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  Th e last two decades have witnessed parallel 

research eff orts in the exploration of the 

mechanistic roles of hypoxia in cancer 

biology and also how sleep duration and 

biologic clock perturbations may be epide-

miologically associated with increased risk 

for either developing cancer or adversely 

aff ecting cancer outcomes. Consequently, it 

was not surprising that such parallel fi elds 

of investigation would ultimately spark 

the hypothesis that a highly prevalent sleep 

disorder, namely OSA, may be a major 

modulator of tumor biology. Here, we 

perform an up-to-date critical review of the 

evidence supporting possible associations 

between OSA and cancer and further 

explore any putative biologically relevant 

mechanisms. 

 Hypoxia can elicit divergent responses that 

are either adaptive or maladaptive and are 

contingent on diff erent levels of stimulus 

severity and presentation.  1-3   Most of the exist-

ing work has thus far revolved around the 

characterization of how sustained or mono-

phasic hypoxia modulates the transcriptional 
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activity of a large group of redox-sensitive transcription 

factors (eg, hypoxia-inducible factors [HIFs], nuclear 

factor- k B/Rel family). However, it is becoming increas-

ingly clear that intermittent hypoxia (IH) and sustained 

hypoxia (SH) may elicit quite diff erent cellular responses 

and that the duration and cycling frequency of IH, as 

occurs in sleep apnea, may also elicit contradictory 

cellular phenomena, namely preconditioning or cell 

death.  1-3   In addition, SH, and more prominently IH, will 

promote the formation of excessive reactive oxygen spe-

cies and infl ammatory products that damage or alter 

function of proteins, lipids, and DNA.  4   

 Th e occurrence of cellular hypoxia in tumors emanates 

from the high proliferative rates of malignant cells that 

are not accompanied by parallel and commensurate 

angiogenesis to match the bioenergetics needs of the 

tissue. It is, therefore, likely that diff erent regions of 

solid tumors will undergo both SH and IH, which can 

then elicit discrepant activation of transcription factors 

such as HIF-1 and HIF-2.  5,6   In the absence of diseases 

associated with IH, such as OSA, the time constants of 

intratumoral oxygen tension are markedly lengthy. 

However, patients with OSA are characteristically sus-

taining IH episodes that are concurrent with the repeti-

tive obstructions of the upper airway during sleep. Th e 

oscillatory nature of tissue P o  2  in these patients imposes 

similar repercussions on tissue P o  2  with a much shorter 

time constant  7   and could be a predisposing factor for 

increased incidence of malignancies. Th is is particularly 

relevant when considering that oxidative stress is a 

major risk factor in oncogenesis and that increased 

oxidative stress enhances the probabilistic mutational 

rate of rapidly replicating cells.  8,9   Second, mechanisms 

enhancing tumor growth, invasion, and regional and 

distant metastatic potential are enhanced by IH.  6,10-12   

However, studies examining how IH may aff ect cancer 

progression have revolved around the replication of 

the putative changes in tissue oxygenation that develop 

during the fast tumor growth and the concomitant and 

uneven process of vascularization (ie, processes with 

oscillatory frequencies in the range of hours to even 

days).  10   Th ese hypoxia/reoxygenation cycles are at least 

one order of magnitude longer and certainly vastly 

different from those experienced by patients with 

moderate to severe OSA. Since some of the molecular 

pathways triggered by IH are stringently dependent on 

the frequency and cumulative number of IH events,  2,13   

it was important to explore the effects of IH in the 

frequency and severity range occurring in OSA in 

cancer. 

 In comparison with the possible role of IH, much less is 

currently known on the potential impact of sleep frag-

mentation (SF) on tumorigenesis. There is growing 

evidence, however, suggesting that poor sleep quality or 

sleep discontinuity (collectively termed SF here) may in 

fact have a carcinogenic role. In a review by Haus and 

Smolensky,  14   the summary evidence presented conclu-

sively indicated that lifestyle patterns that disrupt the 

stability and homeostasis of sleep and circadian rhythms 

(eg, shift  work) are associated with epigenetic modifi ca-

tions of several key circadian genes, which in turn 

modify transcriptional regulation and aff ect the expres-

sion of cancer-related susceptibility genes, while also 

disrupting gene networks that coordinate cell division 

and DNA repair. 

 In the following paragraphs, we summarize initially 

some of the bench-based evidence linking IH and 

SF to solid tumor biology and follow these with the 

currently available epidemiologic literature suggesting 

a link between OSA and cancer in human populations. 

Finally, we attempt to present a holistic mechanistic 

view of potential pathways that may account for the 

observations reported herein that merit future 

research in both human- and animal-based models. 

 Animal Models of IH, SF, and Cancer 

 Does Fast Hypoxia/Reoxygenation Cycling 

Mimicking OSA Facilitate Malignant 

Transformation in Otherwise Normal Cells? 

 Karoor et al  15   injected   chemical carcinogenic agents in 

mice and observed the appearance of lung tumors when 

the animals were under normoxia, continuous hypoxia 

(SH), and IH and found that although SH increased 

tumor formation, no changes occurred in IH ( Fig 1 ). 

More recently, Zhang et al  16   reported that alteration in 

brain-derived neurotrophic factor (which prevents 

neuronal damage by oxidative stress and is linked to 

changes in leptin production and  b -adrenergic recep-

tors) and miR (a target of P53 promoting cell cycle 

arrest and tumor suppression) occurs with IH exposures. 

Th ese fi ndings may refl ect indirect evidence of increased 

propensity for tumorigenesis.  15-17   

 Does IH Aff ect Tumor Growth? 

 Rofstad et al  18   induced intradermal A-07 human mela-

noma xenograft s in mice and subjected the animals to 

4 h of IH, aft er which tumors had increased blood per-

fusion, microvascular density, and vascular endothelial 

growth factor expression. Almendros et al  19   subjected 

mice to a realistic IH paradigm mimicking oxygenation 
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patterns in patients with OSA during the light hours 

(sleep hours in rodents). Th is IH pattern was applied to 

both obese and lean mice that were injected into the 

fl ank with murine melanoma cells, a model whereby a 

local tumor forms and progressively increases in size 

over 2 to 4 weeks, with subsequent metastases typically 

occurring in the lungs. The mice subjected to IH 

exhibited faster tumor growth rate with more necrotic 

regions, a signature feature of tumor aggressiveness.  19,20   

Interestingly, using a diff erent cancer model that uses 

murine lung epithelial tumor cells in mice subjected to a 

nearly identical IH protocol has resulted in very similar 

fi ndings.  21   

 Does IH Mimicking OSA Promote Cancer 

Metastasis? 

 In 2001, Cairns et al  22   showed that IH is more eff ective 

than SH in enhancing metastasis in vivo, even if the 

cycling frequency of IH was low. Rofstad et al  18   also 

reported that mice exposed to cyclic hypoxia showed 

increased incidence of pulmonary metastases 

(approximately threefold vs normoxic mice), an eff ect 

that was ascribed to increased expression of hypoxia-

vascular endothelial growth factor-A in the primary 

tumors, resulting in accelerated angiogenesis and 

blood perfusion and, therefore, facilitating tumor cell 

intravasation and hematogenous dissemination. 

Concordant with such fi ndings, Almendros et al  23   

showed a sixfold increase in the incidence of microme-

tastases to the lung using a murine melanoma model. 

Th ese fi ndings have been replicated and further dem-

onstrated that IH favors HIF-1 a  over HIF-2 a  tran-

scriptional regulatory changes that seem to be 

conducive to higher metastatic rates by diff erentially 

regulating metalloproteinases.  24   We have also expanded 

these observations to a lung tumor model in mice, 

whereby local invasion was increased under IH condi-

tions. Of note, hyperoxia, rather than hypoxia, appears 

to have a benefi cial eff ect on tumors by curtailing their 

growth and enabling host antitumor immunity to oper-

ate more favorably.  25   Th e latter fi ndings should bode 

well for the potential benefi ts of CPAP treatment in 

patients with OSA with concurrent malignant tumors. 

We should also point out that the putative eff ects of IH 

on cancer may not be always directly relevant to tumor 

cells alone, and the eff ect of IH may not only vary from 

one tumor cell type to another  12,17-23   but   also actually 

necessitate the involvement of the host immune response  26   

as well as the autonomic nervous system (see  Fig 1  and the 

Cancer, SF, IH, and the Sympathetic-Catecholaminergic 

System section  ). 

 What About SF? 

 To investigate the potential implications of SF on tumor 

proliferation and invasiveness, we exposed mice to an 

SF paradigm in which mice undergo periodic arousals 

during their sleep period but still retain their normal 

sleep duration and sleep state distribution.  27,28   Th e TC-1 

and 3-LLC murine cancer cell lines were injected, and 

accelerated tumor growth became apparent in mice 

exposed to SF along with clear histologic evidence of 

capsule invasion into adjacent tissues, with such pro-

cesses appearing to be mediated, at least in part, by 

altered tumor-associated macrophage polarity involving 

innate immunity Toll-like receptor 4 pathways.  29   

 Cancer and Immunity 

 Among the comprehensive array of immune eff ector 

cells, macrophages have emerged as major operators 

within tumors. Th e tumor microenvironment delivers 

signals that shape macrophage phenotypes into prefer-

entially promoting tumor growth instead of attacking 

tumor cells through the release of growth factors, cyto-

kines, infl ammatory mediators, and proteolytic enzymes 

implicated in tumor growth and invasion.  26   Besides the 

direct eff ect that IH and SF could directly impose on 

cancer cells, they can boost recruitment of macro-

phages and alter their polarity, thereby enhancing 

tumor growth, invasion, and metastasis. Interestingly, 

proteomic analysis revealed that IFIT1, IFIT3, TAP1, 

and TAP2, proteins that are involved in the interferon 

response and antigen processing and presentation, 

respectively, were markedly decreased in tumor-associated 

macrophages (TAMs) isolated from mice treated for 

IH. Also, cell surface expression of CD86 and CD40 

(M1 markers) and TFRC and CD206 (M2 markers) in 

TAMs showed a shift toward the M2 phenotype in 

IH-exposed tumors. To test their diff erent function, TAMs 

were isolated and cocultured with tumor cells in vitro.  21   

When compared with tumors of mice exposed to nor-

moxia or normal sleep conditions, TAMs from IH- and 

SF-exposed mice showed a greater eff ect in increasing 

cancer cell proliferation, migration, and extravasation. 

 Moreover, application of IH and SF can also boost 

recruitment of macrophages, as suggested by histologic 

and fl ow cytometry analyses. Alterations in the tumor 

microenvironment can diff erentially activate macro-

phages in the adipose tissue surrounding the tumor, and, 

therefore, the adipose tissue becomes de facto a depot of 

resident macrophages that migrate toward the tumor.  30   

In addition, T regulatory cells and adipocyte progenitor 

stem cells are recruited to the tumor microenvironment 
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in response to IH. T regulatory cells and adipocyte pro-

genitor stem cells have been associated with increased 

malignancy properties of tumors, because of their ability 

to suppress the immune response, and by changing the 

stiff ness of tumor stroma, respectively.  30   Accordingly, 

host immunologic responses that are modifi ed by the 

presence of OSA can become a major determinant in 

the potentially adverse cancer outcomes that could be 

anticipated in patients with OSA. 

 Cancer, SF, IH, and the Sympathetic-
Catecholaminergic System 

 During arousals from sleep, surges in sympathetic out-

fl ow activity occur and are accompanied by bursts of 

systemic and local tissue catecholamine release, further 

attesting to the critical importance of the adrenergic 

system in arousal systems and sleep state regulation.  31   

We should note that increases in sympathetic outfl ow 

have been reported in humans subjected to short-term 

SF.  32,33   Similar to SF, an extensive body of evidence indi-

cates that IH is a powerful recruiter of sympathetic out-

fl ow both centrally and peripherally, with IH and SH 

eliciting very diff erent patterns of catecholamine syn-

thesis and release.  34,35   To date, the eff ects of SF or IH 

on intratumoral levels of catecholamines or their eff ects 

on host immune cells within the tumor have yet to be 

explored. As will become evident, macrophages are 

able to synthesize and release catecholamines, which 

can then modulate their own activity, polarity, and fate 

through ligand-mediated activation of adrenergic recep-

tors located in macrophage surface.  36   

 Th e biologic eff ects of catecholamines result from the 

coordinated actions elicited by the ligation of these 

compounds to  a  1 -,  a  2 -, and  b -adrenergic receptor fam-

ilies that are ubiquitously distributed in nearly every cell 

or organ.  37   Notably,  b -adrenergic receptor subtypes are 

expressed in many sites of tumor growth and metastasis, 

and their downstream signaling pathways regulate the 

function of several cellular substrates within tumors, 

such as epithelial cells, vascular myocytes and pericytes, 

adipocytes, fi broblasts, neural and glial cells, and most 

of the lymphoid and myeloid immune cells.  38   Several 

studies have indicated that long-term treatment with 

 b -blockers may reduce the prevalence and improve 

outcomes of several cancers in humans.  39    b -Adrenergic 

receptor signaling can regulate multiple cellular pro-

cesses involved in cancer progression, including tumor 

cell proliferation, extracellular matrix invasion, angio-

genesis, activation of matrix metalloproteases, and 

infl ammatory and chemotactic cytokines. Adrenergic 

recruitment of macrophages into the tumor leads to 

marked enhancements in tumor invasion and metastasis.  38   

In addition, macrophages and monocytes can also syn-

thetize and release catecholamines that will in turn 

modulate surrounding cellular substrates within the 

tumor.  36,38   Th us, since OSA alters sympathetic function, 

it may in turn alter cancer-related biologic pathways. A 

study has shown that the increased malignant properties 

triggered in tumor cells by TAMs isolated from mice 

exposed to IH  21   can be abolished by applying inhibitors 

of  a - and  b -adrenergic receptors, thereby suggesting an 

important role of the sympathetic-catecholaminergic 

system.  40   

 Cancer and Microvesicles/Exosomes 

 Exosomes are microvesicles that are actively generated 

and released by multiple cell types into body fl uids and 

have been suggested as a potential mechanism of inter-

cellular communication promoting tumor malignancy. 

Exosomes released from the tumor or in response to 

injurious stimuli in tissues include a large variety of 

proteins, lipids, messenger RNAs, and microRNAs. 

Application of hypoxia resulted in an increased release 

of proangiogenic extracellular exosomes  41-43   mediated 

by HIF.  44   In addition, exosomes shed by breast cancer 

cells subjected to hypoxia can increase focal adhesion 

formation, invasion, and metastasis in nonexposed tumor 

cells.  45   In recent work from our laboratory, plasma-

derived exosomes obtained from IH and SF-exposed 

mice increased the malignancy of tumor cells in com-

parison with exosomes derived from mice in control 

conditions.  46,47   

 IH, SF, and Cancer in Humans 

 As discussed in a previous review,  48   the topic of the pre-

sent article represents a clear instance where the epide-

miologic evidence followed (rather than preceded or 

prompted) the research aimed at assessing a biologic 

link between a potential novel risk factor (ie, OSA) and 

a disease (cancer in this case). Based on the emerging 

evidence from the laboratory and animal experiments 

summarized in the preceding section, data from existing 

cohort studies and electronic health records have been 

interrogated in recent years to examine whether an asso-

ciation between OSA and cancer incidence or cancer 

mortality can be observed. 

 Th ree studies, two using population-based samples in 

the United States  49   and in Australia  50   and one using a 

multicenter clinical cohort in Spain,  51   assessed whether 

markers of OSA (apnea-hypopnea index [AHI] or 

% time below 90% oxygen saturation [hypoxemia index 

(HI)]) are associated with an increased risk of cancer 
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mortality. In a 22-year prospective follow-up analysis 

among participants in the Wisconsin Sleep Cohort 

study (n  5  1,522), hazard ratios (HRs) revealed a highly 

statistically signifi cant dose-response relationship for 

both AHI and HI; the association was stronger for the 

latter, however, with participants with a severe sleep 

breathing disorder (defi ned by an HI  �  11.2%) about 

8.6 times more likely to die of cancer than those without 

OSA syndrome (HI  ,  0.8%), even aft er accounting for 

possible confounding variables (age, sex, BMI, smoking, 

diabetes;  P  for trend  5  .0008).  49   Th e Australian Busselton, 

albeit including a smaller number of subjects (397 patients 

followed for 20 years), corroborated the Wisconsin 

study fi ndings, whereby the fully adjusted models showed 

that moderate to severe OSA (AHI  �  15) was signifi cantly 

associated with cancer mortality, with HRs of 3.4.  50   In 

the Spanish study, 5,427 patients referred to sleep clinics 

because of suspicion of OSA were followed for about 

4.5 years; in this study, although an association with 

AHI was not observed, when compared with the lower 

severity category, the fully adjusted HR (95% CI) of 

cancer mortality for the highest tertile of HI ( .  13%) was 

2.06 (95% CI, 1.72-4.58).  51   

 Studies looking at cancer incidence have produced 

mixed results. In both the Busselton cohort  50   and the 

Spanish cohort,  51   a significant association was also 

observed between OSA and overall cancer incidence, 

although slightly weaker than that for mortality in 

Busselton, and also limited to the HI, but not for the 

AHI in the Spanish study. Two studies from Taiwan 

used electronic health records to assess the association 

between OSA and incidence of site-specifi c cancers.  52,53   

In one of these studies, based on  .  90,000 claim records 

and a 10-year follow-up, an AHI  �  5/h of total sleep time 

was associated with a statistically signifi cant, yet modest, 

increase in the risk of CNS cancers (HR  5  1.5).  52   In 

another clinic-based prospective study in Taiwan, OSA 

cases (n  5  846) exhibited a 2.1-higher hazard of breast 

cancer incidence over 5 years compared with non-OSA 

control subjects (n  5  4,230).  53   

 Two other studies, however, found no associations 

between OSA and cancer incidence.  54,55   In a population-

based retrospective cohort (n  5  8,783) in Copenhagen, 

Denmark, history of snoring and daytime sleepiness 

were not associated with cancer incidence  54  ; inferences 

from this study are limited by the lack of objective 

measures of OSA.  56   Another clinic-based study in 

Toronto, Ontario, Canada, that used 9,629 clinical 

records and covered about 8 years of follow-up 

(627 incident cancer cases), polysomnogram-assessed 

OSA was not associated with the incidence of 

cancer.  55   

 Studies in humans have also addressed mechanistic 

questions. For example, a recent prospective pilot study 

suggested a direct association between a quantitative 

index of IH and markers of aggressiveness of human 

cutaneous malignant melanoma.  57   Fift y-six patients with 

documented data of melanoma aggressiveness (tumor 

mitotic rate, Breslow index, presence of ulceration, stage 

of disease, and growth rate of melanoma) underwent an 

overnight sleep study, and nocturnal oxygen desatura-

tion indexes and measures of tumor aggressiveness were 

examined. In the fully adjusted multivariate analyses, 

oxygen desaturation indexes were independently associ-

ated with an increased melanoma growth rate along 

with other well-established aggressiveness factors of 

cutaneous malignant melanoma.  57   In another study 

assessing the transcriptomic signatures of OSA, 

Gharib et al  58   studied gene expression in peripheral 

blood leukocytes from 18 patients with severe OSA 

before and aft er 1 month of CPAP treatment. Compari-

sons before and aft er treatment using gene set enrich-

ment analyses identifi ed gene sets traditionally involved 

in neoplastic processes that were markedly upregulated 

in OSA before treatment.  58   

 With respect to SF, the epidemiologic evidence regarding 

its association with cancer in humans is as limited as 

the animal evidence discussed above. In fact, we are not 

aware of specifi c assessments of SF in patient cohorts 

and cancer, although there is substantial indirect evi-

dence from studies demonstrating that long-term night 

workers and shift  workers have increased incidence of 

solid malignancies  59,60   that appear to be attributable, 

at least partly, to reduced melatonin secretion.  61-63   

Similarly, the cumulative evidence gathered thus far 

would suggest that sleep duration is an important 

factor in cancer incidence and outcomes. In a series of 

meta-analyses, shift  work was strongly associated with 

a higher risk of breast cancer,  64-66   but most if not all 

the studies had major sociodemographic factors and 

comorbidity confounders (including obesity and meta-

bolic disease). Similarly, although some studies suggest 

that short sleep duration is associated with higher risk 

of breast cancer,  67   other studies could not fi nd evidence 

of such an eff ect.  68   In a recent large prospective study 

in postmenopausal women from Denmark, exposures 

to road traffic and railway noise (presumably associ-

ated with poor sleep quality and increases in sleep 

discontinuity) did not identify evidence of a strong 

association with breast cancer but reported modestly 
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elevated risk of estrogen receptor-negative breast 

cancer.  69   

 In summary, there is growing but still limited 

epidemiologic evidence suggesting that OSA and 

other sleep disorders may be associated with cancer 

outcomes. Although the results from studies that 

examined cancer incidence are mixed, the few studies 

that looked at OSA in relation to cancer mortality 

have shown consistently stronger associations. Th is is 

consistent with the data from laboratory studies and 

animal models that suggest that IH, SF, or both pro-

mote changes in the tumor microenvironment and 

tumor growth, which suggests that OSA (via IH, SF, 

or both) might influence cancer progression and 

decrease cancer survival, rather than affect cancer 

initiation    .  70   

 In addition to this critical question, many other unre-

solved epidemiologic questions remain unresolved. Th e 

possibility of confounders (eg, obesity, smoking) cannot 

be ruled out entirely, although it is not highly likely, 

given the strong associations observed in many of the 

studies reviewed above even aft er carefully controlling 

for these and other factors. Another important out-

standing question is whether the putative association 

between OSA and cancer risk or cancer mortality is 

generic or specifi c to certain cancer types. Most studies 

published thus far have used incidence or mortality of 

all cancers combined as the outcome measure. Future 

studies that are powered to study specifi c cancer sites 

and types are urgently needed. 

 Finally, at this time, evidence regarding whether 

proper treatment of OSA in affected patients with 

cancer improves cancer survival and cancer out-

comes is lacking. This is an area that merits further 

investigation. 

 Conclusions and Future Directions 

 Th e overall cumulative evidence appears to support 

that OSA or its two major constitutive elements, SF and 

IH, promote increased risk of neoplastic processes. Th e 

data from epidemiologic studies in humans suggest that 

IH, and possibly SF, may contribute to cancer risk in 

OSA, but conclusive evidence is still lacking. Recent 

experiments in animal models have thus far provided 

supportive fi ndings, whereby both IH and SF paradigms 

have begun to unravel their potential eff ects on cancer 

biology and are likely contributing to increases in 

cancer incidence and mortality in patients with sleep 

breathing disorders, most likely via alterations in 

sympathetic outfl ow, angiogenesis, and immune func-

tion. More intensive research is undoubtedly needed to 

better understand the pathophysiologic mechanisms 

and the clinical implications of OSA and OSA treatment 

on cancer prevention, cancer management, and cancer 

prognosis. 

  Figure 1  – Th eoretical framework   of 
possible mechanisms by which sleep 
fragmentation or intermittent hypoxia 
in the context of OSA may not only 
lead to maladaptive transcriptional 
regulation, potentially aff ecting malig-
nant transformation potential, but 
also disrupt sympathetic outfl ow and 
alter multiple immunoregulatory 
cellular targets that in turn will 
impose changes in the oncogenic prop-
erties of the tumor (eg, vessel forma-
tion, invasiveness, proliferation  ).   
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