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Hypoxia-inducible factor 1 (HIF-1) is controlled through stability regulation of its alpha subunit, which is expressed
under hypoxia but degraded under normoxia. Degradation of HIF-la requires association of the von Hippel Lindau
protein (pVHL) to provoke ubiquitination followed by proteasomal digestion. Besides hypoxia, nitric oxide (NO)
stabilizes HIF-1a under normoxia but destabilizes the protein under hypoxia. To understand the role of NO under
hypoxia we made use of pVHL-deficient renal carcinoma cells (RCC4) that show a high steady state HIF-1a expression
under normoxia. Exposing RCC4 cells to hypoxia in combination with the NO donor DETA-NO (2,2'-(hydroxynitroso-
hydrazono) bis-ethanimine), but not hypoxia or DETA-NO alone, decreased HIF-la protein and attenuated HIF-1
transactivation. Mechanistically, we noticed a role of calpain because calpain inhibitors reversed HIF-la degradation.
Furthermore, chelating intracellular calcium attenuated HIF-la destruction by hypoxia/DETA-NO, whereas a calcium
increase was sufficient to lower the amount of HIF-1a even under normoxia. An active role of calpain in lowering HIF-1a
amount was also evident in pVHL-containing human embryonic kidney cells when the calcium pump inhibitor thapsi-
gargin reduced HIF-1la that was stabilized by the prolyl hydroxylase inhibitor dimethyloxalylglycine (DMOG). We

conclude that calcium contributes to HIF-1a destruction involving the calpain system.

INTRODUCTION

The transcription factor hypoxia-inducible factor-1 (HIF-1)
constitutes a central component in coordinating adaptive
responses toward low oxygen availability, i.e., hypoxia.
HIF-1 is a heterodimer composed of the 120-kDa HIF-la
subunit and the 91-94-kDa HIF-18 subunit (Semenza and
Wang, 1992; Wang and Semenza, 1995). Although HIF-1p is
constitutively expressed, oxygen facilitates continues de-
struction of HIF-1a via the 26S proteasome. This requires
polyubiquitination by an E3-ubiquitin ligase complex that
contains the von Hippel Lindau protein (pVHL; Kaelin,
2002; Bruick, 2003; Huang and Bunn, 2003; Pugh and Rat-
cliffe, 2003; Semenza, 2003). Ubiquitination and binding of
pVHL to HIF-1a demands hydroxylation of Pro564 and/or
Pro402 within the oxygen-dependent degradation domain
(ODD) of HIF-1a (Ivan et al., 2001; Jaakkola et al., 2001;
Masson et al., 2001). Hydroxylation is mediated by prolyl
hydroxylases, also known as PH domain-containing en-
zymes (PHD, i.e.,, PHD1 to PHD4; Bruick and McKnight,
2001; Epstein et al., 2001; Oehme et al., 2002). In addition to
regulating HIF-1a protein stability, oxygen affects the tran-
scriptional activity of HIF-1, by regulating hydroxylation of
a critical Asn803 residue within the C-terminal transactiva-
tion domain (CTAD) of HIF-1a (Lando et al., 2002). The
asparagine hydroxylase known as FIH (factor inhibiting
HIF; Mahon et al., 2001; Hewitson ef al., 2002) renders CTAD
unable to bind the coactivator p300/CBP. Thus, hypoxia

This article was published online ahead of print in MBC in Press
(http:/ /www.molbiolcell.org/cgi/doi/10.1091/mbc.E05-08-0770)
on January 18, 2006.

Address correspondence to: Bernhard Briine (bruene@zbc.kgu.de).

© 2006 by The American Society for Cell Biology

attenuates Pro564,/402 as well as Asn803 modifications, pro-
voking protein stabilization and coactivator recruitment,
which concomitantly results in HIF-1 transactivation.

Signals other than hypoxia such as nitric oxide (NO)
and/or reactive nitrogen intermediates (RNI) participate in
hypoxic signaling (Kimura et al., 2000; Palmer et al., 2000;
Sandau et al., 2001; Thomas et al., 2004). Under normoxia,
RNI evoke HIF-1a stabilization and formation of the active
HIF-1 dimer to mimic a hypoxic response. These observa-
tions are compatible with the notion that RNI block PHD-
activity. Thus, attenuating proline hydroxylation of HIF-1a
hinders association with pVHL with the consequence of
protein accumulation due to decreased ubiquitination/pro-
teasomal degradation (Metzen ef al., 2003). Opposite results
are observed when RNI are generated under hypoxic con-
ditions. RNI attenuate hypoxia-induced HIF-la accumula-
tion, HIF-1 DNA-binding and HIF-1 transcriptional activa-
tion (Liu ef al., 1998; Sogawa et al., 1998; Huang et al., 1999).
Although mechanistic details remained unclear it has been
proposed that NO, derived from sodium nitroprusside, en-
hanced the interaction between HIF-1a and pVHL in vitro
through reactivation of PHD activity (Wang et al., 2002).
More recently it was proposed that NO, by blocking cyto-
chrome c oxidase, leaves more oxygen available for PHD to
regain its activity under hypoxic conditions (Hagen et al.,
2003). Alternatively, reactive oxygen species including
ONOO™ may contribute to destabilize HIF-1a under hyp-
oxia by mechanisms yet to be identified (Agani ef al., 2002;
Wellman et al., 2004).

We approached the question of RNI action in destabilizing
HIF-1a by using renal cell carcinoma (RCC4) cells which are
pVHL deficient and therefore permanently express HIF-1a and
show active HIF-1. In RCC4 cells the combination of hypoxia
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and the NO donor DETA-NO lowered HIF-1a expression and
HIF-1 activity by activating the calpain system without affect-
ing transcription and translation of HIF-1c.. The role of calpain
in HIF-1a destruction was verified by applying calpain inhib-
itors, showing calcium dependencies and observing a direct
binding of calpain to HIF-1a. Moreover, we provide evidence
that calpain operates in pVHL-containing human embryonic
kidney (HEK293) cells as well. We conclude that calcium and
calpains participate in regulating HIF-1a expression and thus
modulate responses toward hypoxia.

MATERIALS AND METHODS

Materials

Medium and supplements were purchased from PAA (Linz, Austria). Fetal
calf serum (FCS) was from Biochrom (Berlin, Germany). S-nitrosoglutathione
(GSNO) was synthesized as described (Hart, 1997). 2,2'-(hydroxynitroso-
hydrazono) bis-ethanimine (DETA-NO), NS-nitro-L-arginine methylester (L-
NAME), cycloheximide (CHX), Z-Leu-Leu-Leu-al (MG132), lactacystin, ep-
oxomicin, LPS, calpain inhibitor I (N-acetyl-Leu-Leu-Norleu-al, ALLN),
calpain inhibitor II (N-Acetyl-L-leucyl-L-leucyl-L-methioninal, ALLM), iono-
mycin, thapsigargin, and anti-actin antibody were ordered from Sigma
(Schnelldorf, Germany). Dimethyloxalylglycine (DMOG) was bought from
Frontier Scientific (Lancashire, United Kingdom). BAPTA-AM (1,2-bis(2-
aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid-acetomethylester) was pur-
chased from Molecular Probes (Leiden, Netherlands). Calpastatin peptide
and human calpain-1 were from Calbiochem (Bad Soden, Germany). Inter-
feron y (IFNy) and protease inhibitor cocktail came from Roche (Mannheim,
Germany). Nitrocellulose membrane, ECL detection system and horseradish
peroxidase (HRP)-labeled anti-mouse or anti-rabbit secondary antibodies
were delivered by Amersham Biosciences (Freiburg, Germany). Anti-HIF-1a
antibody and Clontech Advantage RT-for-PCR kit were purchased from
Becton Dickinson (Heidelberg, Germany). Anti-IkBa antibody was bought
from Santa Cruz (Heidelberg, Germany), the anti-HA monoclonal antibody
came from CRP (Denver, CO), anti-calpain-1 antibody was delivered by
Biomol (Hamburg, Germany) and anti-mouse-DynaBeads were purchased
from Invitrogen (Karlsruhe, Germany). Primers were ordered from MWG-
Biotech (Ebersberg, Germany). The plasmid pHA-HIF-la encoding HA-
tagged-HIF-1a was kindly provided by Dr. P. J. Ratcliffe (Institute of Molec-
ular Medicine, John Radcliffe Hospital, Oxford, United Kingdom). The
plasmid pGLEPOHRE harboring three erythropoietin hypoxia-responsive el-
ements (HRE) was from Dr. T. Kietzmann (University of Kaiserslautern,
Kaiserslautern, Germany). Reporter plasmid cap-Luc and luciferase activity
assay kit were supplied by Promega (Mannheim, Germany).

Cell Culture

Renal cell carcinoma (RCC4), RCC4 cells with pVHL being reintroduced
(RCC4/VHL) and human embryonic kidney 293 (HEK293) cells were cul-
tured in DMEM with 4.5 g/1 glucose, supplemented with 2 mM glutamine,
100 U/ml penicillin, 100 ug/ml streptomycin, 1 mM sodium pyruvate, and
10% FCS. Cells were kept at 37°C in a humidified atmosphere with 5% CO,.
For hypoxic exposure, cells were incubated at 0.5% O, in a hypoxia worksta-
tion (Ruskinn Technology, Leeds, United Kingdom).

Western Blotting

RCC4 cells, 5 X 10°, were seeded in 6-cm dishes 1 d before experiments. After
treatments, cells were scraped off, lysed in 150 ul buffer A (50 mM Tris/HCI,
150 mM NaCl, 5 mM EDTA, 0.5% Nonidet-40, protease inhibitor cocktail, pH
7.5), and sonicated. After centrifugation (15000 X g, 15 min) the protein
content was determined in the supernatants by a protein assay kit (Bio-Rad,
Munich, Germany) and 80 ug protein was added to the same volume of 2X
SDS-PAGE sample buffer (125 mM Tris/HCI, 2% SDS, 10% glycerin, 1 mM
DTT, 0002% bromophenol blue, pH 6.9) and boiled for 5 min. Proteins were
resolved on 10% SDS-polyacrylamide gels and blotted onto nitrocellulose
membranes. Nonspecific binding sites were blocked with 5% (wt/vol) defat-
ted milk powder in TTBS (50 mM Tris/HCI, 140 mM NaCl, 0.05% Tween-20,
pH 7.2) for 1 h. The HIF-1q, actin and IkBa antibodies (1:1000 in 1% milk/
TTBS) were added and incubated overnight at 4°C. Afterward, nitrocellulose
membranes were washed three times for 5 min each with TTBS. Blots were
then incubated with goat anti-mouse or goat anti-rabbit secondary antibodies
conjugated with HRP (1:2000 in 1% milk/TTBS) for 1 h and washed three
times for 5 min each with TTBS, followed by ECL detection.

Quantitative Real-Time RT-PCR

RCC4 cells, 2 X 106, were seeded in 10-cm dishes 1 d before experiments. The
following day medium was changed and cells were treated as indicated. Total
RNA was isolated using the peqGOLD RNAPure kit (Peqlab, Erlangen,
Germany). The reverse transcription was completed with a Clontech Advan-
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Figure 1. Hypoxia and NO attenuate HIF-1 in RCC4 cells. (A) For
protein analysis, RCC4 cells were exposed to hypoxia (0.5%), treated
with 0.5 mM DETA-NO, a combination of hypoxia/DETA-NO for
4 h, or remained as controls. Western blotting was used to follow
expression of HIF-1q, actin, and IkBa. Results are representative for
three individual experiments. (B) For quantification of signals from
A, densitrometric quantum levels of lanes 1-4 (from left to right)
were measured, and relative intensities were calculated from ratios
of HIF/IkBa by setting controls as 100. (C) For transactivation
analysis, 2 X 10° RCC4 cells were transfected with 0.5 ug of the
plasmid pGLEPOHRE and exposed to hypoxia (0.5%), 0.5 mM
DETA-NO, combinations thereof for 16 h or remained as controls.
After cell lysis, luciferase activity was measured and normalized
compared with controls. Data are the mean + SEM (n = 3). Signif-
icant alterations are expressed relative to controls.

tage RT-for-PCR kit using hexamer random primers. The following primer
pairs were selected for quantitative real-time PCR: human HIF-la forward:
5'-CTCAAAGTCGGACAGCCTCA-3'; human HIF-la backward: 5'-CCC-
TGCAGTAGGTTTCTGCT-3'; human actin forward: 5-TGACGGGGTCAC-
CCACACTGTGCCCATCTA-3'; and human actin backward: 5'-CTAGAA-
GCATTTGCGGTCGACGATGGAGGG-3'.

The quantitative real-time PCR was performed by MyiQ (Bio-Rad). Reac-
tion mixtures containing SYBR Green were composed according to the man-
ufacturer’s protocol. The cycling program was as follows: 50°C, 2 min; 95°C,
15 min; followed by 35 cycles at 95°C, 15 s; 55°C, 30 s; 72°C, 30 s. Values of
HIF-1a were then normalized to the relative amounts of actin.

Cell Transfection and Reporter Assay

RCC4 cells, 2 X 10°, were seeded in 6-cm dishes 1 d before transfection. At a
rate of 60% confluence, cells were transfected with reporter plasmids or
pHA-HIF-1a, using the Polyfect transfection reagent (Qiagen, Hilden, Ger-
many) according to instructions of the manufacturer. Sixteen hours later
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Figure 2. Hypoxia/NO attenuates endogenous and exogenous
HIF-1a expression in RCC4 cells. (A) Cells were exposed for 4 h to
hypoxia (0.5%), treated with 1 mM GSNO, a combination of hyp-
oxia/GSNO, or remained as controls. (B) Cells were exposed to
hypoxia (0.5%) for 16 h, a combination of hypoxia/LPS (1 ug/ml)/
IFNy (100 U/ml) for 16 h, a combination of hypoxia/LPS/IFNvy in
the presence of 1 mM L-NAME for 16 h, or remained as controls. (C)
Cells were transfected with 3 ug/dish pHA-HIF-1a plasmid. Twen-
ty-four hours later, cells were exposed for 4 h to hypoxia (0.5%),
treated with 0.5 mM DETA-NO, a combination of hypoxia/DETA-
NO, or remained as controls. Western blotting was used to follow
expression of HIF-1a by using anti-HIF-1a or anti-HA-Tag mono-
clonal antibodies relative to actin. Results are representative for
three individual experiments.

medium was changed and incubations continued for another 8-h period. For
reporter assays the medium was replaced and cells were treated as indicated
for an additional 16-h period. Cells were lysed and luciferase activity was
measured. Relative values of treated cells were calculated by normalizing to
values of control cells (set as 100). For HA-HIF-1a expression, cells were
treated for 4 h as indicated.

Peptide Array Assay

The peptide array containing HIF-1a peptide spots was generated after SPOT
synthesis. Briefly, 272 overlapping peptide fragments of 15 amino acids in
length with an offset of 3 amino acid residues were generated such that the
complete HIF-1a protein sequence was covered. These HIF-1a peptides were
chemically synthesized as an array of spots on an aminopegylated cellulose
membrane as described previously (Frank and Overwin, 1996). All peptides
are N-terminally acetylated and remain covalently attached to the membrane
via their carboxy-termini. Binding studies were performed according to an
adapted protocol from Frank and Overwin (1996). In brief, unspecific binding
sites were blocked with buffer B (50 mM Tris/HCl, 150 mM NaCl, 5 mM
EGTA, 5% glycerol, protease inhibitor cocktail, 1% BSA, pH 7.0). Afterward
the membrane was incubated with 1 ug/ml calpain-1 in buffer B overnight at
4°C. For detection of binding an anti-calpain-1 antibody (1:1000 in buffer B)
was added and incubated for 2 h at room temperature. Thereafter, the
membrane was washed three times for 5 min each with phosphate-buffered
saline (PBS; pH 7.0). For visualization, the membrane was incubated with a
HRP-labeled goat anti-mouse secondary antibody (1:2000 in buffer B) for 1 h
at room temperature and washed two times for 5 min each with TTBS and 5
min with PBS, followed by ECL detection. After signal documentation, the
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Figure 3. Hypoxia and NO attenuate expression of HIF-2«a in
RCC4 cells. (A) Cells were exposed to hypoxia (0.5%), treated with
0.5 mM DETA-NO, a combination of hypoxia/NO donor for 4 h, or
remained as controls. Western blotting was used to follow expres-
sion of HIF-2« relative to IkBa. Results are representative for three
individual experiments. (B) Densitrometric quantum levels of lanes
1-4 (from left to right) from A were measured, and relative inten-
sities were calculated from the ratios of HIF/IkBa by setting con-
trols as 100.

HIF-1a peptide array was stripped as described by Frank and Overwin (1996).
Incubations were then repeated with the secondary antibody alone or with
the combination of the anti-calpain-1 antibody and the secondary antibody in
order to exclude unspecific signals originating from antibody bindings only.

HIF-1a—Calpain Coimmunoprecipitation

RCC4 cells, 2 X 10° were seeded in 10-cm dishes 1 d before experiments.
After treatments, cells were scraped off from the dishes and collected. To each
cell pellet 300 ul buffer C (50 mM Tris, 150 mM NaCl, 5 mM EDTA, 5 mM
EGTA, 0.5% NP-40, 5% glycerol, protease inhibitor cocktail, pH 7.5) was
added, followed by immediate vortexing (3 X 15 s) and centrifugation
(15000 X g for 30 min). Supernatants (1 mg protein) were transferred into
fresh tubes, supplied with 1 pg anti-HIF-1a antibody, and incubated at 4°C
for 1 h. Thereafter, 20 ul anti-mouse-DynaBeads were added and incubations
continued at 4°C overnight. Beads were collected, washed three times with
100 wul buffer C, and finally supplemented with 50 ul 2X SDS-PAGE sample
buffer and boiled at 95°C for 10 min. Beads were removed by centrifugation
and supernatants were loaded on 7.5% SDS-PAGE. Western blot analysis was
performed using calpain-1 or anti-HIF-1a antibodies.

Densitometric Quantification

Densitometric quantification (expressed as quantum levels) of HIF-la and
IkBa signals was performed with the Aida Image Software (Raytest Isotope-
nmessgeraete GmbH, Straubenhardt, Germany). Relative intensities were
calculated from the Quantum levels ratios of HIF/IkBa by setting controls as
100.

Statistical Analysis

Each experiment was performed at least three times and representative data
are shown. Data in bar graphs are given as mean values = SEM. Means were
checked for statistical differences by using the Student’s t test with error
probabilities of p < 0.05 (*).

RESULTS

Impact of HypoxiaINO on HIF-1ae Accumulation

In RCC4 cells HIF-1a is constitutively expressed because a
functional pVHL is lacking. Incubations of RCC4 cells for 4 h
with 0.5 mM DETA-NO under hypoxia (0.5% O,) decreased
HIF-1a protein level (Figure 1A). As controls, the expression
of actin and IkBa remained constant under all treatments.
Similar amounts of the housekeeping protein actin indicated
equal loading of total protein to the gel. Constant expression
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of the rapidly turned-over IkBa implied that destruction of
HIF-1a was not shared by other proteins that are degraded
by the proteasome. Densitometric analysis indicated that
only 24% of the HIF-1a signal remained under hypoxia/NO
cotreatment compare to controls or hypoxia and/or
DETA-NO added alone (Figure 1B). Destruction of HIF-1a
was not seen when hypoxia or DETA-NO were supplied
individually.

Looking for the transactivation potential of HIF-la we
transfected RCC4 cells with a pGLEPOHRE reporter con-
struct and followed expression of luciferase as a marker for
HIF-1 activity (Figure 1C). As expected, we measured a
basal activity that was neither increased by incubating cells
under hypoxic conditions nor when treating cells with the
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NO-liberating compound DETA-NO. However, exposing
cells to the combination hypoxia/DETA-NO lowered re-
porter activity by roughly 40%. Control experiments, by
looking for trypan blue exclusion, excluded that cell viability
was affected by any treatment.

Further experiments with GSNO, an alternative NO do-
nor, at a concentration of 1 mM, reproduced results seen
with DETA-NO (Figure 2A). GSNO only decreased the
amount of HIF-1« in combination with hypoxia.

To answer the question whether endogenously produced
NO would suffice in lowering HIF-1la under hypoxia, we
stimulated RCC4 cells with LPS/IFNy, which is known to
express inducible NO-synthase in these cells. The combina-
tion of hypoxia/LPS/IFNy lowered the protein amount of
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HIF-1a (Figure 2B). Interestingly, blocking NO production
with the NO-synthase inhibitor L-NAME restored HIF-la
expression, thus pointing to the essential role of NO in
lowering protein expression of HIF-1a under hypoxia. Un-
der normoxia the addition of LPS/IFNy left HIF-1 expres-
sion unaltered (data not shown). To confirm destruction of
exogenous HIF-la under hypoxia/NO, we overexpressed
HA-tagged HIF-1a in RCC4 cells by transfecting the pHA-
HIF-1a plasmid (Figure 2C). The combination of hypox-
ia/NO lowered the amount of exogenous HIF-la protein
comparable to endogenous HIF-1a, whereas hypoxia or NO
alone were ineffective.

Similarly, expression of HIF-2a was reduced to 35% com-

ared with controls under the influence of hypoxia/
DETA-NO (Figure 3).

Considering that expression regulation of HIF-2a and
HIF-1a are very similar (Cockman et al., 2000), we concen-
trated on HIF-1la only. We conclude that in combination
with hypoxia exogenously supplied or endogenously gen-
erated NO reduced HIF-1a accumulation and HIF-1 activity
in RCC4 cells and thus in a pVHL-independent manner.

HypoxiaINO Promotes pVHL-independent Degradation

of HIF-1a

To rule out that variations in HIF-la mRNA account for
changes in HIF-1a protein under hypoxia/NO costimulation,
we used quantitative real-time RT-PCR to follow HIF-la
mRNA (Figure 4A). HIF-l« mRNA remained constant and
was neither affected by hypoxia or by DETA-NO given alone
nor by coincubating hypoxia/DETA-NO.

With the further experiment it was our intention to check a
possible interference with translational control mechanisms of
HIF-1a. To this end we exposed RCC4 cells for 4 h to 50 uM
cycloheximide to block protein translation (Figure 4B). There-
after, the medium was changed to wash out cycloheximide and
incubations continued for 1-4 h under normoxia. This allowed
recovering expression of HIF-1la. We then repeated the same
experimental protocol in the presence of hypoxia/DETA-NO.
After cycloheximide treatment HIF-1a disappeared but its ex-
pression recovered during the next 4 h even under conditions
of hypoxia/DETA-NO. However, the reappearance of HIF-1a
was weaker compared with the normoxic situation. Although
indirect, the experiment might suggest that translation of
HIF-1a was operating even under hypoxia/DETA-NO. To
gain further support, we performed reporter assays to test
cap-dependent translation in general (Figure 4C). As estab-
lished, we reconfirmed that translation slowed down under
hypoxia and noticed that there was no further alteration under
hypoxia/DETA-NO cotreatments. Despite these results not
completely eliminate the possibility of HIF-1a translational
regulation, they showed that the combination of hypoxia/
DETA-NO did not selectively impaired translation. Taking into
account that the amount of exogenous HIF-1a is lowered by
hypoxia/NO as well (Figure 2C) points to protein destruction
as the underlying principle. Therefore, we focused on alterna-
tive pathways to explain HIF-1o destruction.

To address the importance of HIF-la destruction, we
asked whether inhibition of protein degradation with
MG132 might affect HIF-1a disappearance under conditions
when hypoxia and DETA-NO were supplied simulta-
neously. As seen in Figure 5A, attenuated accumulation of
HIF-1a as a result of hypoxia/DETA-NO treatment was
fully restored in the presence of the putative proteasome
inhibitor MG132. This pointed to protein degradation in
lowering HIF-1a protein level in the presence of hypoxia/
DETA-NO.
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Figure 5. Hydroxylation- and 26S proteasome-independent deg-
radation of HIF-la. RCC4 cells were exposed for 4 h to hypoxia
(0.5%), 0.5 mM DETA-NO, the combination of hypoxia/DETA-NO,
the combination of hypoxia/DETA-NO with the addition of (A and
C) the 26S proteasome inhibitor 5 uM MG132, (B) the prolyl hy-
droxylase inhibitor 1 mM DMOG, (C) the specific 26S proteasome
inhibitor 10 uM lactacystin or 2 uM epoxomicin, or remained
as controls. Expression of HIF-la and IkBa were determined by
Western blotting. Results are representative for three individual
experiments.

Considering MG132 as a putative proteasomal inhibitor,
results might point to an alternative pVHL-like E3 ligase and
hydroxylation/ubiqutination/proteasome degradation sys-
tem to be involved. Therefore, we assumed that the PHD
inhibitor DMOG should be equally effective compared with
MG132 because DMOG is supposed to block hydroxylation
of HIF-1a and thus is expected to increase stabilization of
HIF-1a. However, in contrast to MG132 the addition of
DMOG under conditions of hypoxia/DETA-NO did not
restore HIF-1a expression (Figure 5B). These observations
are consistent with the notion that RCC4 cells do not contain
the usual HIF-1a degradation system because pVHL is miss-
ing. More important, these results question the specificity of
MG132 as a selective proteasomal inhibitor. We then applied
more specific proteasome inhibitors such as lactacystin and
epoxomicin. Interestingly, none of them reversed HIF-la
destruction under hypoxia/DETA-NO (Figure 5C). As these
results ruled the 26S proteasome in degrading HIF-1a out,
we searched for alternative destruction pathways that might
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explain the disappearance of HIF-1la in RCC4 cells when
exposed to hypoxia and DETA-NO.

Calcium/Calpain-mediated HIF-1a Degradation

Considering that MG132, besides blocking proteasomal ac-
tivity, also inhibits calpains and some lysosomal cysteine
proteases (Tawa et al., 1997; Lee and Goldberg, 1998), we
went on to test for the involvement of calpain in HIF-la
degradation. In a first approach we used two calpain inhib-
itors such as calpain inhibitor I (ALLN) and calpain inhibitor
IT (ALLM) and noticed their ability to fully restore HIF-1a
stabilization that was compromised under the cotreatment
of hypoxia/DETA-NO (Figure 6A). ALLN and ALLM, both
at 100 nM, were equally effective compared with MG132 in
blocking HIF-1a degradation.

To confirm a direct role of calpain in HIF-1a degradation, we
applied the specific calpain inhibitor calpastatin, a 27-residue
peptide inhibitor. Calpastatin peptide indeed blocked HIF-1a
destruction under hypoxia/DETA-NO (Figure 6B). From these
inhibitor studies we conclude that calpain is involved in
HIF-1a degradation.

The Role of Calcium in Provoking Calpain-mediated
HIF-1a Degradation

To establish a modulator role of calcium in affecting HIF-1a
expression, we sought to inhibit the process by chelating
intracellular calcium. Incubating RCC4 cells with 1, 5, or 20
uM BAPTA-AM dose-dependently reversed the disappear-
ance of HIF-la that was initiated by hypoxia/DETA-NO
(Figure 7A). In the presence of 20 uM BAPTA-AM the effect
of hypoxia/DETA-NO was nullified, whereas the intracel-
lular calcium chelator alone did not affect HIF-1a accumu-
lation in RCC4 cells.

To proceed, we aimed at increasing intracellular calcium
with the intention to destruct HIF-1a under normoxia. Ex-
posing RCC4 cells for 4 h to 1 pg/ml the calcium ionophore
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calpastatin peptide (2 M), or remained as a

+ control. Expression of HIF-la and IkBa
+ were followed by Western analysis. Results
i are representative for three individual

experiments.

ionomycin lowered expression of HIF-1a (Figure 7B). This
effect was completely attenuated in the presence of the cal-
pain inhibitor ALLM. Interestingly, degradation that was
initiated by raising intracellular calcium with ionomycin
was equally effective to the combination of hypoxia/
DETA-NO in lowering the HIF-1la amount but left expres-
sion of IkB unaltered. As expected, under hypoxia ionomy-
cin was equally effective in lowering the amount of HIF-1«
(Figure 7C). In an additional experiment we have chosen the
endoplasmic reticulum calcium (ER) pump inhibitor thapsi-
gargin, known to promote a cytoplasmic calcium increase
(Figure 7D). Incubating RCC4 cells under normoxia with 30
nM thapsigargin time-dependently lowered the amount
HIF-1a, with the protein almost disappearing after 60 min.
These results support the notion that calpain participates in
regulating degradation of HIF-1e, in a pVHL-independent
manner.

Calcium/Calpain-mediated HIF-1a Degradation in
pVHL-containing Cells

To answer the question whether calpain-mediated degrada-
tion of HIF-1« is restricted to RCC4 cells or can be observed
in other cells as well, we performed additional experiments
in pVHL-containing HEK293 cells. HEK293 cells were first
incubated with 1 mM DMOG for 1 h to block PHD activity
and to allow HIF-1a accumulation (Figure 8A). Afterward,
incubations continued for 1 h either in the presence of
DMOG alone or with the further addition of 10 versus 30 nM
thapsigargin. As shown in Figure 8A, DMOG-induced
HIF-la accumulation was dose-dependently reduced by
thapsigargin. Thapsigargin alone neither time- nor concen-
tration- dependently accumulated HIF-1« (data not shown).

Considering that PHD activity was blocked by DMOG sug-
gests that besides the pVHL-dependent pathway an alterna-
tive, the calcium-regulated degradation system operates in
HEK293 cells as well. Next we repeated the experimental pro-
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Figure 7. Ca?* regulates the expression of HIF-1a in RCC4 cells.
(A) RCC4 cells were exposed to combinations of hypoxia (0.5%)/
DETA-NO (0.5 mM) either alone or in the presence of increasing
concentrations of the Ca?* chelator BAPTA-AM for 4 h. Alterna-
tively, cells were treated with 20 uM BAPTA-AM under normoxia,
or remained as a control. (B and C) RCC4 cells were exposed for 4 h
to combinations of hypoxia (0.5%)/DETA-NO (0.5 mM), or treated
with 1 pg/ml ionomycin with or without the addition of the calpain
inhibitor ALLM (100 nM) under (B) normoxia or (C) hypoxia, or
remained as controls. (D) RCC4 cells were exposed to 30 nM thap-
sigargin for 15, 30, or 60 min under normoxia or left untreated.
Expression of HIF-1a and IkBa were followed by Western analysis.
Results are representative for three individual experiments.

tocol described in Figure 8A. However, applying ALLM and
calpastatin peptide in combination with thapsigargin attenu-
ated degradation of HIF-la and restored expression of the
protein close to a value seen with DMOG alone (Figure 8, B and
C). As expected, the specific proteasome inhibitor lactacystin
was unable to reverse HIF-la destruction (Figure 8C). To
match the RCC4 cell background, RCC4/VHL cells, which
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contain a stably reintroduced pVHL expression plasmid, were
applied as a pVHL-containing cell to repeat experiments.
DMOG accumulated HIF-1a in RCC4/VHL cells (Figure 8D).
HIF-1a disappeared when cells were treated with thapsigargin
and reappeared with the presence of calpastatin but not lacta-
cystin. These results strengthen a role of calpain-mediated
HIF-1a degradation.

Interaction between HIF-1a and Calpain-1

To provide complementary evidence to show an interaction
between HIF-1a and calpain, we used a HIF-1a peptide spot
array. The membrane was incubated with human calpain-1,
followed by anti-calpain-1 antibody detection (Figure 9A).

This approach allowed us to identify four binding re-
gions highlighted on the peptide array. We mapped four
potential binding sites (deduced from the spot location) of
human calpain-1 to HIF-la with the sequences:
COTMEGAGGANDKKKISSERRKEKSRDA ARSRRSKESEV-
FYE®,  1SIRNGLVKKGKEQNTQRSFFLRMKCTLTS!77,
658PYRDTQSRTASPNRAGKGVIE®”8, and 7'?ALQNAQ-
RKRKMEHDGSLFQAV732. One should keep in mind that
these potential calpain-1 binding sites not necessarily
overlap with cleavage sites, especially as the binding as-
say has been performed with an inactive calpain enzyme,
i.e., with the presence of EGTA. To further investigate the
interaction between HIF-la and calpain under cellular
conditions, we used cell lysate of RCC4 cells either kept
under normoxia or hypoxia/DETA-NO to perform coim-
munoprecipitations using an anti-HIF-1a antibody for
precipitation, followed by detection of calpain-1 (Figure
9B). Evidently, calpain bound to HIF-1a under normoxic
and hypoxia/DETA-NO conditions. Control experiments
leaving out the HIF-1a antibody used for immunoprecipi-
tation revealed no unspecific binding of calpain-1 to the
beads (data not shown). It should be mentioned that for
these experiments calpain-1 activity again was blocked by
using EGTA. Based on coimmunoprecipitation experi-
ments one should be cautious to predict quantitative ra-
tios of protein associations and therefore, further experi-
ments need to determine whether calpain activation alters
the amount of calpain bound to HIF-1a and whether this
type of protein association is under the control of regula-
tory signaling pathways.

DISCUSSION

Degradation of HIF-1ae under normoxia and its stabilization
in hypoxia constitutes a major regulatory component in
understanding cellular responses during the transition from
ambient to low oxygen tension. We provide new evidence
that calpain participates in destruction of HIF-1e, support-
ing the notion for a role of calcium in affecting expression of
hypoxia-inducible genes. Studies in pVHL-deficient RCC4
cells and pVHL-containing RCC4/VHL or HEK293 cells
imply that calpain-evoked destruction of HIF-la must be
considered an alternative system besides the established
proteasomal degradation pathway to affect protein amount
of HIF-la. Moreover, our data provide an explanation to
understand the HIF-la-lowering capabilities of NO under
hypoxia by showing destruction of HIF-1a independent of
oxygen requirements.

Several independent lines of research have established the
ability of RNI to stabilize HIF-la protein and to exert
genomic effects attributed to HIF-1 signaling (for references
see Briine and Zhou, 2003). Mechanistically, this is explained
by direct inhibition of PHD activity (Metzen et al., 2003)
and/or by enhancing phosphatidylinositol 3 kinase (PI3K)-
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Figure 8. Ca?*/calpain functions in pVHL-containing HEK293 and RCC4/VHL cells. HEK293 cells were pretreated with 1 mM PHD
hydroxylase inhibitor DMOG for 1 h or remained as a control. Afterward, incubations continued for 1 h in the presence of DMOG alone or
in the presence of DMOG with the addition of (A-C) 10 nM or 30 nM thapsigargin, (B) 100 nM calpain inhibitor ALLM, (C) 10 uM of the
265 proteasome inhibitor lactacystin, or 2 uM calpain inhibitor calpastatin peptide. Western analysis was used to follow the expression of
HIF-1a and IkBa. (D) RCC4/VHL cells were pretreated for 1 h with 1 mM DMOG or 30 nM thapsigargin, or remained as a control. Pretreated
cells were further exposed to DMOG alone, to DMOG with the addition of 30 nM thapsigargin, to DMOG with the addition of 30 nM
thapsigargin and 10 uM lactacystin or 2 uM calpastatin peptide. Western analysis was used to follow the expression of HIF-1a and IkBa.

Results are representative for three individual experiments.

dependent transcription/translation of HIF-la (Kasuno
et al., 2004). It can be assumed that both mechanisms may
operate at different concentrations of RNI. One expects di-
rect PHD inhibition at higher and activation of PI3K by
lower doses of RNI although, as suggested for hypoxia, PI3K
activation may not be ubiquitously operating (Alvarez-
Tejado et al., 2002; Arsham et al., 2002). In contrast, seminal
observations reported that NO attenuated hypoxia-evoked
HIF-1a protein accumulation and blocked HIF-1-transacti-
vating capabilities (Huang et al., 1999). Supporting studies
noticed attenuated binding of HIF-la to the DNA under
hypoxic or CoCl, treatments in combination with NO (Liu
et al., 1998; Sogawa et al., 1998; Briine and Zhou, 2003).
Considering the importance of PHDs in hydroxylating
HIF-1a set the ground to understand fundamentals of oxy-
gen sensing (Epstein et al., 2001; Ivan et al., 2001; Jaakkola
et al., 2001). This provoked the hypothesis to explain RNI
actions in reverting HIF-la accumulation by reactivating
PHD activity under hypoxia. Indeed, Hagen et al. (2003)
showed restored PHD activity by NO under hypoxic condi-
tions . It is argued that NO blocks mitochondrial respiration,
thereby leaving more oxygen available for PHDs to reacti-
vate them. Alternatively, NO is supposed to directly activate
PHD in vitro (Wang et al., 2002). Irrespective of underlying
molecular mechanism the abovementioned suggestions cen-
ter on reactivating PHD activity by NO under hypoxia to
promote subsequent proteasomal degradation of HIF-la.
Results in RCC4 cells suggest an alternative, hydroxylation/
ubiquitination/proteasome-independent degradation path-
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way that is calpain-mediated. Observations are based on the
use of calpain inhibitors and manipulations of intracellular
calcium to stimulate and/or inhibit calpain. These observa-
tions raise the interesting possibility that destruction of
HIF-1a by calpain may represent an alternative proteolytic
system that participates in adjusting the amount of HIF-1a
to its demands and opens the possibility that two types of
regulation, i.e., proteasomal versus calpain degradation may
not be mutually exclusive. Of course further experiments
need to determine the temporally and spatially contribution
of calpain-mediated destruction of HIF-la relative to the
proteasome system.

Modulation of intracellular calcium is known to affect the
expression of hypoxia-inducible genes and more recently,
two reports provided evidence that lowering intracellular
calcium by BAPTA-AM activates HIF-1 by attenuating hy-
droxylation of HIF-la (Berchner-Pfannschmidt et al., 2004;
Liu et al., 2004). Although the proposed mechanism will not
be applicable to pVHL-deficient RCC4 cells, it supports the
concept that calcium is involved in degradation of HIF-1a.
Lowering calcium may not only block PHD activity but also
attenuate calpain and both actions may synergize in stabi-
lizing HIF-1a. However, on the basis of current information
one would not assume a simple role of calcium as several
reports noticed the involvement of calcium and/or calmodulin
in signal transduction pathways, e.g., ERK activation (Mottet
et al., 2003; Liu ef al., 2004), leading to enhanced HIF-1 tran-
scriptional activity (Yuan et al., 2005). The dual role of calcium
is reflected by showing that chelating calcium provoked a

Molecular Biology of the Cell
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Figure 9. Human calpain-1 associates with BENGLVKKGKEQNTQRSFFLRMECTLTS"
HIF-1a. (A) Human calpain-1 protein was in- )
cubated with HIF-1a peptide fragments (each “PYRDTQSRTASPNRAGKGVIE™
15 amino acids long) spotted on a membrane.
Incubations of human calpain-1 with the B
HIF-1a peptide array was performed as de-
scribed in Material and Methods. Sequences in- Input HIF-1oa. —> e

dicating binding of calpain-1 were high-
lighted. Circled spots refer to unspecific
binding of primary and/or secondary anti-
bodies. (B) RCC4 cells were incubated under
normoxia or the combination of hypoxia
(0.5% O,) and DETA-NO (0.5 mM) for 4 h.
Cells were then collected followed by immu-
noprecipitation as described under Materials
and Methods. Input controls show protein ex-
pression in cell lysates. Immunoprecipitates
were probed for HIF-1a and calpain-1. West-
ern analysis was performed using anti-HIF-1«
or anti-calpain-1 antibodies. The experiment
was performed at least three times and repre-
sentative data are shown.

transient HIF-1« increase by attenuating protein degradation,
whereas the calcium ionophore A23187 induced HIF-la
mRNA expression at the same time (Liu et al., 2004). In other
systems calcium failed to affect HIF-1a protein and/or HIF-1-
dependent transcription (Salnikow et al., 2002). Therefore, the
role of calcium in supporting or antagonizing hypoxic re-
sponses is not yet fully defined and variables such as the
calcium concentrations, calcium compartments, and cell type-
specific effects need to be sorted out.

As shown in RCC4 cells, the combination of hypoxia/
DETA-NO, as well as an increase in calcium as a result of
ionomyecin or thapsigargin treatment, lowered accumulation
of HIF-1c. The ability of BAPTA-AM to reverse these effects
argues for a direct role of calcium. This suggests that hyp-
oxia/DETA-NO raises calcium, which in turn activates cal-
pain because HIF-la digestion is suppressed by calpain
inhibitors. Along that line a previous report indeed sug-
gested a calcium increase and calpain activation by RNI
(Sanvicens ef al., 2004). In addition, experiments in HEK293
and RCC4/VHL cells that contain a functional pVHL-de-
pendent proteolytic machinery showed that the calpain
pathway can be activated when PHD activity is blocked.
These observations may be relevant to understand HIF-la
disappearance under periods of long lasting and/or severe
hypoxia in close association with calcium fluctuations. Al-
ternatively, destruction of HIF-la by NO via the calpain
system might help to understand how NO mediates chemo-
sensitivity in tumor cells, considering that hypoxia, i.e., ex-
pression of HIF-1a in tumors is associated with increased
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resistance to radiotherapy (Mitchell et al., 1998, Matthews
et al., 2001). In addition, the biological relevance of this
process can be envisioned when inducible NO-synthase is
expressed as a HIF-1 target gene (Jung et al., 2000) and the
production of NO may initiate a feedback regulatory loop to
limit continuation of hypoxic responses.

Our studies suggest that activation of calpain participates
in regulating the stability of HIF-1«, a pathway with impor-
tance to understand pVHL-independent degradation of the
protein. Degradation of HIF-la by calpain may help to
realize how hypoxia and NO work together in attenuating
HIF-1a expression as well as HIF-1 signaling.
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