in the wild
type and PARP-1 KO context (Fig. 5c¢). Interestingly, HIF-1a presented
high flexibility binding to different sequences during the normal hypoxic
induction, being HIF-1a peaks located on long and variable sequences.

In contrast, in PARP-1 KO cells HIF-1a capacity to bind to the DNA
became more rigid and limited, locating in shorter and more
HRE-similar sequences.

In order to understand the reduced binding of HIF-1ua to its target
genes in the absence of PARP-1, we performed a more extensive analysis
of the ChIP-Seq to observe in detail this new binding pattern. When
studying the recruitment of HIF-1a considering the gene arquitecture we
observed how HIF-1a located primarily in the promoter regions of its
target genes (Fig. 6a). Being this area the one that presented the stronger
reduction in HIF-1a association in PARP-1 KO cells.

We analyzed the data considering the distance between HIF-1la
binding sites and the closest TSS (measured in kilobases, or Kb) (Fig. 6b).
We observed how the most frequent accumulation of HIF-1a took place
within the first 1 Kb around the TSS. To study in detail these promoter
regions, we focused on the frequency of HIF-1a detection only 2 Kb
around the TSS (Fig. 6¢). HIF-1a presented a predominant concentration
on the first 1 Kb circling the TSS. In PARP-1 KO cells however, HIF-1a
was reduced mainly on that region, where as a transcription factor its
expected to perform its main activity.

Beyond HIF-1a recruitment, it was intriguing the effect that PARP-1
ablation had over hypoxic gene expression when measured via mRNA
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on HEK 293T and PARP-1 K.O cells. The HIF-1a binding sites are presented considering the function of the closest gene. b Representation of the percentage of loss on
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levels. Not only those genes that presented less HIF-1a recruitment on
their promoters showed reduced mRNA levels, but even those genes that
presented similar or even stronger HIF-la accumulation on their pro-
moters, displayed a reduced mRNA expression (Figure S3) showing that
HIF-1a recruitment per se was not enough to guarantee the expression of
its target genes during PARP-1 ablation. The possible mechanisms un-
derlaying this regulation will be addressed at the discussion section.

3.6. PARP-1 inhibition/ablation impacts cellular fitness during hypoxia

Once studied in depth the role of PARP-1 over different aspects of
HIF-1a biology, and how it altered the expression of genes involved in
hypoxic adaptation. We evaluated how PARP-1 inhibition or ablation
could be affecting cellular fitness during hypoxia.

We evaluated the status of stress routes like the DNA damage
response (DDR) and the replication stress, as well as the cells capacity to
consume O, and the glycolysis status. To finish we observed the impact
of these metabolic alterations on cellular proliferation and migration
capacity.

The induction of the DDR in hypoxia has been previously reported in
conditions close to anoxia (<0.1% O5) and it has been shown to include
replication stress via p-RPA accumulation [49-51]. We measured DNA
damage using the accumulation of 53BP1 foci in immunofluorescence
and analyzed other DDR and replication stress markers via western blot.
Interestingly, hypoxia treatment alone did not induce the activation of

the DDR. However, an increase on 53BP1 foci was observed after ola-
parib treatment (Figure S4a and b) which was reported previously in
different settings [52,53]. On the same direction, western blot analysis
of different proteins involved in the DDR showed no clear difference in
DDR or replicative stress induction (Fig S4c). Indicating that the ROS
induced during hypoxia were activating PARP-1 through a mechanism
independent of DNA damage.

Then we evaluated the status of the cells regarding oxygen con-
sumption and glycolysis, key processes during hypoxic adaptation. The
study of oxygen consumption (Fig. 7a) revealed that during normoxia
both HEK 293T WT and PARP-1 KO cells had elevated and similar ox-
ygen consumption levels. However, during hypoxia the HEK 293T
PARP-1 KO cells presented only a partial reduction in oxygen con-
sumption compared with the observed on the HEK 293T WT cells. Given
the crucial significance of the inhibition of the oxidative phosphoryla-
tion during hypoxia, this difference in the rate of oxygen consumption
could result in increased oxidative stress in the absence of PARP-1.

The study of the glycolysis pathway on both cell lines showed low
levels of glucose consumption in normoxia. However, during hypoxia a
reduced glycolysis induction was observed in the PARP-1 KO cells
compared to the WT cells (Fig. 7b). This result could indicate the lack of
a proper switch from the oxidative to the glycolytic pathway. However,
this observation is hard to conclude because glycolysis was already
lower on PARP-1 KO cells during normoxia.

We determined the impact of the alterations observed in these
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bioenergetic/metabolic pathways in the cellular fitness. For this pur-
pose, we performed cell proliferation and wound healing assays (as a
readout of cell migration). During normoxia, PARP inhibition had a
stronger effect reducing cell proliferation respect to the effect of PARP-1
absence, probably because the inhibitor affected other PARP members.
However, during hypoxia, the elimination of PARP-1 became as effec-
tive as global PARP inhibition reducing proliferation, showing the
important role of PARP-1 during the hypoxic adaptation (Fig. 7c). In the
same way, cell migration measured via wound healing assay manifested
how the cellular mobility was reduced during normoxia after both
PARP-1 inhibition/knockout. During hypoxia however, these effects
became more drastic leading to a widening of the wound (Fig. 7d). All
these results reinforced the idea of a cellular dependence on PARP-1
activity for the optimal adaptation and survival to hypoxia.

4. Discussion

Our data demonstrate that during early hypoxia ROS production and
PARP-1 activation are concomitantly produced and are needed to fine-
tune signaling through HIF-la. PARP-1 activation leads to HIF-1la
PARylation at its C-ter, being this PTM necessary for its optimal stability
and activity. In the absence of PARP-1, HIF-1a downregulation reduces
the binding of HIF-1a to its target genes, being preserved only those with
a classic HRE sequence. This causes a reduction of gene expression,
impairing hypoxic adaptation and having a negative impact on the
cellular fitness (Fig. 8).

10

Reactive oxygen species (ROS) such as superoxide anions, hydrogen
peroxide and free radicals are a family of molecules that have been
shown to be pivotal modulators of the hypoxic response. Owing to the
reduced activity of the electron transport chain (ETC) in hypoxia, ROS
production escalates [54]. Mitochondrial ROS have been described not
just as a by-product of the hypoxic response but as a key regulator of this
biological response. ROS production threatens cell integrity and sur-
vival. Consequently, during hypoxia mitochondrial protective inhibition
is induced, causing a decrease in ATP levels which are compensated by
the shift to glycolytic metabolism via the Warburg effect [55,56]. In
addition to the impact over the global metabolism, ROS have been
directly implicated in HIF-la stability and activity not only during
hypoxia [57] but also during normoxia [58,59]. However, there is
controversy regarding how ROS stabilize HIF-1a and alternative mech-
anisms have been proposed including ROS inhibition of PHD activity
[60,61] or through H20, [62]. Our work identified a novel mechanism
by which hypoxia-induced ROS activate PARP-1, leading to HIF—1la
PARylation at its C-terminus domain; PARP-1 activity is required for
HIF—1a accumulation and binding to a diversity of promoters, allowing
the expression of genes required for the cell adaptation to hypoxia.

Hypoxia-induced DDR is distinct from classical pathways induced by
damaging agents due to the repression of DNA repair elements in hyp-
oxic conditions [63,64]. It has been shown that hypoxic conditions
induce a rapid compaction of the chromatin, which is associated with a
general inhibition of transcription levels [65]. Previous studies have
shown that tumor cells display defective DNA repair pathways,
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measured as cytoplasmic acidification. HEK 293T WT cells and HEK 293T PARP-1 KO were exposed to 4 h of normoxia and hypoxia, following glycolysis mea-
surement for 60 min via fluorescent emission. Antimycin A was used as a positive control. ¢ Cell growth during different times of normoxia and hypoxia. HEK 293T
cells undergoing PARP inhibition (olaparib 5 pM) or PARP-1 KO cells. 24 h after culture, cells were treated and exposed to 1% hypoxia during crescent times.
d Wound healing assay performed on HEK 293T cells, being PARP inhibited (olaparib 5 pM) or PARP-1 KO, wound healing measurement was performed 24 h after

wound opening.

increasing mutation rates, and chromosomal instability [50,66]. The
link between hypoxia and the DDR is not fully understood and seems to
be oxygen dependent: severe hypoxia (<0.2% O5) has been described to
cause S-phase arrest, accumulation of y-H2AX, P53 and ATR activation.
However, moderate hypoxia (1-3% O2) can lead to replication stress
and activation of the DDR pathway even when no DNA damage is
detected [67]. In this context hypoxia-induced ROS could lead to the
activation of PARP-1 on a DNA damage-independent manner. PARP-1 is
known to undergo different PTM modifications [68] being some of them
known to alter its activity in contexts independent of DNA damage
accumulation [69-71] we consider this to be a plausible hypothesis that
deserves future exploration.

To decipher the results observed on the ChIP-seq assay, we consider
essential to understand the chromatin regulation processes induced in
the conditions of our study: On the one hand, the changes produced
during the hypoxic induction, on the other hand, those observed during
PARP-1 ablation. Finding-out the processes regulating the DNA archi-
tecture in both scenarios, will help us to understand the results obtained
on the ChIP-seq when we combine both conditions.

As we have point out, the hypoxic situation is characterized by a
decrease on the global transcriptional activity [72]. This seeks a
reduction on ATP consumption and promotes chromatin protection.
However, during this repressive scenario, the response to hypoxia must
be triggered to guarantee cellular adaptation and survival. How this
hypoxic response is triggered on a transcriptionally repressive context,
requires the combination of different mechanisms that go far beyond the

11

simple stabilization of the HIF family.

Respect to the role that PARP-1 can play in this context, we need to
point out the increasing number of studies that implicate PARP-1 in
other cellular activities beyond DNA repair. It is especially remarkable
the implication of PARP-1 as a facilitator of transcription, locating
around the TSS of active genes [73], being a mediator of heterochro-
matin to euchromatin transition [74], participating on gene expression
by inducing promoter activation [75,76], chromatin remodelling and
relaxation [77] and RNA metabolism [78].

Bearing in mind the roles describing PARP-1 as a transcriptional
facilitator, we now analyse the impact of PARP-1 absence during hyp-
oxia. On a chromatin repressive context, as it is the case during hypoxia,
PARP inhibition/absence is expected to represent a “double trouble” for
the hypoxic response. On the one hand, it reduces HIF-la stability
limiting the number of molecules available to perform their transcrip-
tional activity. On the other hand, PARP-1 absence is expected to pro-
mote an even more repressive state of the chromatin, increasing
heterochromatin condensation. As described above, PARP-1 induces
promoter activation by binding mainly 1 Kb around the TSS. Therefore,
it is not surprising that during hypoxia, the absence of PARP-1 causes the
loss of HIF-1a location mainly 1 Kb around its target TSS and not on
distant regions. Furthermore, in the absence of PARP-1, the MEME study
has shown that HIF-1a capacity to bind to the DNA is reduced to its most
appealing sequences (HREs). Concerning the MEME analysis, it is
important to note that although the motifs on the wild type cells give a
significant E-value (E-value <0.01) it is not the same situation for PARP-
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1 knockout cells. This situation is not uncommon and MEME E-values 5. Conclusions section
are known to be overly conservative, especially when the input dataset is
reduced (which is the case for the PARP-1 KO cells due to HIF-1a down-
regulation). Different studies have indicated that this situation can lead
to the rejection of real functional motifs that are biologically significant
[79,80]. We consider that to be our case. It is difficult to ignore that the
sequences obtained on the PARP-1 KO cells are the best known and best
described HIF-1a binding sites.

One important question to address is how, even when HIF-1a locates
to its promoters on the PARP-1 KO cells (according to the ChIP-seq
analysis), gene expression is still enabled and mRNA is not accumu- 1.
lated. This shows that HIF-1a binding to its target genes is not enough on
its own to induce gene expression. This is not surprising knowing that
the absence of PARP-1 impacts chromatin relaxation at the TSS, co-
activators recruitment, or even limit RNA maturation. All these events 2.

stract in Fig. 8):
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Fig. 8. During hypoxia, ROS production
leads to PARP-1 activation. This protein in-
teracts with HIF-1a at its C-terminus domain,
causing its PTM with poly(ADP-ribose). This
modification leads to HIF-la accumulation.
HIF-1a then binds to the promoters of its
target genes, causing the expression of hyp-
oxic genes and allowing the cell to adapt to
hypoxia. On the other hand, when PARP-1 is
inhibited or knocked out, it causes HIF-1la
downregulation. This reduces HIF-1a binding
to its promoters causing a reduced hypoxic
gene expression. These changes lead to a
poorer adaptation to hypoxia.

Hypoxia plays a central role as driving force of tumor development
and the search of strategies to avoid tumor adaptation to hypoxia
represent a major translational challenge. In the present study we show
that PARP1 and HIF-1a are over-expressed and co-expressed in human
melanoma samples. We have analyzed the molecular insights on this
interaction with the following main conclusions (see also graphic ab-

During hypoxia, there is an early ROS induction that leads to PARP-1
activation. This activation is necessary for HIF-1a stability and ac-
tivity. During hypoxia PARP-1 and HIF-1a physically interact, and
HIF-1a is PARylated at specific residues of two regions of its C-ter.

prove that PARP-1 role is pivotal for the hypoxic response, altering HIF-
la stability, inducing repressive configurations on the DNA, and

affecting the transcription process.

Clinically, activation of hypoxia is a negative prognostic factor which
influences multiple aspects of the tumor biology. It is central in the 3.
control of tumor progression and one of the most well validated targets
yet to be controlled in oncology. During hypoxia there is an induction of
angiogenesis, invasiveness and metastasis associated to a reduced pa-
tient response to chemo and radiotherapy. In the same direction, over-
active DDR rescues cells from treatment-induced death. In the present 4.
work we connect both pathways through HIF-1a C-terminal PARylation
via PARP-1. On this context, PARP inhibitors could be doubly beneficial,
reducing cell capacity to repair DNA damage whilst disabling the hyp-
oxic adaptation. As PARP inhibitors have already been approved for
their use in the clinic, the identification of tumors expressing elevated 5.
HIF-1a, could expand the use of PARP inhibitors to target hypoxic

tumors.

ChIP-seq reveals that in the absence of PARP1, HIFla binding to its
target genes is reduced to 44,72% in a gene function-dependent
manner: while some functions are preserved (like glucose meta-
bolism), others are severely reduced (like mitochondrial regulation
and cell polarity).

ChIP-seq analysis shows that PARP-1 determines HIFla location
close to the promoters (1 kb from Transcription Star Site, TSS) but
not in distant regions of TSS. Moreover, in the absence of PARP-1,
recognition of the hypoxia responsive elements (HRE) by HIFla is
restricted to the consensus sequence.

HIF1-dependent gene expression in the absence of PARP-1 is
impaired in all cases irrespective whether HIF-la recruitment to
chromatin is lost, or maintained, indicating that PARP-1 plays a role
in HIF-1-dependent transcriptional regulation beyond HIF-1a
recruitment.

As a consequence of these previous results, we observed that PARP-1
loss or inhibition has an effect in reducing cellular fitness, being this
effect especially severe during hypoxia.
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6. Globally, as PARP inhibitors have already been approved for their
use in the clinic, the identification of tumors expressing elevated
HIF1a might expand the use PARP inhibitors to target the tumor
adaptation to hypoxia.
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53BP1  p53 binding protein 1
ANGPT4 Angiopoietin Like 4
ATP Adenosine triphosphate
ATR Ataxia telangiectasia and Rad3-related protein

BRCA1&2 BReast CAncer gene 1 & 2
CAIX Carbonic Anhydrase 9
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Ch-IP Seq Chromatin immunoprecipitation
CRISPR  Clustered regularly interspaced short palindromic repeats
CSC Cancer stem cells

C-TER  C-terminus domain

DAPI 4',6-diamidino-2-phenylindole
DCFDA 2',7'-Dichlorofluorescin Diacetate
DDIT4 DNA Damage Inducible Transcript 4
DDR DNA damage response

DHE Dihydroethidium

DML HIF-1a long domain

DMS HIF-1a short domain

EBV Epstein-Barr Virus

FIH Factor inhibiting HIF

GAPDH Gliceraldehido-3-fosfato deshidrogenasa
GFP Green fluorescent protein

GLUT Glucose Transporter protein

GST Glutathione S-transferase

Gy Gray unit

H2AX H2A.X Variant Histone

H3K27me3 Tri-methylation at the 27th lysine residue to the Histone
H3

H3K4me3 Tri-methylation at the 4th lysine residue to the Histone H3

H3K9me3 Tri-methylation at the 9th lysine residue to the Histone H3

HIF Hypoxia-inducible factor
HRE Hypoxic response element

IP Immunoprecipitation

JMJ demethilase Jumonji demethilase
Kb Kilobase

Kda Kilodalton

KDM5B Lysine Demethylase 5B

KLF4 Kruppel Like Factor 4

LDHA  Lactate dehydrogenase A

MEME  Multiple em for motif elicitation
MPG-2  N-(2-mercaptopropionil

NAD"  Nicotinamide adenine dinucleotide
NFKB Nuclear factor kappa B

NLS Nuclear location sequence

P300 Histone acetyltransferase protein 300
P53 Tumor protein p53

PAR poly ADP-ribose

PARG  poli(ADP-ribosa) glycohydrolase

PARilation poly (ADP-ribosilation)

PARP Poly (ADP-ribose) polimerase

PCAF p300/CREB-binding protein-associated factor
PCR Polymerase chain reaction

PFK Phosphofructokinase

PHD Prolyl hydroxylase domain protein

PI3K Phosphoinositide 3-kinase

PIC Preinitiation complex

POL2 RNA polymerase II

PolyA  Poliadenilation

PTM Posttranslational modification
PVHL Von Hippel-Lindau protein
RNS Reactive nitrogen species
ROS Reactive oxigen species

RPA Replication protein A

TCGA  The Cancer Genome Atlas

TET1 Ten-eleven translocation methylcytosine dioxygenase 1
TIP60 Tat-interactive protein 60

TNFa Tumor necrosis factor alpha

TSS Transcription start site

TWIST  Twist family bHLH transcription factor 1
UBE2M Ubiquitin Conjugating Enzyme E2 M
VEGF Vascular endothelial growth factor



J.M. Mart et al.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

0rg/10.1016/j.redox.2021.101885.

References

[1] A.H.S. Yehya, M. Asif, S.H. Petersen, A.V. Subramaniam, K. Kono, A. Majid, C.

E. Oon, Angiogenesis: managing the culprits behind tumorigenesis and metastasis,
Medicina 54 (2018).

[2] D. Samanta, G.L. Semenza, Metabolic adaptation of cancer and immune cells
mediated by hypoxia-inducible factors, Biochim. Biophys. Acta Rev. Canc 1870
(2018) 15-22.

[3] W.W. Tong, G.H. Tong, Y. Liu, Cancer stem cells and hypoxia-inducible factors
(Review), Int. J. Oncol. 53 (2018) 469-476.

[4] C. Shao, F. Yang, S. Miao, W. Liu, C. Wang, Y. Shu, H. Shen, Role of hypoxia-
induced exosomes in tumor biology, Mol. Canc. 17 (2018) 120.

[5] P. Sooriakumaran, R. Kaba, Angiogenesis and the tumour hypoxia response in
prostate cancer: a review, Int. J. Surg. 3 (2005) 61-67.

[6] S. Terry, R. Faouzi Zaarour, G. Hassan Venkatesh, A. Francis, W. El-Sayed, S. Buart,
P. Bravo, J. Thiery, S. Chouaib, Role of hypoxic stress in regulating tumor
immunogenicity, resistance and plasticity, Int. J. Mol. Sci. 19 (2018).

[7] E.K. Rofstad, T. Danielsen, Hypoxia-induced metastasis of human melanoma cells:
involvement of vascular endothelial growth factor-mediated angiogenesis, Br. J.
Canc. 80 (1999) 1697-1707.

[8] K. Graham, E. Unger, Overcoming tumor hypoxia as a barrier to radiotherapy,
chemotherapy and immunotherapy in cancer treatment, Int. J. Nanomed. 13
(2018) 6049-6058.

[9] J.C. Walsh, A. Lebedev, E. Aten, K. Madsen, L. Marciano, H.C. Kolb, The clinical
importance of assessing tumor hypoxia: relationship of tumor hypoxia to prognosis
and therapeutic opportunities, Antioxidants Redox Signal. 21 (2014) 1516-1554.

[10] A.L. Harris, Hypoxia-a key regulatory factor in tumour growth, Nat. Rev. Canc. 2
(2002) 38-47.

[11] R.H. Wenger, D.P. Stiehl, G. Camenisch, Integration of oxygen signaling at the
consensus HRE, Sci. STKE 2005 (306) (2005), https://doi.org/10.1126/
stke.3062005rel12 rel2.

[12] K. Tanimoto, Y. Makino, T. Pereira, L. Poellinger, Mechanism of regulation of the
hypoxia-inducible factor-1 alpha by the von Hippel-Lindau tumor suppressor
protein, EMBO J. 19 (2000) 4298-4309.

[13] E.Y. Dimova, T. Kietzmann, Hypoxia-inducible factors: post-translational crosstalk
of signaling pathways, Methods Mol. Biol. 647 (2010) 215-236.

[14] T. Chen, Z. Ren, L.C. Ye, P.H. Zhou, J.M. Xu, Q. Shi, L.Q. Yao, Y.S. Zhong, Factor
inhibiting HIFlalpha (FIH-1) functions as a tumor suppressor in human colorectal
cancer by repressing HIFlalpha pathway, Canc. Biol. Ther. 16 (2015) 244-252.

[15] E. Wang, C. Zhang, N. Polavaram, F. Liu, G. Wu, M.A. Schroeder, J.S. Lau,

D. Mukhopadhyay, S.W. Jiang, B.P. O’Neill, et al., The role of factor inhibiting HIF
(FIH-1) in inhibiting HIF-1 transcriptional activity in glioblastoma multiforme,
PloS One 9 (2014), e86102.

[16] S. Vyas, I. Matic, L. Uchima, J. Rood, R. Zaja, R.T. Hay, I. Ahel, P. Chang, Family-
wide analysis of poly(ADP-ribose) polymerase activity, Nat. Commun. 5 (2014)
4426.

[17] A. Ruf, V. Rolli, G. de Murcia, G.E. Schulz, The mechanism of the elongation and
branching reaction of poly(ADP-ribose) polymerase as derived from crystal
structures and mutagenesis, J. Mol. Biol. 278 (1998) 57-65.

[18] K. Crawford, J.J. Bonfiglio, A. Mikoc, I. Matic, I. Ahel, Specificity of reversible
ADP-ribosylation and regulation of cellular processes, Crit. Rev. Biochem. Mol.
Biol. 53 (2018) 64-82.

[19] J. Menissier de Murcia, M. Ricoul, L. Tartier, C. Niedergang, A. Huber, F. Dantzer,
V. Schreiber, J.C. Ame, A. Dierich, M. LeMeur, et al., Functional interaction
between PARP-1 and PARP-2 in chromosome stability and embryonic development
in mouse, EMBO J. 22 (2003) 2255-2263.

[20] A. Ray Chaudhuri, A. Nussenzweig, The multifaceted roles of PARP1 in DNA repair
and chromatin remodelling, Nat. Rev. Mol. Cell Biol. 18 (2017) 610-621.

[21] C.A. Vivelo, V. Ayyappan, A.K.L. Leung, Poly(ADP-ribose)-dependent
ubiquitination and its clinical implications, Biochem. Pharmacol. 167 (2019) 3-12.

[22] B. Ke, X.D. Shen, H. Ji, N. Kamo, F. Gao, M.C. Freitas, R.W. Busuttil, J.W. Kupiec-
Weglinski, HO-1-STAT3 axis in mouse liver ischemia/reperfusion injury: regulation
of TLR4 innate responses through PISK/PTEN signaling, J. Hepatol. 56 (2012)
359-366.

[23] F. Aredia, A.L. Scovassi, Poly(ADP-ribose): a signaling molecule in different
paradigms of cell death, Biochem. Pharmacol. 92 (2014) 157-163.

[24] L. Virag, A. Robaszkiewicz, J.M. Rodriguez-Vargas, F.J. Oliver, Poly(ADP-ribose)
signaling in cell death, Mol. Aspect. Med. 34 (2013) 1153-1167.

[25] D. D’Amours, S. Desnoyers, I. D'Silva, G.G. Poirier, Poly(ADP-ribosyl)ation
reactions in the regulation of nuclear functions, Biochem. J. 342 (Pt 2) (1999)
249-268.

[26] H. Farmer, N. McCabe, C.J. Lord, A.N. Tutt, D.A. Johnson, T.B. Richardson,

M. Santarosa, K.J. Dillon, I. Hickson, C. Knights, et al., Targeting the DNA repair
defect in BRCA mutant cells as a therapeutic strategy, Nature 434 (2005) 917-921.

[27] H.E. Bryant, N. Schultz, H.D. Thomas, K.M. Parker, D. Flower, E. Lopez, S. Kyle,
M. Meuth, N.J. Curtin, T. Helleday, Specific killing of BRCA2-deficient tumours
with inhibitors of poly(ADP-ribose) polymerase, Nature 434 (2005) 913-917.

[28] D. Martin-Oliva, R. Aguilar-Quesada, F. O’Valle, J.A. Munoz-Gamez, R. Martinez-
Romero, R. Garcia Del Moral, J.M. Ruiz de Almodovar, R. Villuendas, M.A. Piris, F.

14

[29]

[30]

[31]
[32]
[33]
[34]
[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Redox Biology 41 (2021) 101885

J. Oliver, Inhibition of poly(ADP-ribose) polymerase modulates tumor-related gene
expression, including hypoxia-inducible factor-1 activation, during skin
carcinogenesis, Canc. Res. 66 (2006) 5744-5756.

M. Elser, L. Borsig, P.O. Hassa, S. Erener, S. Messner, T. Valovka, S. Keller,

M. Gassmann, M.O. Hottiger, Poly(ADP-ribose) polymerase 1 promotes tumor cell
survival by coactivating hypoxia-inducible factor-1-dependent gene expression,
Mol. Canc. Res. 6 (2008) 282-290.

A. Gonzalez-Flores, R. Aguilar-Quesada, E. Siles, S. Pozo, M.I. Rodriguez-Lara,

L. Lopez-Jimenez, M. Lopez-Rodriguez, A. Peralta-Leal, D. Villar, D. Martin-Oliva,
et al., Interaction between PARP-1 and HIF-2alpha in the hypoxic response,
Oncogene 33 (2013) 891-898.

E. Andres-Leon, R. Nunez-Torres, A.M. Rojas, miARma-Seq: a comprehensive tool
for miRNA, mRNA and circRNA analysis, Sci. Rep. 6 (2016) 25749.

E. Andres-Leon, R. Nunez-Torres, A.M. Rojas, miARma-Seq: a comprehensive tool
for miRNA, mRNA and circRNA analysis, Sci. Rep. 6 (2016).

S. A, FastQC: a Quality Control Tool for High Throughput Sequence Data, 2010.
H. Li, R. Durbin, Fast and accurate short read alignment with Burrows-Wheeler
transform, Bioinformatics 25 (2009) 1754-1760.

H. Li, B. Handsaker, A. Wysoker, T. Fennell, J. Ruan, N. Homer, G. Marth,

G. Abecasis, R. Durbin, S. Genome Project Data Processing, The sequence
alignment/map format and SAMtools, Bioinformatics 25 (2009) 2078-2079.

Y. Zhang, T. Liu, C.A. Meyer, J. Eeckhoute, D.S. Johnson, B.E. Bernstein,

C. Nusbaum, R.M. Myers, M. Brown, W. Li, et al., Model-based analysis of ChIP-seq
(MACS), Genome Biol. 9 (2008) R137.

M. Hulse, L.B. Caruso, J. Madzo, Y. Tan, S. Johnson, . Tempera, Poly(ADP-ribose)
polymerase 1 is necessary for coactivating hypoxia-inducible factor-1-dependent
gene expression by Epstein-Barr virus latent membrane protein 1, PLoS Pathog. 14
(2018), €1007394.

W. Hugo, J.M. Zaretsky, L. Sun, C. Song, B.H. Moreno, S. Hu-Lieskovan, B. Berent-
Maoz, J. Pang, B. Chmielowski, G. Cherry, et al., Genomic and transcriptomic
features of response to anti-PD-1 therapy in metastatic melanoma, Cell 165 (2016)
35-44,

W.S. Liang, W. Hendricks, J. Kiefer, J. Schmidt, S. Sekar, J. Carpten, D.W. Craig,
J. Adkins, L. Cuyugan, Z. Manojlovic, et al., Integrated genomic analyses reveal
frequent TERT aberrations in acral melanoma, Genome Res. 27 (2017) 524-532.
B. Bedogni, S.M. Welford, D.S. Cassarino, B.J. Nickoloff, A.J. Giaccia, M.B. Powell,
The hypoxic microenvironment of the skin contributes to Akt-mediated melanocyte
transformation, Canc. Cell 8 (2005) 443-454.

E. Cerami, J. Gao, U. Dogrusoz, B.E. Gross, S.0. Sumer, B.A. Aksoy, A. Jacobsen, C.
J. Byrne, ML.L. Heuer, E. Larsson, et al., The cBio cancer genomics portal: an open
platform for exploring multidimensional cancer genomics data, Canc. Discov. 2
(2012) 401-404.

J. Gao, B.A. Aksoy, U. Dogrusoz, G. Dresdner, B. Gross, S.0. Sumer, Y. Sun,

A. Jacobsen, R. Sinha, E. Larsson, et al., Integrative analysis of complex cancer
genomics and clinical profiles using the cBioPortal, Sci. Signal. 6 (2013) pll.

P. Hernansanz-Agustin, E. Ramos, E. Navarro, E. Parada, N. Sanchez-Lopez,

L. Pelaez-Aguado, J.D. Cabrera-Garcia, D. Tello, I. Buendia, A. Marina, et al.,
Mitochondrial complex I deactivation is related to superoxide production in acute
hypoxia, Redox Biol 12 (2017) 1040-1051.

J.M. Rodriguez-Vargas, F.J. Oliver-Pozo, F. Dantzer, PARP1 and poly(ADP-ribosyl)
ation signaling during autophagy in response to nutrient deprivation, Oxid Med
Cell Longev (2019) 2641712, 2019.

J.P. Gagne, M. Isabelle, K.S. Lo, S. Bourassa, M.J. Hendzel, V.L. Dawson, T.

M. Dawson, G.G. Poirier, Proteome-wide identification of poly(ADP-ribose)
binding proteins and poly(ADP-ribose)-associated protein complexes, Nucleic
Acids Res. 36 (2008) 6959-6976.

J.C. Luo, M. Shibuya, A variant of nuclear localization signal of bipartite-type is
required for the nuclear translocation of hypoxia inducible factors (1alpha, 2alpha
and 3alpha), Oncogene 20 (2001) 1435-1444.

J. Schodel, S. Oikonomopoulos, J. Ragoussis, C.W. Pugh, P.J. Ratcliffe, D.R. Mole,
High-resolution genome-wide mapping of HIF-binding sites by ChIP-seq, Blood 117
(2011) e207-217.

T.L. Bailey, C. Elkan, Fitting a mixture model by expectation maximization to
discover motifs in biopolymers, Proc. Int. Conf. Intell. Syst. Mol. Biol. 2 (1994)
28-36.

K.B. Leszczynska, E.L. Gottgens, D. Biasoli, M.M. Olcina, J. Ient, S. Anbalagan,

S. Bernhardt, A.J. Giaccia, E.M. Hammond, Mechanisms and consequences of
ATMIN repression in hypoxic conditions: roles for p53 and HIF-1, Sci. Rep. 6
(2016) 21698.

E.M. Hammond, M.R. Kaufmann, A.J. Giaccia, Oxygen sensing and the DNA-
damage response, Curr. Opin. Cell Biol. 19 (2007) 680-684.

1.P. Foskolou, C. Jorgensen, K.B. Leszczynska, M.M. Olcina, H. Tarhonskaya,

B. Haisma, V. D’Angiolella, W.K. Myers, C. Domene, E. Flashman, et al.,
Ribonucleotide reductase requires subunit switching in hypoxia to maintain DNA
replication, Mol. Cell. 66 (2017) 206-220, e209.

N. Chan, L.M. Pires, Z. Bencokova, C. Coackley, K.R. Luoto, N. Bhogal,

M. Lakshman, P. Gottipati, F.J. Oliver, T. Helleday, et al., Contextual synthetic
lethality of cancer cell kill based on the tumor microenvironment, Canc. Res. 70
(2010) 8045-8054.

1. Campillo-Marcos, P.A. Lazo, Olaparib and ionizing radiation trigger a
cooperative DNA-damage repair response that is impaired by depletion of the
VRK1 chromatin kinase, J. Exp. Clin. Canc. Res. 38 (2019) 203.

P. Hernansanz-Agustin, A. Izquierdo-Alvarez, F.J. Sanchez-Gomez, E. Ramos,

T. Villa-Pina, S. Lamas, A. Bogdanova, A. Martinez-Ruiz, Acute hypoxia produces a
superoxide burst in cells, Free Radic. Biol. Med. 71 (2014) 146-156.


https://doi.org/10.1016/j.redox.2021.101885
https://doi.org/10.1016/j.redox.2021.101885
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref1
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref1
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref1
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref2
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref2
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref2
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref3
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref3
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref4
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref4
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref5
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref5
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref6
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref6
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref6
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref7
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref7
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref7
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref8
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref8
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref8
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref9
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref9
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref9
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref10
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref10
https://doi.org/10.1126/stke.3062005re12
https://doi.org/10.1126/stke.3062005re12
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref12
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref12
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref12
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref13
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref13
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref14
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref14
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref14
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref15
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref15
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref15
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref15
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref16
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref16
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref16
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref17
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref17
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref17
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref18
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref18
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref18
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref19
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref19
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref19
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref19
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref20
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref20
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref21
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref21
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref22
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref22
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref22
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref22
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref23
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref23
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref24
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref24
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref25
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref25
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref25
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref26
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref26
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref26
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref27
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref27
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref27
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref28
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref28
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref28
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref28
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref28
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref29
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref29
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref29
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref29
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref30
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref30
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref30
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref30
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref31
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref31
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref32
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref32
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref33
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref34
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref34
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref35
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref35
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref35
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref36
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref36
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref36
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref37
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref37
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref37
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref37
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref38
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref38
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref38
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref38
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref39
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref39
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref39
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref40
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref40
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref40
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref41
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref41
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref41
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref41
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref42
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref42
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref42
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref43
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref43
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref43
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref43
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref44
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref44
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref44
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref45
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref45
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref45
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref45
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref46
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref46
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref46
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref47
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref47
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref47
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref48
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref48
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref48
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref49
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref49
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref49
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref49
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref50
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref50
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref51
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref51
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref51
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref51
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref52
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref52
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref52
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref52
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref53
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref53
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref53
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref54
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref54
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref54

J.M. Marti et al.

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Y.T. Wu, S.B. Wu, Y.H. Wei, Metabolic reprogramming of human cells in response
to oxidative stress: implications in the pathophysiology and therapy of
mitochondrial diseases, Curr. Pharmaceut. Des. 20 (2014) 5510-5526.

P. Li, D. Zhang, L. Shen, K. Dong, M. Wu, Z. Ou, D. Shi, Redox homeostasis protects
mitochondria through accelerating ROS conversion to enhance hypoxia resistance
in cancer cells, Sci. Rep. 6 (2016) 22831.

N.S. Chandel, D.S. McClintock, C.E. Feliciano, T.M. Wood, J.A. Melendez, A.

M. Rodriguez, P.T. Schumacker, Reactive oxygen species generated at
mitochondrial complex III stabilize hypoxia-inducible factor-lalpha during
hypoxia: a mechanism of O2 sensing, J. Biol. Chem. 275 (2000) 25130-25138.
M.A. Dery, M.D. Michaud, D.E. Richard, Hypoxia-inducible factor 1: regulation by
hypoxic and non-hypoxic activators, Int. J. Biochem. Cell Biol. 37 (2005) 535-540.
D. Wang, D. Malo, S. Hekimi, Elevated mitochondrial reactive oxygen species
generation affects the immune response via hypoxia-inducible factor-lalpha in
long-lived Mclk1l+/- mouse mutants, J. Immunol. 184 (2010) 582-590.

J.K. Brunelle, E.L. Bell, N.M. Quesada, K. Vercauteren, V. Tiranti, M. Zeviani, R.
C. Scarpulla, N.S. Chandel, Oxygen sensing requires mitochondrial ROS but not
oxidative phosphorylation, Cell Metabol. 1 (2005) 409-414.

C. Schroedl, D.S. McClintock, G.R. Budinger, N.S. Chandel, Hypoxic but not anoxic
stabilization of HIF-1alpha requires mitochondrial reactive oxygen species, Am. J.
Physiol. Lung Cell Mol. Physiol. 283 (2002) L922-L931.

K.D. Mansfield, R.D. Guzy, Y. Pan, R.M. Young, T.P. Cash, P.T. Schumacker, M.
C. Simon, Mitochondrial dysfunction resulting from loss of cytochrome ¢ impairs
cellular oxygen sensing and hypoxic HIF-alpha activation, Cell Metabol. 1 (2005)
393-399.

L.L. van Soelen, R.M. Brouwer, G.C. van Baal, H.G. Schnack, J.S. Peper, L. Chen, R.
S. Kahn, D.I. Boomsma, H.E. Hulshoff Pol, Heritability of volumetric brain changes
and height in children entering puberty, Hum. Brain Mapp. 34 (2013) 713-725.
K.R. Luoto, R. Kumareswaran, R.G. Bristow, Tumor hypoxia as a driving force in
genetic instability, Genome Integr. 4 (2013) 5.

L. Kirmes, A. Szczurek, K. Prakash, I. Charapitsa, C. Heiser, M. Musheev, F. Schock,
K. Fornalczyk, D. Ma, U. Birk, et al., A transient ischemic environment induces
reversible compaction of chromatin, Genome Biol. 16 (2015) 246.

Z. Bencokova, M.R. Kaufmann, I.M. Pires, P.S. Lecane, A.J. Giaccia, E.

M. Hammond, ATM activation and signaling under hypoxic conditions, Mol. Cell
Biol. 29 (2009) 526-537.

E.B. Rankin, A.J. Giaccia, E.M. Hammond, Bringing H2AX into the angiogenesis
family, Canc. Cell 15 (2009) 459-461.

L. Piao, K. Fujioka, M. Nakakido, R. Hamamoto, Regulation of poly(ADP-Ribose)
polymerase 1 functions by post-translational modifications, Frontiers in Bioscience

15

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

Redox Biology 41 (2021) 101885

- Landmark 23 (1) (2018) 13-26, https://doi.org/10.2741/4578. Frontiers in
Bioscience.

M. Cohen-Armon, et al., DNA-independent PARP-1 activation by phosphorylated
ERK2 increases Elk1 activity: a link to Histone acetylation, Mol. Cell 25 (2) (Jan.
2007) 297-308, https://doi.org/10.1016/j.molcel.2006.12.012.

R.H.G. Wright, et al., CDK2-dependent activation of PARP-1 is required for
hormonal gene regulation in breast cancer cells, Genes Dev. (2012), https://doi.
org/10.1101/gad.193193.112.

S.B. Rajamohan, et al., SIRT1 promotes cell survival under stress by deacetylation-
dependent deactivation of poly(ADP-ribose) polymerase 1, Mol. Cell Biol. (2009),
https://doi.org/10.1128/mcb.00121-09.

A.B. Johnson, N. Denko, M.C. Barton, Hypoxia induces a novel signature of
chromatin modifications and global repression of transcription, Mutat. Res. 640
(2008) 174-179.

N. Nalabothula, T. Al-jumaily, A.M. Eteleeb, R.M. Flight, S. Xiaorong, H. Moseley,
E.C. Rouchka, Y.N. Fondufe-Mittendorf, Genome-wide profiling of PARP1 reveals
an interplay with gene regulatory regions and DNA methylation, PloS One 10 (8)
(2015), e0135410.

Colin Thomas, Yingbiao Ji, Chao Wu, Haily Datz, Cody Boyle, Brett MacLeod,
Shri Patel, Michelle Ampofo, Michelle Currie, Jonathan Harbin, Hit and run versus
long-term activation of PARP-1 by its different domains fine-tunes nuclear
processes, Proc. Natl. Acad. Sci. Unit. States Am. 116 (20) (2019) 9941-9946.
Slattery, E.; Dignam, J.D.; Matsui, T.; Roeder, R.G. (198). 3Purification and
analysis of a factor which suppresses nick-induced transcription by RNA
polymerase II and its identity with poly(ADP-ribose) polymerase. J. Biol. Chem.
258, 5955-5959.

J.M. Rawling, R. Alvarez-Gonzalez, TFIIF, a basal eukaryotic transcription factor, is
a substrate for poly(ADP-ribosyl)ation, Biochem. J. 324 (1997) 249-253.

N. Lodhi, A.V. Kossenkov, A.V. Tulin, Bookmarking promoters in mitotic
chromatin: poly(ADP-ribose)polymerase-1 as an epigenetic mark, NucleicAcids Res
42 (11) (2014) 7028-7038.

E.A. Matveeva, Q.M.H. Al-Tinawi, E.C. Rouchka, Y.N. Fondufe-Mittendorf,
Coupling of PARP1-mediated chromatin structural changes to transcriptional RNA
polymerase II elongation and cotranscriptional splicing, Epigenet. Chromatin 12
(2019) 15.

T.L. Bailey, J. Johnson, C.E. Grant, W.S. Noble, The MEME suite, Nucleic Acids Res.
43 (2015). W39-49.

E. Tanaka, T.L. Bailey, U. Keich, Improving MEME via a two-tiered significance
analysis, Bioinformatics 30 (2014) 1965-1973.


http://refhub.elsevier.com/S2213-2317(21)00033-1/sref55
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref55
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref55
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref56
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref56
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref56
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref57
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref57
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref57
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref57
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref58
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref58
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref59
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref59
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref59
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref60
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref60
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref60
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref61
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref61
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref61
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref62
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref62
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref62
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref62
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref63
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref63
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref63
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref64
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref64
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref65
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref65
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref65
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref66
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref66
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref66
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref67
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref67
https://doi.org/10.2741/4578
https://doi.org/10.1016/j.molcel.2006.12.012
https://doi.org/10.1101/gad.193193.112
https://doi.org/10.1101/gad.193193.112
https://doi.org/10.1128/mcb.00121-09
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref72
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref72
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref72
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref73
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref73
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref73
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref73
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref74
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref74
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref74
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref74
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref76
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref76
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref77
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref77
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref77
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref78
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref78
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref78
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref78
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref79
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref79
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref80
http://refhub.elsevier.com/S2213-2317(21)00033-1/sref80

	Selective modulation by PARP-1 of HIF-1α-recruitment to chromatin during hypoxia is required for tumor adaptation to hypoxi ...
	1 Introduction
	2 Materials and methods
	2.1 Cultures and growth medium
	2.2 Treatments
	2.3 Hypoxia
	2.4 Western Blot
	2.5 Transfection assay
	2.6 Pull down assay
	2.7 Irradiation
	2.8 Immunoprecipitation
	2.9 Immunostaining
	2.10 Real time q-PCR
	2.11 ROS determination
	2.12 32P-PAR synthesis for the in vitro PARylation assay
	2.13 PAR binding assay on peptides
	2.14 CRISPR-Cas9 cells
	2.15 ChIP-seq
	2.16 ChIP-seq sequencing, data alignment, and peak calling
	2.17 Immunohistochemistry
	2.18 Glycolysis assay
	2.19 O2 consumption assay

	3 Results
	3.1 HIF-1α stability depends on PARP-1 PARylation activity
	3.2 Hypoxia-induced ROS leads to PARP activation and HIF-1α accumulation
	3.3 PARP-1 interacts with the C-terminus domain of HIF-1α regulating the stability of the protein
	3.4 HIF-1α is modified by poly(ADP-ribose) at its C-terminus
	3.5 PARP-1 conditioned HIF-1α recruitment to target promoters during hypoxia
	3.6 PARP-1 inhibition/ablation impacts cellular fitness during hypoxia

	4 Discussion
	5 Conclusions section
	Ethics approval and consent to participate
	Consent for publication
	Availability of supporting data
	Funding
	Authors’contributions
	Disclaimers
	Declaration of competing interest
	Acknowledgements
	Abreviations
	Appendix A Supplementary data
	References


