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Abstract
Background: To elucidate further the pathogenesis of sporadic, idiopathic pulmonary arterial
hypertension (IPAH) and identify potential therapeutic avenues, differential gene expression in
IPAH was examined by suppression subtractive hybridisation (SSH).

Methods: Peripheral lung samples were obtained immediately after removal from patients
undergoing lung transplant for IPAH without familial disease, and control tissues consisted of
similarly sampled pieces of donor lungs not utilised during transplantation. Pools of lung mRNA
from IPAH cases containing plexiform lesions and normal donor lungs were used to generate the
tester and driver cDNA libraries, respectively. A subtracted IPAH cDNA library was made by SSH.
Clones isolated from this subtracted library were examined for up regulated expression in IPAH
using dot blot arrays of positive colony PCR products using both pooled cDNA libraries as probes.
Clones verified as being upregulated were sequenced. For two genes the increase in expression
was verified by northern blotting and data analysed using Student's unpaired two-tailed t-test.

Results: We present preliminary findings concerning candidate genes upregulated in IPAH.
Twenty-seven upregulated genes were identified out of 192 clones examined. Upregulation in
individual cases of IPAH was shown by northern blot for tissue inhibitor of metalloproteinase-3 and
decorin (P < 0.01) compared with the housekeeping gene glyceraldehydes-3-phosphate
dehydrogenase.

Conclusion: Four of the up regulated genes, magic roundabout, hevin, thrombomodulin and
sucrose non-fermenting protein-related kinase-1 are expressed specifically by endothelial cells and
one, muscleblind-1, by muscle cells, suggesting that they may be associated with plexiform lesions
and hypertrophic arterial wall remodelling, respectively.
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Background
In pulmonary hypertension (PAH), the mean resting pul-
monary arterial pressure is greater than 25 mm Hg in con-
trast to the normal adult pulmonary circulation which has
little resting vascular tone. The disease is also character-
ised by an absence of a significant pulmonary vasodilator
response [1]. Many precapillary pulmonary arteries are
affected by plexiform lesions, medial hypertrophy, inti-
mal fibrosis and microthrombosis. PAH is a rare, often
fatal condition, which progresses rapidly often leading to
right-sided heart failure if untreated. It has a prevalence of
less than two in a million and is more common in
females. Most cases are idiopathic (IPAH), but about 6%
are hereditary, with the major familial PAH (FPAH) locus
located at 2q31. This is an autosomal dominant disease
with incomplete penetrance. About 50% of these PAH
families have been shown to have mutations in the bone
morphogenetic protein receptor-II gene (BMPR2), but
only 10% of cases of the sporadic or idiopathic form of
PAH are associated with germline mutations in BMPR2
[2]. Additionally, mutations in activin-like kinase type-1
(ALK-1), another transforming growth factor-beta (TGF-
β) receptor family member, have also been found in some
patients with hereditary haemorrhagic telangiectasia and
PAH [3]. A microarray study of differential gene expres-
sion in PAH has shown that there are distinct distinguish-
ing patterns between IPAH and FPAH [4].

The hypothesis for this study was that the identification of
differential gene expression in IPAH patients who were
not known to have mutations in BMPR2 may help to elu-
cidate its pathogenesis and provide candidate target genes
for therapeutic intervention. More specifically, we used
tissue from cases of IPAH containing plexiform lesions [5]
for this study to identify genes involved in the phenotyp-
ically abnormal endothelial cell proliferation found in
this disease. To achieve this we used suppression subtrac-
tion hybridisation, a method by which rare differentially
expressed transcripts can be enriched a thousand-fold [6]
to generate a cDNA library enriched in genes upregulated
in tissue taken from the peripheral lung of IPAH patients.

Methods
Patients and tissues
Peripheral lung samples were obtained immediately after
removal from patients undergoing lung transplant for
IPAH at Harefield Hospital, Middlesex, U.K. and control
tissues consisted of similarly sampled pieces of donor
lungs not utilised during transplantation, as previously
described [7] with the approval of the ethics committee of
Hillingdon Area Health Authority. The control lung
donors had no systemic disease and were free of known
infections before surgery and liver and renal diseases were
specifically excluded by biochemical analyses. The mean
age of the IPAH patients (n = 4; 2 M, 2 F) was 43 years

(range between 28 and 52 years) and that of the control
donors (n = 4; 2 M, 2 F) was 40 years (range between 18
and 57 years). No evidence of BMPR2 mutations were
found in the IPAH patients used in this study [8]. Tissues
were snap frozen in liquid nitrogen and stored at -70°C,
for subsequent RNA extraction. Frozen sections from adja-
cent tissue blocks fixed in 4% paraformaldehyde were
stained with haematoxylin and eosin or immunostained.

Isolation of RNA from tissues, cells and cDNA synthesis
For SSH total RNA was isolated, from approximately 1.0 g
frozen tissues using the RNeasy method (Qiagen Ltd.,
Crawley, UK). The concentration and purity of eluted
RNA was determined spectrophotometrically (O.D. 260/
280 ratio between 1.8–2.0) and the quality of the RNA
verified by denaturing agarose gel electrophoresis (28 S/
18 S ratio between 1.5–2.5). Equal amounts of total RNA
from 4 cases of PPH and 4 control lung tissues (80 µg
each) were pooled. From the pooled total RNA, poly(A)+

RNA was isolated using the PolyATtract mRNA purifica-
tion procedure (Promega). Double stranded cDNA was
synthesised from poly(A)+ RNA, using the PCR-select
cDNA subtraction kit as described in the manufacturer's
instructions (Clontech). For the analysis of TIMP-3
expression in cultured human cell isolates and cell lines,
total RNA was extracted using guanidine thiocyanate and
treated with DNase-I to remove any contaminating
genomic DNA (SV total RNA isolation system, Promega
Southampton, U.K.). Total RNA was reverse transcribed
with an oligo-dT primer using an AMV RNase H- reverse
transcriptase (ThermoScript, Life Technologies, Paisley,
U.K.). The human TIMP-3 primers were designed to
amplify the 633 base pair ORF. The primers were; sense 5'-
ATGACCCCTTGGCTCGGGCTCAT-3' (exon 1) and anti-
sense 5'-GGGGTCTGTGGCATTGATGATGCTT-3' located
on exons 1 and 5 respectively. The human glyceraldehyde-
3-phosphate dehydrogenase (G3PDH) primers were;
sense 5'-CATCACCATCTTCCAGGAGC-3' (exon 4) and
antisense 5'-ATGCCAGTGAGCTTCCCGT-3' (exon 8)
which gave a 474 base pair product. As a negative control
reverse transcriptase was omitted from the RT reaction.
PCR was carried out on a thermocycler (PE Applied Bio-
systems 2400) using Taq Gold polymerase (PE Applied
Biosystems, Warrington, U.K.) and cDNA from 175 ng of
total RNA. Amplification was for 32 cycles for TIMP-3 and
27 cycles for G3PDH. PCR products were examined by
agarose gel electrophoresis and stained with ethidium
bromide.

Generation of a IPAH subtracted library by SSH
SSH was performed using the PCR-Select Subtraction pro-
tocol (Clontech) according to the manufacturer's recom-
mendations. Briefly, double stranded cDNA from the
primary pulmonary hypertensive pool was used as the
tester and cDNA from the donor pool used as the driver
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using a ratio of 1:30. Differentially expressed genes were
amplified from the subtracted cDNA using suppression
PCR. A GeneAmp 2400 (PE Biosystems) was used for ther-
mal cycling. The conditions used were 94°C for 10 sec,
68°C for 30 sec and 72°C for 90 sec, for the initial 30
cycle PCR and a further 12 cycles for the nested PCR. The
level of expression of the housekeeping gene glyceralde-
hydes-3-phosphate dehydrogenase (G3PDH) in the sub-
tracted library was used to determine the efficiency of
subtraction using an RT-PCR assay. The expression of
G3PDH in the subtracted library was only detected after
33 cycles of PCR, whereas in the unsubtracted library it
was detected after 18 cycles indicating that the library was
subtracted efficiently. The IPAH subtracted library was
size fractionated on SizeSep 400 spun columns (Amer-
sham Pharmacia Biotech) to select for longer, more
informative, cDNAs greater than 400 basepairs.

Cloning and colony PCR
The IPAH subtracted cDNA library was ligated into the
pCR-II-TOPO vector (Invitrogen), a TA cloning system,
and transformed into One Shot TOP10 competent cells
(Invitrogen). The subtracted library was plated on to LB
medium agar plates supplemented with 50 µg/mL ampi-
cillin and treated with 40 mg/mL 5-bromo-4-chloro-3-
indol-β-D-galactopyranoside (Promega) dissolved in
dimethylformamide. Agar plates were incubated over-
night at 37°C. Positive colonies containing inserts were
inoculated in 100 µL LB medium containing ampicillin.
Plasmids containing cloned sequences from the sub-
tracted library were identified using a colony PCR proto-
col based on the PCR-Select Differential Screening
protocol (Clontech). Briefly, cloned inserts were ampli-
fied by PCR and the products analysed by agarose gel elec-
trophoresis.

Verification of differential IPAH gene expression using dot 
blot arrays (reverse Northern blot) of positive colony PCR 
products
Each positive colony PCR product was denatured in an
equal volume of 600 mM NaOH and 0.5% bromophenol
blue and 2 µL dot blotted on to a Hybond-N nylon mem-
brane (Amersham Pharmacia Biotech). β-actin and
G3PDH control cDNAs were also applied. Membranes
were prepared in duplicate, neutralised in 500 mM Tris
pH 7.4 for 5 min, washed with water and UV cross linked.
Dot blot membranes were pre-hybridised in express
hybridisation solution (Clontech) supplemented with 1%
blocking solution (100 µg/mL denatured sheared salmon
sperm DNA in 0.2 × SSC) for 1 hour at 72°C. The mem-
branes were hybridised with random primed 32P-dCTP
labelled probes from either the subtracted or unsubtracted
library as described in the PCR-select differential screen-
ing protocol (Clontech) and hybridised overnight at
72°C. Membranes were washed 4 times with 2 × SSC,

0.5% SDS at 68°C for 20 min followed by 2 stringency
washes with 0.2 × SSC, 0.5% SDS at 68°C for 20 min.
Membranes were exposed to X-ray film with intensifying
screens from 12 hours to 2 days at -70°C.

Sequencing positive clones
Plasmid DNA was extracted from clones which were dif-
ferentially expressed on the gene expression dot blot
arrays, using the Wizard SV minipreps DNA purification
system (Promega). Plasmids were sequenced using the
Sp6 and T7 promoter primers (5'-ATTTAGGTGACAC-
TATA-3' and 5'-TAATACGACTCACTATAGGG-3' respec-
tively) with the big dye terminator cycle sequencing ready
reaction kit containing AmpliTaq DNA polymerase, FS on
an ABI 373XL Stretch Sequencer (PE Applied Biosystems).
Sequences were compared with the GenBank database
using a BLASTN search.

RNA blot analysis
Total RNA was separated by denaturing formaldehyde gel
electrophoresis, transferred to Hybond-N nylon mem-
brane and hybridised with 32P-labelled probes of either an
EcoRI insert of DNA from the SSH clones or a 0.8 kb
EcoRI/Hind III insert of G3PDH. Membranes were pre-
hybridised for 1 hour and hybridised overnight in a buffer
containing 5 × SSC, 5 × Denhardt's solution, 0.5% SDS at
60°C. Post-hybridisation washes consisted of 2 × SSC for
10 min at room temperature, followed by 2 stringency
washes with 0.2 × SSC and 1% SDS for 20 min at 65°C.
Membranes were then exposed to film for 1–7 days at -
70°C with intensifying screens and the resultant autoradi-
ograms were quantified using Scion Image software
(Scion Corporation, Maryland, U.S.A.).

Immunocytochemistry
For immunocytochemistry, endogenous peroxidase was
blocked with a solution of 0.03% (v/v) hydrogen peroxide
in methanol for 20 min followed by washing (3 × 5 min)
in phosphate-buffered saline (PBS). After incubation with
normal goat serum diluted 1:30 for 30 min to block non-
specific binding associated with the secondary antibody,
sections were incubated overnight at 4°C with a rabbit
antiserum raised to a synthetic carboxy-terminal peptide
of human TIMP-3 diluted 1:500 (Chemicon International
Inc. California, USA). Immunoreaction sites were visual-
ised using an anti-rabbit biotinylated secondary antibody
and the avidin-biotin-peroxidase complex procedure
(Vector Labs, Peterborough, UK). Peroxidase activity was
revealed with a solution of diaminobenzidine as chro-
mogen with 0.2% (v/v) hydrogen peroxide in PBS to pro-
duce a brown reaction product and sections were
counterstained with Harris' haematoxylin. Controls con-
sisted of replacement of primary antibodies with non-
immune rabbit serum. The sections were observed and
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photographed under a BH-60 microscope (Olympus,
UK).

Protein blotting
Protein was extracted from snap frozen peripheral lung
samples in a ratio of 1 g to 4 mL of lysis buffer (50 mM
Tris base, 2 mM EDTA and 50 mM NaCl, pH 7.4 with 1%
(w/v) SDS) with added protease inhibitors (leupeptin 1
µg/mL, chymostatin 10 µg/mL, bestatin 40 µg/mL, pep-
statin A 1 µg/mL, TLCK 50 µg/mL). Tissue was homoge-
nised for 1 min using an Ultra-Turrax homogeniser (Janke
& Kunkl, Staufen, Germany). Protein concentrations were
determined using a microplate DC assay kit (BIO-RAD,
Hemel Hempstead, UK). The absorbance was read at 750
nm against a bovine serum albumin standard curve.
Extracted protein, standardised as 20 µg of total protein

per sample, was electrophoresed through a 12% (w/v)
SDS-polyacrylamide gel and transferred to a 0.45 µm
nitro-cellulose membrane (Shleicher & Shuell, Dassel,
Germany) for 2 h at 4°C, using a wet system (Bio-Rad,
Hemel Hempstead, U.K.). Membranes were blocked over-
night in 5% (w/v) non-fat dry milk, Tris-buffered saline
with 0.1% Tween-20 (TBS-T). Membranes were incubated
with primary rabbit antisera human TIMP-3 protein
diluted 1:1000 in TBS-Tween for two hours at room tem-
perature. This antisera shows no cross-reactivity with
other TIMP family members. It recognises the glycosylated
and unglycosylated forms of TIMP-3. Membranes were
washed in TBS-T and then incubated for 1 hour with goat
anti-rabbit antibody conjugated with horseradish peroxi-
dase diluted 1:16,000. After repeated washes, the protein
was detected using an enhanced chemiluminescence kit

Table 1: Summary of upregulated genes in IPAH showing gene abbreviation, accession number, location of SSH cDNA clone sequence 
on gene transcript, encoded protein name and chromosomal localisation.

Gene Accession Clone Protein Chromosome

Extracellular Proteins
AMOTL2 NM_016201 3'UTR Angiomotin like-2 3q21-q22
SPARCL1 NM_004684 Coding & 3'UTR Hevin 4q22.1
DCN NM_001920 5'UTR & coding Decorin isoform A 12q21
TIMP3 NM_000362 3'UTR Tissue inhibitor of metalloproteinase-3 22q12.3
FLJ23191 AAQ89180 3'UTR VLLH2748 4q27
Membrane Proteins
ROBO4 NM_019055 Coding & 3'UTR Magic roundabout 11q24.2
THBD NM_000361 3'UTR Thrombomodulin 20p12-cen
CD9 NM_001769 Coding & 3'UTR Cluster of differentiation-9 12p13.3
TM4SF1 NM_014220 Coding & 3'UTR L6 antigen 3q21-q25
GPR107 AF376725 3'UTR G protein-coupled receptor 107 9q34.11
Nuclear
EGLN1 NM_022051 and AF334711 3'UTR Hypoxia-inducible factor prolyl hydroxylase 2 1q42.1
TACC1 NM_006283 3'UTR Transforming acidic coiled coil-1 8p11
MBNL1 NM_021038 3'UTR Muscleblind-1 3q25
CCNI NM_006835 Coding Cyclin I 4q21.1
CCNL1 AF180920 Coding Cyclin L1 3q25.31
NPIP NM_006985 Coding Nuclear pore complex interacting protein 16p13-p11
Cytoplasmic
YWHAZ NM_003406 3'UTR Tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation protein, zeta 
polypeptide

8q23.1

DAB2 NM_001343 3'UTR Disabled homolog 2 5p13
COPA NM_004371 Coding & 3'UTR α-coatomer protein 1q23-q25
VPS35 AF191298 Coding Vesicle protein sorting 35 16q12
C14orf153 NM_032374 Coding Chromosome 14 open reading frame 153 14q32.32-q32.33
Enzymes
FMO2 NM_001460 and 3'UTR 

AK098145
3'UTR Pulmonary flavin-containing monooxygenase 

2/Dimethylaniline monooxygenase
1q23-q25

SNRK NM_017719 3'UTR Sucrose non-fermenting protein-related 
kinase-1

3p22.1

ASAH1 NM_177924 and 
NM_004315

Coding & 3'UTR N-acylsphingosine amidohydrolase/acid 
ceramidase

8p22-p21.3

PDK4 NM_002612 and AF334710 3'UTR Pyruvate dehydrogenase kinase-4 7q21.3-q22.1
ALDH1A1 NM_000689 Coding Aldehyde dehydrogenase 1A1 9q21.13
MAOA NM_000240 Coding & 3'UTR Monoamine oxidase A Xp11.23
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TIMP-3 and decorin mRNA expression in donor and IPAH lungFigure 1
TIMP-3 and decorin mRNA expression in donor and IPAH lung. A total RNA blot of lung tissue from individual patients and 
donors was probed with the TIMP-3 and decorin clones isolated from the SSH library. G3PDH was used as a control house-
keeping gene (A). Ratios of gene expression normalised relative to expression of G3PDH. Bars indicate mean expression val-
ues (B).
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Localisation of TIMP-3 in IPAH lung tissueFigure 2
Localisation of TIMP-3 in IPAH lung tissue. Immunocytochemistry for TIMP-3 was carried out using an polyclonal antisera 
raised against the human carboxy-terminal peptide of TIMP-3. Plexiform lesion showing location of TIMP-3 in subendothelium. 
(A). Hypertrophied artery, showing location of TIMP-3 in in vascular smooth muscle cells and myoblasts (B). Scale bars = 100 
µm. Protein extracted from IPAH and donor lung tissues was analysed by western blot using an antiserum to TIMP-3 (C). The 
antibody recognises both the unglycosalated form (24 kDa), and the glycosalated form of TIMP-3 (30 kDa). Expression of 
TIMP-3 in human cells (D). RNA extracted from human cell lines and explant derived cells was reverse transcribed and ampli-
fied by PCR and run on agarose/ethidium bromide stained gels. RT-PCR for TIMP-3 (top panel) and G3PDH (bottom panel). 
The cell types examined were: Lanes; 1, HL60 (promyelocytic leukaemia); 2, Daudi (Burkitt's lymphoma); 3, EB-transformed 
lymphocytes; 4, K562 (erythroleukemia) 5, pulmonary adult fibroblasts; 6, pulmonary artery smooth muscle; 7, bronchial 
smooth muscle; 8, A549 (adenocarcinoma alveolar epithelial); 9, H322 (adenocarcinoma bronchial epithelial); 10, placental 
microvascular endothelial; 11, umbilical vein endothelial; -, no cDNA negative control; + control lung cDNA; M, phiX174 
DNA/HaeIII markers.
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(ECL, Amersham International, Little Chalfont, U.K.) and
films quantified using LabImage software (Kapelan Bio-
imaging Solutions).

Statistical analysis
Data were analysed using Student's unpaired two-tailed t-
test. Statistical significance was accepted when P < 0.05.

Results
All lung specimens from patients with IPAH showed char-
acteristic vascular changes described as plexogenic pulmo-
nary arteriopathy [9], including enlarged arteries with
medial and/or intimal thickening, arteriolar musculariza-
tion, intimal fibrosis, dilatation and plexiform lesions.
Control tissues showed no evidence of vascular or any
other pathology. RNA was extracted and pooled from the
tissues and SSH was performed. A subtracted library
enriched in transcripts upregulated in IPAH was cloned
and colonies were isolated. PCR products from 192 of
these colonies were generated and used to make dot blot
arrays for gene expression analysis. Duplicate arrays were
probed with the unsubtracted IPAH and donor cDNA
libraries. Densitometric analysis of the exposed films
identified those colonies that were upregulated. These
cDNA clones were sequenced. All sequences match cur-
rently known human genes. However, the sequences for
EGLN1, PDK4, GPR107, CCNL1 and VPS35 cDNAs were
novel [GenBank: AF334711, AF334710, AF376725,
AF180920 and AF191298 respectively]. In total, 27 sepa-
rate genes were identified as being upregulated in IPAH
(Table 1). Housekeeping genes commonly used for nor-
malization in molecular biology such as β-actin, G3PDH
and tubulin were absent indicating successful subtraction.
Of the upregulated SSH clones 52% included some pro-
tein coding sequence and 48% were in the 3'UTR. This
shows the utility of this method for identifying differen-
tially expressed genes with partial protein sequence infor-
mation. With regards to chromosomal localisation, there
were no clusters of upregulated genes and none mapped
to the known FPAH loci at 2q31 (PPH2), 2q33 (BMPR2)
and 12q13 (ALK-1). Our approach to identifying upregu-
lated genes in IPAH did not identify changes in BMP2
receptor expression since it is reduced in IPAH [10].

Since the upregulated genes were identified from pooled
patient samples we verified increased expression of TIMP-
3 and DCN in individual IPAH patient samples by RNA
blot for two genes (Fig. 1). We observed an average 2.49
fold increase in TIMP-3 expression relative to the house-
keeping G3PDH mRNA and a 2.55 fold increase in deco-
rin expression (both P < 0.01). Expression relative to 28 S
ribosomal RNA was found to be similarly increased (data
not shown). Hypertrophied arteries displaying intimal
proliferation from IPAH lung showed TIMP-3 staining in
vascular smooth muscle cells and/or myofibroblasts (Fig.

2A). In plexiform lesions, TIMP-3 staining appeared to be
located in the subendothelium (Fig. 2B). Lung sections
incubated without the primary specific antibody were
negative. TIMP-3 protein levels, determined by protein
blotting, were increased, on average, 2.3 fold in IPAH rel-
ative to normal lung tissue for both the 24 kDa unglyco-
sylated and the 30 kDa glycosylated forms of TIMP-3
(significantly for the 30 kDa isoform, P < 0.05; but not sig-
nificantly for the 24 kDa isoform P < 0.08) (Fig 2C). To
identify the cell types likely to be responsible for the
expression TIMP-3 in lung tissue, expression levels in a
number of human cultured cell lines were examined by
RT-PCR (Fig. 2D). Both bronchial and pulmonary artery
smooth muscle cells and adult lung fibroblasts expressed
the highest levels of TIMP-3 and are likely to account for
the majority of TIMP-3 expression in the lung. Two lung
epithelial cell lines also expressed TIMP-3, but to a lesser
extent. Two endothelial cell types, from placental micro-
vessels and umbilical vein, also expressed TIMP-3. Non-
adherent blood-derived cell lines showed little TIMP-3
expression. Taken together the northern and protein blot-
ting data supports the validity of the experimental design
and suggests that the genes identified by SSH and subse-
quent dot blot arrays are upregulated in IPAH.

Discussion
Idiopathic pulmonary arterial hypertension (IPAH) is a
pulmonary vasculopathy of unknown aetiology. While
genetic studies have provided considerable progress in our
understanding of IPAH through the identified mutations
in the gene for BMP-RII in some patients with familial and
sporadic IPAH, our study sought to elucidate changes in
gene expression in lung tissues from patients with IPAH
without known BMP-RII mutations. We used the PCR-
based SSH method to identify upregulated genes in IPAH
which may contribute to the disease process, lead to the
discovery of the cause(s) of the disease and provide poten-
tial therapeutic targets for treatment intervention. With
the aim of identifying genes associated with the arteriop-
athy we used lung tissue samples containing plexiform
lesions in this study. Endothelial cells normally form a
monolayer, but in plexiform lesions they display some
properties of tumours, forming complex structures and
are mostly monoclonal in origin in IPAH, but are mostly
polyclonal in secondary PAH [11,12].

Extracellular proteins
We found five genes for extracellular proteins upregulated
in IPAH. Hevin (SPARCL1) was initially described as an
acidic protein secreted by high endothelial venules inhib-
iting endothelial cell adhesion and focal adhesions form-
ing and in so doing modulates adhesion to the basement
membrane [13]. Hevin binds collagen I [14] and the other
functions of hevin have been recently reviewed [15]. The
upregulation of hevin expression in IPAH may be due to
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the abnormal vascular proliferation in the plexiform
lesions where its anti-adhesive properties may be respon-
sible for the loss of an endothelial monolayer resulting in
a more rounded endothelial phenotype. The location of
the single hevin gene is on chromosome 7, not on chro-
mosome 4 as previously reported [16]. Hevin production
is induced in response to focal mechanical injury [17],
and in IPAH its increased expression may be due to the
high pulmonary pressure. It has been suggested that hevin
has a pro-angiogenic role [18].

The decorin (DCN) clone corresponded to transcript var-
iant A1 that encodes the full-length protein, isoform A.
Decorin is a pericellular matrix proteoglycan that binds to
type I and type VI collagen fibrils [19]. Transforming
growth factor-β (TGF-β) is a major inducer of extracellular
matrix synthesis and decreases the production of decorin
[20]. Conversely, decorin binds to and inhibits active
TGF-β producing an antifibrotic effect [21]. Increased
expression of decorin may lead to a reduction in the TGF-
β signalling pathway in a manner similar to the defective
BMPR-2 signalling responsible for FPAH. Increases in
decorin expression are associated with capillary endothe-
lial cells in a model of angiogenesis and in inflamed arte-
rial walls [22,23]. Decorin expressing tumours suppress
neovascularization by inhibiting vascular endothelial
growth factor (VEGF) mRNA expression [24] which leads
us to suggest that decorin may be induced during plexio-
genesis. However, an increase in decorin expression in
smooth muscle may also contribute to IPAH since over
expression of decorin in arterial smooth muscle cells pro-
motes the contraction of type I collagen and enhance arte-
rial calcification [25,26].

Tissue inhibitor of metalloproteinases-3 (TIMP-3) is one
of four TIMP proteins that are natural inhibitors of matrix
metalloproteinases (MMP), a group of peptidases that reg-
ulate the degradation, composition and turnover of base-
ment membranes and extracellular matrix. TIMP-3 is the
only one strongly bound to the extracellular matrix
(ECM)[27] which may limit its activity to areas close to
the site of synthesis. TIMP-3 plays an important role in
lung development since the TIMP-3 null mouse develops
a lung phenotype of spontaneous air space enlargement,
similar to that of pulmonary emphysema [28] and has
decreased bronchiole branching during morphogenesis
[29]. It is not surprising to find that TIMP-3 is upregulated
in IPAH as extensive vascular and smooth muscle remod-
elling is an active and on-going process in IPAH. This
upregulation of TIMP-3 is likely to alter the proteolytic
balance between TIMP-3 and MMPs and, in so doing, is
likely to contribute to vascular and smooth muscle
remodelling in IPAH. Recently, a MMP-3/TIMP-1 imbal-
ance was found in the smooth muscle cells obtained from
hypertrophic IPAH arteries [30].

The function of angiomotin-like-2 (AMOTL2) is currently
unknown. However, angiomotin (AMOTL1) binds the
angiogenesis inhibitor angiostatin and loss of its COOH-
terminal PDZ binding domain prevented the growth of
haemangioendothelioma by angiostatin [31]. This indi-
cates that AMOTL2 may play a similar role in regulating
endothelial proliferation.

The VLLH2748 protein is a 568-residue protein of
unknown function. A bioinformatic analysis suggests that
it has an amino-terminal secretion signal with a likely
cleavage site, but no transmembrane domain suggesting
that it is a soluble extracellular protein. VLLH2748 has
homology to the interleukin-6 signal transducer isoform 1
precursor (IL6ST) in the cytokine-binding homology
region. This suggests that VLLH2748 may function to
sequester an interleukin-like cytokine in the extracellular
matrix and preventing it interacting with its receptor.

Membrane proteins
We found five genes for membrane proteins upregulated
in IPAH. Magic roundabout (ROBO4) is one of four
roundabout type-1 transmembrane receptors in humans.
Roundabout proteins 1,2 and 3 are neural guidance recep-
tors that on binding Slit ligands mediate axonal repulsion.
Their extracellular ligand-binding regions have five
immunoglobulin cell-adhesion molecule domains and
three fibronectin type III domains. ROBO4 differs by hav-
ing two immunoglobulin domains followed by two
fibronectin domains extracellularly and being specifically
expressed on the surface of endothelial cells [32]. ROBO4
has been shown to bind Slit-2 [33,34], but another group
did not find any interaction between ROBO4 and any of
the three Slit ligands [35]. Given the sequence similarity
between the Slit ligands and the Notch transmembrane
receptors we suggest that Notch may also be a ligand for
ROBO4. The Notch signalling network regulates interac-
tions between physically adjacent cells and functions in
regulating endothelial cell branching [36]. The Slit-2-
ROBO4 interaction inhibits endothelial migration, partly
through the extracellular-signal-regulated kinase (ERK)
signalling pathway [34]. In adult mice ROBO4 is
restricted to sites of active angiogenesis and is upregulated
in response hypoxia [32,35]. ROBO4 over expression
results in an increase in intersomitic blood vessel defects
in zebrafish embryos [37]. Intriguingly, ROBO4 is upreg-
ulated in mice lacking the ALK-1 gene, which is mutated
in some cases of FPAH, and these mice characteristically
have aberrant fusion of endothelial tubes [33]. Overall the
increased ROBO4 expression in IPAH lung may be associ-
ated with the presence of plexiform lesions. The appar-
ently contradictory presence of ROBO4 at sites of active
angiogenesis and its role in inhibiting endothelial migra-
tion remains to be resolved.
Page 8 of 14
(page number not for citation purposes)



Respiratory Research 2006, 7:1 http://respiratory-research.com/content/7/1/1
Thrombomodulin (TMBD) is an important inhibitor of
blood coagulation. It is a type-1 membrane receptor that
binds thrombin, resulting in the activation of protein C,
which degrades clotting factors Va and VIIIa and reduces
the amount of thrombin generated. Proteolytic cleave of
TMBD from endothelial cells is thought to occur during
vascular damage and soluble circulating levels of TMBD
are elevated in hypertensive patients [38]. TMBD is
regarded as being endothelial-specific, but treatment of
smooth muscle cells by prostaglandins stimulates TMBD
expression [39].

Two transmembrane 4 (tetraspanin) superfamily proteins
were identified. Proteins of this superfamily are thought
to interact laterally with each other forming microdo-
mains on the cell surface. Cluster of differentiation-9
(CD9) modulates cell adhesion and lymphocyte transen-
dothelial migration through interactions with fibronectin,
and through its interaction with α6β1 integrin, regulates
the formation of angiotubular structures [40]. CD9 also
promotes muscle cell fusion and supports myotube main-
tenance [41]. The L6 antigen (TM4SF1) is highly
expressed in lung carcinomas being involved in invasion
and metastasis [42]. G-protein-coupled receptor 107
(GPCR107) is a seven transmembrane receptor of
unknown function.

Nuclear proteins
We found five genes that encode nuclear proteins upregu-
lated in IPAH. The EGLN1 gene encodes the hypoxia-
inducible factor prolyl hydroxylase 2 (PHD2), one of
three closely related prolyl hydroxylases found in
humans. PHD2 is the key oxygen sensor involved in set-
ting a low steady-state level of HIF-1α in normoxia [43].
The hypoxia-inducible factor-1 (HIF-1) is a transcription
complex that regulates many genes involved in the
response to hypoxia, including vasodilation, and by
upregulating VEGF-A induces angiogenesis. It is a het-
erodimer consisting of the short-lived HIF-1α and the
constitutively expressed HIF-1β. PHD2 hydroxylates HIF-
1α on key proline residues [44]. Hydroxylated HIF-1α
subunits are recognised by and targeted for destruction in
the proteasome by the von Hippel-Lindau tumour sup-
pressor protein (VHL), an E3 ubiquitin ligase complex.
Under hypoxia PHD2 activity is decreased and HIF-1α
protein accumulates enabling the HIF-1 complex to acti-
vate transcription. The reason for the increase in expres-
sion of EGLN1 in IPAH is unknown. However, there is a
feedback loop whereby the HIF-1 complex, formed under
conditions of hypoxia, upregulates PHD2 [43]. Interest-
ingly, the drug hydralazine is a vasodilator used in the
treatment of severe hypertension and one of its mecha-
nisms of action is to inhibit the enzymatic activity of
PHD2 [45]. The PHD2 protein has two domains, a CT
prolyl hydroxylase domain and an NT MYND zinc finger

domain consisting of two fingers of the Cys4, CysHis2Cys
type that is not present in the other two prolyl hydroxy-
lases. The function of the MYND zinc finger domain of
EGLN1 is not known, but the MYND domain of the
myloid translocation gene on chromosome 8 (MTG8)
binds to transcriptional corepressor proteins such as
SMRT and histone deacetylases and does not act as a
sequence specific DNA-binding transcription factor
[reviewed in [46]]. We speculate that not only does PHD2
prevent transcription of hypoxia-induced genes by
hydroxylating HIF-1α, but may also recruit corepressor
proteins and histone deacetylases to hypoxia response ele-
ments (HRE).

The transforming acidic coiled-coil (TACC) proteins play
a role in the spindle function, being localised to centro-
somes where they interact with microtubules [47]. Fibrob-
lasts transfected with TACC1 show cellular
transformation and anchorage independent growth, [48],
suggesting that inappropriate expression of TACC1 can
impart a proliferative advantage.

Muscleblind (MBNL) proteins are required for the termi-
nal differentiation of muscle and are recruited into ribo-
nuclear foci, being depleted elsewhere in the
nucleoplasm. MBNL1 is a nuclear zinc finger protein con-
taining two pairs of zinc-fingers of the Cys3His type that
may be involved in DNA binding. However, MBNL1 has
an important role in RNA binding being recruited to the
expansions of CUG repeats found in myotonic dystrophy
in which the repeats form double-stranded RNA hairpins
[49]. Interestingly, both cyclin L1 and MBNL1 are associ-
ated with regulation of mRNA splicing [50].

Cyclins function as regulators of cyclin-dependent kinases
(CDK) and most show a characteristic periodicity in abun-
dance through the cell cycle. Little is known about the
functions of Cyclin I (CCNI) [51]. Cyclin L1 (CCNL1) is
associated with the cyclin-dependent kinase 11p110 and
is involved in regulating gene expression, RNA transcrip-
tion and splicing [52,53].

The nuclear pore complex-interacting protein (NPIP) is a
member of a large rapidly evolving family of primate spe-
cific proteins whose functions are unknown [54].

Cytoplasmic proteins
Four genes encoding adaptor proteins with functions in
intracellular transport were found to be upregulated in
IPAH. They play various roles in a wide range of signal
transduction pathways. Tyrosine 3-monooxygenase/tryp-
tophan 5-monooxygenase activation protein, zeta
polypeptide (YWHAZ) is an acidic adaptor and scaffold-
ing protein that belongs to the 14-3-3 family of proteins.
They mediate signal transduction by binding to phospho-
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serine-containing proteins changing their intracellular
location [55]. YWHAZ plays a role in the control of cell
adhesion and spreading by interacting with the platelet
glycoprotein Ibα subunit of the glycoprotein Ib-V-IX com-
plex that interacts with subendothelial von Willebrand
factor to ensure recruitment of platelets at sites of vascular
injury [56].

Disabled homolog 2 (Dab2) is a cystosolic cargo-specific
adaptor protein, which binds to the cytoplasmic tails of
lipoprotein receptors thereby selecting specific cargos at
the plasma membrane during clathrin-coat assembly and
lattice polymerization events [57]. It plays a role in a wide
range of signal transduction pathways including the Wnt
and eNOS pathways.

Transport of membrane proteins between the endoplas-
mic reticulum and Golgi compartments is mediated by
COPI vesicles containing the coatomer protein-alpha
(COPA)[58]. In addition to its role in intracellular trans-
port COPA has a hormonal role. Proteolytic cleavage of
the NT 25-residues of COPA forms xenin-25, a gastroin-
testinal hormone that stimulates exocrine pancreatic
secretion. This peptide is related to neurotensin and both
bind the neurotensin-1 receptor [reviewed in [59]]. In the
lung, the neurotensin receptor is located mainly in fibrob-
lasts [60]. Whether xenin-25 is produced by the lung and
has a physiological role there remains to be determined.

Vesicle protein-sorting protein-35 (VPS35) is a core com-
ponent of a large multimeric complex, termed the retro-
mer complex, involved in recycling membrane receptor
proteins from endosomes to the trans-Golgi network [61].

Chromosome 14 open reading frame 153 (C14orf153)
encodes a 193-residue protein of unknown function that
has a wide tissue distribution. The nematode homologue
(accession number NP_741663) has been shown to bind
to a gamma-glutamyltranspeptidase that plays important
roles in the synthesis and degradation of glutathione and
drug and xenobiotic detoxification [62].

Enzymes
Sucrose non-fermenting protein (SNF1)-related kinase
(SNRK) is a homologue of the yeast Snf1 kinase, mutants
of which fail to thrive when provided with non-fermenta-
ble carbon sources. In the mouse lung SNRK expression is
specific to capillary endothelial cells [63]. SNRK is phos-
phorylated and activated by the LKB1 serine/threonine-
protein kinase that regulates cell polarity and functions
also as a tumor suppressor [64]. In view of the vascular
abnormalities found in LKB1 null mice LKB1 has been
placed in the VEGF signalling pathway [65]. Together,
these lines of evidence suggest that SNRK is also in the
VEGF signalling pathway.

Monoamine oxidase A (MAOA) degrades amine neuro-
transmitters including serotonin. MAOA is located on the
X chromosome and its upregulation in IPAH suggests a
possible involvement in the development IPAH given the
female prederiliction of the disease.

Acid ceramidase or N-acylsphingosine amidohydrolase
(ASAH1) cleaves ceramide into sphingosine and a free
fatty acid. Both ceramide and sphingosine are involved
with lipid signal transduction. Ceramide is generally asso-
ciated with growth arrest and apoptosis, whereas the
sphingosine pathway is mitogenic [66].

Pyruvate dehydrogenase kinase 4 (PDK4) is one of four
closely related PDKs found in humans. These isoenzymes
regulate the activity of the pyruvate dehydrogenase com-
plex (PDH) that catalyzes the oxidative decarboxylation
of pyruvate and is located at the interface between glycol-
ysis and the citric acid cycle. Phosphorylation of the
E1alpha subunit of the PDH complex by a specific pyru-
vate dehydrogenase kinase (PDK) results in its inactiva-
tion. Pyruvate dehydrogenase kinase isozyme 4 is
upreguated during hibernation where it inhibits carbohy-
drate oxidation resulting in anaerobic glycolysis using
triglycerides as a source of fuel [67]. Starvation and diabe-
tes also markedly increased the abundance of PDK4
mRNA especially in muscle tissues [68-70].

Aldehyde dehydrogenase 1A1 (ALDH1A1) is the cytosolic
isoform of the second enzyme of the major oxidative
pathway of alcohol metabolism. It may play a role also in
retinoid synthesis in the bronchial epithelium and alveo-
lar parenchyma, where it is upregulated by hypoxia
[71,72].

Dimethylaniline monooxygenase 2 or pulmonary flavin-
containing monooxygenase 2 (FMO2) is the major FMO
enzyme in the lungs of many species, being localised to
the pulmonary epithelium and plays a role in the in the
oxidation of many xenobiotics and therapeutic drugs.
About 25% of African-Americans have a at least one func-
tional FMO2 allele [73], but in a majority of humans
FMO2 encodes a non-functional truncated protein [74].

Overall, five genes, AMOTL2, VLLH2748, GPCR107,
NPIP, C14orf153, that encode proteins of unknown func-
tion were identified and further studies using techniques
such as in situ hybridization are required to elucidate their
localization in the lung. These genes are candidates for
further study in the pathology of IPAH and the formation
of plexiform lesions.

Although mutations in the TGF-β family of receptors have
been shown to play an important role in FPAH, DCN was
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the only gene found to be upregulated in IPAH that plays
a role in the TGF-β signalling pathway.

A major cause for the elevated pulmonary vascular resist-
ance in patients with IPAH is hypertrophic arterial wall
remodelling caused by excessive pulmonary artery
smooth muscle cell (PASMC) proliferation. MBNL was
the only gene identified that is muscle specific and may
play a role in the smooth muscle differentiation. How-
ever, SPARCL1, DCN and TIMP-3 may play significant
roles in the matrix remodelling process that occurs in this
disease. The upregulation of MAOA is of interest given the
"serotonin" hypothesis of pulmonary hypertension. Sero-
tonin has been shown to exert mitogenic effects on pul-
monary artery smooth muscle cells and may contribute to
the pulmonary vascular remodelling. Competitive inhibi-
tors of the serotonin uptake transporters such as fluoxet-
ine and paroxetine are used as appetite suppressants and
their use increases the risk of IPAH [reviewed in [75]].
Indeed, the long allelic variant promoter of the serotonin
transporters gene is associated with increased activity and
confers susceptibility to IPAH [76]. Inappropriate smooth
muscle and endothelial cell proliferation is a feature of
IPAH and three genes, TACC1, CCNI and CCNL1, have
been linked to cellular proliferation.

A previous study examining differential gene expression
in PAH versus normal lung tissue using microarrays found
that of 6800 genes assayed 2% were upregulated and 2.5%
were downregulated [4]. Decorin was identified as being
differentially expressed in both our SSH and this microar-
ray study. Overall, the microarray expression patterns of
IPAH samples were clearly distinct from those of normal
lung tissues. The expression patterns of the two FPAH tis-
sues more closely resembled those of normal tissues; how-
ever, they did not determine whether these FPAH patients
had germline mutations in the BMPR2 gene. Because PAH
may have an inflammatory component the expression
patterns of peripheral blood mononuclear cells have also
been examined by microarrays to identify possible mark-
ers of the disease [77]. Although discriminatory gene
expression patterns were identified between PAH patients
and normal individuals, no clear discriminatory patterns
were identified between IPAH and secondary PAH dis-
eases. Acid ceramidase was identified as upregulated in
both our SSH and this microarray study, suggesting that
upregulation of this gene may contribute to the inflam-
matory component of PAH (reviewed in [78]). In another
microarray study of emphysema none of the genes found
to be upregulated in IPAH by SSH were identified as being
upregulated [79] emphasising the differences between the
diseases. The extracellular protein hevin, which was
upregulated in IPAH, was significantly down regulated in
emphysema reflecting the tissue destruction present in
this disease.

Conclusion
We present preliminary novel findings concerning genes
upregulated in IPAH which can be considered as candi-
date genes for further study in this disease. An aim of this
study was to identify genes involved in plexiform lesions
and our library was enriched in clones specifically associ-
ated with endothelial cells, a finding that gives support to
the "disordered angiogenesis" hypothesis of IPAH [80].
Five genes, ROBO4, SNRK, TM4SF1, FMO2 and TIMP3,
found in this screen have been preferentially associated
with capillary endothelial cells from mouse lung [63] and
TMBM expression was found specifically in tumour
endothelial cells, but not normal endothelial cells [18].
Platelet thrombi are often found in plexiform lesions [5]
and two genes, TM and YWHAZ, identified in this study
are associated with blood coagulation. The VEGF glyco-
proteins are critical inducers of angiogenesis and would
be expected to play a role in the formation of plexiform
lesions. VEGF is expressed in plexiform lesions and its
receptor VEGFR-2 and the HIF-1 transcription complex
are overexpressed [80]. Although we did not identify these
genes in this SSH screen, we found the key oxygen sensor,
PHD2, which regulates the HIF-1 transcription complex,
that subsequently regulates VEGF expression and we
found a kinase, SNRK, that regulates a second kinase,
LKB1, that is a component of the VEGF signalling path-
way. Comparisons with other diseased control groups,
such as secondary PAH with and without plexiform pul-
monary arteriopathy would help clarify whether the pat-
tern of differential gene expression found in this study is
specific to IPAH and plexiform lesions. We cannot rule
out the possibility that the upregulation of a number of
these genes may be due to the pre-transplant medication
of the patients. However, this study provides preliminary
evidence for the involvement of candidate genes in IPAH.
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