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Abstract Hypoxia-inducible factor-l1o (HIF-1o) protein
is degraded under normoxia by its association to von
Hippel-Lindau protein (pVHL) and further proteasomal
digestion. However, human renal cells HK-2 treated with
15—deoxy—A12’14—prostaglandin—J2 (15d-PGJ,) accumulate
HIF-1a in normoxic conditions. Thus, we aimed to inves-
tigate the mechanism involved in this accumulation. We
found that 15d-PGJ, induced an over-accumulation of
HIF-1a in RCC4 cells, which lack pVHL and in HK-2 cells
treated with inhibitors of the pVHL-proteasome pathway.
These results indicated that pVHL-proteasome-indepen-
dent mechanisms are involved, and therefore we aimed to
ascertain them. We have identified a new lysosomal-
dependent mechanism of HIF-1« degradation as a target for
15d-PGJ, based on: (1) HIF-1a colocalized with the spe-
cific lysosomal marker Lamp-2a, (2) 15d-PGJ, inhibited
the activity of cathepsin B, a lysosomal protease, and
(3) inhibition of lysosomal activity did not result in
over-accumulation of HIF-1a in 15d-PGl,-treated cells.
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Therefore, expression of HIF-la is also modulated by
lysosomal degradation.
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Introduction

Transcriptional adaptive responses to hypoxia are con-
trolled primarily through the nuclear accumulation of
hypoxia-inducible factor (HIF-1). HIF transcription factors
are heterodimers consisting of a constitutively expressed 8
subunit and an oxygen-regulated o subunit, which is mainly
regulated at the protein level. In normoxia, HIF-o is
hydroxylated at specific proline residues by iron-dependent
HIF prolyl-hydroxylases (PHDs) [1-5]. This posttransla-
tional modification is an absolute requirement for its
recognition by the protein pVHL, the substrate recognition
component of an E3 ubiquitin ligase complex that targets
HIFo for proteasomal degradation [1, 2]. In hypoxia, this
interaction is suppressed; HIF« is thereby stabilized, and
together with the f§ subunit and transcriptional coactivators,
it binds to hypoxia-responsive elements (HRE) in target
genes [6].

The activation of HIF is found in a large number of
human pathologies as a consequence of the hypoxic envi-
ronment. However, in other pathologies, like in renal
pathologies, induction of HIF-1« may have a therapeutic
interest. For instance, pre-treatment of rats with a
HIF-specific PHD inhibitor to increase HIF activity, or
cobalt chloride, a hypoxia-mimetic agent known to stabi-
lize HIF-1a, resulted in improved renal clearance after
clamping of the renal pedicle [7, 8]. Administration of
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15-deoxy-A'*"*-prostaglandin-J, (15d-PGJ,), an agonist of
the peroxisome proliferator-activator-y (PPAR 7v), produces
a significant reduction of renal dysfunction and injury
caused by ischemia/reperfusion of the kidney in an in vivo
model in rodents [9]. Therefore, it is possible that the
protective effect of 15d-PGJ, is due to 15d-PGJ,-induced
stabilization of HIF-1lo protein, which we have recently
described in several types of cultured renal cells [10].
Accumulation of transcriptionally active HIF-1a by 15d-
PGJ, is achieved in normoxia, in a PPARy-independent
manner, without affecting HIF-1a mRNA levels or pro-
teasome activity. This stabilization is dependent on the
thiol-antioxidant-sensitive, electrophilic reactivity of the
o, -unsaturated carbonyl present in the 15d-PGJ, molecule
[10]. However, the mechanism for this stabilization has not
yet been described.

Multiple lines of evidence indicate that stabilization of
HIF-1¢ is also possible through pVHL-independent
mechanisms. Thus, under normoxic conditions, HIF-1a
expression is modulated by glycogen synthase kinase-3
[11] receptor of activated protein kinase C-1 [12], histone
deacetylases [13], heat shock protein 90 [14], calcium-
calpain [15] and cathepsin B [16]. Our aim here was to
determine the particular mechanism of 15d-PGJ,-mediated
accumulation of HIF-lo. Our results demonstrated that
pVHL-proteasome-independent mechanisms were invo-
Ived in 15d-PGJ,-induced over-accumulation of HIF-1a.
Most importantly, we have identified a new lysosomal-
dependent mechanism of HIF-1o degradation which may
be acting simultaneously or not with other degradation
pathways.

Materials and methods
Materials

15-deoxy-A'*"prostaglandin-J, (15d-PGJ,), was pur-
chased from Cayman Chemical Company (Ann Arbor,
MI). Proteasome inhibitor MG132, calpain substrate
S-LLY-AMC, calpain inhibitors PD150606 (a cell-perme-
able, non-competitive, selective non-peptide calpain
inhibitor directed towards the calcium binding sites of
calpain) and calpastatin (a 27-residue peptide specific
calpain inhibitor), cathepsin B inhibitor CA-074 Me and
protease inhibitors were from Calbiochem (San Diego,
CA). Nitrocellulose membrane was from Bio-rad (Hercu-
les, CA). Enhanced chemiluminescence ECL detection
system was from Amersham Biosciences (Airlington
Heights, IL). Protein A/G Plus was from Santa Cruz Bio-
technology (Santa Cruz, CA). Unless otherwise stated, all
the biochemical reagents used in this study were purchased
from Sigma (St. Louis, MO).

Anti-human protein antibodies were obtained from the
following sources and used at the indicated dilutions:
monoclonal HIF-1« (1:1,000) and Hsp-90 (1:500) (Trans-
duction Laboratories, BD Biosciences, Palo Alto, CA),
anti-rabbit horseradish peroxidase antibody (1:2,000,
Chemicon, CA) and cathepsin B antibody (1:2,000) were
from Santa Cruz Biotechnology), and calpain antibody was
from Biomol International (Hamburg, Germany). Poly-
clonal o-actin (1:3,000) and horseradish peroxidase-
coupled sheep anti-mouse antibodies (1:3,000) were
obtained from Sigma. Lysosome-associated membrane
protein type 2a (Lamp2a) antibody (1:100) and polyclonal
HIF-1o were from Abcam (Cambridge, UK).

Cell Culture and treatment

Human kidney HK-2 cells were purchased from American
Type Culture Collection (Rockville, MD). Cells were
maintained in DMEM supplemented with hydrocortisone,
Insulin-Transferrine-Selenium, non-essential amino acids,
100 units/ml penicillin, 100 pg/ml streptomycin and 10%
heat-inactivated fetal bovine serum. Except for antibio-
tics and serum, which were obtained from Invitrogen
(Carlsbad, CA), all the other products were purchased from
Sigma. Parental VHL-negative RCC4 cells (herein descri-
bed as RCC4-) and the corresponding VHL stable
transfectants (RCC4+) were maintained in RPMI 1640
with Glutamax-I (Life Technologies). For RCC4+, G418
sulphate (100 pg/ml; Promega) was added to culture
media. In all cases, culture media were supplemented with
100 units/ml penicillin, 100 pg/ml streptomycin and 10%
fetal bovine serum.

Cells were routinely cultured in 95% air, 5% CO,
(normoxic conditions) at 37°C. To expose the cells to
hypoxia, they were placed in an airtight chamber with
inflow and outflow valves (Billups—Rothenberg, Del Mar,
CA) that were infused with a mixture of 1% O,, 5% CO,,
94% N, (S.E. Carburos-Metalicos, Madrid, Spain). In all
experiments, cells were plated at 70-90% confluence and,
when completely attached, they were treated for 6 h (unless
otherwise indicated) with prostaglandin or exposed to
hypoxia or desferroxamine in serum free media.

Western blot

Immediately after treatments, cells were washed with ice-
cold phosphate-buffered saline (PBS) and lysed in 80 pl of
lysis buffer (50 mM Trizma, pH 8.0, 150 mM NaCl, 0.1%
Triton X-100, 10 mM EDTA, 0.25% sodium deoxycholate
and protease inhibitors). Cell lysates were sonicated and
proteins were resolved onto 8—10% SDS-polyacrylamide
gels. The proteins were then transferred to a nitrocellulose
membrane, blocked with 5% non-fat dry milk in PBS-T
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(50 mM Trizma, pH 7.6, 150 mM NaCl, 0.1% Tween 20)
and incubated overnight at 4°C with the corresponding
antibodies. Immunolabeling was detected by enhanced
chemiluminescence.

Immunoprecipitation assay

HK-2 cells were seeded in 10-cm dishes 1 day before
experiments. After the different treatments, cells were
lysed in 500 pl lysis buffer (50 mM Tris, 150 mM NacCl,
5 mM EDTA, 0.5% NP-40, 100 uM Orthovanadate,
100 uM PMSF and protease inhibitor cocktail, pH 8) and
collected. Samples were centrifuged (12,000g for 20 min)
and supernatants (500 pg protein) were transferred into
fresh tubes to pre-clear them with 20 pl of Protein A/G
Plus at 4°C for 1 h. Then, 2 ng of antibodies anti-Hsp-90,
anti-HIF-1a or anti-Calpain-1 were added and incubated
overnight at 4°C. Thereafter, 20 pl of Protein A/G Plus
were added and incubated at 4°C for an additional 3 h.
Beads were collected, washed three times with 500 pl lysis
buffer and finally supplemented with 30 pl 2x SDS-PAGE
sample buffer and boiled at 95°C for 5 min. Beads were
removed by centrifugation and supernatants were loaded
onto 8% SDS-PAGE. Western blot analysis was performed
using calpain-1, anti-HIF-1«, anti-Lamp-2a or anti-Hsp-90
antibodies.

Calpain activity assay

Cells were resuspended in lysis buffer (100 mM Tris—HCl,
pH 7.3, 145 mM NaCl, 10 mM EDTA). CaCl, (10 mM
final concentration) was added to cell lysates, and then
centrifuged for 10 min at 10,000g. CaCl, was substituted
by EDTA in blanks. Calpain activity was measured in the
supernatant fraction using the fluorogenic substrate
(80 uM) S-LLY-AMC (Calbiochem) for 30 min at 37°C
[17]. Equal fractions of the supernatants were pre-incu-
bated with the calpain inhibitor PD150606 (50 nM), for
30 min at 37°C before addition of the substrate. The
fluorescence was determined by a Luminescence spectro-
photometer LS50 (Perkin Elmer, Wellesley, MA) with an
excitation wavelength of 380 nm and an emission wave-
length of 460 nm. These enzyme activities were described
as arbitrary unit/(min/mg) protein and they were expressed
as percentage of the activity found in control cells. Calpain
activity was determined as the difference between fluo-
rescence measured without and with PD150606 and
expressed as percentage of control.

Cathepsin B activity assay

After different cell treatments, HK-2 cells were lisated in
lysis buffer (20 mM Tris pH 7; 0.5% NP-40, 250 mM

NaCl, 3 mM EDTA, 2 mM DTT, 3 mM EGTA, 0,5 mM
PMSF, 20 mM glycerol phosphate, cocktail protease
inhibitor) and then centrifuged for 20 min at 10,000g.
Supernatant fractions were recovered and Cathepsin B
activity was measured as described elsewhere [18]. Briefly,
equal fractions of the cell supernatants were pre-incubated
with the cathepsin B inhibitor CA-074 Me (10 uM) and a
fluorogenic substrate Z-RR-AMC (50 uM) (Bachem,
Bubendorf, Switzerland) for 60 min at 37°C. The fluores-
cence was analyzed by a Luminescence spectrophotometer
LS50 (Perkin Elmer) with an excitation wavelength of
355 nm and an emission wavelength of 440 nm. Cathepsin
B activity was determined as the difference between
fluorescence measured with or without CA-074 Me, rep-
resented as percentage of control.

Immunofluorescence analysis

Cells were fixed with 4% paraformaldehyde in PBS,
10 min at RT, rinsed, and permeabilized with 0.5% Triton
X-100 in PBS (10 min). Cells were then incubated for 1 h
with 5% donkey serum in PBS to block nonspecific bind-
ing. Afterwards cells were incubated overnight at 4°C with
anti-HIF-1a antibody (1:100) and anti-Lamp-2a (1:100)
and then rinsed with PBS. Finally, cells were incubated
with FITC-labelled anti-mouse IgG and Texas red (anti-
rabbit), both diluted 1:500, for 1 h in the darkness. Slides
were then washed and mounted with FluorSave™ Reagent
(Calbiochem). Dual-color detection was performed by
confocal laser scan microscopy LEICA TCS-SL (Heidel-
berg, Germany).

Statistical analysis

Each experiment was repeated at least three times. Results
are expressed as the mean = SEM. Statistical analysis was
performed by either nonparametric Kruskal-Wallis test or
Mann—Whitney test. A value of P < 0.05 was considered
statistically significant.

Results

pVHL-independent mechanisms are involved
in 15d-PGJ,-induced HIF-1o stabilization

It has been widely accepted that oxygen-induced HIF-1ua
degradation mainly occurs through the canonic PHD-
pVHL-ubiquitin dependent proteasome pathway. There-
fore, accumulation of HIF-lo in normoxia is easily
achieved when inhibiting this pathway. However, multiple
lines of evidence indicate that stabilization of HIF-1a is
also possible through pVHL-independent mechanisms
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[11-13, 15, 19]. According to this, we have previously
shown that 15d-PGJ, induces normoxic stabilization of
HIF-1o protein, without affecting HIF-1oo mRNA levels or
chymotrypsin-like proteasome activity [10]. These studies
suggested that 15d-PGJ, might also inhibit HIF-1o degra-
dation by other mechanisms. Although these results might
also be compatible with a 15d-PGJ,-mediated inhibition of
HIF-1a degradation by the known pathway, we asked
whether other mechanisms than the canonic pathway
were relevant for the 15d-PGJ,-mediated accumulation of
HIF-1c.

To confirm this hypothesis, we first studied the effect of
15d-PGJ, on HIF-1« accumulation in HK-2 cells in which
we had previously inhibited the PHD-pVHL-ubiquitin-
dependent proteasome pathway by hypoxia, desferroxamine

(DFX) or lactacystine. Our results showed that under such
conditions 15d-PGJ, induced an over-accumulation of
HIF-1« in all instances (Fig. 1a, b). Most importantly, this
was also confirmed in RCC4-cells (Fig. 1c), which lack
VHL protein and therefore are unable to degrade HIF-1o by
the VHL-dependent pathway. This would not be possible if
15d-PGJ, were only an inhibitor of the canonic pathway of
HIF-1a degradation. Next, we studied the turnover of
HIF-1« in HK-2 cells that had been treated with either DFX
or 15d-PGJ, for 6 h, followed by 30-120 min incubation
with the protein translation inhibitor cycloheximide (CHX).
Our results indicated that in 15d-PGJ,-treated cells HIF-1a
had a longer half-life compared to DFX-treated ones
(Fig. 1d). Taken together, these results suggested
that PHD-pVHL-independent mechanisms contribute to
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15d-PGlJ,-mediated increase on HIF-1« half-life. Therefore,
the aim of our present study is to identify those mechanisms.

Stabilization of HIF-1o by 15d-PGJ, does not require
interaction between Hsp-90 and HIF-1«

It has been recently found that Hsp-90 is a target for
modification by 15d-PGJ, in renal mesangial cells [20]. On
the other hand, HIF-1a degradation is regulated in an
oxygen-independent manner by Hsp-90 [14]. These authors
show that geldanamycin (GA), an Hsp-90 antagonist,
promotes efficient ubiquitination and proteasome-mediated
degradation of HIF-1o in RCC4 cells lacking functional
VHL. Taking this into consideration, we hypothesized that
Hsp-90 could be involved in the 15d-PGJ,-mediated
accumulation of HIF-1c.

In order to assess our hypothesis, we examined the
effect of GA on cells incubated with DFX or 15d-PGlJ,
(Fig. 2). Whereas incubation with 250 nM GA resulted in a
dramatic decrease in HIF-1o expression in DFX-treated
cells (Fig. 2a), 15d-PGJ,-induced HIF-1o accumulation
was further increased by GA (Fig. 2b). However,
co-immunoprecipitations using an anti-Hsp-90 antibody
followed by detection with a HIF-1o antibody indicated
that GA had dissociated the HIF-1a-Hsp-90 chaperone
complex in 15d-PGJ,-treated cells (Fig. 2¢). Therefore, we
can conclude from these results that interaction between
Hsp-90 and HIF-1« is not necessary for 15d-PGJ,-induced
stabilization of HIF-1a.

Stabilization of HIF-1o by 15d-PGJ, is not due
to inhibition of calcium/calpain activity

It has been previously shown that calcium/calpain activity
mediates a pVHL-independent degradation of HIF-1o [15].
Therefore, the possibility exists that this system could be
involved in the pVHL-independent accumulation of
HIF-1o0 by 15d-PGJ,. To ascertain this, we aimed to
determine whether inhibition of calcium/calpain-mediated
degradation of HIF-la was inhibited by 15d-PGJ,. To
pursue this aim, we first analyzed the effect of ionomycin
or thapsigargin, two agents known to promote intracellular
calcium, or the effect of calpain inhibitors such as
PD150606 and calpastatin on 15d-PGlJ,-induced HIF-1o
accumulation in HK-2 cells. Incubation of HK-2 cells with
ionomycin or thapsigargin resulted in lower DFX- or 15d-
PGJ,-induced HIF-1o0 accumulation (Fig. 3a), thus indi-
cating that calcium-mediated HIF-1a degradation is active
in both instances. According to these results, the treatment
with calpain inhibitors resulted in over-accumulation of
HIF-1o in both DFX-treated and 15d-PGlJ,-treated cells
(Fig. 3b). This indicated that calpain-mediated degradation
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Fig. 2 Effect of the Hsp-90 inhibitor geldanamycin (GA) in the 15d-
PGJ,-mediated stability of HIF-1a. HK-2 cells were co-incubated for
6 h with 250 nM GA and either 380 uM DFX (a) or 2 uM 15d-PGJ,
(b). Cells were lysed, and HIF-1a and Hsp-90 levels were determined
by Western blot analysis. As a loading control, blots were reprobed
with anti-a actin. Each experiment was performed at least three times
and a representative one is shown. ¢ To assess the effect of GA on
15d-PGJ,-mediated Hsp-90 association with HIF-1a, cells were
incubated for 6 h with 15d-PGJ, in the absence or presence of
250 nM GA. Cells were then collected followed by immunoprecip-
itation with anti-Hsp-90 antibody as described in “Materials and
methods”. Input controls show protein expression in cell lysates.
Immunoprecipitates were probed by western analysis using anti-HIF-
la or Hsp-90 antibodies. A representative experiment out of three is
shown

of HIF-1uo is still operative even after treatment with
15d-PGJ,. To confirm these results, we performed immu-
noprecipitation assays to determine if there was interaction
of calpain with HIF-la in 15d-PGJ,-treated cells. Our
results indicated that 15d-PGJ, did not inhibit the interac-
tion between HIF-la and calpain (Fig. 3c). Finally, we
assessed the effect of 15d-PGJ, on calpain activity in HK-2
cells. Our results showed that incubation with 15d-PGlJ,
was not proved to induce changes on calpain activity
(Fig. 3d). Taken together, these results indicate that
stabilization of HIF-1oo by 15d-PGJ, was not due to the
inhibition of the calcium/calpain pathway.
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Fig. 3 Degradation of HIF-1« via calcium/calpain in HK-2 cells and
effect of 15d-PGJ,. The effect of agents that increase cytosolic
calcium or calpain inhibitors on the 15d-PGJ,-mediated stabilization
of HIF-lo was determined. Cells were incubated for 6 h with or
without 380 uM DFX or 15d-PGJ, (2 pM) in the presence or absence
of the following compounds: a 30 nM thapsigargin (Th), 1 uM
ionomycin (Ion), and b calpain inhibitors such as 50 uM PD150606
(PD) or 2 uM calpastatin (Calp). Thereafter, cells were lysed, and
HIF-1a levels were determined by Western blot analysis. As a loading
control, blots were reprobed with anti-o-actin. Each experiment was
performed at least three times and a representative one is shown.
¢ Cells under normoxic conditions were incubated in the presence of

15d-PGJ, prevents HIF-1a degradation by lysosomal
activity

To ascertain whether other enzymatic (proteolytic) systems
could be involved in HIF-1o degradation, we determined
HIF-1« half-life in HK-2 cells where both proteasome and
calcium/calpain pathways were inhibited with DFX and
PD150606. In this setting, HIF-1« levels induced by DFX
were quickly reduced by ~50% during the first 30 min,
and there was no remaining HIF-1« after incubation for 2 h
with CHX. Thus, HIF-1a levels accumulated by DFX and
PD had longer half-life than with DFX alone; however,
HIF-1a was also degraded after 2 h with CHX (Fig. 4a).
This suggested the existence of other VHL-independent
and calcium/calpain-independent mechanisms that are also
actively degrading HIF-1o.

It has been previously reported that inhibitors of
cathepsin B stabilized HIF-1« in retinal endothelial cells
[16]. Although cathepsin B is a protease present in lyso-
somes, other reports have localized this protease in

-+ 4+
- ==

PD - -+
15d-PGJ, - + +

Control 15d-PGJa

380 uM DFX or 15d-PGJ, for 6 h. Cells were then collected and
immunoprecipitated with an anti-calpain antibody as described in
“Materials and methods”. Input controls show protein expression in
cell lysates. Immunoprecipitates were probed for HIF-1a and calpain-
1 protein levels using anti-HIF-lo or anti-calpain-1 antibodies,
respectively. The experiment was performed at least three times
and a representative one is shown. d Effect of 15d-PGJ, on calpain
activity. Cells were incubated for 6 h in the absence (control) or with
2 uM 15d-PGJ, and calpain activity was determined as described in
“Materials and methods”. Calpain activity is represented as percent-
age of control. Values are the mean £ SD of four independent
experiments

extralysosomal compartments [21-23]. Therefore, it is not
clear from Im et al.’s studies whether these organelles are
involved in HIF-1a degradation. Therefore, this can be an
interesting pathway that might be involved in 15d-PGJ,-
induced HIF-1o stabilization.

Firstly, we analyzed whether HIF-1a could be localized
at the lysosomal fraction. Therefore, we incubated HK-2
cells or HeLa cells under hypoxia or treated with DFX
versus normoxic conditions. Confocal microscopy analysis
showed that a fraction of HIF-1« in cells treated with DFX
or under hypoxia co-localized with Lamp-2a, a specific
lysosomal marker (Fig. 4b and data not shown). In addi-
tion, expression of HIF-1o increased in HK-2 cells treated
with chloroquine (an inhibitor of lysosomal activity) or
CA-074 Me (an inhibitor of cathepsin B) incubated under
normoxia for 24 h. In RCC4- cells (which lack VHL pro-
tein) HIF-la expression was also increased after
chloroquine stimulation for 24 h (Fig. 4c). These results
indicate that lysosomes participate in the degradation of
HIF-1o in normoxia.
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Given that degradation of HIF-1« in lysosomes has not
previously been described, we investigated the implication
of lysosomes in the degradation of HIF-1a in cells treated
with 15d-PGJ,. HK-2 cells were incubated for 6 h with
15d-PGJ,, and HIF1-a localization was assessed under
confocal microscopy. We found that a fraction of HIF-1a in
HK-2 cells co-localized with Lamp-2a. To determine
whether there was interaction of HIF-1a with Lamp-2a, we
performed immunoprecipitation assays with cells treated
with either 15d-PGJ, or MG132, an inhibitor of protea-
some, calpain and most lysosomal enzymes [24, 25]. Our
results confirmed that HIF-1o and Lamp-2a not only co-
localized in the lysosomes but interacted with each other
(Fig. 4d). The next question was to ascertain whether the
degradation of HIF-1« inside the lysosomal compartment
was inhibited by 15d-PGJ,, thus contributing to HIF-1a
stabilization. This issue was addressed by co-incubating
HK-2 cells with 15d-PGJ, and either chloroquine or
CA-074 Me. Incubation with these inhibitors did not result
in over-accumulation of HIF-1a in 15d-PGJ,-treated cells
(Fig. 4e) which suggested that lysosomal degradation of
HIF-1o was already inhibited by 15d-PGJ,. In contrast to
these results, incubation with DFX and either chloroquine
or CA-074 Me resulted in an over-accumulation of HIF-1o
(Fig. 4e). Therefore, our results pointed out that 15d-PGJ,-
mediated accumulation of HIF-1o might be due to inhibi-
tion of lysosomal degradation by this cyclopentenone
prostaglandin. To confirm these results, we assessed lyso-
somal activity in the presence of 15d-PGJ,. We analyzed
Cathepsin B activity under different 15d-PGJ, concentra-
tions, hypoxia or desferroxamine. Our results indicated that
increased concentrations of 15d-PGJ, inhibited cathepsin B
activity (34% at 2 pM and 74% at 10 pM vs. control). At
10 uM, the percentage of inhibition was similar to the
inhibition levels achieved by CA-074 Me compared to
control with no treatment. However, cathepsin B activity
was not affected by hypoxia or DFX (Fig. 4f). Therefore,
these results indicated that 15d-PGJ, effect on HIF-1a
accumulation was due to inhibition of lysosomal activity.

In conclusion, this set of results indicated that lysosomes
degrade HIF-1o and that they are one of the targets through
which 15d-PGJ, accumulates HIF-1o in HK-2 cells. To our
knowledge, this is the first report showing lysosomal
contribution to the HIF-1o degradation.

Semiquantitative comparison studies on the relative
efficiency and kinetics of the three proposed pathways
for HIF-degradation

Given that three different pathways—namely proteasome,
calpain and lysosomes—are potentially involved in the
degradation of HIF-lo in HK-2 cells, we designed
experiments to assess the relative efficiency and kinetics

of these three pathways. We first studied the time-course
of HIF-1« accumulation after inhibiting (1) the proteasome
pathway with either hypoxia of desferroxamine, (2) the
lysosomal pathway with chloroquine, and (3) the calpain
pathway with PD150606. Our results shown in Fig. 5a
indicated that (1) inhibition of the proteasome pathway
during 6 h resulted in a strong accumulation of HIF-1a,
(2) incubation for 24 h with the inhibitor of lysosome
chloroquine induced mild accumulation of HIF-1o (while
no HIF-1a accumulation was observed at 6 h), and (3)
inhibition of the calpain pathway did not result in any
accumulation of HIF-1a. In summary, this set of experi-
ments indicated that the proteasome is the quickest and
more efficient pathway for HIF-1o degradation, that the
lysosomal pathway is slower and less efficient, and that
the calpain pathway itself does not contribute significantly
to HIF-1o degradation (although, as observed in Fig. 4a,
calpain activity modulates the stability of HIF-1a accu-
mulated by simultaneous inhibition of the proteasome
pathway).

We next addressed the question of the relative kinetics
of HIF-1o degradation after its accumulation by inhibiting
the proteasomal or the lysosomal pathways. To this end,
cells were incubated for 24 h under hypoxia or treated for
24 h with chloroquine or CA-074Me, and followed by 30—
120 min incubation with the protein translation inhibitor
cycloheximide (CHX). In order to compare HIF-1a maxi-
mal stabilization, cells were incubated with MG132, an
inhibitor of proteasome, calpains and lysosomal pathways
[24, 25].

In cells under hypoxia, the quick reduction of HIF-1a
levels after treatment with CHX (Fig. 5b, left upper panel)
indicated that pVHL-proteasome independent pathways of
HIF-1o degradation play an important role in the regulation
of HIF-1« final levels. This role is clearly indicated by the
fact that inhibition of all the potential pathways of HIF-1«
degradation by MG132 results in maintained levels of HIF-
1o along the 2-h treatment with CHX (Fig. 5b, right upper
panel). In CA-074Me- or chloroquine-treated cells, the
reduction of HIF-la levels after treatment with CHX
(Fig. 5b) indicated that HIF-1o degradation was slower
than that found in cells treated with the inhibitors of the
proteasome pathway hypoxia (Fig. 5b) or DFX (Fig. 4a).
The slower degradation of HIF-1o probably reflects the fact
that HIF-1« is accumulated inside the lysosomes, which
makes its degradation by cytosolic pathways such as pro-
teasome and calpains difficult. Altogether, these results
indicated that, although the pVHL-dependent degradation
pathway is the most efficient for HIF-10 degradation in the
cytoplasm, there are also other pathways, like the lyso-
somal pathway, that contribute to HIF-1o degradation, and
they probably become more important when the others do
not work.
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Discussion

We have previously found that 15d-PGJ, acts as an inducer
of biologically active HIF-1a in renal cells under normoxic
conditions. Although the contribution of pVHL-dependent
mechanisms cannot be underestimated, here we show that
15d-PGJ, induced HIF-lo0 accumulation by a pVHL-
proteasome-independent mechanism. Our results have
demonstrated that 15d-PGlJ, effect on HIF-1o accumulation
was not through calcium/calpain-dependent pathways and
did not require interaction between Hsp-90 and HIF-1a,
although HIF-1a degradation in HK-2 cell was affected by
both. Instead, 15d-PGJ; inhibited a sub-cellular pathway in
the lysosomes, showing this lysosomal degradation of
HIF-1a as a new mechanism of HIF-la stabilization.
These results are summarized in Fig. 6.

There are three different proteolytic activities in mam-
malian proteasomes: chymotrypsin-like, caspase-like and
trypsin-like activities. It is widely assumed that inhibition
of the chymotrypsin-like site, the primary target of the
proteasome inhibitors used in research and cancer therapy,
reflects the degree of inhibition of protein breakdown.
Actually, this is far from being rigorously exact: when one
type of active site is inactivated, the two others assume
increasing importance in cleavage of the protein. Thus, not
surprisingly, inhibition of either of the residual sites has a
greater impact in reducing protein degradation than when
that site alone is blocked [26]. We have previously
described that treatment of HK-2 cells with 15d-PGJ, does
not inhibit chymotrypsin-like proteasome activity [10].
However, since 15d-PGJ, inhibits the protease cathepsin B,
we cannot rule out that inhibition of caspase-like and/or
trypsin-like proteasomal activities by 15d-PGJ, might
contribute to the accumulation of HIF-1a. Furthermore,
there are other ways by which 15d-PGJ, might affect
proteasomal degradation of HIF-la. For instance, accu-
mulation of HIF-1o by 15d-PGJ; involves the electrophilic
reaction of its a,-unsaturated cyclopentenone moiety with
thiol groups [10], and A'*-prostaglandin-J,, whose elec-
trophilic reactivity is very similar to 15d-PGlJ,, inhibits
ubiquitin hydrolase UCH-L1 and elicits ubiquitin-depen-
dent proteasomal degradation of proteins without
proteasome inhibition [27]. If this mechanism was also
triggered by 15d-PGJ, (currently under investigation), it
would probably contribute to the accumulation of HIF-1a.
It is tempting to speculate that 15d-PGJ, might also inhibit
PHD-pVHL-dependent HIF-1a degradation by lowering
the availability of Fe(Il). This could be achieved either by
oxidation of Fe(Il) or by the action of 15d-PGJ, on lyso-
somes (see below). Nevertheless, it will be necessary to
measure the cell levels of Fe(Il) to confirm this hypothesis.
However, taking into account that the inhibition of lyso-
somes only needed 24 h to accumulate HIF-1o (Fig. 4c), it

Fig. 4 Effect of 15d-PGJ, on lysosomal activity and its contribution p

to HIF-1o stabilization. a The effect of PD150606 calpain inhibitor on
HIF-1o half-life was determined in HK-2 cells. Cells were incubated
for 6 h with 380 uM DFX in the presence or absence of 50 uM
PD150606. Thereafter, the protein translation inhibitor cycloheximide
(CHX, 50 pg/ml) was added and incubation continued for up to 2 h.
HIF-1a protein levels were determined by Western blot. b Immuno-
fluorescence experiments were performed to determine whether
HIF-1a, accumulated under several conditions, co-localizes with the
lysosomal protein Lamp-2a. Role of lysosomes in HK-2 cells under
hypoxia or DFX treated cells versus normoxic conditions. HK-2 cells
were incubated for 6 h with 380 M DFX or incubated under hypoxic
conditions (1% O,). Then, cells were fixed and incubated with anti-
HIF-1o and anti-Lamp-2a antibodies as described in “Materials and
methods”. Immunofluorescence for Lamp-2a (red) and HIF-1a
(green) is shown. ¢ Accumulation of HIF-1o by lysosome inhibitors
in normoxia. Cells were incubated for 24 h in the presence or absence
of 50 uM chloroquine or 10 uM CA-074 Me. After incubation, cells
were lysed, and HIF-1a levels were determined by Western blot
analysis. d HK-2 cells were incubated for 6 h with 2 uM 15d-PGJ,.
Then, cells were fixed and co-incubated with anti-HIF-1« and anti-
Lamp-2a antibodies as described in “Materials and methods”.
Immunofluorescence for Lamp-2a (red) and HIF-1a (green) is shown.
As cells were incubated in parallel with DFX and hypoxia treatment,
the control is the same as shown in Fig. 2b. Association of HIF-1a
with lysosome marker Lamp-2a was assessed by immunoprecipitating
the cells after 6 h in the presence of 15d-PGJ, (2uM) or MG132
(10uM) as control of HIF-lo accumulation with an anti-HIF-1a
antibody as described in “Materials and methods”. Immunoprecip-
itates were then probed by Western blot analysis using anti-HIF-1a or
Lamp2a antibodies. Input controls show protein expression in cell
lysates. A representative experiment out of three is shown. e Effect of
chloroquine (Chlo) or the cathepsin B inhibitor CA-074 Me on
15d-PGJ, or DFX-mediated HIF-1a stabilization. Cells were incu-
bated for 24 h with 2 pM 15d-PGJ, or 380 pM DFX in the presence
or absence of 50 uM chloroquine or 10 uM CA-074 Me. HIF-1o
expression levels were analyzed by Western Blot. f To determine the
effect of 15d-PGJ, on cathepsin B activity, cells were incubated for
24 h with 10 uM cathepsin B inhibitor CA-074Me, 2-5-10 uM 15d-
PGlJ,, 380 uM DFX or under hypoxic conditions (1% O,). Cathepsin
B activity was measured as described in “Materials and methods”.
The experiment was performed three times and each bar is the
mean £ SD of the obtained results. *P < 0.01 versus control

seems reasonable to hypothesize that the high degree of
HIF-1a stabilization after 6 h incubation with 15d-PGlJ,
(Fig. 1d) can only be achieved by the inhibition of the
efficient pVHL-dependent pathway and the simultaneous
inhibition of other(s) pathways.

In this paper, we have studied the effect of 15d-PGJ, on
non-canonic pathways involved in HIF-1o. accumulation.
Among the pVHL-independent, proteasome-dependent
mechanisms of HIF-1o accumulation which could be
potentially affected by 15d-PGJ,, we studied that involving
Hsp-90 [14] because this is a previously described target
for 15d-PGJ, [20]. Among the proteasome-independent
mechanisms, we studied the effect of 15d-PGJ, on the
calcium/calpain pathway because calpains have a cysteine
residue at their active site [28] which might be inactivated
by its reaction with 15d-PGJ,, since it is known to bind
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Fig. 4 continued

covalently to cysteines residues in proteins [29-31].
However, according to our results, none of these pathways
(Hsp-90 or calcium/calpain) seemed to be involved in 15d-
PGJ,-induced HIF-1a accumulation. This led us to study
the contribution of other degradative pathways involved in
HIF-1o degradation. It has previously been reported that
inhibitors of the lysosomal protease cathepsin B stabilize
HIF-1o in retinal endothelial cells [16]. In this report, we
have demonstrated that lysosomes contribute to the deg-
radation of HIF-la since: (1) inhibition of lysosomal

activity resulted in the accumulation of HIF-1a in norm-
oxic HK-2 cells, (2) incubation with chloroquine or
inhibiting cathepsin B resulted in over-accumulation of
HIF-1« in DFX-treated cells, and (3) a fraction of HIF-1a,
accumulated by hypoxia or by treatment with DFX or
15d-PGJ,, co-localized and immunoprecipitated with the
specific lysosomal protein Lamp-2a. The last suggests that
lysosomes are a constitutively operative system for HIF-1«
degradation. This might help to avoid an excessive increase
in the intracellular levels of HIF-1« (which could possibly
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occur after the inhibition of its degradation through the
highly efficient proteasome pathway). In fact, an increase
in the number of lysosomes in the adrenal glomerulosa
zone in rats under chronic hypoxia [32] as well as in the
myocardium of diabetic rats under acute hypoxia has pre-
viously been shown [33]. This lysosomal proliferation
could enhance the efficiency of the lysosomal-mediated
degradation of HIF-1a when hypoxia blocks its proteaso-
mal degradation.

Chaperone-mediated autophagy (CMA) is a generalized
form of highly selective autophagy. All the CMA substrate
proteins described to date are soluble cytosolic proteins
containing a targeting motif biochemically related to the
pentapeptide KFERQ (reviewed by [34]). This motif is
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recognized by the cytosolic chaperone heat shock cognate
protein which, after interacting with several cochaperones
including Hsp-90 [35], targets the substrate to the
lysosomal membrane. In this location it interacts with
Lamp-2a, which is responsible of substrate uptake [34].
Interestingly, Hsp-90 is also found in the lysosomal lumen.
However, although it has two KFERQ-related motifs, it
remains unknown whether it is functional or it is only
internalized to be degraded [36]. Although amino acid
sequence analysis of HIF-la revealed the absence of
KFERQ motifs (unpublished observations), the interaction
between Lamp-2a and HIF-1a-which was indicated by our
immunoprecipitation data (Fig. 4d) suggests that CMA
could be responsible for the lysosomal degradation of
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Fig. 6 Enzymatic systems
involved in the degradation of
HIF-1¢ in human proximal
tubular renal cells HK-2. Left:
there are three operative
enzymatic systems for the
degradation of HIF-1o in HK-2
cells: proteasome (mainly
through the PHD-pVHL-
pathway, but also through other
PHD-pVHL independent
pathways such as this triggered
by Hsp-90 inhibitor
geldanamycin), calcium/calpain
and cathepsin B/lysosome.

P

Right: incubation with 15d-PGJ, PHD-pVHL-

results in HIF-1a stabilization proteasome Calpain
through the inhibition of | s
cathepsin B/Lysosome, i HIF1a HIF1a
although the high degree of degradalion ;degradation

----------------------------

stabilization of HIF-1o strongly
suggests that 15d-PGJ, could
also inhibit the PHD-pVHL-
dependent proteasomal
degradation of HIF-1«

HIF1a degradationin
untreated cells

HIF 1a

/l\

HIF 1o accumulation

in 15d-PGJ,-
treated cells
HlF 1a
15d- PGJ/l \15d-PGJz
Cathepsine/ || pyp-pVHL- _ Cathepsine/
lysosome proteasome  Calpain lysosome
Wt (| ] WFle § f WFte ([ HIF1G
idegradation: || idegradation; idegradatior; | gtabjlized
............ 5
] 'OA
[ HIF-1a ]
/\ ACCUMULATION /

HIF-1a. We hypothesize that Hsp-90, which has KFERQ
motifs, acts as a carrier for HIF-1a, targeting it to lyso-
somes. This proposed mechanism also could contribute
to HIF-2a degradation, since HIF-2o also interacts with
Hsp-90 [37].

The localization of HIF-1o degradation in the nucleus or
in the cytoplasm has been found to be a cell-type charac-
teristic parameter but, whatever the cell type, degradation
of HIF-1« in the cytoplasm was always observed [38].
Furthermore, HIF-1a has been found in organelles. For
instance, in hepatocytes, hypoxia targeted HIF-1a to the
peroxisome, rather than the nucleus, where it co-localized
with pVHL and the HIF hydroxylases [39]. It has also been
found HIF-1a in endoplasmic reticulum, in normoxia [40].
Therefore, it is likely that part of cytoplasmic HIF-1o. may
reach other organelles, such as lysosomes, and that it
undergoes proteolysis. On the other hand, the inhibition of
lysosomal activity might also diminish the Fe(II)-depen-
dent and pVHL-mediated degradation of HIF-1o, since
chloroquine, through the inhibition of lysosomal proteol-
ysis of ferritin, causes three-fold more iron to be retained in
ferritin in hepatoma cells [41]. The role of this mechanism
in 15d-PGJ,-induced accumulation of HIF-1o« remains to
be confirmed. In addition, the possibility exists that 15d-
PGJ, also increases the rate at which HIF-1« enters into the
lysosomal compartment which would help its lysosomal
accumulation. Alternatively, cathepsin B may control the
level of HIF-1« indirectly, by degrading proteins such as
Hsp-90, which are required for stabilizing HIF-1a [14].

The role of Hsp-90 in the physiological degradation of
HIF-1a deserves further discussion. Interestingly, this role
has been indirectly suggested by the experiments with 15d-
PGJ, and GA. First of all, the fact that 15d-PGJ,-induced
HIF-1o¢ accumulation was not reversed by GA (Fig. 3b)
suggests that the GA-triggered ubiquitin- and proteasome-
dependent pathway of HIF-1o degradation—which is likely
responsible for the GA-induced HIF-1o degradation in
DFX-treated cells (Fig. 3a)—is inhibited by 15d-PGJ,. As
indicated above, electrophilic prostaglandins like 15d-PGJ,
may inhibit ubiquitin-dependent proteasome degradation of
proteins [27]. However, the inhibition of this pathway itself
does not explain why HIF-1a does actually increase in cells
treated with 15d-PGJ, and GA (Fig. 3b). Let us suppose (1)
that there is still another unidentified, low-efficiency path-
way for HIF-1o degradation which obligatorily requires that
HIF-1a is bound to Hsp-90 (this might be the pathway
responsible for lysosomal entry of HIF-1 which we have
hypothesized above), and (2) that 15d-PGJ, also inhibits
this pathway. In DFX-treated cells, the disruption by GA of
the interaction HIF-1o-Hsp-90 would inhibit the hypothet-
ical Hsp-90 pathway of degradation, but HIF-1a will still
decrease through the very efficient pVHL-independent,
ubiquitin- and proteasome-dependent pathway. Let us
consider the situation in 15d-PGJ,-treated cells: treatment
with GA will result, as expected, in the disruption of the
interaction HIF-1o-Hsp-90 and the consequent inhibition of
the hypothetical Hsp-90-dependent pathway of HIF-1a
degradation. However, now the ubiquitin, proteasome-
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dependent pathway is inhibited by 15d-PGJ, and, therefore,
HIF-1o will over-accumulate after GA treatment.

15d-PGJ, is able to modify proteins covalently [20] and
its binding to free thiol groups of critical cellular proteins,
and particularly its effect modifying cysteines, is likely to
be in part the cause of its biological effects [29-31, 42—44].
It is conceivable that lysosomal cathepsins B, H, L and S—
which are cysteine proteases and have a cysteine residue at
their active site [28]—might be inactivated by its reaction
with 15d-PGJ,. In this context, the sulfhydryl reagent
chloroacetaldehyde, a metabolite of the alkylating agent
ifosfamide, has been shown to inhibit the cysteine prote-
ases caspase-3, caspase-8 and cathepsin B in proximal
tubule cells in primary culture [45]. In fact, we have pre-
viously shown that induction of HIF1-a by 15d-PGJ, is
blocked by thiol-reducing agents N-acetylcysteine and
dithiothreitol [10] and we have shown here that the activity
of cathepsin B was inhibited by 15d-PGlJ,.

In conclusion, lysosomes degrade HIF-1«, and they are
one of the targets through which 15d-PGJ, accumulates
HIF-1o in HK-2 cells. The high degree of HIF-1u stability
induced by 15d-PGJ, points out to a potentially powerful
effect of agents that induce protein thiol modification to
accumulate HIF-1o.

Our work also highlights the potential of pVHL-inde-
pendent pathways in HIF-lo degradation, particularly
when the quickest and more efficient pVHL-dependent
pathway has been physiologically or pharmacologically
inhibited. For instance, the relatively quick semi-quantita-
tive kinetics of HIF-lo degradation in cells having
inhibited the pVHL-pathway by DFX or hypoxia (Figs. 4a,
5b) reflect the important activity of pVHL-independent
pathways in the degradation of HIF-la. However, these
pathways are much less efficient than the pVHL-dependent
pathway since (1) inhibition of calpain does not affect
HIF-1a accumulation (Fig. 5a) unless the pVHL-pathway
is also inhibited (Fig. 4a), and (2) inhibition of lysosomal
degradation only results in HIF-1o accumulation after 24 h
(Fig. 4c). Therefore, the maximal stabilization of HIF-1«
will be achieved when the three pathways of degradation—
namely pVHL-dependent proteasome, calpain-dependent
and lysosome dependent—are simultaneously inhibited, as
when MG132 was used (Fig. 5b).

Since HIF-1« is known to upregulate factors that have
been shown to be cytoprotective during acute renal injury,
inhibition of HIF-1a proteolysis by 15d-PGJ, might be a
useful preventative strategy to improve clinical outcome of
ischemia/reperfusion injuries such as those associated with
procedures that involve cardiothoracic surgery or renal
cadaveric transplantation.
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