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Hypoxia is an important factor in tumor biology and is both a predictive and a prognostic factor
in non-small cell lung cancer. The negative effect of low oxygenation on radiation therapy
effect has been known for decades, but more recent research has emphasized that hypoxia
also has a profound effect on a tumor’s aggression and metastatic propensity. In this review,
current knowledge on both these aspects of treatment failure in NSCLC due to hypoxia has
been discussed, along with a presentation of modern methods for hypoxia measurement and
current therapeutical interventions to circumvent the negative effect of hypoxia on treatment

results.
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ypoxia has been recognized as an important factor in

tumor biology and therapy response since the first half of
the 1900s, and hypoxia-mediated radiation resistance was first
described by Gray et al' in 1953. Well-oxygenated tumors
respond better to various therapies than hypoxic tumors do.
Therefore, hypoxia is a predictive factor. However, more
recently, emerging knowledge has underscored that hypoxia
is indeed also a prognostic factor, independently of therapy,
and that hypoxia in a tumor’s microenvironment induces a
more aggressive tumor phenotype.

A number of studies have suggested that hypoxia is highly
prevalent in non—small cell lung cancer (NSCLC), based both
on indirect measurements using hypoxia-dependent positron
emission tomography (PET) tracers and on direct measure-
ment of intratumoral oxygenation.”” The exact prevalence is
still not defined, because of both heterogeneous temporospa-
tial oxygen distribution and different measurement methods
and cut-off levels.

In this review, the factors involved in hypoxia-mediated
therapeutic failures of NSCLC have been discussed in the

*Department of Oncology, Oslo University Hospital—The Norwegian Radium
Hospital, Oslo, Norway.

tInstitute of Clinical Medicine, University of Oslo, Oslo, Norway.

The author declares no conflict of interest.

The author has received funding from The South-Eastern Norway Regional
Health Authority.

Address reprint requests to Odd Terje Brustugun, MD, PhD, Department of
Oncology, Oslo University Hospital—The Norwegian Radium Hospital,
N-0310 Montebello,Oslo, Norway. E-mail: otr@ous-hf.no

http/dx.doi.org/10.1016/j.semradonc.2014.11.006
1053-4296/© 2015 Elsevier Inc. All rights reserved.

context of therapy resistance and as a tumor biology phenom-
enon per se.

Measurement of Hypoxia

Direct tissue oxygenation measurement using an electrode
such as the Eppendorf “histograph” should be regarded as the
gold standard for hypoxia evaluation.” Such studies have
shown that nonneoplastic tissues, with a few exceptions, are
well oxygenated, with a pO, of more than 12.5 mm Hg. The
oxygen concentration in arterial and venous blood is in the
ranges of 75-100 and 30-40 mm Hg, respectively. Most
tumors (including lung cancer) have a low pO, of 0-
7.5 mm Hg.” Notably, tumor oxygenation is very heteroge-
nous, both in time and space.

Invasive methods are of no practical use for evaluation of
hypoxia in clinical lung cancer settings, even though this
method has been employed intraoperatively on lung tumors.”
Indirect measurements in lung tumors, using hypoxia tracers
such as 18F-fluoroazomycin-arabinoside’ (which bind only
when pO, is less than 10 mm Hg) and 18F-HX4, 18F-
fluoromisonidazole PET imaging, or magnetic resonance—
based techniques such as blood oxygen level-dependent or
dynamic contrast-enhanced methods, are more applicable in
routine practice. Interestingly, Trinkaus and coworkers, using
18F-fluoroazomycin-arabinoside-PET, showed intratumoral
hypoxia to be present in as many as 65% of NSCLC tumors
evaluated pretreatment. After concomitant chemoradiation,
normal oxygenation levels were found in most patients.’
However, because of the heterogeneous distribution and
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instability over time of hypoxia, such indirect methods are
limited by a lack of resolution and provide no information on
temporal fluctuations. Repeated scans during the radiotherapy
course could be a way to overcome this. Horsman et al” have
provided a recent comprehensive review of hypoxia imaging
techniques and their potential role in radiation planning.® They
underscore the potential predictive value in mnoninvasive
quantification of hypoxia but also admit that more clinical
trials have to be performed to firmly prove the clinical value of
reversing hypoxia or using hypoxia levels for dose-delivery
guidance in radiation therapy.

Markers of hypoxia in tissues include pimonidazole, which
accumulates in hypoxic regions and can be administered
intravenously before carrying out a biopsy or surgical resection.
High concordance has been shown between preoperative
computed tomography parameters and hypoxia measured
by pimonidazole staining in corresponding resected lung
cancer tissue.” Other markers include immunostaining of the
endogenous hypoxia-inducible factor (HIF) family of proteins
and their transcriptional targets.” Prediction of tumor hypoxia
may also now be based on gene signatures, as exemplified in
studies on laryngeal cancer.”

Causes of Hypoxia

Oxygen molecules diffuse freely in normal tissues, with a
diffusion range of up to 200 pm. In normal tissues, this range is
sufficient to oxygenate all cells, owing to a dense network of
capillaries. However, all solid tumors larger than 1 cm’ contain
hypoxic regions because of a number of factors: abnormal
microvessel structure and function leading to increased
diffusion distance from vessel to cell, increased oxygen
demand because of increased cellular proliferation, reduced
oxygen supply because of vascular constriction, and increased
interstitial pressure, partly because of abnormal leaky vessels
and resulting edema. Anemia and smoking, both frequently
associated with patients with lung cancer, add to the reduced
oxygen supply.” Based on this, the diffusion range of oxygen in
tumor tissues may be much lower than in normal tissues, and
even cells adjacent to blood vessels can be hypoxic. Interest-
ingly, the presence of hypoxia does not correlate with tumor
volume or metabolically active volume, implying that hypoxia
is present in small and large tumors and is not an effect of size
per se.”

Chronic vs Acute Hypoxia

Oxygen levels gradually decrease by distance from micro-
capillaries, and hypoxia is typically seen at 100-180 pm from
the blood vessel. This effect leads to chronically hypoxic cells in
this sector. However, acute hypoxia because of transient
perfusion changes is also observed in tissues, and fluctuating
blood flow is frequently observed in tumor tissues.'” In acute
hypoxia, the supply of other nutrients also tends to be reduced,
leading to a potentially higher degree of therapy resistance than
in chronic hypoxia, where supply deprivation is mainly
confined to oxygen.

Experimental evidence exists of reduced expression of DNA
repair genes in chronic hypoxia, but not in acute hypoxia,
leading to a higher radiosensitivity in chronic hypoxic cells
than in cells exposed to acute hypoxia."’

Hypoxia and Treatment Failure

Hypoxia may be responsible for treatment failure through
2 main mechanisms: (1) a treatment-related effect owing to
reduced DNA damage and (2) an at least partially treatment-
independent effect through upregulation of a number of
factors, leading to a more aggressive tumor biology. The
former has been known for decades, and an array of
therapy-modulating perturbations have been tried. The latter,
however, is more recently acknowledged, and therapies
seeking to exploit these phenomena have just recently been
introduced. Tumor hypoxia as a prognostic factor, or pre-
dictive factor in radiation therapy, has not been as extensively
evaluated in NSCLC as in others such as head and neck
cancers. Still, several studies confirm the detrimental effect also
in NSCLC."*"*

Direct Influence of Hypoxia on
Radiation Effect

Heavily charged ion beams induce cell death via direct DNA
damage, but other radiation modalities, including protons and
photons, kill mainly indirectly via production of free radicals
(reactive oxygen species) that bind to DNA and induce strand
breaks. These free radicals are produced either directly in the
DNA or more commonly through reactions with water.
Oxygen stabilizes the chemical bond breaks in DNA and
makes the damage permanent or “fixed.” Therefore, in the
absence of oxygen, DNA is less vulnerable to permanent
damage, leading to relative radioresistance.” It has been
shown that radiation dose has to be increased by 2- to 3-fold
to induce the same cell Kkill in a hypoxic milieus relative to
aerobic settings.” However, it is important to underscore that
the exact mechanisms behind this “oxygen effect” are still not
completely understood, 60 years after the first observation of
its existence.

Interestingly, mathematical modeling of various fractiona-
tion schemes for optimization of tumor control probability
(TCP), taking into account hypoxia and reoxygenation as well
as cell proliferation and nutrient supply, outputs an optimal
daily dose of approximately 2 Gy. In this model, hypoxia
predicts a dose increase requirement of approximately 30% to
achieve similar TCP as seen under normoxic conditions.'®

“Dose painting”, using information from hypoxia imaging to
guide extra dosing to hypoxic tumor regions, has been
suggested as a method to overcome hypoxia-induced radio-
resistance in lung cancer. '" However, promising current
evidence for such heterogenous dose delivery is scarce,
regarding both the dose levels potentially needed and the
imaging limitations, as mentioned earlier.®
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For extremely hypofractionated regimens, such as stereo-
tactic ablative radiotherapy (SABR) of lung tumors, classical
radiobiology laws may not be applicable.'® Conventional
wisdom points to the effect of reoxygenation of hypoxic
regions as a major principle for the superiority of fractionated
regimens over hypofractionated ones. However, arguments
exist that the linear quadratic model is valid for SABR doses as
for 2-Gy fractions, as long as the hypoxia factor is taken into
account.'” Hypoxia is also thought to contribute to the
surprisingly (based on simple linear quadratic model calcu-
lations) high biologically effective dose needed to achieve
sufficient TCP in SABR, as in lung cancer, where biologically
effective dose less than 100 Gy leads to relatively high relapse
rates.”’ Moreover, this implies that hypoxic radiosensitizers
may also potentiate the effect of very high doses. Notably,
ablative doses greater than 9 Gy facilitate cancer cell death via
mechanisms not seen with conventionally fractionated regi-
mens, such as acute vascular damage, thus modifying the effect
of hypoxia.*"*

Hypoxia-Inducible Factor

HIF-1 is an intracellular protein whose transcriptional activity
is increased in response to various cellular stresses, including
hypoxia.””** HIF-1 consists of a labile unit (HIF-1a) and a
stable unit (HIF-1f), which heterodimerize to be transcrip-
tionally active. In normoxia, HIF-la undergoes proteolysis
induced by hydroxylation of the oxygen-dependent degrada-
tion (ODD) domain by the prolyl-4-hydroxylase domain
family of proteins which are activated in the presence of
molecular oxygen. Following ODD hydroxylation, ubiquiti-
nation via the von Hippel-Lindau complex occurs, resulting in
avery low level of HIF heterodimers in aerobic conditions.”” In
hypoxia, degradation of the a-unit is reduced, leading to an
increased level of the functional heterodimer, which via
binding to hypoxia response elements induces expression of
a multitude of genes. Notably, in extreme hypoxia or anoxia,
HIF-1a level is again low, probably because of lack of glucose,
which is required for the stabilization of the a-subunit.”® HIE-1
is also regulated by other factors apart from or in concert with
molecular oxygen, including oncogenes, free radicals, and
growth factors, which may act via interaction with heat shock
protein 90 or phosphorylation.””*® For instance, in certain
hypoxic experimental settings, free radicals are required to
stabilize HIF-1a, probably via cytochrome c—mediated elec-
tron shutthng.29 Furthermore, nitric oxide (NO) may also
affect HIF-1a degradation via modification of the ODD and
redistribution of oxygen from mitochondria to the cytosol.” In
irradiated tumors, the protein kinase B/mammalian target of
rapamycin pathway is shown to regulate the HIF-1 level.”' In
addition, the NOTCH pathway is activated in hypoxic NSCLC
and induces radioresistance. High NOTCH expression corre-
lates with poor prognosis, and preclinical inhibition of
NOTCH indicates a therapeutic potential.”” Additionally,
cycling hypoxia (recurrent acute hypoxia) results in the
upregulation of HIF-1 to a level above what is seen in chronic
hypoxia.”” Finally, long noncoding RNAs are also involved in

HIF-1 regulation in lung cancer.”® In fact, underscoring the
complexity of HIF regulation, several studies show no corre-
lation between HIF-1 level, or level of HIF-1-regulated
proteins, and grade of hypoxia in tissues, measured by agents
such as pimonidazol.”

Hypoxia response elements are found in the promoter or
enhancement regions of various families of genes involved in
anaerobic metabolism,” angiogenesis,”’ ’ antiapoptosis,*’
and invasion and metastasis."’ Thus, on hypoxia-mediated
HIF-1 stabilization, a number of pathways are activated that are
involved in radioresistance, but which also are responsible for
an aggressive phenotype. One of the key downstream factors
upregulated by HIF-1 is miR-210, which is involved in a
multitude of hypoxia pathways™ and also found to be of
prognostic relevance in lung cancer.™

Lysyl oxidase (LOX) is upregulated in hypoxia via HIF-1
and has also been shown to be an independent prognostic
marker in lung cancer.”** LOX exerts its effect locally by
modifying the tumor microenvironment by cross-linking of
matrix proteins and by stimulating migration and invasive
behavior.™ Furthermore, hypoxia-induced secreted LOX can
act far away from its secretory origin, preparing the metastatic
niche by recruiting bone marrow cells and stimulating
endothelial cells to support establishment of distant metasta-
ses.”"** Blockade of LOX has experimentally been shown to
reduce the metastatic propensity of tumors, implying that LOX
can serve as a target for metastasis-preventive therapy.”’

HIF-1-mediated signaling regulates virtually every step of
the metastatic cascade, from migration toward blood vessels to
intravasation through HIF-induced leaky endothelial cells.
Further, HIF-1 inhibits anoikis of circulating tumor cells,
and hypoxic primary tumors secrete factors that permeabilize
the endothelium at distant premetastatic sites. Finally, as
mentioned previously, secreted LOX may have prepared the
metastatic “soil” in the distant organ. For a detailed overview,
refer to the study by De Bock et al. * Adding to the complexity,
every element of the stromal compartment is also influenced
by hypoxia, including fibroblasts, immune, lymph, and blood
cells, each playing an important role in tumor progression.
These aspects have been recently reviewed by Casazza et al.”

It is of special interest in lung cancer epidermal growth factor
receptor (EGFR) is involved in several aspects of hypoxia.
Recently, hypoxia was shown to stimulate invasion via
invadopodia formation by histone deacetylase—mediated
EGFR activation.”' Furthermore, hypoxia may induce EGFR
activity via reduced endocytosis, which also may influence
other membrane-bound growth-stimulating, and thereby
cancer-promoting, plroteins.52 Resistance to gefitinib, exten-
sively used in EGFR-mutated lung cancer, is also induced by
hypoxia via upregulation of insulinlike growth factor.”
Finally, EGFR has been shown to suppress specific tumor-
suppressing microRNAs in response to hypoxic stress through
posttranslational regulation of Dicer regulator AGO2.”"

HIF and Radiation Therapy

A number of HIF-1-upregulated genes contribute to radio-
resistance, perhaps most important is the shift from glucose
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metabolism to a glycolytic phenotype, which was recently
reviewed by Meijer et al.”” This effect increases the cell’s
antioxidant capacity via accumulation of redox buffers such as
NADH/NAD™ and glutathione, and thereby reduces the level
of free oxygen radicals produced by radiation, thus protecting
the DNA from damage.

Furthermore, accumulation of lactate acid because of
glycolysis induces stromal proteinases, thereby facilitating
tumor cell migration, inhibits immune cell activity and
stimulates tumor-promoting macrophages, and induces angio-
genesis, all contributing to an aggressive phenotype of lung
tumors.””°

Chronic hypoxic tumor cells can be categorized depending
on the HIF-1 level and the degree of pimonidazole staining.
Recently, dynamic in vivo studies have shown that HIF-1-
negative or pimonidazole-positive cells are more radioresistant
than other cells and that the HIF-1 level in these surviving cells
increases in response to radiation-induced reoxygenation.
Furthermore, cells acquiring HIF-1 secrete vascular endothelial
growth factor, resulting in vascular protection, and migrate
toward blood vessels, resulting in a metastatic phenotype.*®
Interestingly, the grade of hypoxia in preirradiated lung tumors
may also be visualized using radiolabeled 2-nitroimidazoles,
such as 18F-HX4-PET/computed tomography, and has
recently shown to be of potential value in discriminating
tumor areas for increased dosing.”’

Hypoxic tumors reoxygenate after radiation therapy, owing
to reduced demand because of cell death and increased
perfusion in tissues.”® Based on this, one would expect HIF-
la levels to decline after radiation, but the opposite is observed.
This phenomenon is primarily caused by (1) increased level of
free radicals and (2) liberation of “stress granula” content, both
leading to stabilization of the HIF-la subunit.” The initial
HIF-1 increase occurs within hours of radiation. A few days
thereafter, increased NO produced by infiltrating macrophages
induces a second peak of HIF-1 stabilization, via NO-mediated
prevention of HIF degradation through nitrosylation of a
cystein residue in the ODD.”’ Both the initial and the later
increase of HIF levels may contribute to a more aggressive
phenotype and ultimately to treatment failure as cells become
more prone to invasion and metastasis.

Counteracting Hypoxia

Several hypoxia sensitizers are currently in clinical trials, but so
far, none are in routine use in lung cancer.”" Notably, a
number of studies on radiation therapy combined with various
hypoxia-directed therapies, have been conducted for NSCLC,
including those assessing carbogen,®” tirapazamine, (a cyto-
toxin selectively targeting hypoxic cells),*>“* and angiogenesis-
directed therapies, such as anti-vascular endothelial growth
factor, endostatin, or thalidomide.®™°° The results have been
mainly disappointing, producing significant toxicity but insig-
nificant survival gains. However, it should be noted that most,
if not all, of these studies included patients regardless of the
presence of tumor hypoxia. The results may have been
different had tumor hypoxia been an inclusion criteria.

The most promising strategies today might be HIF-1
inhibitors and drugs targeting glucose metabolism, which
should be further examined in the context of radiation therapy
in patients with hypoxic tumors.”” These studies should not
only be confined to fractionated therapy but may likely also
have a positive effect on SABR.

Heavy charged particle radiotherapy acts independently of
oxygen, as mentioned earlier, but emerging evidence points to
the involvement of the HIF-1 signaling pathway also in this
modality. In contrast to what is seen with photon radiation,
induction of HIF-1 is not seen with carbon ion therapy; on the
contrary, a significant downregulation was seen in a NSCLC
model. Furthermore, the protein kinase B/mammalian target of
rapamycin pathway, presumably inducing angiogenesis, was
also not affected by carbon ions, in contrast to the inducing
effect of photons.®” Thus, heavy charged particle irradiation is a
promising strategy also in lung cancer.

Conclusion

In conclusion, several lines of evidence point to tumor hypoxia
as a major cause of therapy failure and tumor aggression in
NSCLC involving a multitude of factors. As knowledge
emerges, it is evident that the relatively simple “oxygen effect”
attributed to radioresistance in hypoxic tumors is not the sole
cause of treatment failures. Given the still dismal prognosis of
NSCLC, further research into possible strategies to circumvent
the negative effect of hypoxia is highly warranted. Despite an
increasing recognition of the amazingly complex biology of this
phenomenon, the opportunities of therapeutic interventions
are also ample.

References

1. Gray LH, Conger AD, Ebert M, et al: The concentration of oxygen
dissolved in tissues at the time of irradiation as a factor in radiotherapy. Br
J Radiol 26:638-648, 1953

2. Le QT, Chen E, Salim A, et al: An evaluation of tumor oxygenation and
gene expression in patients with early stage non-small cell lung cancers.
Clin Cancer Res 12:1507-1514, 2006

3. Trinkaus ME, Blum R, Rischin D, et al: Imaging of hypoxia with (18) F-
FAZA PET in patients with locally advanced non-small cell lung cancer
treated with definitive chemoradiotherapy. ] Med Imaging Radiat Oncol
57:475-481, 2013

4. Vaupel P, Hockel M, Mayer A: Detection and characterization of tumor
hypoxia using pO, histography. Antioxid Redox Signal 9:1221-1235,
2007

5. Brown JM, Wilson WR: Exploiting tumour hypoxia in cancer treatment.
Nat Rev Cancer 4:437-447, 2004

6. Horsman MR, Mortensen LS, Petersen JB, et al: Imaging hypoxia to
improve radiotherapy outcome. Nat Rev Clin Oncol 9:674-687, 2012

7. Mandeville HC, Ng QS, Daley FM, et al: Operable non-small cell lung
cancer: Correlation of volumetric helical dynamic contrast-enhanced CT
parameters with immunohistochemical markers of tumor hypoxia.
Radiology 264:581-589, 2012

8. Jubb AM, Buffa FM, Harris AL: Assessment of tumour hypoxia for
prediction of response to therapy and cancer prognosis. J Cell Mol Med
14:18-29, 2010

9. Eustace A, Mani N, Span PN, et al: A 26-gene hypoxia signature predicts
benefit from hypoxia-modifying therapy in laryngeal cancer but not
bladder cancer. Clin Cancer Res 19:4879-4838, 2013


http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref1
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref1
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref1
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref2
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref2
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref2
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref3
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref3
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref3
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref3
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref4
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref4
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref4
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref4
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref5
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref5
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref6
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref6
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref7
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref7
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref7
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref7
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref8
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref8
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref8
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref9
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref9
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref9

Hypoxia as a cause of treatment failure in NSCLC

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Kimura H, Braun RD, Ong ET, et al: Fluctuations in red cell flux in tumor
microvessels can lead to transient hypoxia and reoxygenation in tumor
parenchyma. Cancer Res 56:5522-5528, 1996

Chan N, Koritzinsky M, Zhao H, et al: Chronic hypoxia decreases
synthesis of homologous recombination proteins to offset chemoresist-
ance and radioresistance. Cancer Res 68:605-614, 2008

LiL, HuM, Zhu H, et al: Comparison of 18F-Fluoroeryt‘hrom’troimidatzole
and "®F-fluorodeoxyglucose positron emission tomography and prog-
nostic value in locally advanced non-small-cell lung cancer. Clin Lung
Cancer 11:335-340, 2010

LiL, Yu]J, Xing L, et al: Serial hypoxia imaging with 99mTc-HL91 SPECT
to predict radiotherapy response in nonsmall cell lung cancer. Am J Clin
Oncol 29:628-633, 2006

Dehdashti F, Mintun MA, Lewis ]S, et al: In vivo assessment of tumor
hypoxia in lung cancer with 60Cu-ATSM. Eur ] Nucl Med Mol Imaging
30:844-850, 2003

Hockel M, Vaupel P: Tumor hypoxia: Definitions and current clinical,
biologic, and molecular aspects. J Natl Cancer Inst 93:266-276, 2001
Jeong J, Shoghi KI, Deasy JO: Modelling the interplay between hypoxia
and proliferation in radiotherapy tumour response. Phys Med Biol
58:4897-4919, 2013

Ling CC, Humm ], Larson S, et al: Towards multidimensional radio-
therapy (MD-CRT): Biological imaging and biological conformality. Int J
Radiat Oncol Biol Phys 47:551-560, 2000

Lindblom E, Antonovic L, Dasu A, et al: Treatment fractionation for
stereotactic radiotherapy of lung tumours: A modelling study of the
influence of chronic and acute hypoxia on tumour control probability.
Radiat Oncol 9:149, 2014

Brown JM, Diehn M, Loo BW: Stereotactic ablative radiotherapy should
be combined with a hypoxic cell radiosensitizer. Int ] Radiat Oncol Biol
Phys 78:323-327, 2010

Onishi H, Shirato H, Nagata Y, et al: Hypofractionated stereotactic
radiotherapy (HypoFXSRT) for stage I non-small cell lung cancer:
Updated results of 257 patients in a Japanese multi-institutional study.
J Thorac Oncol 2:594-S100, 2007

Garcia-Barros M, Paris F, Cordon-Cardo C, et al: Tumor response to
radiotherapy regulated by endothelial cell apoptosis. Science
300:1155-1159, 2003

Park HJ, Griffin RJ, Hui S, et al: Radiation-induced vascular damage in
tumors: Implications of vascular damage in ablative hypofractionated
radiotherapy (SBRT and SRS). Radiat Res 177:311-327, 2012

Wang GL, Jiang BH, Rue EA, et al: Hypoxia-inducible factor 1 is a basic-
helix-loop-helix-PAS heterodimer regulated by cellular O, tension. Proc
Natl Acad Sci U S A 92:5510-5514, 1995

Greer SN, Metcalf JL, Wang Y, et al: The updated biology of hypoxia-
inducible factor. EMBO J 31:2448-2460, 2012

Jaakkola P, Mole DR, Tian YM, et al: Targeting of HIF-alpha to the von
Hippel-Lindau ubiquitylation complex by O,-regulated prolyl hydrox-
ylation. Science 292:468-472, 2001

Harada H, Inoue M, Ttasaka S, et al: Cancer cells that survive radiation
therapy acquire HIF-1 activity and translocate towards tumour blood
vessels. Nat Commun 3:783, 2012

Liu YV, Baek JH, Zhang H, et al: RACK1 competes with HSPOO for
binding to HIF-1alpha and is required for O(2)-independent and HSPOO
inhibitor-induced degradation of HIF-1alpha. Mol Cell 25:207-217, 2007
Karapetsas A, Glannakakis A, Pavlaki M, et al: Biochemical and molecular
analysis of the interaction between ERK2 MAP kinase and hypoxia
inducible factor-1a. Int J Biochem Cell Biol 43:1582-1590, 2011

Bell EL, Klimova TA, Eisenbart J, et al: The Qo site of the mitochondrial
complex 1II is required for the transduction of hypoxic signaling via
reactive oxygen species production. J Cell Biol 177:1029-1036, 2007
Hagen T, Taylor CT, Lam F, et al: Redistribution of intracellular oxygen in
hypoxia by nitric oxide: Effect on HIFlalpha. Science 302:1975-1978,
2003

Harada H, Itasaka S, Kizaka-Kondoh S, et al: The Akt/mTOR pathway
assures the synthesis of HIF-lalpha protein in a glucose- and
reoxygenation-dependent manner in irradiated tumors. J Biol Chem
284:5332-5342, 2009

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Theys J, Yahyanejad S, Habets R, et al: High NOTCH activity induces
radiation resistance in non small cell lung cancer. Radiother Oncol
108:440-445, 2013

Martinive P, Defresne F, Bouzin C, et al: Preconditioning of the tumor
vasculature and tumor cells by intermittent hypoxia: Implications for
anticancer therapies. Cancer Res 66:11736-11744, 2006

Yang F, Huo XS, Yuan SX, et al: Repression of the long noncoding RNA-
LET by histone deacetylase 3 contributes to hypoxia-mediated metastasis.
Mol Cell 49:1083-1096, 2013

Sobhanifar S, Aquino-Parsons C, Stanbridge EJ, et al: Reduced expression
of hypoxia-inducible factor-1alpha in perinecrotic regions of solid tumors.
Cancer Res 65:7259-7266, 2005

Semenza GL: Regulation of cancer cell metabolism by hypoxia-inducible
factor 1. Semin Cancer Biol 19:12-16, 2009

Forsythe JA, Jiang BH, Iyer NV, et al: Activation of vascular endothelial
growth factor gene transcription by hypoxia-inducible factor 1. Mol Cell
Biol 16:4604-4613, 1996

Liao D, Johnson RS: Hypoxia: A key regulator of angiogenesis in cancer.
Cancer Metastasis Rev. 26:281-290, 2007

Jackson AL, Zhou B, Kim WY: HIF, hypoxia and the role of angiogenesis
in non-small cell lung cancer. Expert Opin Ther Targets 14:1047-1057,
2010

Lenihan CR, Taylor CT: The impact of hypoxia on cell death pathways.
Biochem Soc Trans 41:657-663, 2013

Sullivan R, Graham CH: Hypoxia-driven selection of the metastatic
phenotype. Cancer Metastasis Rev 26:319-331, 2007

Huang X, Le QT, Giaccia AJ: MiR-210—Micromanager of the hypoxia
pathway. Trends Mol Med 16:230-237, 2010

Eilertsen M, Andersen S, Al-Saad S, et al: Positive prognostic
impact of miR-210 in non-small cell lung cancer. Lung Cancer 83:
272-278, 2014

Wilgus ML, Borczuk AC, Stoopler M, et al: Lysyl oxidase: A lung
adenocarcinoma  biomarker of invasion and Cancer
117:2186-2191, 2011

Erler JT, Bennewith KL, Nicolau M, et al: Lysyl oxidase is essential for
hypoxia-induced metastasis. Nature 440:1222-1226, 2006

Wei L, Song XR, Sun JJ, et al: Lysyl oxidase may play a critical role in
hypoxia-induced NSCLC cells invasion and migration. Cancer Biother
Radiopharm 27:672-677, 2012

Erler JT, Bennewith KL, Cox TR, et al: Hypoxia-induced lysyl oxidase is a
critical mediator of bone marrow cell recruitment to form the premeta-
static niche. Cancer Cell 15:35-44, 2009

Baker AM, Bird D, Welti JC, et al: Lysyl oxidase plays a critical role in
endothelial cell stimulation to drive tumor angiogenesis. Cancer Res
73:583-594, 2013

De Bock K, Mazzone M, Carmeliet P: Antiangiogenic therapy, hypoxia,
and metastasis: risky liaisons, or not? Nat Rev Clin Oncol 8:393-404,
2011

Casazza A, Di Conza G, Wenes M, et al: Tumor stroma: A complexity
dictated by the hypoxic tumor microenvironment. Oncogene
33:1743-1754, 2014

Arsenault D, Brochu-Gaudreau K, Charbonneau M, et al: HDAC6
deacetylase activity is required for hypoxia-induced invadopodia forma-
tion and cell invasion. PLoS One 8:¢55529, 2013

Wang Y, Ohh M: Oxygen-mediated endocytosis in cancer. ] Cell Mol Med
14:496-503, 2010

Murakami A, Takahashi F, Nurwidya F, et al: Hypoxia increases gefitinib-
resistant lung cancer stem cells through the activation of insulin-like
growth factor 1 receptor. PLoS One 9:¢86459, 2014

Shen J, Xia W, Khotskaya YB, et al: EGFR modulates microRNA
maturation in response to hypoxia through phosphorylation of AGO2.
Nature 497:383-387, 2013

Meijer TW, Kaanders JH, Span PN, et al: Targeting hypoxia, HIF-1, and
tumor glucose metabolism to improve radiotherapy efficacy. Clin Cancer
Res 18:5585-5594, 2012

Colegio OR, Chu NQ, Szabo AL, et al: Functional polarization of tumour-
associated macrophages by tumour-derived lactic acid. Nature
513:559-563, 2014

survival.


http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref10
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref10
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref10
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref11
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref11
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref11
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref12
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref12
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref12
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref12
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref12
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref12
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref13
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref13
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref13
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref14
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref14
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref14
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref15
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref15
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref16
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref16
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref16
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref17
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref17
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref17
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref18
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref18
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref18
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref18
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref19
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref19
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref19
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref20
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref20
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref20
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref20
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref21
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref21
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref21
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref22
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref22
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref22
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref23
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref23
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref23
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref23
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref24
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref24
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref25
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref25
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref25
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref25
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref26
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref26
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref26
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref27
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref27
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref27
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref28
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref28
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref28
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref29
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref29
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref29
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref30
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref30
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref30
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref31
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref31
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref31
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref31
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref32
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref32
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref32
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref33
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref33
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref33
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref34
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref34
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref34
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref35
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref35
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref35
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref36
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref36
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref37
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref37
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref37
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref38
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref38
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref39
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref39
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref39
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref40
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref40
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref41
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref41
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref42
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref42
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref43
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref43
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref43
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref44
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref44
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref44
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref45
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref45
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref46
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref46
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref46
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref47
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref47
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref47
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref48
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref48
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref48
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref49
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref49
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref49
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref50
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref50
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref50
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref51
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref51
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref51
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref52
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref52
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref53
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref53
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref53
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref54
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref54
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref54
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref55
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref55
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref55
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref56
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref56
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref56

922

0.T. Brustugun

57.

58.

59.

60.

6l.

62.

Zegers CM, van Elmpt W, Reymen B, et al: In-vivo quantification
of hypoxic and metabolic status of NSCLC tumors using [18F|HX4
and [18F]FDG PET/CT imaging. Clin Cancer Res 20:6389-6397,
2014

Rubin P, Casarett G: Microcirculation of tumors. II. The supervascu-
larized state of irradiated regressing tumors. Clin Radiol 17:346-355,
1966

Moeller BJ, Cao Y, Li CY, et al: Radiation activates HIF-1 to regulate
vascular radiosensitivity in tumors: Role of reoxygenation, free radicals,
and stress granules. Cancer Cell 5:429-441, 2004

Li F, Sonveaux P, Rabbani ZN, et al: Regulation of HIF-lalpha stability
through S-nitrosylation. Mol Cell 26:63-74, 2007

Harada H: How can we overcome tumor hypoxia in radiation therapy?
J Radiat Res 52:545-556, 2011

Bernier J, Denekamp J, Rojas A, et al: ARCON: Accelerated radiotherapy
with carbogen and nicotinamide in non small cell lung cancer: A phase I/I1
study by the EORTC. Radiother Oncol 52:149-156, 1999

63.

64.

65.

66.

67.

Le QT, Moon J, Redman M, et al: Phase 11 study of tirapazamine, cisplatin,
and etoposide and concurrent thoracic radiotherapy for limited-stage
small-cell lung cancer: SWOG 0222. J Clin Oncol 27:3014-3019, 2009

Williamson SK, Crowley JJ, Lara PN, et al: Phase III trial of paclitaxel plus
carboplatin with or without tirapazamine in advanced non-small-cell lung
cancer: Southwest Oncology Group Trial S0003. J Clin Oncol 23:
9097-9104, 2005

Jiang XD, Dai P, Wu J, et al: Effect of recombinant human endostatin on
radiosensitivity in patients with non-small-cell lung cancer. Int J Radiat
Oncol Biol Phys 83:1272-1277, 2012

Hoang T, Dahlberg SE, Schiller JH, et al: Randomized phase III study of
thoracic radiation in combination with paclitaxel and carboplatin with or
without thalidomide in patients with stage 111 non-small-cell lung cancer:
The ECOG 3598 study. J Clin Oncol 30:616-622, 2012

Subtil FS, Wilhelm J, Bill V, et al: Carbon ion radiotherapy of human lung
cancer attenuates HIF-1 signaling and acts with considerably enhanced
therapeutic efficiency. FASEB J 28:1412-1421, 2014


http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref57
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref57
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref57
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref57
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref58
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref58
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref58
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref59
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref59
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref59
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref60
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref60
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref61
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref61
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref62
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref62
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref62
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref63
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref63
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref63
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref64
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref64
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref64
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref64
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref65
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref65
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref65
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref66
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref66
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref66
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref66
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref67
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref67
http://refhub.elsevier.com/S1053-4296(14)00116-7/sbref67

	Hypoxia as a Cause of Treatment Failure in Non–Small Cell Carcinoma of the Lung
	Measurement of Hypoxia
	Causes of Hypoxia
	Chronic vs Acute Hypoxia
	Hypoxia and Treatment Failure
	Direct Influence of Hypoxia on Radiation Effect
	Hypoxia-Inducible Factor
	HIF and Radiation Therapy
	Counteracting Hypoxia
	Conclusion
	References




