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Summary

Hypoxia-inducible factorl (HIF-1) is an essential
transcription factor for cellular adaptation to decreased
oxygen availability. In normoxia the oxygen-sensitiven-
subunit of HIF-1 is hydroxylated on Pro564 and Pro402
and thus targeted for proteasomal degradation. Three
human oxygen-dependent HIF-&t prolyl hydroxylases
(PHD1, PHD2, and PHD3) function as oxygen sensors in
vivo. Furthermore, the asparagine hydroxylase FIH-1
(factor inhibiting HIF) has been found to hydroxylate
Asp803 of the HIF-1 C-terminal transactivation domain,
which results in the decreased ability of HIF-1 to bind to
the transcriptional coactivator p300/CBP. We have fused
these enzymes to the N-terminus of fluorescent proteins and
transiently transfected the fusion proteins into human
osteosarcoma cells (U20S). Three-dimensional 2-photon
confocal fluorescence microscopy showed that PHD1 was

exclusively present in the nucleus, PHD2 and FIH-1 were
mainly located in the cytoplasm and PHD3 was
homogeneously distributed in cytoplasm and nucleus.
Hypoxia did not influence the localisation of any enzyme
under investigation. In contrast to FIH-1, each PHD
inhibited nuclear HIF-1a accumulation in hypoxia. All
hydroxylases suppressed activation of a cotransfected
hypoxia-responsive luciferase reporter gene. Endogenous
PHD2mRNA and PHD3mRNA were hypoxia-inducible,
whereas expression of PHDImMRNA and FIH-ImRNA was
oxygen independent. We propose that PHDs and FIH-1
form an oxygen sensor cascade of distinct subcellular
localisation.

Key words: Hypoxia, Oxygen sensing, Hypoxia inducible factor,
Hydroxylase

Introduction oxide synthase, and virtually all glycolytic enzymes. Thus the

The transcription factor hypoxia-inducible factor 1 (HIF-1)induction of HIF-In is central for the adaptation of cells,
plays a central role in adaptation processes to reduced cellufi§sues and the whole organism to hypoxia.

oxygen availability (Semenza, 1999; Wenger, 2000; Wenger, In normoxia HIF-It is bound by the von-Hippel-Lindau
2002). HIF-1 is composed of two subunits, which are botigene product (pVHL) (Hon et al., 2002; Maxwell et al., 1999;
basic helix-loop-helix PAS proteins (Wang et al., 1995)Min et al., 2002), which is the substrate-recognising
Although thef-subunit is a constitutive nuclear protein, the ~ component of an E3 ubiquitin ligase complex (Cockman et al.,
subunit is rarely detectable in normoxia but strikingly induced000; Ohh et al., 2000; Tanimoto et al., 2000). HtFsLthen

in hypoxia in all cell types examined so far. HIears two  polyubiquitynated and almost instantaneously degraded by the
nuclear translocation signals (Kallio et al., 1998), and thuproteasome (Huang et al., 1998; Salceda and Caro, 1997).
most of the protein is found in the nucleus. It is still undeiComplete inactivation of pVHL in cultured cells leads to
discussion whether the translocation process is hypoxiaccumulation of HIF-& in normoxia, suggesting that oxygen-
inducible (Ruas et al., 2002) or not (Groulx and Lee, 2002¢ependent degradation of Hife-1s exclusively controlled by
Hofer et al., 2001). In the nucleus HIB-Himerises with its pVHL. The existence of an oxygen- and pVHL-independent
partner protein HIFf3, which is also termed the aryl HIF-1a degradation pathway has been reported very recently
hydrocarbon receptor nuclear translocator (ARNT). @il  (Isaacs et al., 2002).

heterodimer binds to hypoxia-responsive elements (HRE) in In the presence of oxygen, binding of HI&-fio pVHL is
regulatory regions of an array of hypoxia-inducible genesnduced by hydroxylation of two proline residues of HiE-1
(Semenza, 1998). The target genes of HIF-1 include thod$&b64 and P402 (Ivan et al., 2001; Jaakkola et al., 2001; Masson
encoding the glycoprotein hormone erythropoietin, whichet al., 2001; Yu et al., 2001). Shortly after this demonstration,
leads to the production of red blood cells, the angiogenic fact@ family of enzymes capable of hydroxylating Hié-subunits
vascular endothelial growth factor (VEGF), enzymeswas identified (Epstein et al., 2001). The first enzyme shown
generating vasoactive substances, for example, inducible nitdio have this activity was th€aenorhabditis elegangrotein
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EGL-9. By database search a group of human enzymes wasas primers. The latter one carrieKnl site. After digestion with
found that were termed prolyl hydroxylase domain containing<hd andKpnl we ligated the PCR product int6P3D2-pBluescript.
proteins 1, 2, and 3 (PHD1, PHD2, and PHD3). Another grouphe full-length PHD2 could now be released uditigdlll/Kpnl and

of investigators have independently identified the sam&€ ligated into pEGFP-N1. All PHD-EGFP fusion vectors were
enzymes calling them HPH1, HPH2 and HPH3, where HpHfansformed into Dam-deficieri. coli IM110 (Stratagene). After

: : plasmid isolation PHD1-EGFP- and PHD2-EGFP-coding sequences
stands for HIF prolyl hydroxylases (Bruick and McKnight, b2 "o cce 4™ isingdindill/Xba. PHD3-EGFP was released by

2001). The existence of a fourth HIg-Dbrolyl hydroxylase Hindlll and Notl digestion. Each PHD-EGFP fusion was then ligated
has been postulated very recently (Oehme et al., 2002). On, pcDNAS. In vitro transcription/translation reactions (IVTT) were
more theoretical basis PHD1, PHD2 and PHD3 were shown {g:rformed in T7 TNT reticulocyte lysate (Promega) following the
belong to the same gene family as EGL-9 before a function hagipplier's instructions3®S-labelling of the IVTT products and SDS-
been assigned to them. Therefore they were also nam@adGE showed protein species of the expected molecular weight.
EGLN1, EGLN2 and EGLN3 (Taylor, 2001). The FIH-1 coding sequence was PCR amplified from a cDNA

Very recently oxygen-dependent hydroxylation of Aspg803 irsample prepared from U20S cells using the forward oligo 5
the C-terminus of human HIFalhas been demonstrated to CCCAAGCTTGCGGAGATGGCGGCGACAGCGGCG:3and the

inhibit the function of the C-terminal transactivation domain'€Versé oligo SGGAATTCCTAGTTGTATCGGCCCTTGATC-3

(C-TAD) (Lando et al., 2002a). A protein that was termed the "¢ PCR product was digested wtindlil and EcaR| and ligated

AT ) into pcDNA3. A second PCR product was generated using the same
factor inhibiting HIF (FIH-1) was isolated (Mahon et al., 2001)5, oligo and a 3oligo eliminating the stop codon and containing a

and subsequently shown to abrogate the interaction betwegfg “restriction site. This product was ligated into pEGFP-NL.
HIF-la and the transcriptional coactivator p300/CBP|nterestingly both FIH-1 PCR products contained a nucleotide
(Hewitson et al., 2002; Lando et al., 2002b). The existence @lbstitution that led to replacement of Pro41 by Ala. All expression
FIH-1 and the PHDs suggests that in the presence of oxygeactors were verified by DNA sequencing.

HIF-1 target gene expression is tightly regulated by two

separate mechanisms: prolyl hydroxylases initiate th% I cul q . foct
degradation of HIF-d and the asparagine hydroxylase FIH-1 ¢! culture and transient transfections

; ; R ; ot ; _ The human osteosarcoma cells (U20S) were a kind gift from J. M.
mzc;w;;eDslthgHCDtZerrgmggtf:j?:ﬁ_l;ﬁtlﬁnd(rjcc));néll?eo;II-EU_(E1 Gleadle and P. J. Ratcliffe. U20S and Hep3B cells (ATCC) were
’ ’ Y Yy own in Dulbecco’s modified Eagle’s medium (DMEM, Gibco,

r
an o_xygen-dependent manner the_y have been postulated %ersruhe, Germany) supplemented with 10% FCS (Gibco), 50 1U/ml
function as oxygen sensors in vivo. Here we set out t@enjcilin and 50pg/ml streptomycin sulfate (Sigma). Cells were
determ|ne the |ntracellular Iocal|sat|0n Of these enZymeS. Qrown in six-well dishes for reporter gene assays and RNA
this end we expressed the hydroxylases fused to enhancg@paration or on coverslips in 24-well dishes for microscopical
green fluorescent protein (EGFP) in cultured humaranalysis. Transient transfections were performed as described
osteosarcoma cells and assessed their effect on the hyporieviously (Masson et al., 2001). In brief, for each well to be
induction of endogenous HIFalby immunofluorescence. We transfected 3ul Fugene 6 (Roche, Mannheim, Germany) per

also tested the effect of a transient transfection of PHD@'{"‘SmiOI DtNA We“i SUSpfnde% inDul\ﬁl]’gDMEM/v(\jlgll.dAftTer:Smi_n;;tes
_ Ari ; at room temperature plasmi was added. The mixture was
or FIH-1 on an HRE-driven luciferase reporter gene, ubated for another 30 minutes at room temperature and then added

Furthermore, we checked for expression of endogenous P @Cthe cell culture medium. Cells were incubated for 24 hours and then

mRNAs and their responses .to hypoxia and the hypoxia mimi%bjected to the experimental conditions. Hypoxic incubations were
desferrioxamine and cobalt ions. done in an atmosphere of 1% or 3% i® a hypoxia workstation
(Ruskinn Technology, Leeds, UK).

Materials and Methods
Plasmids and IVTT Fluorescence microscopy

Expression vectors for human prolyl hydroxylases PHD1-pcDNA3U20S cells were grown on coverslips to 50% density and transfected
PHD2-pcDNA3, PHD3-pcDNA3 (Epstein et al., 2001) and PHD-PKwith the EGFP- or PK-tagged PHD1, PHD2, PHD3 and FIH-1 as
(versions that bear a nine amino-acid C-terminal paramyxoviral PKdescribed above. Cells were incubated for 4 hours in normoxia
tag) were generously provided by J. M. Gleadle and P. J. Ratcliff20% oxygen) or in hypoxia (1% oxygen) and fixed by ice cold
(University of Oxford, Oxford, UK). The PHD1 coding sequence wasmethanol/acetone  (1:1) for 5 minutes. For indirect
amplified by PCR using?fu polymerase (Promega, Mannheim, immunofluorescence, cells were blocked with 3% BSA in PBS and
Germany), a T7 promoter primer and a reverse oligonucleotidancubated with a monoclonal mouse anti-Hiér-antibody (1:50,
5'-TCCCCGCGEGTGGGCGTAGGCGGCTGTG Jreplacing the  Transduction Laboratories) or with a monoclonal mouse anti-PK
endogenous stop codon witlBadl restriction site. The PCR product antibody (1:200, Serotec). Cells were washed in PBS prior to an
was digested withHindlll and Sadl (New England Biolabs, incubation with an Alexa-568-conjugated goat anti-mouse IgG
Frankfurt/M, Germany) and ligated into pEGFP-N1 (Clontech,secondary antibody (1:400, Molecular Probes, Géttingen, Germany).
Heidelberg, Germany). PHD3-EGFP-N1 was produced in the sam@overslips were mounted on slides with Mowiol (Calbiochem, Bad
way, the reverse oligomer in this case wa&§ GCCCGCGC&T- Soden, Germany).

CTTCAGTGAGGGCAGATTC-3 PHD2-EGFP-N1 was generated Images of the immunostained cells were captured using a Nikon
in two steps. First we excised an N-terminal restriction fragment fronE1000 microscope (Nikon, Germany) with Apochromd&0 oil
PHD2-pcDNA3 making use of thelindlll restriction site in the immersion objective lens, equipped with an Optronics digital charge-
pcDNA3 multiple cloning site and an internghd site and ligated coupled device (CCD) camera (Visitron Systems, Pucheim,
this fragment into pBluescript KS+ (Stratagene, AmsterdamGermany). The images were assessed by using EZ2000 software
Netherlands). Next we amplified thé &nd of the PHD2 coding (Coord, Netherlands). Fluorescence intensities were visualised by
sequence using oligonucleotidesCITCATCGCTGTTCCAGGAG- using a false color table shading from black (lowest), through blue,
AAG-3' and 3-CGCGGRACCGCGAAGACGTCTTTACCGACCG-  green, yellow, orange, red and purple to white (highest intensity).



Two-photon confocal laser scanning microscopy

Localisation of human HIF-1a hydroxylases

1321

Reverse transcription and quantitative real time PCR

PHDs fused to EGFP were three dimensionally recorded using twdotal RNA (1ug) was reverse transcribed with oligo (dT) and M-MLV
photon confocal laser scanning microscopy (2PCLSM) as describd®leverse Transcriptase (Promega). Gene expression of human PHD1,
previously (Bestvater et al., 2002). The two photon pulses werBHD2, PHD3 and FIH-1 was quantified using the gPCRastermix
provided by a mode-locked Ti: Sapphire laser [Coherent Mira 90@or SYBR Green | (Eurogentec, Belgium) and the GeneAmp®5700
F; excitation at 720-910 nm, pulse interval/repetition rate: 13.Zequence Detection System (PE Biosystems, Foster City, CA). The
nseconds, 110 fsecond pulses and a high power (5 W, 532 nm) la$¥CR reactions were set up in a final volume giil&er 0.5ul cDNA,

(Verdi, Coherent, Darmstadt); 40 mW at 560 nm]. The light waslx reaction buffer with SYBR Green |, 10 pmol forward (F) and 10
guided through a grading dispersion compensator (GDC) to a scgmmol reverse primer (R). The primer sets used for PHD1 weré-(F) 5

unit (PCM2000, Nikon, Germany) mounted on an

invertedGGCGATCCCGCCGCGC-3and (R) 5CCTGGGTAACACGCC-

fluorescence microscope (TE300, Nikon). The x,y,z image stack3, for PHD2 (F) 5GCACGACACCGGGAAGTT-3 and (R) %
(512x512x64 pixels) were obtained by optical sectioning with 8 60 CCAGCTTCCCGTTACAGT-3 for PHD3 (F) 5GGCCATCAGC-
water objective (Nikon, Plan Apochromat DIC H; NA 1.2). 850 nmTTCCTCCTG-3 and (R) 5>GGTGATGCAGCGACCATCA-3 for

for excitation was applied for GFP excitation giving an emissionFIH-1 (F) 8-ACAGTGCCAGCACCCACAA-3 and (R) 5GCCCA-
peak at 520 nm. Fluorescence intensities recorded by a pho@AGTGTCATTGAGCG-3, for the house keeping gene 60S acidic
multiplier were digitised and visualised by the EZ 2000 softwareibosomal protein (F)'SACGAGGTGTGCAAGGAGGGC-3and (R)
(Version 2.1.4, Coord Automatisering, Netherlands). The signal-to5'-GCAAGTCGTCTCCCATCTGC-3 Agarose gel electrophoresis
noise ratio was determined and the images were deconvoluted bgnfirmed the specificity of the amplification product. Ten-fold
the Huygens System software (Version 2.2.1, Scientific Volumalilutions of purified PCR products (High Pure PCR Product
Imaging; PS Hilversum, Netherlands) on a Silicon Graphics OctanBurification Kit, Roche) starting at 1 pg to 0.1 fg were used as

workstation using the maximum likelihood estimation (MLE)
method. The data were reconstructed with the Applicatior
Visualisation System (AVS Waltham, Mass., USA). Calculation of
isosurfaces was performed on a Unix-based Octane workstatic
(Silicon Graphics, Mountain View) on the basis of the application
visualisation system using a marching cube algorithm (AVS-
Express, Waltham) as described above.

In vitro protein interaction assay

The hydroxylase activity of the PHD-EGFP fusion proteins was
demonstrated in a GalDBD-HIFa549-582—pVHL in vitro
interaction assay as described previously (Jaakkola et al., 2001).
brief, we produced GalDBD-HIFe549-582, PHD, PHD-EGFP
fusion proteins and®>S-labelled pVHL in a T7-coupled rabbit
reticulocyte lysate in vitro transcription/translation system (Promega
as recommended by the manufacturer. GalDBD-HiB4B-582 was
purified with GalDBD-antibodies conjugated to agarose beads (San
Cruz Biotechnology, Heidelberg, Germany). b GalDBD-HIF-
1a549-582 IVTT solution was then incubated for 30 minutes with
either 5ul unprogrammed reticulocyte lysate or PHD or PHD-EGFP
fusion protein IVTT solution in the presence of 1 mM ascorbate, :
mM o-ketoglutarate and 2@M FeCbk. The beads were washed
several times before|d of 35S-pVHL IVTT solution was added. The
mixture was incubated overnight at 4°C on an end-over-end rotatc
Unbound35S-pVHL was removed by washing, the beads were boilec
in SDS-PAGE loading buffer and the proteins were separated c
a 15% SDS-polyacrylamide geB°S-pVHL was detected by
autoradiography.

Reporter gene assays

Cells were grown in six-well dishes and transfected as detailed abo\
For each well, 25Qg of a plasmid containing six copies of a hypoxia-
responsive element from the PGK promoter in front of a firefly
luciferase gene (HRE-luc, a kind gift of C. Pugh, University of
Oxford, Oxford, UK), 25Qug of an SV40 promotefl-galactosidase
plasmid (Promega) and 5Q@ of a PHD-pcDNA3 construct were

EGFP

PHD1-EGFP

PHD2-EGFP

PHD3-EGFP

FIH1-EGFP

255

r

used. After 24 hours the cells were given fresh medium and incubatédg. 1. Control EGFP or HIF-1 hydroxylase. EGFP fusion proteins

in the normoxic (20% &) or in the hypoxic (1% &) atmosphere for

transiently expressed in subconfluent human U20S osteosarcoma

24 hours. Cells were harvested and luciferase assays were done wiglls. Cells were transfected with pEGFP-N1 or with plasmids

a commercially available assay kit (Promega) following the suppliergncoding PHD-EGFP or FIH-1-EGFP. Cells were fixed with cold 4%
instructions. B-galactosidase activity was measured exactly agaraformaldehyde/PBS for 10 minutes. Left column, EGFP
published previously (O’Rourke et al., 1999). HRE luciferase value8uorescence microscopy; right column, fluorescence intensities
were divided byp-galactosidase values to correct for variations invisualised using a false colour table shading from black (lowest
transfection efficiency. All transfections were done in three separat@tensity), through blue, green, yellow, orange, red and purple to

wells, data are given as mean plus standard deviation.

white (highest intensity).
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standards. Amplification conditions were set to 10 minutes at 95°@rminal position, this tag was not expected to influence
followed 30 PCR cycles [15 seconds at 95°C, 1 minutes at 60°€ubcellular localisation. Importantly the tagged proteins
(PHD1, 2 and FIH-1) or 62°C (PHD3 and ribosomal protein)]. Theshowed exactly the same intracellular distribution as the EGFP
quantity of cDNA used in each reaction was normalised to theygion proteins (data not shown). Expression of PHD3
ribosomal protein cDNA and expressed as cDNA sample/cDNAyaquently resulted in deposition of perinuclear aggregates that
ribosomal protein. did not colocalise with any subcellular compartment. These
aggregates were not enclosed by a cellular membrane, as
demonstrated by electron microscopy (data not shown), and
Results o were substantially reduced when we used the PK-tagged
Subcellular localisation of HIF-1a hydroxylases PHD3-construct followed by immunohistochemistry with a
We produced chimeric proteins composed of one of the HIFPK antibody. These data indicate that the aggregates were
la prolyl hydroxylases or FIH-1 fused in frame to the N-artefacts caused by cytoplasmic deposition of overexpressed
terminus of EGFP. The fusion proteins were then transientli?HD3.

expressed in human U20S osteosarcoma cells. Intracellular

localisation was analysed by fluorescence microscopy as well ]

as by three-dimensional two-photon confocal laser scanninfgffect of hydroxylase expression on endogenous HIF-1a
microscopy (2PCLSM). We found that the hydroxylases hav&Ve confirmed by in vitro transcription/translation in rabbit

a distinct pattern of subcellular localisation. PHD1 wageticulocyte lysate that all HIFelprolyl hydroxylase EGFP
detectable exclusively in the nucleus, whereas the majority déisions could be expressed as single bands of the expected
PHD2 and FIH-1 was found in the cytoplasm. The latter resulinolecular weight (Fig. 3A). Next we demonstrated that the
is of interest because PHD2 and FIH-1 have a calculatgarolyl hydroxylase fusion proteins can modify HIB-It
molecular weight of 46 kDa and 40.3 kDa, respectively. A$ro564, enabling pVHL binding. To this end we set up an in
molecules of up to 60 kDa usually have free access to thétro protein interaction assay as described previously
nuclear compartment (Quimby and Corbett, 2001), PHD2 an@aakkola et al., 2001). In a control experiment we excluded
FIH-1 would be expected to be present in cytoplasm anthe possibility that GalDBD or the agarose beads bind
nucleus. This finding suggests that PHD2 and FIH-1 aré&o pVHL non-specifically before or after treatment with
actively excluded from the nucleus. PHD3 was distributedHIF-1a prolyl hydroxylases (data not shown). We then
more evenly in the cytoplasm and nucleus (Figs 1, 2). We aldeeated a GalDBD-ODD fusion protein bound to agarose
analysed the localisation of the prolyl hydroxylases carryindgpeads with the hydroxylases or the hydroxylase EGFP fusion
a nine amino-acid C-terminal paramyxoviral PK tag insteagrotein and analysed pVHL-binding activity by incubation
of EGFP. Because of its low molecular weight and its Cwith 3°S-labelled pVHL followed by autoradiography.

Fig. 2. Three-dimensional two-
photon confocal laser scanning
microscopy of PHD1, PHD2,

PHD3 and FIH-1. Different EGFP
fluorescence intensities of single
cells were visualised in false
colours as indicated by the color
table (right column). Therefore, up
to 64 optical slices through the
transfected cells were recovered by
two-photon confocal laser
scanning microscopy. After
reconstruction of the optical slices,
the distribution of the EGFP
fluorescence within a single cell
was visualised in three dimensions.
A cut through the cell reveals the
inside distribution. An overlay of

all optical slices is shown in the
inserts.
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Hif-1o

EGFP Merge

Fig. 3.1n vitro characterisation of PHD-EGFP
fusion proteins. (A) In vitro transcription/ FIH1
translation products detected by 8% SDS-PAGE
and autoradiography. (B) An in vitro protein
interaction assay. After treatment of an
immobilised GalDBD- HIF-tr 549-582 fusion
protein with unprogrammed reticulocyte lysate
Fig. 4. Effect of transiently expressed PHD fusion or FIH-1 fusion proteins on the nuclear
accumulation of endogenous Hle-Lnder hypoxia. PHD-EGFP fusion or FIH-1-EGFP
fusion protein or control EGFP was transiently expressed in U20S cells. The cell cultures
were placed in a hypoxia workstation (1% O2) for 4 hours. Cells were then fixed in ice-

or PHD or PHD-EGFP fusion protei#pS-
labelled pVHL was added. Two pVHL isoforms
cold methanol/acetone and immunostained for endogenousdB-detailed in

(24 kDa and 19 kDa) were detected because
translation was initiated at two distinct ATG

Materials and Methods. The left column shows hydroxylase EGFP-fusion proteins, the
middle column indirect immunofluorescence of endogenous HI&AH the right column

codons in VHL. The ability to capture pVHL
indicates hydroxylation of HIF€l Pro564.
Note that reticulocyte lysate has a low but

significant hydroxylating activity.
Although the activity of the fusion proteins appeared to beccumulation. As expected, overexpression of FIH-1 did not
is not involved in the HIF-d@ degradation pathway. Taken

(Merge) an overlay of both columns.
somewhat reduced compared to the native enzymes, thesultin a reduction of hypoxic HIFallevels, as this enzyme

fusion proteins have clearly retained HI&-hydroxylase
to hypoxia by nucleus as well as in the cytoplasm even under hypoxic

activity (Fig. 3B). We then expressed the PHD-EGFPRogether these results strongly suggest that degradation of
fusions in U20S cells and assessed the nuclear accumulatibliF-1a can be initiated by prolyl hydroxylation in the

of endogenous HIFd in response
immunohistochemistry. We found that each of the PHDsonditions.
reduced HIF-& induction significantly (Fig. 4). Interestingly
transfected with PHD1 showed a somewhat
heterogeneous appearance with some cells still stainirfgffect of transient overexpression of HIF-1a
positive for HIF-Ii after hypoxic incubation. PHD2 and hydroxylases on HRE-luciferase expression
HIfErl To confirm that all enzymes under investigation have a

cells
virtually eliminated the

PHD3 transfection



1324 Journal of Cell Science 116 (7)

7500 1 4 4
T < 12
z
> 3
£ —20%O0, °
= 2 1
S 5000 1 =1%0, g 3 Ey
o =
o 09
5 <
5 5§ 2
= o
= 2500 1 o
= o
g g
e i 2
r—l_L| =
o 1 | . | . .
pcDNA3 PHD1 PHD2 PHD3 pcDNA3 FIH-1

Fig. 5. Effect of the transient overexpression of HiéFHydroxylases PHDI PHD2 PHD3 FIH-L

on HRE-luciferase expression. U20S cells were cotransfected with Fig, 6. HIF-1a hydroxylase expression in normoxia and responses to
the indicated HIF-& hydroxylase construct and a hypoxia-inducible hypoxia, desferrioxamine (150M) or cobalt chloride (10pM)
firefly luciferase gene. Luciferase values of three separate wells wefigeatment. U20S total mMRNA was reverse transcribed and subjected

divided byB-galactosidase values to correct for variations of to quantitative PCR as detailed in Materials and Methods. Numbers
transfection efficiency and are given as means plus standard above the bars indicate fold induction compared to normoxia. Results
deviation. are given as means of four separate samples plus standard deviation.

significant impact on hypoxia-induced gene expression we
transiently expressed the hydroxylases in U20S cells togethPHD3 (Epstein et al., 2001). Hydroxylated HI&inds to the
with an HRE-driven luciferase reporter gene and incubated theon Hippel Lindau protein, which targets it for proteasomal
cells overnight in an atmosphere of 1% oxygen. Each of thdegradation by polyubiquitynation. In the presence of oxygen
PHDs nearly abrogated hypoxic induction of the reporter gen@ second hydroxylation reaction inactivates the C-terminal
construct (Fig. 5). Repetition of the assay in U20S and Hep3Bansactivation domain of HIFet if the amino-acid residue
cells indicated that there was no reproducible, statisticallAsp803 is hydroxylated by the asparagine hydroxylase FIH-1,
significant difference between PHD1, PHD2 and PHD3 witlrecruitment of the transcriptional coactivator p300/CBP is
respect to the inhibition of HRE-luciferase induction. FIH-1linhibited (Lando et al., 2002a; Hewitson et al., 2002). In the
had the same effect although it does not act by pVHL bindingresent study we show that human HiFHydroxylases have
and subsequent degradation but by hydroxylation of Asp80% distinct pattern of intracellular localisation. PHD1 is localised
which impairs the recruitment of the transcriptional co-exclusively to the cell nucleus, the majority of PHD2 is
activator p300/CBP. expressed in the cytoplasm and PHD3 is partly present in the
cytoplasm and partly in the nucleus. The asparagine
) ) hydroxylase FIH-1 is mainly located in the cytoplasm; a small
Effect of hypoxia on the expression of endogenous but significant portion, however, is also found in the nucleus.
PHDmRNA and FIH-ImRNA While our manuscript was in preparation the intracellular
In HelLa cells, PHD2mRNA and PHD3mRNA are hardly localisation of PHD1, PHD2, PHD3 in COS1 cells has been
detectable in normoxia but are induced by hypoxia when PHDtfeported (Huang et al., 2002). The data for PHD1 and PHD2
transcription is independent of ambient oxygen concentratioare in agreement with ours: PHD3 was predominant in the
(Epstein et al., 2001). In U20S cells, expression of the PHDsytoplasm. Interestingly the authors have shown that all PHDs
and their response to hypoxia has not been investigated so fegduce the normoxic expression of an HA-tagged, transfected
Quantitative RT-PCR revealed that the transcripts of PHDIIF-1a protein. Our experiments prove that PHD1, PHD2 and
PHD2 and FIH-1 are easily detectable in normoxia, whereaBHD3 also abrogate the hypoxic induction of endogenous HIF-
PHD3 transcripts were very close to the detection limit. As irla. This effect was most pronounced for PHD2 and PHD3.
HelLa cells PHD2mRNA and PHD3mRNA showed significantAlthough PHD1 clearly reduced the number of cells staining
upregulation in U20S cells in response to hypoxiapositive for HIF-Tr, some cells showed nuclear colocalisation
Desferrioxamine (150QM) induced the transcription of the two of overexpressed PHD1 and endogenous HiFHrom our
prolyl hydroxylases PHD2 and PHD3 more efficiently thanexperiments it is not entirely clear whether the conditions were
hypoxia or cobalt ions. PHD1 and FIH-1, however, werdess than ideal for PHD1 or whether PHD1 is not as efficient
expressed constitutively (Fig. 6). as the other HIFd prolyl hydroxylases. Our results are in line
with a report (Huang et al., 2002) that demonstrates that PHD2
_ _ has a higher specific activity toward HIB-than to PHD1. It
Discussion has been reported (Groulx and Lee, 2002) that the degradation
The transcription factor HIF-1 is a central mediator of cellulaof HIF-1a is initiated by strictly nuclear prolyl hydroxylation
responses to hypoxia. Very recently enzymatic prolyland subsequent export of HIlB=pVHL complexes. From our
hydroxylation has been found to control the stability of thedata it appears unlikely that PHD1 is the dominant enzyme in
oxygen-sensitive-subunit (Ilvan et al., 2001; Jaakkola et al.,HIF-1a degradation. This would suggest that the nuclear
2001; Masson et al., 2001; Yu et al., 2001). The hydroxylatioportions of PHD2 and PHD3 are the active biological oxygen
reaction is catalysed by specific enzymes PHD1, PHD2 armgknsors in vivo.
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