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Radiotherapy is an important component of cancer treatment, with approximately 50% of
all cancer patients receiving radiation therapy during their course of illness. Nevertheless,
solid tumors frequently exhibit hypoxic areas, which can hinder therapies efficacy,
especially radiotherapy one. Indeed, hypoxia impacts the six parameters governing the
radiotherapy response, called the « six Rs of radiation biology » (for Radiosensitivity,
Repair, Repopulation, Redistribution, Reoxygenation, and Reactivation of anti-tumor
immune response), by inducing pleiotropic cellular adaptions, such as cell metabolism
rewiring, epigenetic landscape remodeling, and cell death weakening, with significant
clinical repercussions. In this review, according to the six Rs, we detail how hypoxia, and
associated mechanisms and pathways, impact the radiotherapy response of solid tumors
and the resulting clinical implications. We finally illustrate it in hypoxic endocrine cancers
through a focus on anaplastic thyroid carcinomas.
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INTRODUCTION

Because of its high cytotoxic potential in solid tumors, radiation therapy is a standard of care in
many solid tumors (1, 2). The mechanism of action relies on ROS production, notably through
water radiolysis, and DNA damages induction, especially double strand breaks (DSBs), leading to
cell death. Aiming at killing cancer cells while preserving healthy cells, radiotherapy is mainly
delivered through fractionated schemes. The success of fractionated radiotherapy depends on
multiple sub-cellular, cellular, and microenvironmental parameters, together referred to as the “5Rs
of radiation therapy”: Repair (of irradiation-induced DNA damages), Redistribution (of cells within
the cell cycle), Repopulation (of tumor cells after radiation), Reoxygenation (of the surviving cells)
and, more recently, intrinsic Radiosensitivity (3). Moreover, it is now accepted that immune
response could play a critical role in radiotherapy response, leading to the emergence of a 6th R:
Reactivation (of the anti-tumor immune response) (4) (Figure 1).

However, numerous tumors fail to be controlled with radiotherapy, representing a significant
cause of disease progression and mortality in cancer. There is a growing consensus that tumor
heterogeneity is one of the principal explanations for treatment failure (5). In particular,
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oxygenation level is generally reduced and heterogenous within
solid tumors, compared to the oxygenation found in associated
healthy tissues (6, 7). In this sense, hypoxic regions are
considered to be present in about 50% of solid tumors, and
hypoxia is one of the most studied causes of radioresistance (8,
9). Indeed, hypoxia correlates with a poor prognosis after
radiotherapy in various cancer types (10–12). Experimental
evidence confirms the crucial impact of the low oxygen level
(hypoxia) on the efficiency of cell irradiation.

Hypoxia is a consequence of the high tumor cell proliferation
rate and the abnormal structure of the tumor vasculature (13).
Depending on the distance of the blood vessels and their
transient collapses, hypoxia can be chronic, meaning diffusion-
limited, or acute, meaning transient and perfusion-limited.
Basically, within most solid tumors, oxygen level fluctuates
between physioxia (about 8% O2, i.e., 60 mmHg), hypoxia
(about 1% O2, i.e., 7.5 mmHg), and anoxia (0% oxygen) (14).
The unquestionable master regulators of the transcriptional
response to hypoxia are the HIF transcription factors (Hypoxia
Inducible Factor), especially HIF-1. The regulation of HIF-1 is
very dynamic to adapt quickly to the oxygen concentration. HIF-
1 is composed of two subunits, HIF-1a and HIF-1b. Under
physioxia, HIF-1a is hydroxylated on 402 and/or 564 proline
residues by oxygen-dependent prolyl hydroxylase domain
proteins (PHD1-3). This hydroxylated form will interact with
the tumor suppressor protein Von Hippel-Lindau (pVHL),
which recruits an E3-ubiquitine-ligase complex tagging HIF-1a
by polyubiquitination for proteasomal degradation. Thus, in the
presence of oxygen, the HIF-1a subunit is continuously
Frontiers in Endocrinology | www.frontiersin.org 2
produced and degraded, which regulates HIF-1 activity. Under
hypoxia, oxygen-dependent PHDs activity is attenuated, HIF-1a
is thus stabilized and accumulates to finally translocate to the
nucleus where it dimerizes with the constitutively expressed HIF-
1b subunit. Thus formed, the HIF-1 heterodimer will then
recruit transcriptional coactivators (p300/CBP) and bind to
hypoxia response elements (HREs) present in various gene
promoters to initiate a transcriptional program leading to cell
adaptation to hypoxia, notably through induction of metabolic
switch, oxygen transport increase, and angiogenesis. In the same
family, HIF-2 presents a similar structure. As HIF-1, HIF-2 is a
heterodimer of the HIF-2a subunit combined with the HIF-1b
one. The oxygen-dependent alpha-subunit HIF-2a is similarly
regulated to HIF-1a (Figure 2). HIF-1 and HIF-2 modulate their
own set of target genes and appear differentially regulated
according to the hypoxia level and duration (15). By their role
in hypoxia adaption, both HIF factors have a pleiotropic impact
on the cell response to irradiation. Supporting this, in head and
neck squamous cell carcinomas, HIF-1a and HIF-2a expressions
positively correlate with a higher rate of local failure after
chemoradiotherapy treatment (16, 17). Of course, hypoxia can
also impact cellular behaviors through HIF-independent
mechanisms and pathways. For example, severe hypoxia can
induce endoplasmic reticulum stress and thus activate UPR
(Unfolded Protein Response) pathways.

This review proposes to outline how low oxygen levels and
hypoxia-associated tumor cell adaptions affect the six Rs of
radiation therapy (here photon radiation therapy, the most
widely used) and thereby its efficiency in solid tumors treatment.
FIGURE 1 | The six “Rs” dictating the response to radiotherapy. Radiotherapy response depends on six parameters: Radiosensitivity, refers to the cell-intrinsic
mechanisms (e.g., metabolic adaption, ROS detoxification), explaining differences in cell responses to irradiations; Repair, refers to the cell capacity to survive by
repairing radio-induced damages (particularly DSBs), in theory, more characteristic of healthy cells; Repopulation, refers to the tumor cells capacity to grow following
a radiotherapy fraction; Redistribution, refers to the progression of cancer cells from radioresistant cell cycle phases (i.e., G1/S) toward more radiosensitive phases
(i.e., G2/M), between radiotherapy fractions; Reoxygenation, refers to the oxygen level recovery following irradiation, due to well-oxygenated cells death and tumor
vascularization; Reactivation, refers to the triggering of a systemic anti-tumor immune response following irradiation-induced immunogenic cell deaths.
September 2021 | Volume 12 | Article 742215
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RADIOSENSITIVITY: HOW THE LOW
OXYGEN LEVEL INTRINSICALLY PRIMES
CANCER CELLS FOR IRRADIATION
RESISTANCE

“Radiosensitivity” defines the intrinsic sensitivity of tumor cells
to radiation therapy. This property appears very heterogeneous
within solid tumors and is impacted at two levels by hypoxia.

First, the molecular oxygen level directly impacts cell
radiosensitivity via the “oxygen effect.” Actually, radiation-
induced DNA damages are less likely to lead to cell killing
under hypoxia (7). To explain that, the “oxygen fixation
hypothesis” is based on the fact that oxygen reacts with
radiation-induced DNA radicals to stabilize them. In a hypoxia
or anoxia context, compounds containing sulfhydryl groups
spontaneously reverse radiation-induced DNA radicals by
reduction (18). In vitro, the “oxygen fixation hypothesis” is
supported by the radioresistance induced by an oxygen
depletion only during irradiation (19, 20). Another hypothesis
formulated by Richardson and Harper suggests a central role for
radiation impacts on mitochondria to explain the “oxygen
effect.” In fact, radiations increase cell mitochondrial ROS
content and disturb mitochondrial metabolism, which is more
prejudicial for aerobic cells than hypoxic cells (21). The oxygen
tension thus appears to be a determinant for the intrinsic tumor
cell “Radiosensitivity,” and the “oxygen effect” may partly
explain the radioresistant phenotype of hypoxic tumor areas.

Besides, hypoxia promotes additional pleiotropic cellular
adaptions through hypoxia-associated signaling pathways,
Frontiers in Endocrinology | www.frontiersin.org 3
which can prime cancer cells for radiotherapy resistance. These
include cell metabolism rewiring, ROS detoxification, autophagy,
and resistance to cell death (Figure 3).

Cell Metabolism
Hypoxia modifies cancer cell metabolism (22). Yet, cell
metabolism changes strongly correlate with radioresistance in
various cancer models (23). The consensus is that hypoxia
drives a metabolic switch from an OXPHOS metabolism toward
a glycolytic metabolism (24). This glycolytic flux leads to an
increased lactate production which correlates with a particularly
poor prognosis in HNSCC and uterine cervix cancers treated by
radiotherapy (25, 26). Moreover, the lactate concentration
positively correlates with tumor hypoxia and relative resistance
to a fractionated radiation therapy regimen (30 fractions within six
weeks) in HNSCC xenograft models (27, 28). Following that,
under hypoxic conditions, HIF-1a knock-down diminishes the
tumor lactate level, increases basal and maximal oxygen
consumption rate (OCR), and sensitizes HNSCC xenografts to
high-dose single-fraction radiotherapy (29).

At the molecular level, various factors involved in hypoxia-
induced metabolic modulations confer radioresistant properties
to cancer cells. Among them, pyruvate dehydrogenase kinase 1
(PDK1), a HIF-1 target gene, inactivates the pyruvate
dehydrogenase (PDH) responsible for pyruvate to acetyl-CoA
conversion to supply tricarboxylic acid cycle (TCA) (30). So,
PDK1 inhibits OXPHOS metabolism and forces cells to rely on
glycolytic metabolism. In HNSCC, PDK1 expression appears to
have a critical role in maintaining glycolytic metabolism under
hypoxia through a HIF-1a dependent way and correlates with a
FIGURE 2 | Hypoxia and HIFs regulation. Due to the distance to the blood vessels, cancer cells are well oxygenated or under moderate to severe chronic hypoxia.
In addition, vessels collapse can cause sporadic acute hypoxic areas. Under physioxia, HIFa is hydroxylated by PHDs, poly-ubiquitinylated via VHL, and then
degraded by the proteasomal way. Oxygen also inhibits HIFa-CBP interaction. Inversely, hypoxia inactivates PHDs, HIFa is subsequently stabilized, translocates into
the nucleus, and forms a complex with HIFb and CBP, which activates HREs-containing genes expression.
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dismal prognosis (31). Following the example of PDK1, another
mechanism involved in the OXPHOS down-regulation and
tumor aggressiveness under hypoxia (1% O2) is the
modification of mitochondrial mass and morphology by
PINK1 down-regulation through HIF-1-mediated NOTCH
signaling activation in hepatocellular carcinoma cells, a cancer
type highly resistant to radiotherapy (32).

Although hypoxia favors glycolytic metabolism over
mitochondrial OXPHOS, mitochondria still keep a role in cell
death and radiation therapy resistance under hypoxia (33).
Chronic hypoxia (72h, 1% O2) actually modifies mitochondria
morphology through a mitochondria fusion excess mediated by a
HIF-1a, Mitofusin I, BNIP3, and BNIP3L dependent way in
several cancer cell types (i.e., colon, lung, cervix, renal cancer
cells). These functional enlarged mitochondria confer a cell death
resistance and could, by the way, prime hypoxic cancer cells to
Frontiers in Endocrinology | www.frontiersin.org 4
radioresistance (34, 35). Moreover, hypoxia can enhance
mitochondrial glutamine metabolism of NSCLCC through a
HIF-1a dependent manner and glutamine metabolism
targeting can induce radiosensitization (36, 37).

Also, monounsaturated fatty acids are essential cellular
compounds whose generation depends on oxygen. In lung
adenocarcinoma cells, chronic severe hypoxia induces an adaptive
up-regulation of SKG1 (human serum and glucocorticoid-inducible
kinase) to promote unsaturated fatty acid uptake and thus shunt
their oxygen-dependent generation. Matschke and colleagues
showed that this hypoxia-linked adaption confers radioresistance
in vitro in this model (38).

ROS Homeostasis
Metabolism and ROS homeostasis are closely associated, and
hypoxia significantly impacts ROS detoxification through
FIGURE 3 | Radiosensitivity. Cell-intrinsic radiosensitivity can be linked to the fixation of radiation-induced DNA damages in the presence of oxygen, whereas a
hypoxic environment favors the reduction of DNA radicals and return to a restored DNA (upper part). Hypoxia also impacts radiosensitivity through different cellular
adaptions. i) The cell metabolism modifications, mainly PDK1-mediated glycolytic switch leading to lactate production, but also fatty acid uptake, NOTCH-dependent
mitochondrial glutamine metabolism increase, and mitochondria fusion. ii) The ROS homeostasis is maintained under the critical level by PDK1 increase, HIFa-
mediated GSH regeneration, HIFa translocation to mitochondria leading to their ROS production decrease, and PERK-mediated xCT expression promoting GSH
synthesis. iii) Induction of HIFa- and PERK-mediated autophagy of ROS-productive damaged mitochondria. iiii) The cell death regulation through a HIFa-, PDK1- and
PERK-mediated inhibition of antiapoptosis modulators BID, BAD, and BAX, and a HIFa-induced CA9 expression decreasing ROS level and inhibiting ferroptosis.
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metabolism rewiring and other ways. For example, PDK1, which
expression increases under hypoxia, affects cell metabolism and
thus maintains a low basal ROS level in hypoxic cells (30). As
radiotherapy efficacy relies on ROS production, hypoxia can
favor tumor cell-intrinsic radioresistance by promoting ROS
detoxification processes.

In addition, to sustain a glycolytic metabolism, hypoxia can
support glycolysis branched pathways such as pentose phosphate
pathway (PPP), which participate in cellular redox homeostasis
(39, 40). Mechanistically, hypoxia (1% O2) induces PKM2
(Pyruvate Kinase M2) isoform expression in breast cancer
cells through HIF-1a recruitment on PKM2 gene by
KDM8 (41). The particularly weak activity of the PKM2
isoform slows the glycolytic flux down and favors glucose-6-
phosphate accumulation to fuel PPP. During PPP, the 6-
phosphogluconate dehydrogenase reduces NADP+ to NADPH
which participates in reduced glutathione (GSH) regeneration, a
cellular antioxidant highly involved in cellular ROS
detoxification. So, by promoting PPP, hypoxia increases the
cellular antioxidant potential and could counteract radiation
therapy efficacy. Furthermore, severe cyclic hypoxia can
increase GSH level through an up-regulation of two
mitochondrial metabolite carriers, SLC25A1 and SLC25A10, in
various cancer cell types (i.e., glioblastoma, lung, and prostate
cancer). These factors participate in NADPH cellular pool
maintenance and sustain mitochondrial metabolism under
hypoxia, notably fatty acids uptake, which has been linked to
the radioresistance phenomenon (38). Consequently, severe
cyclic hypoxia is associated with reducing basal mitochondrial
ROS content and a high ROS detoxification potential, conferring
resistance to radiotherapy (42, 43).

Beyond their canonical role of transcription factors, HIFs also
protect cells from oxidative stress more directly. Indeed, under
hypoxia or during oxidative stress, mitochondrial translocation
of HIF-1a reduces mitochondrial ROS production and protects
cancer cells from cell death (44), and possibly from irradiation-
induced mitochondrial ROS production. Following the example
of HIF-1a, HIF-2a can also prevent ROS overload and protect
renal carcinoma cells from irradiation-induced cell killing (45).

In addition to the HIF-dependent response, severe hypoxia
leads to endoplasmic reticulum (ER) stress and induces unfolded
protein response (UPR). The PERK (PRKR-like ER kinase) axis
of the UPR is particularly involved in cell survival during severe
hypoxia or anoxia. In a subcutaneous murine glioma model, the
tumor hypoxic fraction resists a high single dose of radiation
therapy by activating the PERK/eIF2a/GADD34c axis, when
HIF-1a is rather involved in post-irradiation re-progression.
This PERK axis drives glutamate-cystine antiporter xCT
expression, promoting GSH synthesis and cell radioresistance
(46). In this sense, it has been shown that PERK phosphorylates
the oxidative homeostasis master regulator NRF2 and promotes
its nuclear translocation driving the expression of antioxidant
factors, notably xCT antiporter (47–49). Küper and colleagues
have recently shown that NRF2 stabilizes HIF-1a by direct
interaction and plays a critical role in pancreatic and lung
cancer cell radioresistance under hypoxia (1% O2) in vitro (50).
Frontiers in Endocrinology | www.frontiersin.org 5
Autophagy
In several cancer models, hypoxia exposure, as well as radiation
treatment, lead to autophagy initiation (51). Autophagy
preferentially occurs in hypoxic tumor regions and is
observed along the entire gradient of hypoxia (52). Although
autophagy can participate in radiation sensitivity in certain
contexts, it is largely described as a cytoprotective mechanism,
protecting the cell from extensive damages, notably after
irradiation, by recycling damaged cellular components (e.g.,
mitochondria). Thus, hypoxia-induced autophagy can
constitute a radioresistance mechanism in several cancer
models, as demonstrated in osteosarcoma cells, a highly
hypoxic and radioresistant cancer type (53, 54). Moreover,
targeting specific autophagy-related genes (e.g., ATG3) can
sensitize pharyngeal, breast, and rectum resistant cancer cell
lines to single-dose and fractionated irradiations in vitro (55).

At the molecular level, during severe hypoxia (<0.02% O2),
the PERK axis of UPR sustains autophagy by inducing
MAP1LC3B (microtubule-associated protein 1 light chain 3b)
and ATG5 (autophagy-related gene 5) expression in vitro and in
vivo. This PERK-induced autophagy is a hypoxia-mediated
adaption that diminishes cancer cell radiosensitivity, in vitro
and in vivo (52). To a smaller extent, it has also been reported
that the “hypoxamir”miR-210 can participate in the initiation of
hypoxia-induced autophagy and promotes colon cancer cells
radioresistance (56).

Finally, hypoxia-induced autophagy can highly reduce
irradiation-linked oxidative stress and counteracts radiation
therapy efficacy in various cancer cell models (e.g. ,
osteosarcoma and NSCLC cells) (53, 57).

Cell Death Resistance
Radiation therapy relies on DNA damages and ROS overload
induction to trigger cell death by various modalities (58). Among
them, the cell death by mitotic catastrophe and the apoptosis
processes are notably controlled by the BCL-2 family proteins,
containing the pro-apoptotic members BID, BAD, and BAX
(59). Yet, hypoxia (1-2% O2) and anoxia (<0.1% O2) correlate
with the down-regulation of these proteins in colorectal cancer
cells in vitro. In addition, these pro-apoptotic factors are widely
absent from tumors hypoxic areas in vivo. Mechanistically,
hypoxia-mediated BID down-regulation depends on its
transcriptional repression by HIF-1a (60). Also, PDK1 (a HIF-
1a target gene) drives PI3K/AKT/mTOR pathway activation,
decreases BAX expression, and renders hepatocellular carcinoma
cells resistant to irradiations (61). Likewise, the decrease of BAD
and BAX protein levels can also be due to reducing their
translation rate, possibly linked to the PERK activation
observed under severe hypoxia (60). So, hypoxia can confer a
radioresistant phenotype by down-regulate certain pro-apoptotic
factors, which have been recently shown as essential for
irradiation-induced apoptosis (58).

Besides apoptosis, recent studies suggest that other kinds
of cell death are highly involved in radiation therapy efficacy.
It’s notably the case for ferroptosis, an iron and ROS-dependent
cell death (62), from which cancer cells are protected under
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https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Rakotomalala et al. Hypoxia and Radiotherapy Six Rs
hypoxia (63). Indeed, it has been shown that carbonic anhydrase
9 (CA9), a well-known target of HIFs factors, can participate in
mesothelioma cells ferroptosis resistance by regulating ROS, lipid
peroxidation, and mitochondrial Fe2+ levels under hypoxia (64).
Also, by promoting ROS detoxification, notably through NRF2-
mediated xCT expression (an anti-ferroptosis factor) and
decreasing mitochondrial ROS production, hypoxia can
counteract radiation-induced ferroptosis (65).

Since low oxygen level leads to selecting cells that can
overcome and adapt to this stress, cyclic hypoxia promotes
apoptosis-resistant cell expansion and further diminishes
global radiation-induced cell death within the tumor. For
example, cyclic hypoxia selects lung cancer cells resistant to the
intrinsic apoptosis pathway. These selected cells harbor a
radioresistant phenotype linked to a defective conformational
change of BAX after irradiation (66). Also, a recent study defines
hypoxia molecular hallmarks across 19 tumor types. It shows
that hypoxic stress highly impacts the clonal evolution of tumors
and drives an enrichment for specific molecular alterations (67).
Among these hypoxic-enriched molecular alterations, TP53 loss
of function is frequently observed and directly associated with an
apoptotic potential loss. Of note, TP53 mutations drive the
radioresistance phenomenon, notably in some pediatric high-
grade gliomas characterized by their radioresistance (68).

To sum up, the low oxygenation both reduces radiotherapy
efficacy via the physico-chemical “oxygen effect” and via hypoxia-
induced biological adaptions. While hypoxia downplays the
OXPHOS metabolism, the mitochondria are not inert and
conserve a crucial role in hypoxia-mediated radioresistance
phenomenon. The metabolic remodeling towards pathways
known to enhance antioxidant protections, accompanied by
increased autophagy, result in an exacerbate ability to maintain
ROS homeostasis even after ionizing radiation. Last but not least,
hypoxia drives and selects resistance to various radiation-induced
cell death. Altogether, hypoxia undeniably enhances cancer cell’s
intrinsic radioresistance and participates in radiotherapy
treatment failure. In this frame, a phase I clinical trial
(NCT01163487) evaluates tumor hypoxia by PET-scan in
recurrent head and neck cancers and the possibility to use
dichloroacetate (DCA), a drug targeting PDK1, in these tumors.
Furthermore, a phase II clinical trial (NCT02432417) in
glioblastoma assesses the efficiency of combining the standard
chemoradiotherapy regimen with an autophagy inhibition by
chloroquine. In this study, the hypoxia within the tumor is
monitored by PET-scan imaging before and after the
chloroquine treatment. A challenge for the effectiveness of
autophagy-inhibition combined with radiotherapy remains to
dichotomize contexts in which autophagy is cytoprotective
rather than nonprotective, cytostatic, or cytotoxic.
REPAIR: THE VERSATILE IMPACT OF
HYPOXIA ON DNA DAMAGE REPAIR

Radiation therapy causes direct and indirect (via ROS) DNA
damages. The “Repair” defines the deferential capability of normal
Frontiers in Endocrinology | www.frontiersin.org 6
versus tumor cells to rely on DNA damage response (DDR)
pathways after a radiotherapy fraction. Among radiation-induced
DNA damages, double-strand breaks (DSB) are those responsible
for the higher part of radiotherapy-induced cell death (69).

In eukaryotic cells, two major pathways drive DSBs repair; the
non-homologous end joining (NHEJ) in most of the cases and the
high-fidelity homologous recombination repair (HRR) (70). An
increase in those DSBs repair mechanisms’ efficiency correlates with
cancer cell resistance to radiation therapy (71, 72). Several studies
have shown that hypoxia impacts those DSBs repair mechanisms
(7, 73, 74). Nevertheless, hypoxia globally has a versatile role on
cells’ DSBs repair capacity in vitro, either promoting or reducing it,
depending on cellular model, hypoxia level, duration, and
alternation with reoxygenation. For example, Kumareswaran and
colleagues showed that continuous and very severe hypoxia (0.2%
O2), as well as anoxia, cause a defective irradiation-induced DSBs
repair in non-cancerous human fibroblasts (19). On the contrary,
Wozny et al. recently showed that continuous but less pronounced
hypoxia (1% O2) leads to an increased NHEJ initiation and
correlates with radioresistance in HNSCC cells (75).

Such discrepancies may find some explanations with various
molecular mechanisms differentially impacted by hypoxia in
different cellular contexts (Figure 4). On the one hand, it is
frequently reported that hypoxia favors the initiation of DSBs
repair mechanisms by increasing ATM (ataxia-telangiectasia
mutated protein) and DNA-PKcs (DNA-dependent protein
kinase catalytic subunit) expression and phosphorylation on
ser1981 and ser2056, respectively. This notably occurs through
MAPK, Scr, and AMPK signaling pathways (20, 76–78). Once
activated, ATM and DNA-PKcs catalyze the phosphorylation of
several substrates, notably histone H2AX at serine 139 (ɣH2AX),
which signaled DSBs before effectors processing. Thus, hypoxia
can prime cancer cells for DSBs repair initiation (79). In this
sense, it has been recently demonstrated that hypoxia (1% O2) is
associated with a higher ɣH2AX foci decay rate and enhanced
RAD51 recruitment in irradiated HNSCC cells, suggesting a
higher efficacy of HRR under hypoxia in this model (75, 80).

Contrarily, on the other hand, hypoxia reduces the expression
of several key HRR effectors such as NBN, MRE11, RAD51,
and BRCA1 in different cancer cell models (20, 81, 82).
Mechanistically, hypoxia-induced down-regulation of RAD51
and BRCA1 can be mediated by E2Fs factors (83, 84). Also, the
reduced BRCA1 and RAD51 expressions in VHL-mutated
cancers highlight the involvement of HIFs in HRR factors
down-regulation and radiation-induced DSBs persistence (85).
A mechanism of HRR genes down-regulation is driven by the
HIFs-dependent miR-210, which targets RAD52 mRNA (86).
Altogether, the hypothesis that hypoxia down-regulates HRR to
favor fast but error-prone NHEJ mechanism to repair radiation-
induced DSBs emerged in some models (84, 87).

Concerning NHEJ pathway effectors, oxygen level impacts
remain elusive and appear highly dependent on hypoxia
conditions (7, 73). For example, in prostate and breast cancer
cells maintained under severe (0.2% O2) and moderate (3% O2)
hypoxia, respectively, both HRR-related genes (e.g., RAD51 and
BRCA1) and NHEJ-related genes (e.g., Ku70, LIG4, and XRCC4)
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are down-regulated (88, 89). On the contrary, in breast cancer,
NSCLCC, and colon cancer cells, very severe hypoxia (0.01%O2)
has no impact on NHEJ activity (82).

In addition, the deep relationship between hypoxia and
epigenetic also impacts the “Repair” (90). Indeed, hypoxia-
induced epigenetic modulations can directly impact the DDR
orchestration, which relies on chromatin remodeling (91, 92).
For example, hypoxia-enhanced acetylation at lysine 14 of
histone 3 (H3K14ac) favors DNA-PK complex formation on
DNA (79). This potentially primes hypoxic cells for post-
irradiation DSBs repair initiation. It has also been shown that
hypoxia can modify the epigenetic landscape (global loss of
H3K27me3 and H3K9me2) by modulating epigenetic enzyme
expressions, such as KDM3A and KDM6B and finally promotes
DDR activity and radioresistance in HNSCC (80). Moreover, via
HIFs, hypoxia can also increase KDM4B expression participating
in HRR orchestration (93–95). Nevertheless, these KDM
enzymes are a-ketoglutarate-dependent enzymes and are
inhibited by L-2-hydroxyglutarate (2HG), a metabolite notably
produced under hypoxia by lactate dehydrogenase A (LDHA)
(96, 97). Thus, in that case, hypoxia-associated metabolism can
also disturb HRR activity but by radiosensitizing cells (93). In
this sense, hypoxia can also promote transcriptional silencing of
the HRR-related genes BRCA1 and RAD51 through the
induction of LSD1-mediated demethylation of the histone 3
lysine 4 (H3K4) and EZH2-mediated trimethylation of the
histone 3 lysine 27 (H3K27) (98, 99).
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Finally, hypoxia impacts “Repair” through various multimodal
mechanisms leading to apparently antagonist cellular
consequences. Globally, hypoxia appears to favor DSBs repair
initiation and epigenetic orchestration but down-regulate HRR
effectors. The consequent impact is highly dependent on the
cancer model and hypoxia type. In this context, it seems
complicated to develop a generalizable “Repair”-based
therapeutic strategies to overcome hypoxic cells radioresistance.
Still, a recent study demonstrated that, contrary to photon
radiation therapy, hypoxia (1% O2) doesn’t enhance the repair
of carbon ion irradiation-induced DSBs, suggesting that the choice
of irradiation particles can overcome hypoxia-mediated repair
enhancement in HNSCC (75). In this frame, a phase II clinical trial
evaluates the benefit of an increased radiation dose and the use of
carbon ion radiotherapy for hypoxic HNSCCs based on F-MISO-
PET hypoxia-imaging (NCT03865277). Further studies in other
cancer models and with different hypoxia parameters are needed
to corroborate these promising findings.
REPOPULATION: HYPOXIA AND CANCER
CELLS RENEWAL AFTER RADIATION
THERAPY

The “Repopulation” defines the renewal and proliferation of
surviving cancer cells following irradiation. This phenomenon
FIGURE 4 | Repair. Hypoxia can favor radiation-induced DNA damages repair (left side) by MAPK/Src/AMPK-dependent ATM and DNA-PK activation. Hypoxia-
induced modulation of KDM3A, KDM6B, and KDM4B expression changes the epigenetic landscape favoring DSBs repair by HRR or NHEJ. However, low oxygen
levels can also affect the Repair (right side) notably via 2-hydroxyglutarate-dependent KDM inhibition. Moreover, HIFa and E2Fs inhibit HRR-related
genes RAD51, BRCA1 expression. Hypoxia-induced epigenetic changes (as loss of H3K4me2 and gain of H3K27me3 marks) inhibit these genes’ expression. HIFa
can also inhibit RAD52 mRNA through the miR-210.
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represents one of the main reasons for the failure of
conventionally fractionated radiation therapy.

It is now widely accepted that cancer stem cells (CSCs) are
involved in cancer progression and post-radiotherapy tumor
recurrence through their self-renewal properties (100). Also,
CSCs are frequently associated with hypoxic niches which
favor stemness maintenance (101, 102). Hypoxia, particularly
chronic hypoxia, promotes the self-renewal capacity of persistent
CSCs (103). For example, hypoxia maintains CD133-positive
glioblastoma cells in an undifferentiated state and enhances their
self-renewal activity through a HIF-1a dependent way (104). In
addition, in these cells, HIF-2a overexpression under hypoxia
also plays an essential role in maintaining self-renewal capacities
in vitro and in vivo (105).

Mechanistically, hypoxia favors CSC self-renewal by
stemness-associated signaling activation. In breast cancer cells,
HIF-2a stabilization under chronic hypoxia actives the WNT/b-
catenin signaling pathway (106). Hypoxia can also induce AKT
phosphorylation and thus participate in CSCs self-renewal by the
AKT/WNT/b-catenin axis (107–109). Furthermore, the WNT/
b-catenin signaling pathway drives post-radiotherapy
progression in xenograft models of prostate cancer cells
overexpressing HIF-1a (110). Another stemness-associated
pathway potentially responsible for hypoxia-enhanced
repopulation is the NOTCH pathway. NOTCH signaling
pathway appears highly responsible for HIF-mediated
maintenance of self-renewal properties in glioblastoma and
breast cancer cells (106, 111). As WNT/b-catenin, the NOTCH
signaling pathway is preferentially activated under chronic
hypoxia in a HIF-2a dependent way (106), even if HIF-1a can
Frontiers in Endocrinology | www.frontiersin.org 8
also activate the NOTCH pathway by stabilizing NICD through
direct interaction (111). STAT3 activation is a third pathway by
which hypoxia promotes CSCs expansion. Through a HIF-1a-
dependent way, hypoxia modulates glioma cells secretome,
which induces STAT3 phosphorylation and subsequently
promotes CSC self-renewal capacity in vitro and in vivo (112).
Following these studies, HIFs factors appear highly involved in
glioblastoma stem cells’ self-renewal properties that could
explain the post-radiotherapy progression characteristic of this
tumor type.

Hypoxia also plays a role in repopulation by regulating cyclin
expressions, notably via HIFs factors, thus promoting radiation-
surviving cancer cell proliferation. HIF-2a can drive cyclin D1
and cyclin D2 expression, notably through c-MYC activation for
the latter, and promote cancer cell proliferation (113, 114).
Following the example of HIF-2a, HIF-1a drives NOCTH1-
mediated cell proliferation through cyclin D1 expression in
melanoma cells under severe hypoxia (0.5%) (115). Also,
hypoxia can impact cyclin expressions via the control of
epigenetic enzymes. Indeed, Kim and collaborators have shown
that, under hypoxia (1% O2), KDM4B induces cyclin A1
expression and favors gastric cancer cell proliferation following
irradiation (95).

To conclude, hypoxia widely impacts the “Repopulation”
through HIFs master regulators (Figure 5). In several cancer
models, chronic hypoxia and HIF-2a appear critical, either by
favoring CSCs self-renewal via WNT and NOTCH signaling
pathways or by modulating cyclin expressions through c-MYC
activation for example. In this frame, the ɣ-secretase/NOTCH
signaling pathway inhibitor RO4929097 has been tested in
FIGURE 5 | Repopulation. Under hypoxia, cell proliferation can be stimulated by KDM4B-dependant Cyclin A1 up-regulation and Cyclin D2 up-regulation driven by
HIF-2a through c-MYC or thought NOTCH pathway under hypoxia. HIF-2a also directly induces Cyclin D1 expression. The self-renewal is positively regulated by
NOTCH and WNT/b-catenin pathways activated by both HIF-1a and HIF-2a. HIF-1a also activates the STAT3 pathway and cell renewal through the modification of
cell secretome.
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association with radiotherapy through several phase I/II clinical
trials, notably for gliomas or breast cancers brain metastases
(NCT01119599, NCT01217411). Nevertheless, these studies
were prematurely terminated, and the clinical interest in
inhibiting the NOTCH pathway in hypoxic tumors remains to
be assessed.
REDISTRIBUTION: HOW HYPOXIA
ALTERS CELL CYCLE DISTRIBUTION
FOLLOWING RADIATION THERAPY

Cancer cells exhibit differential radiosensitivity depending on the
cell cycle phase. Because cells in mitosis already pass through the
last G2/M cell cycle checkpoint, they are the most sensitive to a
mitotic catastrophe following radiations. Those in the G1 and
S-phases are, on the contrary, more radioresistant (116).
“Redistribution” defines the fact that these cells that survive the
first fraction of radiation will progress into a more sensitive
phase of the cell cycle and will be more sensitive to the following
fraction. In this context, hypoxia, in particular acute hypoxia, via
HIF-1a stabilization, counteracts radiation therapy efficiency by
favoring cell-cycle arrest in less sensible phases (i.e., G0/G1 and
S-phases) (117).

Indeed, HIF-1a modulates many cell cycle regulation
processes such as CHK1 (checkpoint kinase 1) activation and
cyclin-dependent kinase inhibitor (CKI) expression like p21CIP1

(110). CHK1 and p21CIP1 are involved in cell cycle arrest in G1 or
S-phase, by inhibiting CDC25A (cell division cycle 25A)
activating-phosphatase or direct inhibition of the cyclin
E/CDK2 complex, respectively. In this sense, in prostate cancer
cells overexpressing HIF-1a, irradiation leads to a re-assortment
in favor of G0/G1 and S-phase, in accordance with CHK1
phosphorylation and p21 up-regulation. This correlates with a
Frontiers in Endocrinology | www.frontiersin.org 9
radioresistant phenotype in vitro and in vivo (110).
Mechanistically, under hypoxia (1% O2), HIF-1a displaces
MYC from CDKN1A (p21CIP1) promoter and induces p21CIP1

up-regulation (118). Hypoxia also induces p27KIP1 and p57KIP2

up-regulation, two other CKIs targeting G1/S transition (119–
121). In several cancer cell types (i.e., colon, cervical and
hepatocellular cancer cells), another hypoxia-induced
mechanism that leads to G0/G1 and S-phase accumulation is
the HIF-1a dependent down-regulation of CDC25A protein
level (122). In addition to these mechanisms, it can also be
assumed that hypoxia-induced ATM activation (described in the
“Repair” section), which activates CHK2 and thus inhibits
CDC25A, participates to cell cycle re-assortment in less
radiosensitive phases during hypoxia (123).

In addition to their implication in “Repopulation” through
their renewal properties, CSCs present in hypoxic niches can as
well impact “Redistribution.” Indeed, CSCs can harbor a
quiescent behavior under hypoxia. In glioblastoma, CSCs of
the peri-necrotic zone, expressing HIF-1a, harbor a quiescent
phenotype highlighted by the suppression of the RNA
polymerase II phosphorylation at serine 2 (RNApII-S2P), a
marker of transcriptionally less active quiescent cells (124).
Moreover, in breast cancer cells, cyclic hypoxia selects slow-
cycling CSCs, which accumulate in G0/G1 phase and are rarer in
G2/M phases (125). At the molecular level, Ju and colleagues
have recently shown that hypoxia (1% O2) induces CSN8 (COP9
signalosome 8) expression, which correlates with several
quiescence markers expression (i.e., NR2F1, DEC2, and
p27KIP1), a decrease of MYC expression, and a lower level of
ki67 in colorectal cancer cells (126). Thus, CSN8 appears to be
involved in a hypoxia-induced quiescent state and could, in this
context, impact cell response to irradiation.

To sum up, hypoxia can counteract the “Redistribution” after
radiation therapy by favoring cell cycle arrest within most
FIGURE 6 | Redistribution. Cells are more resistant to radiotherapy in the G1 and, above all, in the S phase of the cell cycle. The G1-S transition is notably driven by
the Cyclin E and CDK2, inhibited by P57KIP2, P21CIP1, and P27KIP1. Hypoxia upregulates P57KIP2 and P27KIP1 as well as P21CIP1 in a HIF-1a dependent manner.
The overexpression of CSN8 correlates with cMYC decrease and P27KIP1 expression. It also correlates with NR2F1 quiescence marker expression. Quiescent CSC,
selected by hypoxic stress, are more resistant to irradiation and participate in radioresistance (right side).
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radioresistant cell cycle phases (i.e., G0/G1 and S-phase).
Actually, HIF-1a promotes CKI expressions (such as p21CIP1)
and CDC25A repression leading to cell cycle arrest in G0/G1 and
S phases (Figure 6). In this sense, hypoxia can also maintain
CSCs in a quiescent state. Nevertheless, determine in which
context hypoxia counteracts the “Redistribution” (via cell cycle
arrest) rather than favors the “Repopulation” (via cell expansion)
after radiotherapy remains an open question.
REOXYGENATION: RADIATION-INDUCED
HYPOXIA-LIKE SIGNALING RESTRICTS
REOXYGENATION EFFECT

Hypoxic cells are up to three times more radioresistant than well-
oxygenated ones. In this context, “Reoxygenation” defines the
fact that, between radiotherapy fractions, well-oxygenated cells
death leads to oxygen release, reduction of oxygen demand, and
tumor bulk shrinkage allowing better oxygen diffusion and
angiogenesis. Thus, the “Reoxygenation” turns back initially
refractory hypoxic areas to a more radiosensitive state.
Nevertheless, it is essential to note that irradiation and the
subsequent reoxygenation induce oxidative stress that
paradoxically stabilizes HIF-1 (127) (Figure 7).

At first, hypoxia appears to favor the tumor reoxygenation as
VEGF is a target gene of HIF factors, and HIF-1 protects tumor
endothelial cells from cell death following irradiation. According
to these observations, hypoxia supports the oxygen level recovery
inside the tumor and thus could enhance radiotherapy
response subsequently.

Harada and colleagues have shown that hypoxic tumor areas
are drastically reoxygenated 24 hours following irradiation.
Surprisingly, this reoxygenation leads to an increase of HIF-1
activity through a glucose-dependent AKT/mTOR signaling
Frontiers in Endocrinology | www.frontiersin.org 10
activation (128). Moreover, Moeller and colleagues described
that in vivo, HIF-1 pharmacological inhibition at the time of
the reoxygenation post-irradiation sensitizes tumor cells (127).
So, even after oxygen level recovering, HIF-1a-driven
radioresistance mechanisms can be maintained. In addition,
the high oxygen demand of some cancer cells can reduce the
global oxygen availability inside the tumor and maintain a
hypoxic environment. In this frame, in pancreatic ductal
adenocarcinomas (PDAC) cells, an adaption mechanism to
survive nearly anoxic conditions is the formation of
mitochondrial respiratory supercomplexes. In this context,
PDAC cells conserve oxidative metabolism and maintain their
oxygen consumption despite a very low oxygen level (129). It can
be assumed that this kind of cell, containing respiratory
supercomplexes, disturbs radiotherapy-induced reoxygenation
by maintaining oxygen depletion. Interestingly, in a recent
study by Taylor and colleagues, the extent of tumor
reoxygenation appears heterogeneous after five fractions of
radiotherapy in murine orthotopic pancreatic PDX (patient-
derived xenograft) containing hypoxic areas. This study
showed that the level of reoxygenation dictates tumor growth
inhibition following radiation therapy (130).

Finally, the precise role of “Reoxygenation” on radiotherapy
response appears ambiguous. On the one hand, the consensus is
that the oxygen level increase radiosensitizes tumor cells via the
“oxygen effect”. Nevertheless, on the other hand, reoxygenation
induces radioresistance through hypoxia-related signaling (i.e.,
HIF-1 stabilization mediated by oxidative stress). Further studies
are needed to determine whether initial tumor hypoxia affects the
reoxygenation extent following radiotherapy, particularly
fractionated protocols. Since the 60’s, the “Reoxygenation”
concept gives rise to strategies aiming to increase tumor
oxygenation during irradiation, such as using hyperbaric
oxygen or administration of O2 at atmospheric pressure. Some
of them were able to improve the local control of the tumor but
FIGURE 7 | Reoxygenation. Radiotherapy induces tissue reoxygenation through O2 release and angiogenesis. Hypoxia also favors reoxygenation since HIF1 protects
endothelial cells from irradiation and promotes VEGF expression. Nevertheless, hypoxia induces mitochondrial respiratory supercomplexes formation, which could persist after
reoxygenation and cause high O2 consumption and depletion. Oxidative stress due to irradiation and reoxygenation stabilizes HIF-1, which can maintain radioresistance.
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appeared too difficult to set up in a clinical routine (131). More
recently, several pre-clinical studies established a rationale for
combining radiotherapy with HIF-1 inhibitor (132, 133), leading,
for example, to a phase I clinical trial using PX-478 in advanced
solid tumors (NCT00522652).
THE 6TH R: HOW HYPOXIA IMPACTS
“REACTIVATION” OF ANTI-TUMOR
IMMUNE RESPONSE

Radiotherapy has long been considered immunosuppressive
through lymphocytes killing. Conversely, there is growing
evidence assuming that irradiation efficacy may also rely on the
induction of an anti-tumor immune response, depending on
radiotherapy protocol, leading to a 6th R rising: the
“Reactivation” of anti-tumor immune response (4). Supporting
this idea, ablative (high dose) radiation therapy efficacy on
melanoma xenograft is significantly reduced in immunodeficient
nude mice than in immunocompetent models. Indeed, ablative
radiotherapy increases tumor antigens presentation by dendritic
cells (DCs), stimulating effector T-cells priming and expansion
(134). Furthermore, high single-dose irradiation triggers DCs,
macrophages, and primed T-cells infiltration in the irradiated
tumor (135). As mentioned above, ionizing radiations lead to
various types of cell death, including immunogenic cell deaths
(e.g., necrosis, necroptosis), depending on the fraction dose. For
example, a high dose, notably during ablative radiotherapy, can
induce necrosis (136). Also, ionizing radiations can cause
necroptosis, notably in endocrine cancers (e.g., anaplastic thyroid
and adrenocortical cancers) (137). Moreover, radiation-induced
DNA damages leading to the mitotic catastrophe can end in
necrosis or senescence. Then senescent cells could, in some cases,
undergo necrosis (58). Altogether, these radiation-induced
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immunogenic cell deaths can trigger an anti-tumor immune
response following radiation therapy (138). Mechanistically,
immunogenic cancer cell deaths release tumor-associated
antigens. These tumor-associated antigens are processed by
antigen-presenting cells, which stimulates effector T-cells and
triggers a systemic anti-tumor immune response. This is in line
with a clinical observation called the “abscopal effect,” which
consists of an immune-dependent regression of distant lesions
after irradiation of the primary tumor (139, 140). So, innate and
adaptive immune response players are involved in this
radiotherapy-driven anti-tumor response. Yet, hypoxia modulates
several immune player functions (141, 142) and participates in
establishing an immunosuppressive microenvironment (Figure 8).

Besides, some nutrients (notably glucose and glutamine)
essential for the anti-tumor function of immune cells (e.g., T-
cells, macrophages) are depleted in the tumor microenvironment
because of consumption by cancer cells (143). This phenomenon
by which cancer cells starve immune ones is called “metabolic
competition” and appears amplified by hypoxia-related cancer
cell metabolic remodeling.

In addition, glycolytic metabolism of hypoxic tumors results
in lactate accumulation in the tumor microenvironment, leading
to tumor-associated macrophages (TAMs) polarization toward
an M2 immuno-suppressive phenotype (144) and can attenuate
the radiotherapy-driven immune response. Moreover, the HIF-
1a dependent lactate production by pancreatic ductal
adenocarcinoma (PDAC) cells induces the activation of
myeloid-derived suppressor cells (MDSCs) that reduces effector
T-cells expansion and anti-tumor activity. This lactate-driven
MDSCs activation is thus a major contributor to PDAC
radioresistance (145). Supporting this work, the combination
of hypoxia-inducible pro-drug with immune checkpoint
inhibitors in prostate adenocarcinoma murine models highly
reduces MDSCs density and functions inside the tumor. It thus
restores T-cell infiltration and their anti-tumor activity (146).
FIGURE 8 | Reactivation. Because of exacerbated metabolism, hypoxic cancer cells consume nutrients from the microenvironment and starve immune cells. In addition,
glycolytic metabolism produces lactate which polarizes TAMs in M2 immuno-suppressive and activates MDSCs inhibiting T-cells. HIFs expression in TAMs increases their
immunosuppressive activity. Also, in MDSCs HIF-1 promotes PD-L1 expression that inhibits T-cell through PD-1/PD-L1 immune checkpoint. HIF-1a differentiates T-cells into
immunosuppressive regulatory T-cells via FOXP3 expression. Finally, hypoxia can cause T-cells exhaustion by reducing their energetic metabolism through MFN1 down-regulation.
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Hypoxia also has a direct impact on the immune effector’s
metabolism. As mentioned above, effector T-cells, notably T
CD8+ lymphocytes, are required for optimal radiation therapy
response. However, in nasopharyngeal carcinoma tissues,
hypoxia causes T-cells exhaustion by reducing their energetic
metabolism through an MFN1 (Mitofusin 1) down-regulation
via a miR-24 dependent repression of the MYC transcription
factor (147). HIF factors have as well an impact on immune
effector cells. For example, HIF-1a stabilization and miR-210
expression are involved in hypoxia-enhanced MDSCs
immunosuppressive functions (145, 148, 149). Also, in murine
transgenic breast cancer models, it has been shown that TAMs
exert an HIF-1a dependent immunosuppressive effect triggering
a hypoxia-induced suppression of T-cell functions. Indeed, a
specific knock-out of HIF-1a in macrophages decreases tumor
aggressiveness (150). Similarly, HIF-2a suppression in TAMs
reduces the tumor aggressiveness in a murine colon carcinoma
model, indicating a HIF-2a role in hypoxia-induced
immunosuppression (151). HIF-1a also favors CD4+ T-cells
differentiation into immunosuppressive regulatory T-cells by
promoting FOXP3 transcription factor expression (152).

Another way by which hypoxia can counteract immune
reactivation following ionizing radiations is by increasing
immune checkpoints proteins expression. In this sense, PD-L1
(Programmed death 1 – ligand 1) is an HIF-1a target gene and is
upregulated under hypoxia (0.1% O2) in MDSCs, in dendritic
cells, as well as in cancer cells (153). Complementarily, hypoxia
drives PD-1 (Programmed death 1) expression at the surface of
T-cells and thus favors the PD-1/PD-L1 axis (147). Through
CD86 upregulation in dendritic cells, hypoxia also promotes
another well-known immune checkpoint, the CTLA4 (Cytotoxic
T-lymphocyte-associated protein 4)/CD86 axis (154).

To sum up, radiation therapy induces immunogenic cancer
cell deaths and can trigger a systemic anti-tumor immune
response. However, hypoxia inside solid tumors counteracts
this mechanism of action by promoting an immuno-
suppression due to its impacts on cell metabolism and through
HIFs factors, both in cancer and immune cells. As described in
this section, hypoxia drives immune checkpoints proteins
expression, encouraging the combination of radiotherapy with
immune checkpoint inhibitors for patients with hypoxic tumors
(155). Adding a hypoxia-inducible pro-drug to this treatment
combination could durably restore anti-tumor immune
response, and maximize radiotherapy response (146, 156).
THE IMPLICATION IN ENDOCRINE
CANCERS: THYROID CARCINOMA AS
AN EXAMPLE

As most solid tumors, endocrine cancers frequently exhibit
hypoxic areas. Thyroid cancer is the most common endocrine
malignancy. Anaplastic thyroid carcinomas (ATCs) account for
2-3% of thyroid gland neoplasms and are particularly aggressive
tumors harboring a 3 to 4 months median survival (157). In
this context, even though ATCs are often described as a
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radioresistant disease, adjuvant radiotherapy appears to
increase the overall survival of patients with non-metastatic
ATCs (158). Also, radiotherapy could offer a local control
in advanced ATCs or for inoperable patients (159).
Indeed, multimodal therapy with radiotherapy and
chemotherapy (doxorubicin or cisplatin) is associated with the
most extended survival and is considered a standard of care for
these patients.

In ATCs, cancer cell metabolism relies on the reverse Warburg
effect (i.e., lactate uptake to fuel OXPHOS metabolism), frequently
related to a hypoxic state (160, 161). In their study, Nakajo and
collaborators concluded that glucose metabolism but also hypoxic
conditions might be associated with progression in patients with
metastatic thyroid cancer following radioactive iodine treatment
(iodine-131) (162). Based on their metabolic profile, particularly
their exacerbated glycolytic flux, a clinical trial assesses the benefit
of using 18F-FDG-PET-guided radiotherapy in refractory thyroid
cancers (NCT03191643). Most significantly, ATCs are necrotic
tumors, supporting their hypoxic property (163). This hypoxic
environment has been described to increase thyroid CSC-enriched
side population, which are deeply involved in the “Repopulation”
and also in the “Redistribution” parameters (164). Regarding
“repopulation”, some authors have described a better overall
survival depending on the schedule fractionation used,
particularly in the case of twice-daily treatment (165).
Furthermore, another modality, neutron radiation therapy,
could also be explored as its effectiveness may be less sensitive
to hypoxia (166). In the clinic, neutrons provides better survival
for thyroid cancer in small patient series (167). However, these
studies need to be confirmed, given the large discrepancies about
this topic in the literature.While HIF-1a is not detectable in
healthy thyroids, ATCs exhibit high levels of nuclear HIF-1a
and consistently overexpress the HIF target gene CA9 (168). Of
note, as previously mentioned in the “Radiosensitivity” section, the
CA9 is involved in cellular ROS homeostasis and can participate in
irradiation-induced ferroptosis resistance. Additionally, HIF-1a
silencing has been described to promote thyroid cancer cells
apoptosis (169). Thereafter, Kim and colleagues showed that
pharmacological targeting of HIF-1a can be a promising
approach for thyroid cancers treatment (170). Based on this in
vitro rationale, further studies are still needed to assess if HIFs
inhibition could improve radiotherapy efficacy and thus represent
a promising approach in the clinic.

Altogether, there is currently a huge amount of evidence on
the critical role of hypoxia in radioresistance, via a strong
modulation of the 6Rs of radiotherapy. Preclinical and clinical
studies are ongoing, which should now further help us in
defining the potential of hypoxia-related strategies aiming to
improve the efficacy of radiation therapy against cancers.
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143. Riera-Domingo C, Audigé A, Granja S, Cheng W-C, Ho P-C, Baltazar F,
et al. Immunity, Hypoxia, and Metabolism–The Ménage À Trois of Cancer:
Implications for Immunotherapy. Physiol Rev (2020) 100:1–102.
doi: 10.1152/physrev.00018.2019

144. Colegio OR. Functional Polarization of Tumour-Associated Macrophages by
Tumour-Derived Lactic Acid. Nature (2014) 513(7519):559–63.
doi: 10.1038/nature13490

145. Yang X, Lu Y, Hang J, Zhang J, Zhang T, Huo Y, et al. Lactate-Modulated
Immunosuppression of Myeloid-Derived Suppressor Cells Contributes to
the Radioresistance of Pancreatic Cancer. Cancer Immunol Res (2020)
8:1440–51. doi: 10.1158/2326-6066.CIR-20-0111

146. Jayaprakash P, Ai M, Liu A, Budhani P, Bartkowiak T, Sheng J, et al. Targeted
Hypoxia Reduction Restores T Cell Infiltration and Sensitizes Prostate Cancer
to Immunotherapy. J Clin Invest (2018) 128:5137–49. doi: 10.1172/JCI96268

147. Liu Y-N, Yang J-F, Huang D-J, Ni H-H, Zhang C-X, Zhang L, et al. Hypoxia
Induces Mitochondrial Defect That Promotes T Cell Exhaustion in Tumor
Microenvironment Through MYC-Regulated Pathways. Front Immunol
(2020) 11:1906. doi: 10.3389/fimmu.2020.01906

148. Corzo CA, Condamine T, Lu L, Cotter MJ, Youn J-I, Cheng P, et al. HIF-1a
Regulates Function and Differentiation of Myeloid-Derived Suppressor Cells
in the Tumor Microenvironment. J Exp Med (2010) 207:2439–53.
doi: 10.1084/jem.20100587

149. Noman MZ, Janji B, Hu S, Wu JC, Martelli F, Bronte V, et al. Tumor-
Promoting Effects of Myeloid-Derived Suppressor Cells Are Potentiated by
Hypoxia-Induced Expression of miR-210. Cancer Res (2015) 75:3771–87.
doi: 10.1158/0008-5472.CAN-15-0405

150. Doedens AL, Stockmann C, Rubinstein MP, Liao D, Zhang N, DeNardo DG,
et al. Macrophage Expression of Hypoxia-Inducible Factor-1a Suppresses T-
Cell Function and Promotes Tumor Progression. Cancer Res (2010) 70:7465–
75. doi: 10.1158/0008-5472.CAN-10-1439

151. Imtiyaz HZ, Williams EP, Hickey MM, Patel SA, Durham AC, Yuan L-J,
et al. Hypoxia-Inducible Factor 2a Regulates Macrophage Function in
Mouse Models of Acute and Tumor Inflammation. J Clin Invest (2010)
120:2699–714. doi: 10.1172/JCI39506
September 2021 | Volume 12 | Article 742215

https://doi.org/10.1038/sj.onc.1206373
https://doi.org/10.1016/j.ccr.2007.02.006
https://doi.org/10.1172/JCI36157
https://doi.org/10.1016/j.ijrobp.2004.03.005
https://doi.org/10.1016/j.ijrobp.2004.03.005
https://doi.org/10.1038/sj.emboj.7600196
https://doi.org/10.1074/jbc.M010189200
https://doi.org/10.1101/gad.934301
https://doi.org/10.1128/MCB.23.1.359-369.2003
https://doi.org/10.1128/MCB.23.1.359-369.2003
https://doi.org/10.4161/cc.6.15.4515
https://doi.org/10.1158/0008-5472.CAN-05-1160
https://doi.org/10.1371/journal.pone.0147366
https://doi.org/10.1002/jcb.25972
https://doi.org/10.1186/s12943-020-01285-4
https://doi.org/10.1016/s1535-6108(04)00115-1
https://doi.org/10.1016/s1535-6108(04)00115-1
https://doi.org/10.1074/jbc.M806653200
https://doi.org/10.1016/j.celrep.2020.108231
https://doi.org/10.1038/s41598-019-57364-0
https://doi.org/10.2174/156652409788167087
https://doi.org/10.1038/sj.bjc.6604939
https://doi.org/10.1038/sj.bjc.6604939
https://doi.org/10.3390/cancers13051102
https://doi.org/10.1182/blood-2009-02-206870
https://doi.org/10.4049/jimmunol.174.12.7516
https://doi.org/10.3389/fonc.2012.00116
https://doi.org/10.1016/j.surg.2011.09.012
https://doi.org/10.1038/nature14191
https://doi.org/10.2217/imt-2019-0105
https://doi.org/10.7759/cureus.4103
https://doi.org/10.1038/s41389-017-0011-9
https://doi.org/10.1038/s41389-017-0011-9
https://doi.org/10.1152/ajpcell.00207.2015
https://doi.org/10.1152/physrev.00018.2019
https://doi.org/10.1038/nature13490
https://doi.org/10.1158/2326-6066.CIR-20-0111
https://doi.org/10.1172/JCI96268
https://doi.org/10.3389/fimmu.2020.01906
https://doi.org/10.1084/jem.20100587
https://doi.org/10.1158/0008-5472.CAN-15-0405
https://doi.org/10.1158/0008-5472.CAN-10-1439
https://doi.org/10.1172/JCI39506
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Rakotomalala et al. Hypoxia and Radiotherapy Six Rs
152. Ben-Shoshan J, Maysel-Auslender S, Mor A, Keren G, George J. Hypoxia
Controls CD4+CD25+ Regulatory T-Cell Homeostasis viaHypoxia-Inducible
Factor-1a. Eur J Immunol (2008) 38:2412–8. doi: 10.1002/eji.200838318

153. Noman MZ, Desantis G, Janji B, Hasmim M, Karray S, Dessen P, et al. PD-
L1 Is a Novel Direct Target of HIF-1a, and Its Blockade Under Hypoxia
Enhanced MDSC-Mediated T Cell Activation. J Exp Med (2014) 211:781–90.
doi: 10.1084/jem.20131916

154. Köhler T, Reizis B, Johnson RS, Weighardt H, Förster I. Influence of
Hypoxia-Inducible Factor 1a on Dendritic Cell Differentiation and
Migration: Immunomodulation. Eur J Immunol (2012) 42:1226–36.
doi: 10.1002/eji.201142053

155. Eckert F, Zwirner K, Boeke S, Thorwarth D, Zips D, Huber SM. Rationale for
Combining Radiotherapy and Immune Checkpoint Inhibition for Patients
With Hypoxic Tumors. Front Immunol (2019) 10:407. doi: 10.3389/
fimmu.2019.00407

156. Bailleul Q, Navarin P, Arcicasa M, Bal-Mahieu C, Carcaboso AM, Le Bourhis
X, et al. Evofosfamide Is Effective Against Pediatric Aggressive Glioma Cell
Lines in Hypoxic Conditions and Potentiates the Effect of Cytotoxic
Chemotherapy and Ionizing Radiations. Cancers (2021) 13:1804.
doi: 10.3390/cancers13081804

157. Lin B, Ma H, Ma M, Zhang Z, Sun Z, Hsieh I, et al. The Incidence and
Survival Analysis for Anaplastic Thyroid Cancer: A SEER Database Analysis.
Am J Transl Res (2019) 11(9):5888–96.

158. Saeed NA, Kelly JR, Deshpande HA, Bhatia AK, Burtness BA, Judson BL,
et al. Adjuvant External Beam Radiotherapy for Surgically Resected,
Nonmetastatic Anaplastic Thyroid Cancer. Head Neck (2020) 42:1031–44.
doi: 10.1002/hed.26086

159. Augustin T, Oliinyk D, Rauch J, Koehler VF, Spitzweg C, Belka C, et al.
Radiation to the Primary Tumor in Metastatic Anaplastic Thyroid Cancer. In
Vivo (2021) 35:461–5. doi: 10.21873/invivo.12279

160. Johnson JM, Lai SY, Cotzia P, Cognetti D, Luginbuhl A, Pribitkin EA, et al.
Mitochondrial Metabolism as a Treatment Target in Anaplastic Thyroid Cancer.
Semin Oncol (2015) 42:915–22. doi: 10.1053/j.seminoncol.2015.09.025

161. Gill K S, Tassone P. Thyroid Cancer Metabolism: A Review. Thyroid Disord
Ther (2016) 05:200. doi: 10.4172/2167-7948.1000200

162. Nakajo M, Jinguji M, Tani A, Kajiya Y, Nandate T, Kitazano I, et al. [18f]-
FDG-PET/CT and [18F]-FAZA-PET/CT Hypoxia Imaging of Metastatic
Thyroid Cancer: Association With Short-Term Progression After
Radioiodine Therapy. Mol Imaging Biol (2020) 22:1609–20. doi: 10.1007/
s11307-020-01516-6

163. Lee JW, Yoon DY, Choi CS, Chang SK, Yun EJ, Seo YL, et al. Anaplastic Thyroid
Carcinoma: Computed Tomographic Differentiation From Other Thyroid
Masses. Acta Radiol (2008) 49:321–7. doi: 10.1080/02841850701813120
Frontiers in Endocrinology | www.frontiersin.org 17
164. Mahkamova K, Latar N, Aspinall S, Meeson A. Hypoxia Increases Thyroid
Cancer Stem Cell-Enriched Side Population. World J Surg (2018) 42:350–7.
doi: 10.1007/s00268-017-4331-x

165. Jacobsen A-B, Grøholt KK, Lorntzsen B, Osnes TA, Falk RS, Sigstad E.
Anaplastic Thyroid Cancer and Hyperfractionated Accelerated Radiotherapy
(HART) With and Without Surgery. Eur Arch Otorhinolaryngol (2017)
274:4203–9. doi: 10.1007/s00405-017-4764-8

166. Warenius HM, White R, Peacock JH, Hanson J, Britten RA, Murray D. The
Influence of Hypoxia on the Relative Sensitivity of Human Tumor Cells to
62.5 MeV (P!Be) Fast Neutrons and 4 MeV Photons. Radiat Res (2000)
154:54–63. doi: 10.1667/00337587(2000)154[0054:TIOHOT]2.0.CO;2

167. Chapman TR, Laramore GE, Bowen SR, Orio PF. Neutron Radiation
Therapy for Advanced Thyroid Cancers. Adv Radiat Oncol (2016) 1:148–
56. doi: 10.1016/j.adro.2016.05.001

168. Burrows N, Resch J, Cowen RL, von Wasielewski R, Hoang-Vu C, West CM,
et al. Expression of Hypoxia-Inducible Factor 1a in Thyroid Carcinomas.
Endocrine-Related Cancer (2010) 17:61–72. doi: 10.1677/ERC-08-0251

169. Ding Z-Y, Huang Y-J, Tang J-D, Li G, Jiang P-Q, Wu H-T. Silencing of
Hypoxia-Inducible Factor-1a Promotes Thyroid Cancer Cell Apoptosis and
Inhibits Invasion by Downregulating WWP2, WWP9, VEGF and VEGFR2.
Exp Ther Med (2016) 12:3735–41. doi: 10.3892/etm.2016.3826

170. Kim M-H, Lee TH, Lee JS, Lim D-J, Lee PC-W. Hif-1a Inhibitors Could
Successfully Inhibit the Progression of Differentiated Thyroid Cancer in
Vitro. Pharmaceuticals (2020) 13:208. doi: 10.3390/ph13090208
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Rakotomalala, Escande, Furlan, Meignan and Lartigau. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
September 2021 | Volume 12 | Article 742215

https://doi.org/10.1002/eji.200838318
https://doi.org/10.1084/jem.20131916
https://doi.org/10.1002/eji.201142053
https://doi.org/10.3389/fimmu.2019.00407
https://doi.org/10.3389/fimmu.2019.00407
https://doi.org/10.3390/cancers13081804
https://doi.org/10.1002/hed.26086
https://doi.org/10.21873/invivo.12279
https://doi.org/10.1053/j.seminoncol.2015.09.025
https://doi.org/10.4172/2167-7948.1000200
https://doi.org/10.1007/s11307-020-01516-6
https://doi.org/10.1007/s11307-020-01516-6
https://doi.org/10.1080/02841850701813120
https://doi.org/10.1007/s00268-017-4331-x
https://doi.org/10.1007/s00405-017-4764-8
https://doi.org/10.1667/00337587(2000)154[0054:TIOHOT]2.0.CO;2
https://doi.org/10.1016/j.adro.2016.05.001
https://doi.org/10.1677/ERC-08-0251
https://doi.org/10.3892/etm.2016.3826
https://doi.org/10.3390/ph13090208
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Hypoxia in Solid Tumors: How Low Oxygenation Impacts the “Six Rs” of Radiotherapy
	Introduction
	Radiosensitivity: How the Low Oxygen Level Intrinsically Primes Cancer Cells for Irradiation Resistance
	Cell Metabolism
	ROS Homeostasis
	Autophagy
	Cell Death Resistance

	Repair: The Versatile Impact of Hypoxia on DNA Damage Repair
	Repopulation: Hypoxia and Cancer Cells Renewal After Radiation Therapy
	Redistribution: How Hypoxia Alters Cell Cycle Distribution Following Radiation Therapy
	Reoxygenation: Radiation-Induced Hypoxia-Like Signaling Restricts Reoxygenation Effect
	The 6th R: How Hypoxia Impacts “Reactivation” of Anti-Tumor Immune Response
	The Implication in Endocrine Cancers: Thyroid Carcinoma as an Example
	Author Contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


