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A key mechanism mediating cellular adaptive responses to hypoxia involves the activity of
hypoxia-inducible factor 1 (HIF-1), a transcription factor composed of HIF-1α, and HIF-1β
subunits. The classical mechanism of regulation of HIF-1 activity involves destabilisation
of HIF-1α via oxygen-dependent hydroxylation of proline residues and subsequent protea-
somal degradation. Studies from our laboratory revealed that nitric oxide (NO)-mediated
activation of cyclic guanosine monophosphate (cGMP) signalling inhibits the acquisition of
hypoxia-induced malignant phenotypes in tumour cells. The present study aimed to eluci-
date a mechanism of HIF-1 regulation involving NO/cGMP signalling. Using human DU145
prostate cancer cells, we assessed the effect of the NO mimetic glyceryl trinitrate (GTN)
and the cGMP analogue 8-Bromo-cGMP on hypoxic accumulation of HIF-1α. Concentra-
tions of GTN known to primarily activate the NO/cGMP pathway (100 nM–1 μM) inhibited
hypoxia-induced HIF-1α protein accumulation in a time-dependent manner. Incubation with
8-Bromo-cGMP (1 nM–10 μM) also attenuated HIF-1α accumulation, while levels of HIF-1α
mRNA remained unaltered by exposure to GTN or 8-Bromo-cGMP. Furthermore, treatment
of cells with the calpain (Ca2+-activated proteinase) inhibitor calpastatin attenuated the ef-
fects of GTN and 8-Bromo-cGMP on HIF-1α accumulation. However, since calpain activ-
ity was not affected by incubation of DU145 cells with various concentrations of GTN or
8-Bromo-cGMP (10 nM or 1 μM) under hypoxic or well-oxygenated conditions, it is un-
likely that NO/cGMP signalling inhibits HIF-1α accumulation via regulation of calpain ac-
tivity. These findings provide evidence for a role of NO/cGMP signalling in the regulation
of HIF-1α, and hence HIF-1-mediated hypoxic responses, via a mechanism dependent on
calpain.

Introduction
Hypoxia-inducible factor 1 (HIF-1) is a key transcription factor that mediates cellular adaptations to hy-
poxia, including the acquisition of malignant properties in cancer cells. HIF-1 is a heterodimer composed
of HIF-1α (120 kDa) and HIF-1β (91–94 kDa) subunits [1]. Together, the HIF-1 complex binds to hypoxia
response elements (HREs) and transactivates target genes [2–5].

While HIF-1β is constitutively expressed, HIF-1α is regulated such that its protein levels determine
HIF-1 transcriptional activity [2]. Under well-oxygenated conditions, prolyl residues 402 and 564 are
hydroxylated by the prolyl-hydroxylase domain (PHD)-containing enzymes (PHD1, PHD2, and PHD3)
[6]. This hydroxylation is required for the binding of the von Hippel-Lindau tumour suppressor protein
(pVHL; the substrate recognition component of the E3 ubiquitin ligase complex), which leads to ubiqui-
tylation and proteasomal degradation of HIF-1α [7]. Since oxygen is an absolute requirement for PHD
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enzyme activity, prolyl hydroxylation of HIF-1α is inhibited under hypoxic conditions, allowing HIF-1α to accumu-
late. While this is a well-characterised mechanism of regulation of HIF-1 activity, there is evidence that alternative
pathways involving nitric oxide (NO) signalling regulate HIF-1 and, consequently, adaptations to hypoxia.

NO is produced endogenously as a product of the oxidation of l-arginine into l-citrulline in an oxygen-dependent
reaction catalysed by the enzymes NO synthases (NOSs) [8]. NO plays key roles in the regulation of a vast array of
biological functions as well as pathological states such as cancer. It has been shown that NO affects various aspects of
cancer biology including cell proliferation, metastasis, angiogenesis, and resistance to therapy; however, the precise
role of NO in tumour progression has been controversial, with studies suggesting either tumour-promoting effects
[9–12] or tumour-inhibitory effects [13–16]. The apparent dichotomy of NO-mediated effects may be explained by
the fact that NO can regulate phenotypes through a variety of mechanisms depending on the local concentration of
NO and the molecular environment (e.g. redox status) [17]. At high concentrations (>1 μM), NO can undergo reac-
tions with oxygen or superoxide radicals to produce reactive oxygen species that alter protein function via nitrosyla-
tion and nitration [8,18]. At low concentrations (<1μM), NO can interact with transition metals, such as iron in haem
proteins [8,18]. The haem-containing enzyme soluble guanylyl cyclase (sGC) is the main target of NO that mediates
most of its downstream effects by catalysing the conversion of guanosine triphosphate (GTP) into cyclic guanosine
monophosphate (cGMP) [8]. cGMP subsequently activates various downstream effectors, of which cGMP-dependent
protein kinase (PKG) is responsible for many of the effects of cGMP via phosphorylation of molecules that regulate
gene expression and cell function [8,17].

Previous studies have shown regulatory effects of NO on HIF-1α accumulation and HIF-1 activity, all of which
have been attributed to cGMP-independent mechanisms [19–26]. Proposed mechanisms of NO-mediated inhibition
of HIF-1α accumulation in hypoxia include inhibition of mitochondrial activity leading to increased O2 availability
for re-activation of PHD enzymes [20,27], increased availability of iron and activation of PHDs via mechanisms
involving reactive nitrogen species [24,25], direct activation of PHDs [28], and induction of PHD expression [22].
Zhou et al. [26] revealed that an alternative, PHD/pVHL/proteasome-independent mechanism involving the calpain
(Ca2+-activated protease) system mediates NO-induced HIF-1α degradation. That study, however, did not investigate
a role of cGMP in HIF-1α degradation.

Studies from our laboratory demonstrated that the acquisition of hypoxia-induced malignant properties in tumour
cells, such as invasiveness, metastatic ability, and drug resistance, is inhibited by activation of the low concentration
NO/cGMP signalling pathway, whereas inhibition of this pathway in well-oxygenated cells results in phenotypes sim-
ilar to those induced by hypoxia [4,5,17,29–34]. Given the central role of HIF-1 in mediating these hypoxic responses,
in the present study, we tested the hypothesis that HIF-1α is a downstream target of the NO/cGMP signalling pathway
and, therefore, an important component of the mechanism by which NO modulates hypoxia-induced phenotypes.

Materials and methods
Cells and culture conditions
The human prostate carcinoma cell line DU145 was obtained from the American Type Culture Collection (ATCC;
Manassas, VA, U.S.A.). Cells were maintained in RPMI 1640 medium (Life Technologies Invitrogen Corporation,
Burlington, ON, Canada) supplemented with 5% fetal bovine serum (Sigma–Aldrich Canada Ltd., Oakville, ON,
Canada) and plated in six-well plates at 60–70% confluence (to avoid pericellular hypoxia resulting from high-density
cultures [35]) at the start of all experiments. Following a 24-h incubation in standard culture conditions (20% O2),
the culture medium was changed and the cultures were incubated in 20% O2 or hypoxia (0.2% O2). For incubations in
standard conditions (20% O2), cells were placed in a Thermo Forma CO2 incubator (5% CO2 in air at 37◦C) whereas
for incubations in hypoxia, cells were placed in airtight chambers that were flushed with a gas mixture of 5% CO2/95%
N2 (BOC, Kingston, ON, Canada) and maintained at 37◦C. Oxygen concentrations within these chambers were kept
at 0.2% using Pro-Ox model 110 O2 regulators (Biospherix, Redfield, NY, U.S.A.).

To assess dose-dependent effects of NO/cGMP signalling on hypoxia-induced HIF-1α accumulation, randomly
selected cultures were incubated with various concentrations (1 nM–10 μM) of glyceryl trinitrate (GTN) (Omega
Laboratories Ltd., Montreal, QC, Canada) or 8-Bromo-cGMP (Sigma–Aldrich Canada) administered at the begin-
ning of the 4-h incubation in standard or hypoxic conditions. Subsequently, temporal effects of NO/cGMP signalling
were determined by exposing cells to 1 μM GTN or 8-Bromo-cGMP for 4, 8, 16, and 24 h in 20% O2 or 0.2% O2.

The involvement of calpain in the NO/cGMP-mediated regulation of HIF-1α was analysed by incubating cells
with GTN (1 μM for 4 h) or 8-Bromo-cGMP (1 μM for 4 h), or in combination with the selective calpain inhibitor
calpastatin (CS) peptide (2 μM for 4 h; Calbiochem/EMD Biosciences, San Diego, CA, U.S.A.) in 20% O2 or 0.2%
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O2. The concentration of CS used in the present study was previously shown to effectively inhibit calpain-mediated
degradation of HIF-1α [26].

Determination of HIF-1α protein accumulation
Following incubation under various conditions, cells were frozen immediately by rapidly discarding the medium and
placing the culture plates in liquid nitrogen. Cells were lysed with a buffer containing 2% SDS, 10 mM Tris, 0.15 M
NaCl (pH 7.6), and Complete Protease Inhibitor Cocktail (Roche Diagnostics Canada, Laval, QC, Canada). Lysates
of equal protein concentrations were resolved on 7.5% SDS/polyacrylamide Next Gels (Amresco/Cedarlane Labora-
tories, Burlington, ON, Canada) and transferred to Immobilon-P membranes (Millipore Corporation, Bedford, MA,
U.S.A.) via a wet-transfer system (Bio-Rad Laboratories). Western immunoblots were performed on the membranes
using mouse monoclonal anti-human HIF-1α antibody (1:250 dilution, BD Biosciences, Mississauga, ON, Canada)
and mouse monoclonal anti-β-actin antibody (1:5000 dilution, Sigma–Aldrich Canada) followed by incubation with
HRP-conjugated goat anti-mouse IgG secondary antibody (1:5000 in 1% milk/TBS; Bio-Rad Laboratories) and detec-
tion by enhanced chemiluminescence (PerkinElmer Life Sciences Inc., Boston, MA, U.S.A.) and exposure to Kodak
X-Omat film (Eastman Kodak, Rochester, NY, U.S.A.).

Assessment of HIF-1α mRNA levels
Total RNA was isolated using Total RNA Mini Kit (Geneaid Biotech Ltd./Frogga Bio, Toronto, ON, Canada) according
to the manufacturer’s protocol. One microgram of total RNA was reverse-transcribed using random hexamers (100
μM; Cortec DNA Service Laboratories Inc., Kingston, ON, Canada) and Omniscript RT Kit (Qiagen Inc., Toronto,
ON, Canada) according to the manufacturer’s guidelines. The resultant cDNAs were used as templates for real-time
PCR amplification using a LightCycler 480 (Roche) and the KAPA SYBR FAST Master Mix (Kapa Biosystems/D-Mark
Biosciences, Toronto, ON, Canada).

Primer sets were designed from published NIH Genbank mRNA sequences (NIH Centre for Biotechnical Infor-
mation, Bethesda, MD, U.S.A.) using Primer Design 2.01 software (Scientific & Educational Software, Cary, NC,
U.S.A.). The primer sequences were as follows: HIF-1α, forward 5′-CGACACAGCCTGGATATGAA-3′ and reverse
5′- TCCTGTGGTGACTTGTCCTT-3′ (Ta = 63◦C, 200 nM; Eurofins mwg/operon, Huntsville, AL, U.S.A.); β-actin,
forward 5′-CTGGACTTCGAGCAAGAGAT-3′ and reverse 5′-GATGTCCACGTCACACTTCA-3′ (Ta = 63◦C, 200
nM; Euronfins mwg/operon). The cycling conditions consisted of a denaturation step (95◦C for 5 min) followed by
40 cycles at 95◦C for 15 s, 63◦C for 20 s, and 72◦C for 5 s. Levels of gene expression were calculated using the standard
curve method for each gene. The primers had an efficiency range between 1.7 and 2.0.

Calpain activity assay
Calpain activity was determined using a calpain activity assay kit (catalogue# MAK228, Sigma–Aldrich) in which
fluorescence emitted by the calpain substrate Ac-LLY-AFC was assessed. Cells incubated in 20% O2 or 0.2% O2 for
24 h were flash-frozen and whole lysates were extracted using the buffer provided in the kit. Eighty-five micrograms
of extracted proteins were incubated with calpain substrate at 37◦C for 1 h.

Fluorescence was measured using a Spectramax iD3 (Molecular Devices, San Jose, CA, U.S.A.) plate reader with the
excitation filter set at 400 nm and the emission filter set at 505 nm. Cell extracts incubated with the calpain inhibitor
Z-LLY-FMK included with the kit were used as negative controls to establish basal fluorescence.

Calculations and statistical analysis
To quantify HIF-1α protein levels from Western blot experiments, x-ray films were scanned and densitometric analy-
sis was performed using Image Processing and Analysis in Java (ImageJ, National Institute of Mental Health, Bethesda,
Maryland, U.S.A.). The relative levels of HIF-1α protein and mRNA were determined by densitometry after calculat-
ing the HIF-1α/β-actin ratio to account for differences in sample loading.

Results are presented as means +− the standard error of the mean (SEM). All statistical analyses were performed
using Prism 6.0 Software (GraphPad Software Inc., La Jolla, CA, U.S.A.). Based on the experimental design, statistical
significance was determined using one-way analysis of variance (ANOVA) or two-way repeated-measures ANOVA
followed by Bonferroni’s post hoc test when comparisons involved three or more groups. A two-tailed paired Stu-
dent’s t test was used to statistically analyse the effect of hypoxia on calpain activity. Differences in mean values were
considered statistically significant at P<0.05.
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Results
Effect of GTN on HIF-1α expression
Immunoblot analysis revealed that incubation of cells in 0.2% O2 for 4 h resulted in a significant increase in HIF-1α
protein levels compared with cells incubated in 20% O2, while administration of GTN (1 nM–10 μM) at the onset of
the 4-h hypoxic exposure prevented the accumulation of HIF-1α in a concentration-dependent manner (Figure 1A).
A significant inhibitory effect of GTN on HIF-1α accumulation was observed at concentrations of 100 nM, 1 μM,
and 10 μM.

Further analysis revealed that the inhibitory effect of GTN (1 μM) on hypoxia-induced HIF-1α accumulation was
most robust at the 4-h time point (Figure 1B). GTN did not significantly alter HIF-1α protein levels in cells incubated
in 20% O2 at all time points examined (Supplementary Figure S1).

In contrast with the hypoxic induction of HIF-1α protein accumulation, exposure of DU145 cells to 0.2% O2 for
24 h resulted in a significant decrease in HIF-1α mRNA levels compared with cells incubated in 20% O2 (Figure
1C). Administration of GTN did not affect HIF-1α mRNA expression at all concentrations (10 nM–10 μM) tested
(Figure 1C). Similarly, time-course analysis revealed that various durations of hypoxic exposure (4–24 h) significantly
decreased HIF-1α mRNA levels and addition of GTN (1 μM) did not alter HIF-1α mRNA expression in either 20%
O2 or 0.2% O2 at all time points examined (Figure 1D).

Effect of 8-Bromo-cGMP on HIF-1α accumulation
Incubation of cells with the non-hydrolysable cGMP analogue 8-Bromo-cGMP (1 nM, 100 nM, and 10 μM) for 4
h significantly inhibited the hypoxic accumulation of HIF-1α protein at all concentrations of the cGMP analogue
used (Figure 2A,B). The significant effect of 8-Bromo-cGMP on HIF-1α accumulation was only observed at 4-h
incubation in hypoxia (Figure 2B). HIF-1α protein levels in cells incubated in 20% O2 were unaffected by exposure
to 8-Bromo-cGMP at all time points examined (Supplementary Figure S2).

Exposure of DU145 cells to 8-Bromo-cGMP (1 μM) in 20% O2 or 0.2% O2 for various time periods (4–24 h)
did not result in a significant change in HIF-1α mRNA levels compared with controls (cells incubated without
8-Bromo-cGMP) at all time points tested, as determined by qRT-PCR (Figure 2C).

Calpain and NO/cGMP-mediated inhibition of HIF-1α protein
accumulation
To determine the role of calpain in the NO/cGMP-mediated attenuation of HIF-1α accumulation, DU145 cells were
treated with GTN (1 μM) or 8-Bromo-cGMP (1 μM) alone, or in combination with the specific calpain inhibitor
CS (2 μM) at the onset of a 4-h incubation in 0.2% O2. While GTN alone reduced HIF-1α protein accumulation
in cells exposed to hypoxia, co-incubation with CS significantly attenuated the inhibitory effect of GTN on HIF-1α
accumulation (Figure 3A). Similarly, 8-Bromo-cGMP alone significantly reduced hypoxic accumulation of HIF-1α
protein while addition of CS significantly blocked the effect of 8-Bromo-cGMP in DU145 cells (Figure 3B). Finally,
results of the calpain activity assay revealed that incubation of DU145 cells with various concentrations of GTN or
8-Bromo-cGMP (10 nM or 1 μM) in 20% O2 or 0.2% O2 did not affect calpain activity (Figure 4A,B), and there were
no significant differences in mean calpain activity levels in cells incubated in 20% O2 versus 0.2% O2 (P=0.24).

Discussion
The main finding of the present study was that GTN and 8-Bromo-cGMP inhibited the hypoxia-mediated accumu-
lation of HIF-1α via a mechanism that likely involves calpain activity. While the role of calpain in the regulation of
HIF-1α accumulation by NO was previously reported [26], our study reveals, for the first time, that cGMP likely
mediates this effect of NO. This finding is important because most studies on the regulation of HIF-1α by NO have
primarily centred on cGMP-independent, high concentration effects of NO. A well-known mechanism of HIF-1α
regulation involves PHD-mediated hydroxylation of prolyl residues (Pro402 and Pro564 in human HIF-1α) in the oxy-
gen degradation domain of HIF-1α in an oxygen-dependent manner. Our study provides evidence that NO signalling
via cGMP generation and inhibition of calpain activity is an additional mechanism of HIF-1 regulation.

Both concentration and duration of exposure to NO are critical determinants of the quality and magnitude of
the biological response to exogenously administered NO mimetics [36]. Analysis of the effect of GTN on HIF-1α
accumulation at various concentrations and exposure times revealed that relatively low concentrations (100 nM and
1 μM) of GTN were able to significantly attenuate hypoxic accumulation of HIF-1α protein and that the inhibitory
effect of GTN was rapid and possibly transient, peaking at 4-h treatment. Most of the low concentration effects of NO
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Figure 1. Effect of GTN on HIF-1α expression in DU145 cells

(A) Western blot analysis of HIF-1α protein levels in cells cultured for 4 h in 20% O2 or 0.2% O2 in the presence or absence of various

concentrations of GTN (1 nM–10 μM). Data are from two independent experiments. (B) Western blot analysis of HIF-1α protein in

cells cultured for various durations (4–24 h) in 0.2% O2 in the presence or absence of GTN (1 μM). Control cells were incubated for

24 h in 20% O2. Data were obtained from four independent experiments. (C) Quantitative reverse transcriptase polymerase chain

reaction (qRT-PCR) analysis of HIF-1α expression in cells exposed to 20% O2 or 0.2% O2 for 24 h in the presence or absence of

various concentrations of GTN (10 nM–10 μM). Data were obtained from three independent experiments. (D) qRT-PCR analysis of

HIF-1α mRNA in cells incubated in 20% O2 or 0.2% O2 for various periods of time (4–24 h) in the presence or absence of GTN (1

μM). Data are from three independent experiments. Bars in (A–D) represent mean +− SEM. *, P<0.05; **, P<0.01; ***, P<0.001; ****,

P<0.0001, one-way ANOVA (A,C) or two-way repeated measures ANOVA (B,D) followed by Bonferroni’s post hoc test.
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Figure 2. Effect of 8-Bromo-cGMP on HIF-1α expression in DU145 cells

(A) Western blot analysis of HIF-1α protein levels in cells cultured for 4 h in 20% O2 or 0.2% O2 in the presence or absence of

various concentrations of 8-Br-cGMP (1 nM–10 μM). Data are from three independent experiments. (B) Western blot analysis of

HIF-1α protein in cells cultured for various durations (4–24 h) in 0.2% O2 in the presence or absence of 8-Bromo-cGMP (8-Br-cGMP,

1 μM). Control cells were incubated for 24 h in 20% O2. Data are from three independent experiments. Quantitative analysis of

relative levels of protein is shown in the graph on the right. (C) qRT-PCR analysis of HIF-1α mRNA in cells incubated in 20% O2 or

0.2% O2 for various periods of time (4–24 h) in the presence or absence of 8-Br-cGMP (1 μM). Data are from three independent

experiments. Bars in (A–C) represent mean +− SEM. *, P<0.05; **, P<0.01; ****, P<0.0001, one-way ANOVA (A) or two-way repeated

measures ANOVA (B,C) followed by Bonferroni’s post hoc test.
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Figure 3. Effect of calpastatin on hypoxia-induced HIF-1α accumulation in the presence of NO mimetics

Western blot analysis of HIF-1α protein levels in cells incubated for 4 h in 20% O2 or 0.2% O2 in the presence or absence of GTN (1

μM; (A) or 8-Bromo-cGMP (8-Br-cGMP, 1 μM; (B), either alone or in combination with the peptide calpain inhibitor calpastatin (CS;

2 μM) (n= 4 for both (A,B)). The separating vertical dotted line in (B) indicates where the image was cut and reordered to facilitate

description of the data. Bars in both (A,B) represent mean +− SEM. *, P<0.05; **, P<0.01, one-way ANOVA followed by Bonferroni’s

post hoc test.
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Figure 4. Effect of culture conditions on calpain activity in DU145 cells

Compared with controls, there were no significant differences in calpain activity in cells incubated with GTN (10 nM or 1 μM)

or 8-Bromo-cGMP (8-Br-cGMP; 10 nM or 1 μM) in 20% O2 (A) or 0.2% O2 (B). Bars represent the means +− SEM of six to ten

independent experiments.

are attributable to the activation of the NO/cGMP signalling pathway in which NO binds to sGC and subsequently
induces cGMP production and activation of downstream effectors [8]. Thus, the observed inhibitory effect of GTN,
at such low concentrations as 100 nM and 1 μM, on hypoxia-induced HIF-1α accumulation suggests that this effect
occurs via activation of the cGMP-dependent signalling pathway. This is further supported by results of previous
studies showing that levels of NO in cells treated with ≤1 μM of NO donors, including GTN, were undetectable
using standard assays that measure nitrate and nitrite formation as an index for NO production [30]; this indicated
that NO levels were lower than those required to produce the reactive nitrogen species nitrate/nitrite and, as such,
exerted their effects predominantly through the low-concentration NO/cGMP pathway [30].

Based on the observed effect of GTN on HIF-1α accumulation and given the central role of HIF-1α in mediat-
ing hypoxic responses, it is possible that the inhibitory effects of low concentrations of GTN on hypoxia-induced
phenotypes observed in previous studies [5,29–34] are, in part, a result of interfering with HIF-1α accumulation.
Interestingly, while induction and attenuation of these previously reported phenotypes (i.e. increase in invasion and
metastasis, drug resistance, and immune escape) by hypoxia and by low concentrations of GTN, respectively, were
evident following 24-h exposures, a similar pattern of effect of hypoxia and GTN on HIF-1α protein accumulation
was observed as early as, and most prominently, 4 h. This may perhaps reflect the time it takes to effect a change
in transcription and protein expression to finally manifest phenotypic alterations, once HIF-1α accumulation and,
consequently, HIF-1 activity are modified.

In addition to the results showing that GTN, at a concentration known to primarily activate the cGMP-dependent
pathway, inhibited hypoxic accumulation of HIF-1α, evidence in support of the participation of the cGMP signalling
pathway in HIF-1α regulation was provided by the finding that 8-Bromo-cGMP (i.e. a cGMP analogue) similarly
attenuated hypoxia-induced HIF-1α accumulation. These results are in agreement with previous studies [30–32]
showing that NO via cGMP production prevents hypoxia-mediated acquisition of malignant phenotypes in tumour
cells and suggest that modulation of HIF-1α may be an important aspect of the mechanism by which NO/cGMP sig-
nalling regulates hypoxic responses. Although many of the studies examining the regulatory effects of NO on HIF-1α
accumulation and/or HIF-1 activity have proposed cGMP-independent mechanisms of HIF-1 regulation, Tsuruda et
al. [37] have found that activation of sGC/cGMP signalling in cultured cardiomyocytes decreased hypoxia-induced
HIF-1α protein accumulation; this further supports the notion that the cGMPdependent signalling interferes with
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hypoxic induction of HIF-1α accumulation and suggests that such mechanism of HIF-1α modulation may apply to
a variety of normal and transformed cells.

Interestingly, in contrast with its effects on HIF-1α accumulation in hypoxia, neither GTN nor 8-Bromo-cGMP
altered HIF-1α protein levels in DU145 cells under well-oxygenated conditions (20% O2) (Supplementary Figures S1
and S2). This selective action of GTN and 8-Br-cGMP is in line with previous studies showing that such activation
of NO/cGMP signalling inhibited malignant phenotypes of hypoxic tumour cells without affecting well-oxygenated
cells [29,30,32,33], highlighting its potential to selectively target the more malignant hypoxic cells. This phenomenon
may be explained by the fact that endogenous NO production requires O2 [8] and that exposure to low O2 conditions
limits cellular NO synthesis [38,39] as well as cGMP production [31,40,41]. Consequently, activation of the NO/cGMP
signalling likely targets hypoxic cells (i.e. cells with impaired NO production and signalling) with little or no effect
on oxygenated cells (i.e. cells with normal NO production and signalling).

The present study revealed that GTN or 8-Bromo-cGMP did not alter the levels of HIF-1α mRNA in
either hypoxic (0.2% O2) or oxygenated (20% O2) conditions, suggesting that the NO/cGMP-mediated at-
tenuation of hypoxia-induced HIF-1α accumulation occurs via translational or post-translational mecha-
nisms. It has been reported that NO decreases HIF-1α protein abundance and hence HIF-1 activity via a
PHD/pVHL/proteasome-independent mechanism that involves calpain (Ca2+-activated protease)-mediated degra-
dation of HIF-1α [26]; however, that report did not address the role of cGMP signalling in the proposed mechanism
of HIF-1α regulation. In accordance with and extending those findings, the results of the present study indicate that
the NO/cGMP-induced inhibition of HIF-1α accumulation likely requires calpain activity.

Cyclic GMP has been shown to increase intracellular levels of Ca2+ [42–44], the primary activator of calpain, and
this has been linked to increases in calpain activity [45]. Furthermore, it has been found that the downstream effector
of cGMP, PKG, is required for NO/cGMP-mediated generation of the Ca2+ signal and activation of μ-calpain [46]. In
our study, regardless of oxygenation levels, we did not observe changes in calpain activity in DU145 cells incubated in
the presence of GTN or 8-Bromo-cGMP. These findings indicate that, while the presence of calpain may be critical for
the observed effect of NO/cGMP signalling, the decreased accumulation of HIF-1α in hypoxic cells incubated with
NO mimetics is not likely due to increased calpain activity. Thus, the precise mechanism of NO-mediated inhibition
of HIF-1α accumulation requires further investigation. PHDs are also subject to regulation by Ca2+ and it has been
shown that chelation of intracellular Ca2+ induces HIF-1α accumulation and HIF-1 transactivation by inhibiting
PHD activity under oxygenated conditions [47]. Based on the results presented in this study, the potential role of
PHD/pVHL/proteasome pathway in the NO/cGMP-induced attenuation of HIF-1α accumulation cannot be excluded
and further studies are needed to determine whether PHDs and calpains synergistically mediate HIF-1α degradation.
In addition to HIF-1α, calpain has been found to mediate the degradation of HIF-2α [48], suggesting that HIFs are
among the many calpain substrates and that calpain plays an important role in the regulation of HIFs and hence
hypoxic responses.

Overall, the findings presented in the present study provide new mechanistic insights into the NO-mediated regu-
lation of HIF-1α accumulation, and support the concept that tumour hypoxic responses involving HIF-1 activity may
be prevented by activation of the NO/cGMP signalling pathway. The proposed pathway of HIF-1α modulation may
have physiological relevance not only in cancer but also in other pathological conditions as well as normal biological
processes characterized by low oxygen levels.

Acknowledgements
We thank Shannyn MacDonald-Goodfellow, Spencer Barr, and Kevin Robb for technical assistance and Dr. Yat Tse for his help
with qPCR analysis.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
This work was supported by the Canadian Institutes of Health Research [grant number PJT 148601 (to C.H.G. and D.R.S.)]; the
Terry Fox Foundation Training Program in Transdisciplinary Cancer Research in partnership with the Canadian Institutes of Health
Research (to I.B.B.); and the Natural Sciences and Engineering Research Council of Canada Postgraduate Scholarship (to J.K.).

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

9

D
ow

nloaded from
 http://port.silverchair.com

/bioscirep/article-pdf/40/1/BSR
20192345/866439/bsr-2019-2345.pdf by guest on 23 April 2024



Bioscience Reports (2020) 40 BSR20192345
https://doi.org/10.1042/BSR20192345

Author Contribution
J.K. performed most of the experiments and data analysis. H.L. and J-F.P. conducted the additional experiments (calpain activity
assays) included in the revised manuscript. I.B.B., D.R.S., and C.H.G. developed the concepts and contributed to data interpreta-
tion. J.K. and C.H.G. wrote most of the manuscript. C.H.G. supervised the project.

Abbreviations
ANOVA, analysis of variance; cGMP, cyclic guanosine monophosphate; CS, calpastatin; GTN, glyceryl trinitrate; HIF-1,
hypoxia-inducible factor 1; HRP, horse radish peroxidase; NO, nitric oxide; PHD, prolyl-hydroxylase domain; PKG,
cGMP-dependent protein kinase; pVHL, von Hippel-Lindau tumour suppressor protein; SEM, standard error of the mean; sGC,
soluble guanylyl cyclase.

References
1 Wang, G.L., Jiang, B.H., Rue, E.A. and Semenza, G.L. (1995) Hypoxia- inducible factor 1 is a basic-helix-loop-helix-PAS heterodimer regulated by

cellular O2 tension. Proc. Natl. Acad. Sci. U.S.A. 92, 5510–5514, https://doi.org/10.1073/pnas.92.12.5510
2 Semenza, G.L. (2012) Hypoxia-inducible factors: mediators of cancer progression and targets for cancer therapy. Trends Pharmacol. Sci. 33, 207–214,

https://doi.org/10.1016/j.tips.2012.01.005
3 Rohwer, N. and Cramer, T. (2011) Hypoxia-mediated drug resistance: novel insights on the functional interaction of HIFs and cell death pathways. Drug

Resist. Updat. 14, 191–201, https://doi.org/10.1016/j.drup.2011.03.001
4 Barsoum, I.B., Hamilton, T.K., Li, X., Cotechini, T., Miles, E.A., Siemens, D.R. et al. (2011) Hypoxia induces escape from innate immunity in cancer cells

via increased expression of ADAM10: role of nitric oxide. Cancer Res. 71, 7433–7441, https://doi.org/10.1158/0008-5472.CAN-11-2104
5 Barsoum, I.B., Smallwood, C.A., Siemens, D.R. and Graham, C.H. (2014) A mechanism of hypoxia-mediated escape from adaptive immunity in cancer

cells. Cancer Res. 74, 665–674, https://doi.org/10.1158/0008-5472.CAN-13-0992
6 Bardos, J.I. and Ashcroft, M. (2005) Negative and positive regulation of HIF-1: a complex network. Biochim. Biophys. Acta 1755, 107–120
7 Greer, S.N., Metcalf, J.L., Wang, Y. and Ohh, M. (2012) The updated biology of hypoxia-inducible factor. EMBO J. 31, 2448–2460,

https://doi.org/10.1038/emboj.2012.125
8 Hanafy, K.A., Krumenacker, J.S. and Murad, F. (2001) NO, nitrotyrosine, and cyclic GMP in signal transduction. Med. Sci. Monit. 7, 801–819
9 Ekmekcioglu, S., Tang, C.H. and Grimm, E.A. (2005) NO news is not necessarily good news in cancer. Curr. Cancer Drug Targets 5, 103–115,

https://doi.org/10.2174/1568009053202072
10 Jadeski, L.C., Hum, K.O., Chakraborty, C. and Lala, P.K. (2000) Nitric oxide promotes murine mammary tumour growth and metastasis by stimulating

tumour cell migration, invasiveness and angiogenesis. Int. J. Cancer. 86, 30–39,
https://doi.org/10.1002/(SICI)1097-0215(20000401)86:1%3c30::AID-IJC5%3e3.0.CO;2-I

11 Lala, P.K. and Orucevic, A. (1998) Role of nitric oxide in tumor progression: lessons from experimental tumors. Cancer Metastasis Rev. 17, 91–106,
https://doi.org/10.1023/A:1005960822365

12 Chen, T., Nines, R.G., Peschke, S.M., Kresty, L.A. and Stoner, G.D. (2004) Chemopreventive effects of a selective nitric oxide synthase inhibitor on
carcinogen- induced rat esophageal tumorigenesis. Cancer Res. 64, 3714–3717, https://doi.org/10.1158/0008-5472.CAN-04-0302

13 Xie, K. and Huang, S. (2003) Contribution of nitric oxide-mediated apoptosis to cancer metastasis inefficiency. Free Radic. Biol. Med. 34, 969–986,
https://doi.org/10.1016/S0891-5849(02)01364-3

14 Rigas, B. and Williams, J.L. (2002) NO-releasing NSAIDs and colon cancer chemoprevention: a promising novel approach (Review). Int. J. Oncol. 20,
885–890

15 Xie, K. and Fidler, I.J. (1998) Therapy of cancer metastasis by activation of the inducible nitric oxide synthase. Cancer Metastasis Rev. 17, 55–75,
https://doi.org/10.1023/A:1005956721457

16 Xie, K., Dong, Z. and Fidler, I.J. (1996) Activation of nitric oxide synthase gene for inhibition of cancer metastasis. J. Leukoc. Biol. 59, 797–803,
https://doi.org/10.1002/jlb.59.6.797

17 Postovit, L.M., Sullivan, R., Adams, M.A. and Graham, C.H. (2005) Nitric oxide signalling and cellular adaptations to changes in oxygenation. Toxicology
208, 235–248, https://doi.org/10.1016/j.tox.2004.11.022

18 Wink, D.A. and Mitchell, J.B. (1998) Chemical biology of nitric oxide: insights into regulatory, cytotoxic, and cytoprotective mechanisms of nitric oxide.
Free Radic. Biol. Med. 25, 434–456, https://doi.org/10.1016/S0891-5849(98)00092-6

19 Huang, L.E., Willmore, W.G., Gu, J., Goldberg, M.A. and Bunn, H.F. (1999) Inhibition of hypoxia-inducible factor 1 activation by carbon monoxide and
nitric oxide. Implications for oxygen sensing and signaling. J. Biol. Chem. 274, 9038–9044, https://doi.org/10.1074/jbc.274.13.9038

20 Hagen, T., Taylor, C.T., Lam, F. and Moncada, S. (2003) Redistribution of intracellular oxygen in hypoxia by nitric oxide: effect on HIF1alpha. Science
302, 1975–1978, https://doi.org/10.1126/science.1088805

21 Sogawa, K., Numayama-Tsuruta, K., Ema, M., Abe, M., Abe, H. and Fujii-Kuriyama, Y. (1998) Inhibition of hypoxia-inducible factor 1 activity by nitric
oxide donors in hypoxia. Proc. Natl. Acad. Sci. U.S.A. 95, 7368–7373, https://doi.org/10.1073/pnas.95.13.7368

22 Berchner-Pfannschmidt, U., Yamac, H., Trinidad, B. and Fandrey, J. (2007) Nitric oxide modulates oxygen sensing by hypoxia-inducible factor
1-dependent induction of prolyl hydroxylase 2. J. Biol. Chem. 282, 1788–1796, https://doi.org/10.1074/jbc.M607065200

23 Callapina, M., Zhou, J., Schmid, T., Kohl, R. and Brune, B. (2005) NO restores HIF-1alpha hydroxylation during hypoxia: role of reactive oxygen species.
Free Radic. Biol. Med. 39, 925–936, https://doi.org/10.1016/j.freeradbiomed.2005.05.009

10 © 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

D
ow

nloaded from
 http://port.silverchair.com

/bioscirep/article-pdf/40/1/BSR
20192345/866439/bsr-2019-2345.pdf by guest on 23 April 2024

https://doi.org/10.1073/pnas.92.12.5510
https://doi.org/10.1016/j.tips.2012.01.005
https://doi.org/10.1016/j.drup.2011.03.001
https://doi.org/10.1158/0008-5472.CAN-11-2104
https://doi.org/10.1158/0008-5472.CAN-13-0992
https://doi.org/10.1038/emboj.2012.125
https://doi.org/10.2174/1568009053202072
https://doi.org/10.1002/(SICI)1097-0215(20000401)86:1%3c30::AID-IJC5%3e3.0.CO;2-I
https://doi.org/10.1023/A:1005960822365
https://doi.org/10.1158/0008-5472.CAN-04-0302
https://doi.org/10.1016/S0891-5849(02)01364-3
https://doi.org/10.1023/A:1005956721457
https://doi.org/10.1002/jlb.59.6.797
https://doi.org/10.1016/j.tox.2004.11.022
https://doi.org/10.1016/S0891-5849(98)00092-6
https://doi.org/10.1074/jbc.274.13.9038
https://doi.org/10.1126/science.1088805
https://doi.org/10.1073/pnas.95.13.7368
https://doi.org/10.1074/jbc.M607065200
https://doi.org/10.1016/j.freeradbiomed.2005.05.009


Bioscience Reports (2020) 40 BSR20192345
https://doi.org/10.1042/BSR20192345

24 Callapina, M., Zhou, J., Schnitzer, S., Metzen, E., Lohr, C., Deitmer, J.W. et al. (2005) Nitric oxide reverses desferrioxamine- and hypoxia-evoked
HIF-1alpha accumulation–implications for prolyl hydroxylase activity and iron. Exp. Cell Res. 306, 274–284,
https://doi.org/10.1016/j.yexcr.2005.02.018

25 Kozhukhar, A.V., Yasinska, I.M. and Sumbayev, V.V. (2006) Nitric oxide inhibits HIF-1alpha protein accumulation under hypoxic conditions: implication of
2- oxoglutarate and iron. Biochimie 88, 411–418, https://doi.org/10.1016/j.biochi.2005.09.007

26 Zhou, J., Kohl, R., Herr, B., Frank, R. and Brune, B. (2006) Calpain mediates a von Hippel-Lindau protein-independent destruction of hypoxia-inducible
factor-1alpha. Mol. Biol. Cell. 17, 1549–1558, https://doi.org/10.1091/mbc.e05-08-0770

27 Mateo, J., Garcia-Lecea, M., Cadenas, S., Hernandez, C. and Moncada, S. (2003) Regulation of hypoxia-inducible factor-1alpha by nitric oxide through
mitochondria-dependent and -independent pathways. Biochem. J. 376, 537–544, https://doi.org/10.1042/bj20031155

28 Wang, F., Sekine, H., Kikuchi, Y., Takasaki, C., Miura, C., Heiwa, O. et al. (2002) HIF-1alpha-prolyl hydroxylase: molecular target of nitric oxide in the
hypoxic signal transduction pathway. Biochem. Biophys. Res. Commun. 295, 657–662, https://doi.org/10.1016/S0006-291X(02)00729-5

29 Frederiksen, L.J., Siemens, D.R., Heaton, J.P., Maxwell, L.R., Adams, M.A. and Graham, C.H. (2003) Hypoxia induced resistance to doxorubicin in
prostate cancer cells is inhibited by low concentrations of glyceryl trinitrate. J. Urol. 170, 1003–1007,
https://doi.org/10.1097/01.ju.0000081126.71235.e0

30 Frederiksen, L.J., Sullivan, R., Maxwell, L.R., Macdonald-Goodfellow, S.K., Adams, M.A., Bennett, B.M. et al. (2007) Chemosensitization of cancer in
vitro and in vivo by nitric oxide signaling. Clin. Cancer Res. 13, 2199–2206, https://doi.org/10.1158/1078-0432.CCR-06-1807

31 Postovit, L.M., Adams, M.A., Lash, G.E., Heaton, J.P. and Graham, C.H. (2002) Oxygen-mediated regulation of tumour cell invasiveness: involvement of
a nitric oxide signalling pathway. J. Biol. Chem. 277, 35730–35737, https://doi.org/10.1074/jbc.M204529200

32 Postovit, L.M., Adams, M.A., Lash, G.E., Heaton, J.P. and Graham, C.H. (2004) Nitric oxide-mediated regulation of hypoxia-induced B16F10 melanoma
metastasis. Int. J. Cancer 108, 47–53, https://doi.org/10.1002/ijc.11556

33 Matthews, N.E., Adams, M.A., Maxwell, L.R., Gofton, T.E. and Graham, C.H. (2001) Nitric oxide-mediated regulation of chemosensitivity in cancer cells.
J. Natl. Cancer Inst. 93, 1879–1885, https://doi.org/10.1093/jnci/93.24.1879

34 Siemens, D.R., Hu, N., Sheikhi, A.K., Chung, E., Frederiksen, L.J., Pross, H. et al. (2008) Hypoxia increases tumor cell shedding of MHC class I chain-
related molecule: role of nitric oxide. Cancer Res. 68, 4746–4753, https://doi.org/10.1158/0008-5472.CAN-08-0054

35 Fang, Y., Sullivan, R. and Graham, C.H. (2007) Confluence-dependent resistance to doxorubicin in human MDA-MB-231 breast carcinoma cells requires
hypoxia- inducible factor-1 activity. Exp. Cell Res. 313, 867–877, https://doi.org/10.1016/j.yexcr.2006.12.004

36 Feelisch, M. (1998) The use of nitric oxide donors in pharmacological studies. Naunyn Schmiedebergs Arch. Pharmacol. 358, 113–122,
https://doi.org/10.1007/PL00005231

37 Tsuruda, T., Hatakeyama, K., Masuyama, H., Sekita, Y., Imamura, T., Asada, Y. et al. (2009) Pharmacological stimulation of soluble guanylate cyclase
modulates hypoxia-inducible factor-1alpha in rat heart. Am. J. Physiol. Heart Circ. Physiol. 297, H1274–H1280,
https://doi.org/10.1152/ajpheart.00503.2009

38 McCormick, C.C., Li, W.P. and Calero, M. (2000) Oxygen tension limits nitric oxide synthesis by activated macrophages. Biochem. J. 350, 709–716,
https://doi.org/10.1042/bj3500709

39 Whorton, A.R., Simonds, D.B. and Piantadosi, C.A. (1997) Regulation of nitric oxide synthesis by oxygen in vascular endothelial cells. Am. J. Physiol.
272, L1161–L1166

40 Adachi, T., Shinomura, T., Nakao, S., Kurata, J., Murakawa, M., Shichino, T. et al. (1995) Chronic treatment with nitric oxide synthase (NOS) inhibitor
profoundly reduces cerebellar NOS activity and cyclic guanosine monophosphate but does not modify minimum alveolar anesthetic concentration.
Anesth. Analg. 81, 862–865

41 Taylor, C.T., Lisco, S.J., Awtrey, C.S. and Colgan, S.P. (1998) Hypoxia inhibits cyclic nucleotide-stimulated epithelial ion transport: role for nucleotide
cyclases as oxygen sensors. J. Pharmacol. Exp. Ther. 284, 568–575

42 Guihard, G., Combettes, L. and Capiod, T. (1996) 3′:5′-cyclic guanosine monophosphate (cGMP) potentiates the inositol 1,4,5-trisphosphate-evoked
Ca2+ release in guinea-pig hepatocytes. Biochem. J. 318, 849–855, https://doi.org/10.1042/bj3180849

43 Murthy, K.S. and Makhlouf, G.M. (1998) cGMP-mediated Ca2+ release from IP3-insensitive Ca2+ stores in smooth muscle. Am. J. Physiol. 274,
C1199–C1205, https://doi.org/10.1152/ajpcell.1998.274.5.C1199

44 Rooney, T.A., Joseph, S.K., Queen, C. and Thomas, A.P. (1996) Cyclic GMP induces oscillatory calcium signals in rat hepatocytes. J. Biol. Chem. 271,
19817–19825, https://doi.org/10.1074/jbc.271.33.19817

45 Sharma, A.K. and Rohrer, B. (2007) Sustained elevation of intracellular cGMP causes oxidative stress triggering calpain-mediated apoptosis in
photoreceptor degeneration. Curr. Eye Res. 32, 259–269, https://doi.org/10.1080/02713680601161238

46 Yaroslavskiy, B.B., Sharrow, A.C., Wells, A., Robinson, L.J. and Blair, H.C. (2007) Necessity of inositol (1,4,5)-trisphosphate receptor 1 and mu-calpain in
NO-induced osteoclast motility. J. Cell Sci. 120, 2884–2894, https://doi.org/10.1242/jcs.004184

47 Berchner-Pfannschmidt, U., Petrat, F., Doege, K., Trinidad, B., Freitag, P., Metzen, E. et al. (2004) Chelation of cellular calcium modulates
hypoxia-inducible gene expression through activation of hypoxia-inducible factor-1alpha. J. Biol. Chem. 279, 44976–44986,
https://doi.org/10.1074/jbc.M313995200

48 Nanduri, J., Wang, N., Yuan, G., Khan, S.A., Souvannakitti, D., Peng, Y.J. et al. (2009) Intermittent hypoxia degrades HIF-2alpha via calpains resulting in
oxidative stress: implications for recurrent apnea- induced morbidities. Proc. Natl. Acad. Sci. U.S.A. 106, 1199–1204,
https://doi.org/10.1073/pnas.0811018106

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

11

D
ow

nloaded from
 http://port.silverchair.com

/bioscirep/article-pdf/40/1/BSR
20192345/866439/bsr-2019-2345.pdf by guest on 23 April 2024

https://doi.org/10.1016/j.yexcr.2005.02.018
https://doi.org/10.1016/j.biochi.2005.09.007
https://doi.org/10.1091/mbc.e05-08-0770
https://doi.org/10.1042/bj20031155
https://doi.org/10.1016/S0006-291X(02)00729-5
https://doi.org/10.1097/01.ju.0000081126.71235.e0
https://doi.org/10.1158/1078-0432.CCR-06-1807
https://doi.org/10.1074/jbc.M204529200
https://doi.org/10.1002/ijc.11556
https://doi.org/10.1093/jnci/93.24.1879
https://doi.org/10.1158/0008-5472.CAN-08-0054
https://doi.org/10.1016/j.yexcr.2006.12.004
https://doi.org/10.1007/PL00005231
https://doi.org/10.1152/ajpheart.00503.2009
https://doi.org/10.1042/bj3500709
https://doi.org/10.1042/bj3180849
https://doi.org/10.1152/ajpcell.1998.274.5.C1199
https://doi.org/10.1074/jbc.271.33.19817
https://doi.org/10.1080/02713680601161238
https://doi.org/10.1242/jcs.004184
https://doi.org/10.1074/jbc.M313995200
https://doi.org/10.1073/pnas.0811018106

