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ABSTRACT

Obstructive sleep apnoea (OSA) is a highly prevalent disorder in adults and has been
associated with a large array of end-organ morbidities affecting multiple organ systems.
From recent epidemiological studies there is growing evidence linking this sleep breathing
disorder with an increased incidence and enhanced mortality in cancer, where the recur-
rent oxygen desaturations experienced by patients with OSA have been proposed as a
major determinant of adverse cancer outcomes. The use of translational models mimick-
ing the intermittent hypoxia and sleep fragmentation that characterize OSA have shown
that both challenges can enhance tumour growth and malignancy in several types of cancers
including melanoma, kidney cancer, and lung carcinoma. Moreover, translational and
basic researches have provided solid emerging evidence implicating the immune system
in the adverse cancer outcomes linked to intermittent hypoxia. Here we review all data
available to date on the relationship between OSA and cancer from clinical and transla-
tional studies. BRN Rev. 2016:2:170-84)
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OBSTRUCTIVE SLEEP APNOEA

Obstructive sleep apnoea (OSA) is a highly
prevalent sleep disorder, which, depending
on sex and age, can affect between 4 and 10%
of the adult population' and is characterized
by repetitive occlusions of the upper airway
during sleep. These repetitive obstructions
can lead to recurrent blood oxygen desatura-
tions and sleep fragmentation. As presented
in this review, very recent data from epide-
miological, clinical, and translational studies
have suggested that there is a potential link
between OSA and cancer.

EVIDENCES FROM EPIDEMIOLOGICAL
AND CLINICAL DATA

Population and Community Based
Studies on Obstructive Sleep
Apnoea and Cancer

Although there is growing evidence on the
possible association between OSA and cancer,
the number of studies based on human data
is still scarce and present some limitations. For
instance, most of the epidemiological and clin-
ical studies are not focused on specific types of
cancers. Moreover, other potential cancer risks
and /or protective factors are not well controlled
because the historical focus of the cohorts was
based on respiratory disorders instead of can-
cer. However, and in spite of these limitations,
the majority of these studies show increased
cancer incidence, mortality, and aggressive-
ness in moderate-to-severe OSA patients.

The first population-based study linking both
entities was carried out by the Wisconsin co-
hort, which included 1,522 subjects with a

22-year follow-up. Nieto et al.? found an asso-
ciation between the apnoea-hypopnoea index
(AHI), the most commonly employed metrics
to measure the severity of OSA, with cancer
mortality. In particular, after adjusting for
well-known confounding factors such as age,
sex, body mass index, and smoking habits,
OSA presented increased rates of cancer mor-
tality in a dose-response fashion. The adjusted
relative hazards of cancer mortality in com-
parison to non-OSA subjects were 1.1 (95%
confidence interval (CI): 0.5-2.7), 2.0 (95% CI:
0.7-5.5), and 4.8 (95% CI: 1.7-13.2) for mild,
moderate, and severe OSA patients, respec-
tively. Subsequent analyses from this cohort
showed that this association appears stronger
when, instead of AHI, oximetry indices were
used to characterize OSA severity. From
stratified analyses, Nieto et al. found clearer
case-control differences among the non-obese
OSA patients, evidencing that obesity is an
important confounding factor in OSA. Taking
into account these findings, it is plausible
that, as discussed below, OSA potentiates
cancer incidence and mortality through the
well-documented metabolic consequences of
this sleep breathing disorder.

Similar results on a potential OSA-cancer re-
lationship were found by the Busselton co-
hort. In that work, Marshall et al.® presented
a 20-year follow-up of 397 OSA patients. After
data adjustment, the authors found that mod-
erate-to-severe OSA was significantly associ-
ated with cancer incidence and mortality,
presenting a hazard ratio (HR) of 2.5 (95% CIL:
1.2-5.0) and 3.4 (96% CI: 1.1-10.2), respectively,
in comparison to non-OSA subjects.

Two studies only based on questionnaires did
not find a clear interaction between OSA
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and cancer incidence. In one of them, all the
participants answered questions about snor-
ing and breathing cessations (n = 8,783) and
only in a subset of participants was daytime
sleepiness also included (n = 5,894)*. Although
no overall association between symptoms of
sleep disordered breathing and incident can-
cer was observed, in a small group of subjects
with high daytime sleepiness, the authors ob-
served a markedly higher cancer incidence
(HR: 4.09; 95% CI: 1.58-10.55) in participants
under 50 years old*. Christensen et al. also
found a higher risk of virus/immune-related
cancers (HR: 2.73; 95% CI; 1.27-5.91) and alco-
hol-related cancers (HR: 4.92; 95% CI: 1.45-16.76)
among participants with daytime sleepiness.
In addition, the sleep disordered breathing
symptoms were associated with a higher risk
of smoking-related cancers. In the other study
based on questionnaires asking about snor-
ing and sleeping time of participants, Cohen
et al.> did not find any relationship between
melanoma incidence and snoring. However,
these studies have an important limitation
since the participants did not undergo any
objective and standard sleep tests to confirm
the presence of OSA.

There are two more Taiwanese series studies
analysing data provided from their National
Health Institute. In the first series, the cohort
consisted of women diagnosed with OSA
(n=846) with a follow up of five years®. The
authors observed that OSA patients had a
greater risk of developing a breast cancer
(HR: 2.09; 95% CI: 1.06-4.12) compared to con-
trol subjects®. In contrast to the previous
studies including all types of cancer, the risk
of breast cancer seems to be higher in older
women. In particular, the HR was 2.06 (95%
CI: 0.90-4.70) in women aged 30-59 years and

3.05 (95% CI: 0.9010.32) in those over 60years
old as compared with those aged between
0-29years. This is a relevant finding consid-
ering the potential metabolic disorders asso-
ciated to menopause in women. The other
Taiwanese study included 23,055 OSA patients
matched by age and sex to subjects without
OSA”. The authors evaluated the incidence of
primary malignant central nervous system
(CNS) cancers over a 10-year period and
found that the incidence density (10,000 indi-
vidual/year) was 2.14 and 1.28 in OSA patients
and non-OSA subjects, respectively. The risk of
incidence in CNS cancers presented an HR
of 1.54 (95% CI: 1.01-2.37) after adjusting for
some common confounding variables such as
age, sex, and obesity.

Very recently, Fang et al® published a
case-control study by searching the outpatient
and inpatient claims databases with any cancer
from the Taiwan National Health Insurance
program. The study included 68,422 patients;
each one was matched with two controls. After
adjustment for several confounders, OSA
significantly increased the risks of breast can-
cer (HR: 2.10; 95% CI: 1.16-3.80), nasal cancer
(HR: 5.96; 95% CI: 2.96-11.99), prostate cancer
(HR: 3.69; 95% CI: 1.98-6.89), and bladder
cancer (HR: 2.91; 95% CI: 1.30-6.50).

Clinical Studies on Obstructive Sleep
Apnoea and Cancer

The first clinical study appeared in 2013
from the Spanish Sleep Group. This work
was a retrospective and multicenter study
with a follow-up of 4.5 years and composed
of 4,910 OSA patients not previously diag-
nosed with cancer’. Campos-Rodriguez et al.

4% ¥ BARCELONA
—d_ -+ RESPIRATORY
LF NETWORK

Collaborative research



Isaac Almendros, et al.: Challenging Multi-Morbidities: 0SA and Cancer

showed a clear association between the se-
verity of OSA and the incidence of all types
of cancer. The AHI and the percentage of
sleep time presenting values of oxygen sat-
uration < 90%, or TSat(90), were categorized
by tertiles and used as surrogates of OSA
severity. Compared with the lowest TSat(90)
category (< 1.2%), the adjusted hazards of
cancer incidence for increasing categories
were 1.58 for TSat(90) between 1.2 and 12%,
and 2.33 for TSat(90) > 12%. The AHI was not
associated with cancer incidence in the ad-
justed analyses, except for patients younger
than 65 years. In a subsequent study on the
same group of OSA patients, Martinez-
Garcia et al.'? investigated cancer mortality
and found a pattern similar to that observed
in cancer incidence’. Specifically, log-trans-
formed TSat(90) was independently associat-
ed with increased cancer mortality. Also,
according to previous findings, the strongest
association was found in those patients less
than 65 years old. Interestingly, a posterior
sub-analysis including only patients previ-
ously diagnosed with cancer found that
TSat(90) was an independent predictor of
cancer prognosis.

The increased cancer incidence observed in
OSA patients from the Australian, Taiwanese,
and Spanish works was not reproduced in a
study from the Ontario health administrative
databases. In that work, Kendzerska et al.l
included 10,149 patients who underwent a
sleep study and 5% of them had a cancer di-
agnosis at baseline. After a follow-up of 7.8
years, 6.5% of those OSA patients free of can-
cer suffered incident cancer. After adjustment
for age, sex, body mass index, and smoking
status at baseline, the authors did not find an
association with either prevalence or incidence

of cancer. However, in a subgroup of patients
they found that oxygen desaturation, but not
AHI, was significantly associated with smok-
ing-related cancers.

More recently, the first study based on a spe-
cific type of cancer and OSA has been pub-
lished. Martinez-Garcia et al.!? analysed the
potential relationship between OSA with cu-
taneous malignant melanoma (CMM) aggres-
siveness. This was a multicenter observation-
al study that included 56 patients diagnosed
with CMM. All patients underwent a com-
plete sleep study, and tumour mitotic rate,
Breslow index, presence of ulceration, stage
of disease, and growth rate of melanoma
were assessed as markers of CMM aggres-
siveness. The prevalence of OSA was higher
in patients diagnosed with CMM. In particular,
60.7% of them presented an AHI > 5 events/
hour and 14.3% had severe OSA (AHI = 30).
In fully adjusted multivariate analyses, AHI
and oxygen desaturation indices were inde-
pendently associated with an increased skin
depth and growth rate of melanoma.

The last reported preliminary data aimed at
assessing the association between OSA and
clinical markers is focused on kidney tumour
progression measured by Fuhrman grade
and tumour size in patients with renal carci-
noma'®. The retrospective study included
2,579 patients who underwent radical or par-
tial nephrectomy for renal carcinoma. OSA
was not found to be associated with tumour
size. However, more patients with OSA had
high Fuhrman grade compared to those with-
out OSA (51 vs. 38%; 13% risk difference; 95%
CL: 5-20%). On multivariable analysis, the as-
sociation remained significant (odd ratio: (OR):
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Taking into account the entire patient studies
already available to date, it seems that the
association between OSA and cancer mortality
is more consistent and clearer than in cancer
incidence. This fact could be explained by other
potential risk factors such as genetic back-
ground, obesity, and the presence of carcino-
genic environmental factors, which can play a
crucial role in tumourigenesis (Table 1).

Role of Imnmune System Changes
Linking Obstructive Sleep Apnoea
and Cancer

There are two very recent clinical studies
suggesting potential mechanisms that could
partially explain the increased incidence of
cancer in OSA patients. Both works, although
with different aims, suggest that the im-
mune changes induced by OSA could facili-
tate malignant cells to leave the tumour and
thus metastasize. In a first work, Gharib et
al.* investigated the transcriptome of pe-
ripheral blood leukocytes (PBL) in response
to continuous positive airway pressure
(CPAP), which constitutes the first line of
treatment for OSA. In order to explore the
molecular pathways affected by CPAP, au-
thors quantified the whole genome expres-
sion of PBLs by microarray analysis from
severe OSA patients before and after treat-
ment. As expected, CPAP treatment im-
proved most of the sleep variables measured
in OSA patients. Interestingly, and unexpect-
ed by the authors, the gene set enrichment
analysis from PBLs revealed a number of
enriched gene sets and many neoplasm-relat-
ed pathways that were downregulated after
CPAP treatment. Further network analyses
identified several densely connected genes,

which are already known as key modulators
of cancer progression.

In a second work, Gaoatswe et al.!® investi-
gated whether invariant natural killer T
(iNKT) cells could be reduced in OSA pa-
tients. The iNKT cells are prominently acti-
vated when foreign lipids are present and
play an important role in cancer immunity:.
In fact, a reduction in iNKT cell numbers in
the peripheral blood has been correlated with
several autoimmune or inflammatory condi-
tions and cancers'®. The authors showed that
patients with severe OSA presented consid-
erably fewer iNKT cells (0.18%) compared to
patients with moderate (0.24%) or no OSA
(0.35%). In fact, the authors found that the
amount of iNKT cells correlated negatively
with AHI (r = —0.58; p = 0.001), oxygen de-
saturation index (r = —0.58; p = 0.0003), and
TSat(90) (r = —0.5407; p = 0.005). Interestingly,
changes in these immune system cells were
reverted after 12 months of nasal CPAP ther-
apy. Moreover, application of hypoxia to
these cells in culture resulted in increased
apoptosis and impaired cytotoxicity, sup-
porting the notion that OSA-induced iNKT
cell alterations could facilitate tumourigene-
sis and tumour progression.

Circadian Rhythm Alterations and
Poor Sleep Quality as Risk Factors
of Cancer

Although not directly focused on OSA, sev-
eral epidemiological studies related to sleep
duration and cancer outcomes have started to
emerge recently'”?’. The disruption of the cir-
cadian rhythm could augment the risk of sev-
eral types of cancer’*®. Nightshift work and
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TaBLE 1. Summary of the available epidemiological and clinical studies on the association between obstructive sleep apnoea and
cancer incidence (green) and mortality/aggressiveness (red)

References Study design Diagnosis Association | Main findings
0SA-cancer

Nieto et al.2 1,522 Population-based ~ PSG or RP Cancer mortality ~ Yes SDB was associated with cancer
2012 study (22-year mortality, especially with TSat(90).
follow-up) The relationship was stronger in
non-obese population and
non-treated patients with CPAP
Christensen et 8,783 Prospective Questions Cancer Limited to No relationship between OSA
al.* 2013 cohort study about 0SA incidence cancer type symptoms with cancer incidence
(13-year symptoms except for patients younger than 50
follow-up) years with smoking-related cancers
Campos-Rodri- 4,910 Multicenter Full PSG Cancer Yes Severe 0SA presented increased
guez et al.? retrospective incidence incidence of cancer in patients
2013 clinical cohort under 65 year old
study (4.5-year
follow-up)
Marshall et al.® 397 Population-based Respiratory Cancer Yes 0SA was associated with cancer
2014 study (20-year disturbance incidence and mortality and cancer incidence
follow-up) index mortality
Chen et al.” 2014 23,055 0SA  Population- Full PSG Central nervous  Limited to Higher central nervous system
and -based-study system cancer cancer type cancer incidence (especially brain
69,165 (10-year incidence cancer) in 0SA patients in
controls follow-up) comparison with control group
without 0SA
Chang et al.® 846 women  Population- Full PSG Breast cancer Limited to Higher breast cancer incidence in
2014 with 0SA -based-study incidence cancer type 0SA with respect to healthy women
and 4,230 (5-year
controls follow-up)
Martinez-Garcia 5,427 Multicenter Full PSG or Cancer mortality ~ Yes 0SA variables TSat(90) and AHI were
et al.'? 2014 retrospective RP associated with higher cancer
clinical cohort mortality, stronger in male patients
study (4.5-year under 65 years
follow-up)
Martinez-Garcia 56 with Multicenter RP Melanoma Yes High prevalence of OSA in patients
et al.'”22014 melano- aggressive- diagnosed with melanoma; 0SA
ma ness associated with melanoma
malignancy
Kendzerska et 10,149 Multicenter Full PSG Cancer Limited to Non-significant relationship between
al.'" 2014 retrospective incidence cancer type 0SA and incident of cancer after
clinical cohort adjusting variables. Smoking-related
study (7.8 cancer was associated with
year-follow-up) TSat(90)
Cohen et al.® 2,301,445 Prospective Self-reported  Cancer No No relationship between SDB
2015 cohort study snoring and incidence (evaluated as snoring) and cancer
(from 2008) sleeping incidence was observed
time
Fang et al.® 2015 68,422 0SA  Prospective Full PSG Cancer Yes 0SA was associated to increased
and cohort study incidence incidence of nasal, breast, prostate
136,844 (10-year and bladder cancer
controls follow-up)

AHI: apnoea-hypopnoea index; CPAP: continuous positive airway pressure; 0SA: obstructive sleep apnoea; PSG: polysomnography; RP: respiratory polygraphy; SDB:
sleep-disordered breathing; TSat(90): oxygen saturation < 90%.
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the use of social technologies during the night
are the most representative forms of circadian
rhythm alteration in modern society. Shift
work has been widely associated with an in-
creased prevalence of breast, prostate, and
colorectal cancers®-34,

Schernhammer et al.®® prospectively studied
the relationship between rotating nightshift
work and breast cancer. Among 115,022 wom-
en without cancer at baseline, 1,352 finally
developed breast cancer during the follow-
ing 12 years. In this study, only those women
who reported more than 20 years of exposure
to rotating nightshift work increased their
relative risk of breast cancer (RR: 1.79; 95%
CI: 1.06-3.01). Very similar results were found
recently by Akerstedt et al.* from a Swedish
prospective cohort study where twins born
were included. Data on cancer were obtained
from the Swedish Cancer Registry and from
the Cause of Death Register, and linked to
the twins by using the unique person iden-
tification number available for all Swedish
citizens. The results obtained in this study
showed an association between long expo-
sure to night work (> 20 years) with breast
cancer in women. Similarly, Viswanathan et
al.%” prospectively studied a cohort of 121,701
women; 53,487 of them reported rotating
nightshift work in 1988 and were followed
during the following 16 years. Invasive endo-
metrial cancer was diagnosed in 515 women.
The authors reported that women exposed to
nightshift work during at least 20 years had
a significantly increased risk of endometrial
cancer (RR: 1.47; 95% CI: 1.03-1.14). In further
stratified analyses, the authors found that
the coexistence of obesity with shift work
markedly enhanced their baseline risk of en-
dometrial cancer (multivariate RR: 2.09; 95%

CI: 1.24-3.52) compared with obese women
not working at night. Hansen et al.®® com-
pared 7035 women aged 30-54 years with
primary breast cancer retrieved from the
Danish Cancer Registry. Female controls, free
of cancer at the time of diagnosis, were
matched individually considering age. After
accounting for reproductive history and so-
cioeconomic status, they found a 1.5-fold in-
crease in the risk (95% CI: 1.2-1.7) of primary
breast cancer in women who had been em-
ployed for at least six months with predomi-
nantly night work (> 60%). Schernhammer et
al.3%, in a prospective study, explored the po-
tential association between working rotating
nightshifts and the risk of colorectal cancers
among female participants. From 78,586 women
followed up for 10 years, the authors reported
that long-term shift work (> 15 years) promot-
ed an increased risk of colorectal cancer of
1.35 (95% CI: 1.03-1.77) compared with women
without experience of rotating night shifts of
1.00 (95% CI: 0.84-1.19).

EVIDENCES FROM TRANSLATIONAL
MODELS AND POTENTIAL
MECHANISMS

Hypoxia and Tumour Malignancy

Hypoxia is one of the most common conditions
encountered within the tumour microenvi-
ronment, and has been related to an enhanced
metastatic potential, resistance to chemo- and
radiotherapy, and poor prognosis®*-#2. In fact,
the strong association between the develop-
ment of metastasis and the proportion of hy-
poxic cells in primary tumours suggests that
hypoxia can drive tumour cells to a more
aggressive and metastatic phenotype. It has

A€ X BARCELONA
—d_ -+ RESPIRATORY
S NETWORK

Collaborative research



Isaac Almendros, et al.: Challenging Multi-Morbidities: 0SA and Cancer

been postulated that hypoxia can itself upreg-
ulate a wide array of genes associated with
tumour progression and metastasis through
the transcriptional activity of hypoxia-inducible
factors (HIF-1, HIF-2)*344, Currently, clinically
tested systemic therapeutic strategies are em-
ployed to directly target hypoxic tumour cells
to control the growth and progression of pri-
mary tumours.

Another characteristic of solid tumours is
their heterogeneous distribution of blood
flow, with significant hypoxia in low-flow
regions. When malignant cells are distant
to blood vessels, there is an imbalance be-
tween oxygen delivery and consumption,
leading to a hypoxic and acidic cell micro-
environment. However, in the periphery, i.c.
in areas where the tumour is advancing, the
newly formed vessels are poorly developed
and disorganized, resulting in some regions
that are over-perfused and other areas
poorly irrigated*>4®. In addition, it is well
known that the blood flow is aberrant and
intermittent in a substantial percentage of
vessels?. Therefore, tumour cells are likely
subjected to an erratic pattern of cyclical
hypoxia, as recently revealed by means of
oxygen partial pressure (PtO,) electrodes in
human tumours*.

The oscillatory pattern of oxygen availabil-
ity observed within the tumour awoke the
interest in investigating the effects of cyclic
hypoxic oscillations on tumour behaviour.
These studies have uncovered clear evi-
dence that intermittent hypoxia (IH) can
promote tumour malignancy and resistance
to conventional therapy®. In particular,
there are studies showing that a short hy-
poxic stimulus is sufficient to promote the

emergence of spontaneous microscopic me-
tastases®>2. Interestingly, cells pre-exposed
to cyclic hypoxia, with a frequency pattern
similar to that experienced in OSA, in-
creased the metastatic potential in a rodent
model>>.

Specifically concerning OSA, there is increas-
ing evidence that IH plays a mechanistic role
in the development of well-established car-
diovascular, metabolic, and cognitive conse-
quences of OSA through activation of oxida-
tive stress and inflammatory pathways. In
fact, IH is one of the most widely studied
hallmark features of this sleep breathing dis-
order. The IH pattern in most animal-based
studies aiming to replicate OSA reproduce
high frequency hypoxic cycles, low fraction
of inspired oxygen (FIO,) and the application
of the IH challenge during the sleep period®.
Therefore, the selected IH parameters aim to
recapitulate the AHI and oxygen desatura-
tion indices that characterize the moderate
and severe OSA patients®. These specific
conditions manifest pathological outcomes,
disabling adaptive processes reported by cy-
clic hypoxia with a lower frequency oscilla-
tion of oxygen tension and with less severe
hypoxic levels®. Furthermore, in tumours
presenting higher metabolic rates, IH may
worsen the availability of oxygen in those
areas where blood flow is already compro-
mised. Of note, tumour regions that are well
perfused will experience oxygen oscillations
in blood as a result of the recurrent hypox-
emic events applied. Furthermore, tumour
cells will also receive the systemic IH-induced
molecules released from distant tissues, in-
cluding reactive oxidative species, proinflam-
matory cytokines, and angiogenic soluble
factors, which can ultimately modulate the
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immune response®®l. Hypoxia inducible fac-
tor-1 (HIF-1) has been widely studied in OSA
and cancer as a pivotal molecule in both dis-
eases®®. This transcriptional factor is com-
posed of two subunits, one constitutively ex-
pressed and an O,-regulated subunit®. Thus,
HIF-1 can be induced by hypoxia as a conse-
quence of HIF prolyl-hydroxylase inhibition
since it uses oxygen as a co-substrate®*%”. The
HIF induces the expression of a diverse set of
genes that assist cells to adapt to hypoxic en-
vironments. All these aforementioned consid-
erations make it biologically plausible that IH
mimicking OSA could impose an important
challenge in those well-irrigated tumour ar-
eas where processes such as cancer invasion
and metastasis primarily occur.

Animal Models Linking Obstructive
Sleep Apnoea and Cancer

The complexity of OSA provided the motiva-
tion to use animal models of cancer. Such
studies facilitate our understanding of how
OSA may facilitate cancers to appear, why pri-
mary tumours may more likely metastasize,
and whether specific preventive interven-
tions and treatments can be used to slow the
progression of cancer. Also, the employment
of animal models avoids the interaction of
most common confounders such as obesity or
other metabolic disorders associated to OSA,
which are well known to promote cancer
progression.

Concerning the IH challenge, very recent ex-
ploratory studies mimicking the repetitive
oxygen oscillations observed in moderate-to-se-
vere OSA patients have been employed in an
increasing number of tumour models. In most

of these studies, tumour growth in mice sub-
jected to IH was faster compared to control
conditions and the studies have shown in-
creased malignant properties including inva-
sion, metastasis, vascularization, and infiltration
of pro-tumoural cells (Fig. 1). In particular, IH
promotes more adverse outcomes in all three
types of cancer investigated to date, namely
melanoma®~!, lung adenocarcinoma’?”3, and
kidney cancer™ (Table 2). Also, a very recent
study has shown that IH not only increases
tumour malignancy, but also promotes spon-
taneous cancer incidence in aged wild-type
mice”®. Indeed, outbreed mice (Swiss CD1)
were subjected to IH (8 hours/day; 3 months)
applied from age 15 to 18 months, equivalent
to a human age of 50-60 years. The authors
employed two severity paradigms of IH: 80 s
air/40 s 12% oxygen (n = 49), or 7.5% oxigen
(n = 53). Tumoural masses were found in
36.4% of control mice (8 liver, 7 lung, 5 skin),
in 38.8% in those mice exposed to mild IH
(12% oxygen) (11 liver, 7 lung, 1 skin) and in
63.5% in mice exposed to severe IH (7.5%
oxygen; p = 0.005 vs. control) (11 liver, 15 lung,
7 skin). On the other hand, a previously
well-established mouse model of sleep frag-
mentation reproducing OSA was used to as-
sess the potential role of sleep fragmentation
on tumour behaviour”. Hakim et al. imposed
sleep fragmentation on two syngeneic murine
models involving lung epithelial tumour
models (TC1 and LLC) and found a twofold
tumour growth when compared with normal
sleep control conditions. Also, sleep fragmen-
tation-induced tumours showed increased
invasion and infiltration toward the sur-
rounding tissues’”’. Zheng et al.”® showed
similar results and they found the transgen-
ic ablation of nitric oxidase 2 (Nox2) resulted
in enhanced oncogenic properties. These
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TaBLE 2. Summary of the available experimental studies on the effects of intermittent hypoxia and sleep fragmentation mimicking
obstructive sleep apnoea in cancer incidence and aggressiveness. This table indicates whether intermittent hypoxia or sleep
fragmentation increased tumour proliferation, invasion, metastasis and/or vascularization. All studies were carried out in mice

References Cancer type Tumour size/ Main findings
proliferation

Almendros et al. Melanoma
201268 (B16F10)
Almendros et al. Melanoma Yes -
201270 (B16F10)
Almendros et al. Melanoma Yes -
201359 (B16F10)
Eubank et al. 201382 Melanoma No -
(B16F10)
Perini et al. 2016 Melanoma Yes -
(B16F10)
Almendros et al. Lung carcinoma Yes Yes
20147 (TC1)
Hakim et al. 201477 Lung carcinoma Yes Yes
(TC1)
Cortese et al. 2015 Lung carcinoma  Yes Yes
(TC1)
Zheng et al. 201578 Lung carcinoma Yes Yes
(TC1)
Almendros et al. Lung carcinoma Yes Yes
20158 (TC1)
Gallego-Martin - - -
et al. 20157
Vilaseca et al. 2016"*  Kidney cancer No -

(RENCA)

IH accelerates tumour growth

- Yes IH and obesity have no synergistic

effect on tumour growth

Yes - Cancer mortality and metastasis are

increased under IH conditions

Yes - Application of IH increases tumour

spread

Melanoma malignant molecules
increased under IH

IH promoted a shift toward a
pro-tumoural phenotype in
tumour-associated macrophages

Sleep fragmentation increased
tumour growth through changes in
the host immune response

The exposure to IH increases the
shedding of cirDNA into circulation
carrying specific epigenetic
modifications

Perturbed sleep could adversely
affect innate immunity within the
tumour by altering NOX2 expression
and activity

IH-inflamed adipose tissue is a
potential source of immune cells to
the tumour

Incidence of cancer is augmented in
aged mice exposed to IH

- Yes IH promotes angiogenesis in renal

tumours

B16F10: mouse melanoma cancer cell line (american type culture collection, ATCC); IH: intermittent hypoxia; NOX: nitric oxidase; RENCA: renal adenocarcinoma (ATCC); TC1:

lung carcinoma cell cancer line (ATCC).

findings demonstrated for the first time that
the type of sleep disruption experienced by
OSA patients enhances tumour aggressive-
ness in absence of hypoxia. The potential
mechanisms involved in IH- and sleep frag-
mentation (SF)-induced tumour malignancy
have been also studied in further translation-
al studies as outlined below.

Immune Changes Induced by
Intermittent Hypoxia and Sleep
Fragmentation

The tumour microenvironment is composed
by multiple cell types such as cancer cells,
endothelial cells, fibroblasts, and immune
cells. These cells are heterogeneous, and
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Ficure 1. Tumors are characterized by the heterogeneous distribution of blood flow inside them. The image illustrates the potential effect of
systemic intermittent hypoxia inside the tumour. Regions more distant to vessels and usually in the core of the tumour are subjected to sustained
hypoxia and are mainly necrotic. In other areas the viability of tumour cells depends on the presence of a large vessel (yellow arrows) providing
irregular blood flow, thereby leading to aberrant oxygenation cycles. By contrast, there are well-irrigated regions where the tumour grows and
expands to the periphery. These regions are the most exposed to the obstructive sleep apnoea-induced recurrent oxygen desaturations as can be
observed by the experimental oxygen partial pressure swings experienced in response to intermittent hypoxia. The figure includes an example of | -
real-time oxygen partial pressure measurement by means of an oxygen microelectrode placed in a well-irrigated region of the tumour: subjecting | =
the mouse to intermittent hypoxia mimicking obstructive sleep apnoea produced repeated marked decreases in tumour oxygenation. C
Pt0,: oxygen partial pressure.

based on patterns of gene expression and
function, they have been commonly classified
as classically (M1) or alternatively (M2) acti-
vated”. In terms of cancer, macrophages des-
ignated as tumour-associated macrophages
(TAM) also present these two phenotypes
and constitute the most abundant fraction of

from M1 phenotype (anti-tumour properties) -
towards M2 (pro-tumoral phenotype), which =
is known to release factors promoting tumour | -
growth and aggressiveness. The hypoxic mi-|
croenvironment characteristic of solid tu- -
mours has been proposed as a determinant|
factor in the recruitment of TAMs and their

leukocytes in the tumour stroma. The pres-
ence of certain molecules in the tumour mi-
croenvironment facilitates TAM re-education

re-education towards the alternative activat-
ed M2 form®. Indeed, the changes induced
by hypoxia on the phenotypic characteristics
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TUMOUR INVASION

LUNG METASTASIS

Ficure 2. Scheme of main mechanisms described in response to intermittent hypoxia and sleep fragmentation. At short term, both
entities promote tumour growth and invasiveness toward surrounding tissues. It has been described that inflamed ipsilateral adipose
tissue is a depot of pro-tumoural resident macrophages and other immune suppressor cells such as regulatory T-cells. Monocytes
from bone marrow are also recruited within the tumour and exosomes promote endothelial disruption. Exosomes and tumour-
associated macrophages have been proposed as mediators of the increased lung melanoma metastasis (yellow arrows) reported at
long term.

ATM: adipose tissue macrophage; TAM: tumour-associated macrophage; Treg: regulatory T-cell.

of TAMs include the secretion of mitogenic marker of extracellular matrix degradation, in| =
factors, pro-angiogenic cytokines, and immu- the tumour periphery, revealing an increased
nosuppressive agents**8l. activity under sleep fragmentation condition.
Of note, TAMs from SF-exposed mice showed
Recent studies have shown that IH and SF can higher expression of toll-like receptor-4, -
accelerate the re-education of TAMs toward which seems to mediate the enhanced tu-
M2 phenotype””. Concretely, SF increased the mour progression. :
infiltration of TAMs in the periphery of the
tumour and accelerated their polarization to- Furthermore, experiments carried out applying
ward M277. Hakim et al. also assessed metallo- IH in mice showed that, similarly to sleep frag-
proteinase-9 (MMP-9) protein levels, a typical mentation, TAMs experience an accelerated
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shift toward M2 phenotype. Assessment of
their phenotype correlated with the higher
proliferation, migration, invasiveness, and ca-
pacity to disrupt the endothelial monolayer
of naive tumour cells exposed to TAMs iso-
lated from those mice’?. In a similar approach,
Eubank et al®? observed an increase in ex-
pression of MMP7 and a decrease in MMP9
and MMP12 in murine melanoma. These au-
thors suggested that the observed metastatic
capacity induced by IH depends on the spe-
cific regulation of MMPs.

In a subsequent study, Almendros et al.®
studied the potential source of macrophages
to the tumour. In absence of tumour, resident
macrophages in the adipose tissue (AT) of
mice exposed to IH manifest increased M1
polarization®. These findings, in contrast
with the increased M2 polarity of TAMs in
tumours exposed to IH, suggest that the tu-
mour microenvironment is needed to reverse
the classical M1 activation of AT macrophages
(ATM) induced by IH. However, when AT is
subjected to the tumour microenvironment,
IH operates to recruit such cells and also
seems to modulate tumour-AT interactions,
enhancing the re-education toward M2 phe-
notype, resulting in enhanced migration of
resident ATMs and bone marrow-derived
monocytes to the tumour, thereby enhancing
tumour malignancy (Fig. 2).

In addition to TAMs, the presence of other
potent immune suppressor cells, such as
regulatory T-cells (T ) and adipose stem
cells appear to be mobilized by hypoxic ar-
eas which can generate a complex constella-
tion of interactions®>®. Also, preliminary
data carried out from mice exposed to IH
during six weeks showed that circulating

exosomes released under IH conditions are
able to increase the migratory capacity (~
46%) and invasion (~ 2.1-fold) of tumour
cells when compared to exosomes obtained
from normoxic mice®. Similarly, exosomes
derived from mice exposed to SF increased
tumour cell proliferation (~ 13%), migration
(~ 2.3-fold), and extravasation (~ 10%) when
compared to exosomes from normal sleep
exposed mice®.

CONCLUSIONS

There are increasing epidemiological and
clinical studies that strongly suggest a poten-
tial relationship between OSA and cancer.
However, most of the current human studies
to date, with some exceptions, have import-
ant limitations since the available databases
were not initially designed to study cancer. In
parallel to human studies, a considerable
number of mechanistic studies carried out in
mice have appeared in the last years. Howev-
er, there are deficits in the knowledge on the
vast array of pathways involved in oncogenic
processes, which in most cases are similar to
responses triggered by IH and SF. Current
translational research using OSA models
from different laboratories and carried out in
vivo and in vitro suggest that IH and SF may
independently increase tumour progression.
At a clinical level, it is expected that new
studies will focus on specific types of cancer,
prospectively and with well-controlled po-
tential carcinogenic confounders. At both a
basic and translational level it is necessary to
better understand the role played by the
mechanisms involved as well as the potential
synergistic effect of SF, IH, and hypercapnia
in specific types of cancer.
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