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Macrophages play important roles in many diseases and are frequently found in hypoxic areas. A chronic hypoxic microen-
vironment alters global cellular protein expression, but molecular details remain poorly understood. Although hypoxia-
inducible factor (HIF) is an established transcription factor allowing adaption to acute hypoxia, responses to chronic hyp-
oxia are more complex. Based on a two-dimensional differential gel electrophoresis (2D-DIGE) approach, we aimed to
identify proteins that are exclusively expressed under chronic but not acute hypoxia (1% O,). One of the identified pro-
teins was cathepsin B (CTSB), and a knockdown of either HIF-1a or -2a in primary human macrophages pointed to an
HIF-2a dependency. Although chromatin immunoprecipitation (ChIP) experiments confirmed HIF-2 binding to a CTSB
enhancer in acute hypoxia, an increase of CTSB mRNA was evident only under chronic hypoxia. Along those lines, CTSB
mRNA stability increased at 48 h but not at 8 h of hypoxia. However, RNA stability at 8 h of hypoxia was enhanced by a
knockdown of tristetraprolin (TTP). Inactivation of TTP under prolonged hypoxia was facilitated by c-Jun N-terminal ki-
nase (JNK), and inhibition of this kinase lowered CTSB mRNA levels and stability. We postulate a TTP-dependent mecha-
nism to explain delayed expression of CTSB under chronic hypoxia.

hronic diseases such as diabetes, atherosclerosis, and cancer

are characterized by hypoxic areas resulting, for example,
from compromised perfusion of narrowed or leaky vessels. Cells
of the immune system are involved in the outcome of these dis-
eases. As part of the innate immune system, macrophages actively
regulate inflammation but also the resolution of inflammation as
well as tissue regeneration and remodeling. Macrophages invade
hypoxic areas attracted by a number of cytokines produced by
hypoxic cells. To survive and operate in a hypoxic environment,
cells need a variety of adaptive mechanisms (1, 2).

Hypoxia-inducible factors (HIFs) are important to coordinate
hypoxic responses and consist of a constitutively expressed 3-sub-
unit and an oxygen-regulated a-subunit. Both are members of the
helix-loop-helix/Per, ARNT, and SIM (PAS) transcription factor
family (1, 3). Among the a-subunits, HIF-1o and HIF-2o are best
characterized. Both contain an oxygen-dependent degradation
domain (ODD) with two conserved prolyl residues that are hy-
droxylated by prolyl hydroxylases (PHDs) 1 to 3 when sufficient
oxygen is available, allowing their proteasomal degradation (4, 5).
PHDs are impaired under hypoxia, which in turn causes accumu-
lation and translocation of HIF-a into the nucleus. The a-subunit
forms a heterodimer with the B-subunit and binds to hypoxia-
responsive elements (HRE) in regulatory regions of target genes
(6). By recruiting cofactors like p300 or CBP, the HIF proteins
enhance transcription of about 400 target genes (7, 8). Although
HIF abundance is mostly regulated by protein stability, regulation
of HIF-1ae mRNA via binding of tristetraprolin (TTP) to AU-rich
elements (AREs) in the 3’ untranslated region (UTR) is estab-
lished (9, 10).

TTP negatively regulates RNA stability, promoting RNA deg-
radation. As a member of the TIS11 family of RNA-binding pro-
teins, TTP binds to AREs located in the 3" UTR of target mRNAs.
About 5 to 8% of the transcriptome contains potential TTP bind-
ing sites (11-14). TTP’s ability to bind to AREs is restricted by its
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phosphorylation by various kinases like c-Jun N-terminal kinase
(JNK), p38 mitogen-activated protein kinase (p38 MAPK), or ex-
tracellular signal-regulated kinase (ERK), all of which are sug-
gested to be activated by hypoxia (15, 16).

Recently, we defined chronic hypoxia and its consequences
for macrophages by showing HIF-dependent and -indepen-
dent adaptations using two-dimensional gel electrophoresis
(2D-DIGE) coupled to tandem mass spectrometry (MS/MS)
(17). In the proteomic approach, we identified proteins exclu-
sively expressed under chronic hypoxia, including CTSB. Here,
we describe an HIF-2a- and TTP-dependent regulatory mech-
anism to explain enhanced CTSB expression under chronic but
not acute hypoxia.

MATERIALS AND METHODS

Cell culture. Cell lines were purchased from ATCC (LGC Promochem,
Wesel, Germany). The monocytic cell line THP-1 was incubated at 37°C
with 5% CO, in RPMI 1640 medium containing stable L-glutamine, 10%
fetal calf serum (FCS), and 100 U/ml penicillin and 100 pg/ml streptomy-
cin (P-S; PAA Laboratories, Colbe, Germany). THP-1 cells were differen-
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TABLE 1 Primers used for qPCR

Primer sequence (5'—3")

Target Forward Reverse

TBP GGGCCGCCGGCTGTTTAACT GGGCCGCCGGCTGTTTAACT
18S rRNA GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
CTSB qPCR AACACGTCACCGGAGAGATGA CCCAGTCAGTGTTCCAGGAGTT
CTSB ChIP TGTCATTCAAGAGCCAGGTG AGCTCATCATGCTTGGCTTT
CTSB ChIP start GCCCTGTTTCCAACTGGTTA GCTGGGGAAAGAAAAGAACC
CTSB ChIP middle GGGCTGCGTCCTATGTATGT CAGGGCCATTTTTCAACAGT
CTSB ChIP end GTCTCGGTCTCAGCCAGTTC CCAGTAGGGTGTGCCATTCT
TTP CAAGTAGCCAAAGCCGTTGCCAAA ATACAAGGGAAGCAGACGACCCAA
SNX5 GCAGAAACTGGGAGAAGGTG GAGAAGAAAGCCGCTGAAGA
OSTF1 TTGCATGAAGCAGCAAAAAG TAAGGCAGTGCTTCCAGCTT
H4 AAGCGCATTTCTGGTCTCAT AAGGGCCTTTTGGAGTCTGT

tiated to macrophages with 10 nM 12-O-tetradecanoylphorbol-13-ace-
tate (TPA) for 5 days, followed by 1-day incubations without TPA.

Isolation of primary human macrophages. Primary human macro-
phages were isolated from buffy coats using Leucosept tubes and LSM
1077 medium (GE Healthcare, Munich, Germany). Cells were washed
three times with phosphate-buffered saline (PBS) and were allowed to
adhere to 6-well plates or 15-cm dishes (Cell+; Sarstedt, Niimbrecht,
Germany) for 1 h at 37°C. Nonadherent cells were removed, and the
remaining monocytes were incubated for at least 7 days with RPMI 1640
medium containing 5% human serum and P-S. Macrophages were used at
a density of approximately 80%.

Transfection of primary human macrophages. For small interfering
RNA (siRNA) transfections, human macrophages were seeded on 6-well
plates as described above. A total of 50 nM siRNA against HIF-1ae (ON-
TARGETplus SMART pool, human HIFIA; Thermo Scientific,
Karlsruhe, Germany), HIF-2a (ON-TARGETplus SMART pool, human
EPASI; Thermo Scientific), or TTP (ON-TARGETplus SMART pool, hu-
man TTP; Thermo Scientific) was used with 16.8 pl HiPerFect (Qiagen,
Hilden, Germany) in 500 pl medium with P-S for each well. After the mix
was added, cells were incubated for 24 h. Then medium was removed and
replaced by medium containing P-S and human serum to start experi-
ments.

Experimental procedures. Cells were incubated and harvested at dif-
ferent time points at 1% O, in a hypoxic incubator (Invivo2 400; Ruskinn
Technology, Leeds, United Kingdom). Fresh hypoxic medium was pro-
vided to cells after 24 h without reoxygenation. Proteins were harvested
under hypoxic conditions, while RNA was harvested directly after cells
were removed from the incubator. For RNA stability, primary human
macrophages were incubated under hypoxia for 8 h or 48 h and treated
with 2.5 pg/ml actinomycin D (ActD; Sigma, Steinheim, Germany) or
dimethyl sulfoxide (DMSO; Sigma) as a control 4 h prior to harvesting
cells. For kinase inhibition, cells were pretreated with 20 uM SP600125
(Sigma), 10 WM LY294002 (Sigma), or 10 uM SB203580 (Sigma) for 1 h
followed by hypoxic incubations. DMSO-treated cells served as a control.

Western analysis. Cells were resuspended in lysis buffer (6.65 M urea,
10% glycerol, 1% SDS, 10 mM Tris-HCl, pH 7.4) and sonified. After
centrifugation (15,000 X g, 5 min), the protein content was determined in
the supernatants by a Lowry protein assay kit (Bio-Rad, Munich, Ger-
many). For immune detection of HIF-1a and HIF-2a, 100 g protein was
separated on 7.5% SDS gels, blotted on Immobilon-FL polyvinylidene
difluoride (PVDF) membranes (Merck Millipore, Schwalbach, Ger-
many), and incubated with primary antibodies against human HIF-la
(polyclonal; Novus Biologicals, Hiddenhausen, Germany) or HIF-2a
(polyclonal; R&D Systems, Abingdon, United Kingdom). For detection of
CTSB and TTP, 12% SDS gels were used and incubated with an antibody
against CTSB (polyclonal; Abcam, Cambridge, United Kingdom) or a
rabbit antiserum against TTP (kindly provided by Pavel Kovarik, Univer-
sity of Vienna, Vienna, Austria). Membranes were incubated with the
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appropriate secondary antibodies conjugated with horseradish peroxi-
dase, followed by detection using enhanced chemiluminescence (ECL so-
lutions from GE Healthcare).

RNA isolation from human macrophages. Total RNA was isolated
from cell cultures using peqGold (Peqlab, Erlangen, Germany) by follow-
ing the manufacturer’s instructions and stored at —80°C. Concentrations
were determined using a NanoDrop ND-1000 spectrophotometer
(Peqlab). Reverse transcription (RT) was performed with 1 g RNA using
the Maxima first-strand cDNA synthesis kit for RT-PCR (Thermo Scien-
tific), and cDNA was stored at —20°C.

Quantitative PCR (qQPCR). Gene expression was analyzed using SYBR
green fluorescent mix (Thermo Scientific) on a CFX96 real-time PCR
detection system (Bio-Rad). Primer sequences are given in Table 1. Anal-
ysis of data was performed using Bio-Rad software. mRNA data were
normalized to TATA box binding protein (TBP) except for RNA stability
measurements, which were normalized to ribosomal 18S RNA showing a
higher stability than TBP.

2D-DIGE coupled with MS/MS. Experimental procedures for 2D-
DIGE and MS/MS, including evaluation of results, were performed as
described by Fuhrmann et al. (17).

ChIP. For chromatin immunoprecipitation (ChIP) analysis, 15-cm
dishes with primary human macrophages were harvested after 4 h (HIF-
ChIPs) or 8 h and 48 h (Pol II-ChIPs) under hypoxia. ChIP experiments
were carried out as previously described (18). Briefly, cross-linking was
performed in hypoxia using 1% formaldehyde for 10 min at 37°C and
quenched by 0.125 M glycine. Cells were then collected after 2 washing
steps in PBS and centrifuged at 500 X g for 5 min. Pellets were frozen at
—80°C. Cells were resuspended in 1.5 ml L1A buffer (10 mM HEPES-
KOH [pH 7.9], 85 mM KCl, 1 mM EDTA [pH 8.0], 1 mM phenylmeth-
ylsulfonyl fluoride [PMSF], 2 mM dithiothreitol [DTT], and protease
inhibitor cocktail from Roche, Mannheim, Germany) and lysed in 250 pl
of L1B buffer (L1A and 1% Nonidet P-40) for 15 min on a roller mixer at
4°C. Cross-linked chromatin was sheared to an average DNA fragment
size around 200 to 500 bp using a Branson Sonifier 250 (Dietzenbach-
Steinberg, Germany). DNA quality was estimated by electrophoresis. Af-
ter centrifugation, 5% of the supernatant was used as an input. After
preclearing with Sepharose CL-4B beads for 2 h, equal amounts of chro-
matin were immunoprecipitated overnight with 4 pg of rabbit polyclonal
antibody anti-HIF-1a (Novus Biologicals), 8 pl anti-HIF-2a (the anti-
body was a kind gift from Chris Pugh, Oxford, United Kingdom), 10 pl
anti-Pol IT (Cell Signaling), anti-H3 (Merck Millipore), or anti-rabbit IgG
(Merck Millipore). Immune complexes were recovered by 2-h incuba-
tions with protein A—Sepharose CL-4 beads at 4°C. After reverse cross-
linking, DNA was purified using QIAquick PCR purification kits (Qiagen)
according to instructions provided. Enrichment of specific DNA frag-
ments in the immunoprecipitated material was determined by qPCR on a
CFX96 (Bio-Rad). Primers are listed in Table 1.

February 2015 Volume 35 Number 3


http://mcb.asm.org

Hypoxia (1% O,)

Protein Regulation under Chronic Hypoxia

A B acute chronic
Oh 8h 24h 48h 72h hypoxia hypoxia
HIF-1a | — - - W e 130D
I-100kD
NUCIEONN | e — c— —— —
[-100kD
e T B A o, D
_— - - . - 1 00KkD

NUCIEONN | e o — — — oo

C
Protein Uni Prot acute  chronic

hypoxia _hypoxia

Sorting nexin-5 Q9Y5X3 -1.0832 21122
Uridine phosphorylase 1 Q16831 -1.9684  1.5734
Cathepsin B P07858 -1.3706  1.5326
Aspartate aminotransferase mitochondrial P00505 -1.0869  1.4529
Osteoclast-stimulating factor 1 Q92882 -1.7313  1.2959
Lamin-B2 Q03252 -1.0537  1.2857
Cytosol aminopeptidase P28838 -1.0657  1.2504
Glutamate dehydrogenase 1 mitochondrial P00367 -1.077 1.1761
Chitinase -3-like protein 1 P36222 -1.8352  1.1674
Histone H4 P62805 1.399 2.6637
Prolyl 4-hydroxylase subunit alpha -1 P13674 1.5413 2.3770
Tubulin alpha-1C chain Q9BQE3 1.1624 2.1945

6 5 -4 -3 -2 -1 0 1 2

fold change

FIG 1 Protein expression in response to acute versus chronic hypoxia. (A) Western analysis of HIF-1a and HIF-2a in primary human macrophages incubated
for up to 72 h under hypoxia. Expression of nucleolin serves as a loading control. (B) Heat map showing protein expression of 2D-DIGE experiments performed
with THP-1 macrophages incubated in acute (8 h) or chronic (72 h) hypoxia. (C) List of the 12 proteins identified by MS/MS from cluster 1 of panel B that are
expressed under chronic hypoxia. Expression values are ratios between control conditions and acute or chronic hypoxia.

Statistics. Experiments were repeated at least 3 times. Data are ex-
pressed as means * standard errors of the means (SEM). Statistically
significant differences were calculated after analysis of variance (ANOVA)
and Bonferroni’s test or Student’s ¢ test; P values of <0.05 were considered
significant.

RESULTS

2D-DIGE identifies proteins that are exclusively expressed un-
der chronic hypoxia. Primary human macrophages were incu-
bated for 8 to 72 h under hypoxia (1% O,) and analyzed for
HIF-1a and HIF-2a protein expression (Fig. 1A). HIF-1a ex-
pression increased from 8 to 24 h of hypoxia, but protein levels
declined after 48 h, while HIF-2a remained stable for 48 h and
disappeared after 72 h, possibly by a PHD-dependent destabi-
lization of the HIF proteins. A previous proteome approach in
THP-1 macrophages showed effects of chronic hypoxia on sev-
eral metabolic pathways and cellular responses such as glycol-
ysis, mitochondrial protein regulation, autophagy, and protein
folding (17). In order to enhance the reproducibility of the
experiments and to reduce the variability naturally occurring
in human blood donor samples, proteome analysis was per-
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formed with THP-1 cells. To distinguish between acute and
chronic hypoxia, we compared protein expression in THP-1
cells after 8 and 72 h of hypoxia using 2D-DIGE followed by
MS/MS (Fig. 1B). Proteins were selected for MS by comparing
normoxic controls to acute hypoxic and to chronic hypoxic
samples, which gave an impression of proteins generally up-
regulated under each condition (17). To distinguish between
chronic and acute hypoxia, the normalized expression levels of
both hypoxic groups were compared to each other. We identi-
fied four clusters representing distinct expression patterns vi-
sualized by the heat map, with responses to either acute or
chronic hypoxia being normalized to normoxic controls. Clus-
ter 1 shows proteins exclusively upregulated under chronic
hypoxia. All 12 proteins identified in this cluster are shown in
Fig. 1C. In contrast, cluster 3 contains proteins only increased
in acute hypoxia, including ELAV-like protein 1 or spliceo-
some RNA helicase DDX39B. Proteins in cluster 2 are upregu-
lated in both acute and chronic hypoxia. Interestingly, enrich-
ment analysis coupled with gene ontology reveals a significant
enrichment of proteins involved in glycolysis (P = 3.7883 X
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FIG 2 Chronic hypoxia-regulated proteins. Primary human macrophages were incubated for 0 to 72 h under hypoxia. RNA expression of cathepsin B (CTSB)
(A), sorting nexin 5 (SNX5) (B), histone H4 (H4) (C), and osteoclast stimulating factor 1 (OSTF1) (D) was measured by qPCR and normalized to the expression
of TATA box binding protein (TBP). The normoxic control was set to 1. *, P < 0.05.(E) CTSB protein was analyzed by Western analysis; nucleolin serves as a

loading control. Data are expressed as means = SEM (1 = 3 experiments).

107?), like glucose-6-phosphate isomerase, phosphoglycerate
kinase 1, or glyceraldehyde-3-phosphate dehydrogenase. Clus-
ter 4 contains proteins decreased in both conditions, including
mitochondrial proteins (P = 0.02) and proteins located in the
endoplasmic reticulum (P = 0.03). Within this cluster, we found,
e.g., calreticulin and the protein disulfide isomerases A3, A4, and A6.
Since we were specifically interested in proteins that are differently
expressed in chronic hypoxia, we further concentrated on proteins
appearing in cluster 1.

Chronic hypoxia provokes mRNA changes associated with
late protein expression. Regulatory mechanisms controlling pro-
tein expression under chronic hypoxia, as indicated by cluster 1,
are poorly understood. Therefore, we analyzed mRNA expression
of 10 of these proteins in primary human macrophages (excluding
tubulin and lamin), detecting distinct expression patterns. Three
proteins showed no mRNA regulation, suggesting a regulatory
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mechanism at the protein level. Two mRNAs decreased in chronic
hypoxia, and one increased even in acute hypoxia. Interestingly,
four proteins out of 10 showed similar mRNA expression pat-
terns. The CTSB, sorting nexin 5 (SNX5), and histone H4 mRNAs
did not respond to immediate hypoxia (8 h) but were slightly
upregulated after 24 h and significantly increased after 48 h (Fig.
2A to C), while osteoclast stimulating factor 1 showed the same
pattern without reaching significance (Fig. 2D). Since the CTSB
mRNA increase was significant both at 48 and 72 h of hypoxia and
showed the most obvious difference between acute and chronic
hypoxia, we decided to concentrate on CTSB for further mecha-
nistic studies. Western analysis of CTSB expression in primary
human macrophages confirmed DIGE results with weak expres-
sion at 0 and 8 h of hypoxia but a strong response at 24 to 72 h both
in pro-CTSB and mature CTSB (Fig. 2E). As CTSB mRNA and
protein expression occurred relatively late, an immediate tran-
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scriptional regulation under hypoxia appeared unlikely and raised
the question about the involvement of the HIF proteins in chronic
hypoxic protein expression.

CTSB is an HIF-2a target. Since CTSB is regulated by hypoxia,
the impact of HIF-1a and HIF-2a was determined by transfecting
primary human macrophages with either siRNA against HIF-1a
(sil), HIF-2a (si2), or a scrambled control (scr) (Fig. 3A). Based
on the most obvious increase of CTSB mRNA at 48 h, we decided
to focus on this time point of hypoxic incubation for further ex-
periments. CTSB mRNA increased at 48 h of hypoxia in wild-type
(wt), scr, and sil cells but not in si2 cells, pointing to CTSB as an
HIF-2 target gene (Fig. 3B). ChIP experiments coupled with se-
quencing showed HIF-1 and HIF-2 binding to the CTSB gene,
visualized by the human genome browser (Fig. 3C) (19). Data
were confirmed by ChIP, with subsequent qPCR analysis per-
formed after 4 h of incubation under hypoxia (Fig. 3D). HIF-2a
and HIF-1a, albeit to a lower extent, bound to the CTSB gene,
while the negative control with IgG revealed no binding and the
positive control using a histone H3 antibody showed no signifi-
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cant difference between both groups. These experiments con-
firmed binding of HIF-2a to the CTSB enhancer after 4 h of hyp-
oxia, although HIF-2a-dependent regulation of the CTSB mRNA
occurred after 48 h only, again pointing to an RNA-regulating
mechanism.

Delayed CTSB induction is not regulated at the transcrip-
tional level. To distinguish whether delayed upregulation of CTSB
mRNA depends on transcriptional regulation or an altered RNA sta-
bility, we performed ChIP analysis using a polymerase II (Pol II)
antibody (Fig. 4A). Pol I binding to the CTSB enhancer significantly
increased in cells exposed to hypoxia for 8 or 48 h. There was no
significant difference in binding of Pol II comparing short-term and
long-term exposures to hypoxia. Additionally, we probed different
sections of the CTSB gene for Pol II binding and found a strong
binding of Pol II at the start as well as in the middle and the end of the
gene after 8 h of hypoxic incubation (Fig. 4B). After 48 h of hypoxia,
Pol IT binds to a smaller extent to the CTSB gene, which might result
in a decreased transcription compared to that of 8 h of hypoxia but
may go together with a slightly enhanced transcription compared to
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the normoxic control. These findings suggest that Pol II is active and
CTSB is transcribed after 8 h of hypoxia, initiated by HIF-2 even if an
increase in mRNA is not detectable. As the mRNA increase occurred
much later and transcription decreases over time, enhanced RNA
stability at late time points appeared as a potential explanation.
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CTSB mRNA stability increases in chronic hypoxia. Follow-
ing our hypothesis, we analyzed RNA stability using actinomycin
D (ActD) to inhibit transcription in primary human macrophages
exposed to hypoxia for 8 or 48 h. ActD was added for the last 4-h
period. After 8 h of hypoxia, CTSB mRNA showed no change in
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TTP destabilizes CTSB mRNA. To examine the role of TTP in

stability compared to that of the appropriate controls, while after
CTSB regulation, we transfected primary human macrophages

48 h of hypoxia, CTSB mRNA stability significantly increased (Fig.

4C). Since binding of proteins influencing mRNA stability in the
3" UTR of mRNAs is well established, we screened for factors,
potentially influencing RNA stability, which bind to AU-rich ele-
ments (AREs) within the 3" UTR of CTSB, using AREsite (http:
//rna.tbi.univie.ac.at/cgi-bin/AREsite.cgi). We identified one po-
tential ARE in the 3" UTR at base positions 3080 to 3084 (Fig. 5A).
Additionally, CTSB mRNA was characterized by Emmons et al. as
a target of TTP (20). Thus, TTP may account for CTSB mRNA
degradation after 8 h of hypoxic incubation.
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with either a scrambled control (scr) or siRNA against TTP
(siTTP), reaching a knockdown of roughly 50% (Fig. 5B). Cells
were then incubated for 8 or 48 h under hypoxia, and CTSB
mRNA was measured (Fig. 5C). As expected, cells transfected with
scrambled siRNA showed no difference in CTSB mRNA level at 8
h of hypoxic incubation compared to normoxic controls (norm).
CTSB mRNA in TTP knockdown cells significantly increased in
acute hypoxia (8 h) compared to controls (norm, scr). These data
suggest that TTP keeps CTSB mRNA levels low under acute hyp-
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oxia, while chronic hypoxia inactivates TTP, which restricts RNA
degradation of CTSB. Since TTP is inactivated by phosphoryla-
tion, we exposed macrophages for 0 to 48 h to hypoxia and per-
formed Western analysis to analyze phosphorylated TTP (pTTP)
(Fig. 5D). Western analysis revealed bands at different sizes, indi-
cating distinct stages of TTP phosphorylation. At normoxia and
acute hypoxia, only low levels of pTTP were detectable, while
phosphorylation increases at 24 to 48 h. The increase in pTTP
points to its inactivation under chronic hypoxia. Experiments us-
ing an siRNA-induced TTP knockdown were used to validate TTP
and pTTP bands (data not shown). To establish whether TTP
really affects CTSB mRNA stability in acute hypoxia, we exposed
TTP knockdown cells for 8 h to hypoxia and treated them for the
last 4 h with ActD (Fig. 5E, black bars). As expected, siTTP-treated
cells showed an increase in CTSB mRNA stability. This effect was
very similar to the mRNA expression after 48 h of hypoxia, which
supports our hypothesis that TTP is responsible for the degrada-
tion of CTSB mRNA in acute hypoxia (Fig. 5E, white bars were
adapted from Fig. 4C). Our data suggest an HIF-2-induced tran-
scriptional induction of CTSB mRNA, which is degraded in a
TTP-dependent manner in acute hypoxia but is stabilized in
chronic hypoxia due to TTP inactivation.

Inhibition of JNK attenuates CTSB mRNA under chronic
hypoxia. Next, we aimed at identifying kinases involved in TTP
inactivation under chronic hypoxia. We treated primary human
macrophages with compounds to inhibit phosphoinositide 3-ki-
nase (LY294002; 10 uM), p38 MAPK (SB203580; 10 M), or JNK
(SP600125; 20 M) for either 8 or 48 h under hypoxia. DMSO was
used as a control (Fig. 6A). CTSB mRNA remained unaffected by
the inhibitors when incubated for 8 h under hypoxia, while a
CTSB mRNA increase was seen in the DMSO controls, when ex-
posed to hypoxia for 48 h. Inhibition of phosphoinositide 3-kinase
with LY294002 or p38 MAPK with SB203580 left CTSB mRNA
levels unaffected, while blocking JNK with SP600125 significantly
reduced the CTSB mRNA amount. Thus, JNK was considered to
be involved in inactivating TTP and thereby increasing the CTSB
mRNA amount under chronic hypoxia. To follow JNK activity, we
performed Western analysis to detect the phosphorylated and
thus active form of the kinase. As seen in Fig. 6B and C, expression
of JNK increased over time at the protein and mRNA levels, with
prominent expression at 48 h of hypoxia. This was paralleled by an
increased protein phosphorylation, which also culminated at 48 h
of hypoxia. Thus, JNK appeared to be active under chronic hyp-
oxia. To verify that TTP phosphorylation is causatively linked to
JNK activity, we cultured cells for 8 or 48 h with SP600125 or
DMSO as a control under hypoxia followed by Western analysis
(Fig. 6D). As expected, TTP was not affected by SP600125 after 8 h.
However, the increase of pTTP seen at 48 h was diminished by the
inhibitor. Additionally, we stained the blot for CTSB. The protein was
upregulated after 48 h, while treatment with SP600125 reduced CTSB
levels to control values. To explore the role of JNK in CTSB mRNA
stabilization, we exposed macrophages for 48 h to hypoxia with
SP600125 or DMSO as a control, adding ActD for the last 4 h (Fig.
6E). Substantiating our hypothesis, inhibition of JNK significantly
destabilized CTSB mRNA under chronic hypoxic conditions. Appar-
ently, JNK is activated under chronic hypoxia and phosphorylates
TTP. Inhibition of JNK reduces pTTP, followed by degradation of
CTSB mRNA and thus reduced protein expression.

SNX5. To generalize our finding of how chronic hypoxia
increases CTSB expression, we tested whether other proteins of
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cluster 1 (Fig. 1B) behaved similarly. SNX5 mRNA expression did
not change at 8 h of hypoxia but significantly increased during
chronic hypoxia (48 h) (Fig. 2B). siRNA knockdown of HIF-2a pre-
vented upregulation of SNX5 mRNA, as seen for CTSB (Fig. 7A). To
proof the involvement of TTP, we analyzed SNX5 mRNA levels in
TTP knockdown cells (Fig. 7B). The TTP knockdown provoked an
SNX5 mRNA increase under acute hypoxia (8 h) compared to nor-
moxic controls. Additionally, inhibition of JNK with SP600125 sig-
nificantly decreased SNX5 mRNA in response to 48 h of hypoxia
(Fig. 7C).

Taken together, CTSB and SNX5 mRNAs are induced in an
HIF-2-dependent manner and destabilized by TTP under acute
hypoxia. Chronic hypoxia inactivates TTP in a JNK-dependent
manner, which in turn allows the expression of distinct TTP target
proteins (Fig. 8).

DISCUSSION

Protein expression in response to acute hypoxia is well defined
and linked to HIF-dependent transcriptional activation. Stud-
ies dealing with chronic hypoxia refer to physiological and
pathological consequences of chronic hypoxia, e.g., during
pregnancy (21, 22) or cancer (23, 24). While several screening
approaches determining changes in the proteome or transcrip-
tome during chronic hypoxia have recently been reported (25,
26), studies dealing with mechanistic questions are rare. To
analyze differential protein expression in acute versus chronic
hypoxia, we performed 2D-DIGE experiments coupled to
MS/MS and focused on the regulatory mechanism provoking
delayed CTSB protein expression. Induction of CTSB under
chronic hypoxia was shown before, but it was not compared to
acute hypoxia (27). Our experiments suggest that CTSB is a
target of HIF-2, which binds to an enhancer region of CTSB,
confirming earlier data that postulated a crucial role of HIF-2
in chronic hypoxic protein expression (27-29). Furthermore,
binding of Pol II to different regions of the CTSB gene after 8 h
of hypoxia provides evidence that CTSB is transcribed at early
time points, but no mRNA or protein is detectable. These data
suggest that the CTSB mRNA and protein increase under
chronic hypoxia results from enhanced RNA stability. In fact,
we noticed inactivation of TTP after 24 to 48 h of hypoxia. In
addition, the knockdown of TTP confirmed its role in reducing
target mRNAs such as CTSB in acute but not chronic hypoxia.
Moreover, blocking JNK, a kinase known to phosphorylate and
thus inactivate TTP under chronic hypoxia, attenuated stabili-
zation of CTSB mRNA by decreasing TTP activity (16). Acti-
vation of JNK under prolonged hypoxia, as shown in our study,
corroborates previous findings by Jin et al. (15). JNK activation
is associated with an enhanced metastatic ability of cancer cells
and linked to increased levels of urokinase-type plasminogen
activator and matrix metalloprotease 9 (MMP-9) (30). Inter-
estingly, MMP-9 is defined as a TTP target, suggesting that
JNK-mediated TTP phosphorylation may stabilize MMP-9
mRNA (31). Also, overexpression of CTSB in various cancers is
linked to malignant progression, favoring migration and inva-
sion (27, 32-36). Additionally, we found both pro-CTSB and
mature CTSB to be upregulated in human macrophages under
chronic hypoxia, which suggests an enhanced activity of the
enzyme under these conditions. Consistently, TTP is ubiqui-
tously expressed in malignant tumors and dominantly detected
in its phosphorylated and thus inactive form (37, 38). We pro-
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1). Data are expressed as means = SEM (n = 3 experiments). *, P < 0.05.

vide a mechanism for protein regulation under chronic hyp-
oxia, taking regulatory features of TTP and tumor-specific ex-
pression of TTP into consideration. Expression patterns of
CTSB are shared by SNX5, osteoclast-stimulating factor 1, and
histone H4 mRNA, with the further information that SNX5 is
regulated by TTP as well. We suggest that an HIF-triggered
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expression in combination with TTP-dependent RNA decay is
an important and more general regulatory mechanism for pro-
tein expression under chronic hypoxia.

Nakayama reported activation of nuclear factor kappa light-
chain enhancer of activated B cells and cyclic AMP response
element-binding protein during chronic hypoxia to induce
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MMP-1 in an HIF-2a-dependent manner (39). In light of our In conclusion, we provide evidence that transcription of CTSB
studies, we speculate that an additional mechanism might ex- mRNA under hypoxia is HIF-2a dependent. The delay in protein
plain delayed MMP-1 expression, since the MMP-1 3" UTR  expression is explained by mRNA destabilization, which is facili-
also contains several AREs as potential TTP binding sites. tated by TTP (Fig. 8). Inactivation of TTP due to phosphorylation
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FIG 8 Scheme to illustrate CTSB expression under chronic hypoxia. For details, see the text.
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by JNK under periods of chronic hypoxia stabilizes target mRNAs
of, e.g., CTSB or SNX5, which results in protein expression as a
late hypoxic event. Our work provides a molecular explanation for
protein expression under periods of long-lasting hypoxia, as
found in various diseases, which differs clearly from mechanisms
under acute hypoxia.
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