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Expression of TGF-B1 and its receptor genes (TBR I,
TBR II, and TBR III-betaglycan) in peripheral blood
leucocytes in patients with idiopathic pulmonary
arterial hypertension and Eisenmenger's syndrome
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Abstract. Idiopathic pulmonary arterial hypertension (IPAH)
is characterized by smooth muscle cell, endothelial cell, and
fibroblast hypertrophy and an increase in extracellular matrix
volume in pulmonary precapillary arterioles. These features
lead to a gradual increase of pulmonary vascular resistance,
right-heart failure, and premature death. Bone morphogenetic
protein receptor type 2 (BMPR-2) gene mutations have been
identified to cause IPAH. BMPR-2 receptor mutation results
in BMP signalling pathway termination and leads to disturbed
growth and differentiation of pulmonary circulation cells.
Transforming growth factor (TGF)-B1 inhibits the migration
and proliferation of endothelial and smooth muscle cells, and
stimulates their differentiation, thus it has antiinflammatory and
immunosuppressive properties, inhibiting vascular remodeling
and is responsible for extracellular matrix production. The aim
of this study was to analyse the profile of TGF-1 and the
expression of its receptor (T8R I, TBR II and TBR III-beta-
glycan) genes in IPAH and in secondary forms of pulmonary
arterial hypertension [Eisenmenger's syndrome (ES) patients].
Twenty-one patients with IPAH (2 men), 12 ES patients, and
10 healthy controls were enrolled in the study. QRT-PCR
analysis of the transcriptive activity of TGF-1 and its receptor
genes was performed with each patient. There were differences
in receptor gene expression among the patient groups. The
highest expression was observed in Eisenmenger syndrome
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patients (approximately 5-to 8-fold increase). There was a
negative correlation between the gene expression of TGF-1
and that of its receptors, and a positive correlation between
TBR II and TRR III in healthy controls. In IPAH patients a
positive correlation between TGF-B1 and TSR I was found.
There was a difference in expression of TGF-1/receptor gene
ratios and expression of receptor gene ratios between the
examined groups. The differences in expression between IPAH
and ES patients might suggest the role of these cytokines in
IPAH pathogenesis. A disturbed proportion of expression of
TGF-B1 and receptor genes in IPAH patients might be one of
the pathogenetic factors of the disease.

Introduction

Idiopathic pulmonary arterial hypertension (IPAH) is
characterized by smooth muscle cell, endothelial cell, and
fibroblast hypertrophy and an increase in extracellular matrix
volume in pulmonary precapillary arterioles. Moreover, plexo-
genic lesion formation and in situ thrombosis can occur (1-3).
These features lead to a gradual increase of pulmonary vascular
resistance, right-heart failure, and premature death. The mean
survival time from the onset of symptoms in untreated patients
does not exceed 5 years, and in general it ranges from 2.5 to
4 years (4-6).

Several studies have shown that IPAH is in some cases
genetically determined. It is inherited in an autosomal dominant
manner with 10-20% penetration. Familial pulmonary arterial
hypertension occurrs in approximately 6% of cases (7-9).

The bone morphogenetic protein receptor type 2 (BMPR 2)
gene [BMPR 2 mutations, coding for a receptor member of
the transforming growth factor (TGF-) superfamily] (Fig. 1),
has been identified to cause IPAH (10-16). Its main influence
on blood vessels is to inhibit vascular smooth muscle cell
proliferation and induce their apoptosis, and to protect
endothelial cells and their respective progenitor cells. TGF-
B1 is expressed in endothelial cells, smooth muscle cells,
leucocytes and epithelial cells. It inhibits the migration and
proliferation of these cells and stimulates their differentiation,
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Figure 1. Pattern of action of the TGF-§ superfamily.

thus it has antiinflammatory and immunosuppressive properties,
inhibits vascular remodeling and is responsible for extracellular
matrix production (17-19).

There are two types of BMP receptors: type 1 (two subtypes
BMPR1a and BMPRI1b) and type 2 (BMPR 2). There are two
receptors for TGF-8, type I and type II (TBR I and TBR II), and
two auxilliary type III receptors, endoglin and betaglycan.
An activated type II receptor is responsible for type I receptor
phosphorylation with modulatory influence of betaglycan
and endoglin. Both receptors, betaglycan and endoglin, are
present in microcirculation and endothelium, wherein they act
in an opposite manner; betaglycan enhances TGF-3 function
and endoglycan inhibits it (20-24). Incorrect BMP and TGF-8
signalling pathway activation seems to have a significant role
in pulmonary hypertension pathogenesis. BMPR 2 receptor
mutation results in BMP signalling pathway termination and
leads to disturbed growth and differentiation of pulmonary
circulation cells (25). It is shown that other components of the
TGF-B superfamily are also malfunctioning. Vascular smooth
muscle cells harvested from diseased pulmonary vessels exhibit
incorrect activation to either BMP or TGF-1 stimulation. They
start proliferating after TGF-81 and BMP stimulation, resulting
in hypertrophy and vascular cell remodeling. In parallel, the
proapoptotic activity of these cytokines is abolished (26-28).
The data indicate a significant role of the TGF- superfamily
and its receptors in pulmonary arterial hypertension patho-
genesis. It is not known whether the activation of some of the
TGF-8 superfamily compound is primary in origin, secondary
to altered pulmonary haemodynamics, caused by other factors,
or whether the modified cell phenotype is responsible for
pathologic activation of the cell.

The aim of the study was to assess the expression of
TGF-81 and its TBR I, TBR II, and TAR III-betaglycan receptor
genes, associated with angiogenesis, in IPAH patients. The
comparison with Eisenmenger's syndrome (ES) and healthy
control patients may be helpful to assess the impact of these
pathways in IPAH pathogenesis.

Materials and methods

Thirty-five patients with pulmonary arterial hypertension
were enrolled into the study; 22 with IPAH (19 women) aged
12-69 years, with a mean age of 38 years, and 13 patients
with Eisenmenger's syndrome (7 women), aged 20-59 years,
with a mean age of 35.5 years. The control group comprised
10 healthy volunteers (5 women), with a mean age of 34 years.

The clinical characteristics of IPAH patients is shown in
Table I. A diagnosis of idiopathic pulmonary arterial hyper-
tension was established on the basis of generally accepted
criteria, including cardiac catheterization (29). Enrolled
patients were not treated with ‘modern’ pharmacological
agents; PGI-2 analogues, endothelin receptor blockers or
PDE-5 inhibitors. The clinical characteristics of patients with
Eisenmenger's syndrome is shown in Table II. At the time of
blood sampling, ES patients were not administered any
drugs.

Blood for genetic studies from IPAH patients was drawn
during hospital stay in which haemodynamic examination
was performed. Blood from ES patients was drawn during
out-patient visits.

Molecular studies were performed in the Department of
Molecular Biology and Medical Genetics, Silesian Medical
University, Sosnowiec. The study protocol was accepted by
the local Ethics Committee.

Extraction of total RNA. Total RNA was isolated from the
whole blood sample (A&A Biotechnology). The quality of
the RNA was assessed by gel electrophoresis and quantitative
analysis of RNA extracts was performed spectrophoto-
metrically using GeneQuant II (Pharmacia Biotech).

mRNA quantification by real-time reverse transcription poly-
merase chain reaction. The quantitative analysis was carried
out with the use of an ABI PRISM 7000 sequence detector
(Applied Biosystems). The quantity of PCR amplicons was
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Table I. Clinical and haemodynamic profile of patients with IPAH.
Patient Sex Age at onset Age at examination mPAP PCWP CI PVR
(years) (years) (mm Hg) (mm Hg) (I1x min?x m?) (Wood's units)
1 M 64 69 60.6 10.0 2.00 25.30
2 F 26.5 26.8 41.7 00 141 29.30
3 F 411 43 50.7 50 3.02 15.10
4 F 20 22 531 9.0 349 12.60
5 F 48 54 59.2 13.0 1.42 32.20
6 F 43 43 53.7 12.0 2.38 17.50
7 F 45 57 56.7 90 244 19.50
8 F 58 60 543 30 1.62 31.70
9 F 9 12 51.6 10.0 1.82 22.40
10 F 25 59 32.7 12.0 2.82 7.32
11 F 37 43 31.7 40 5.35 5.16
12 M 10 36 95.7 130 1.96 42.00
13 F 3 6 96.7 13.0 1.20 69.70
14 F 17 24 62.3 70 2.69 20.50
15 F 31 51 48.3 10 2.02 23.20
16 F 31 41 59.3 120 2.78 17.00
17 F 39 45 65.7 6.7 1.96 30.00
18 F 27 52 343 3.0 1.89 16.50
19 F 17 21 933 10.0 3.37 24.70
20 F 43 48 193 00 5.28 3.66
21 F 29 35 384 50 329 10.00
22 M 23 23 96.7 10.0 1.53 56.30

mPAP, mean pulmonary artery pressure; PCWP, pulmonary capillary wedge pressure; CI, cardiac index; PVR, pulmonary vascular

resistance.

determined after each round of amplification, using the fluor-
escent dye SYBR-Green I (Qiagen), which binds double-
stranded DNA. The quantity of amplified cDNA fragments
was determined from the Ct value (threshold value of fluor-
escence) with a reference to the standard curve generated by
amplification of five known concentrations of the 3-actin gene
(1x103-2x10* copies; TagMan template reagent, -actin control
reagent kit; Applied Biosystems, USA).

TGF-f1 and receptors TSR I, TBR II, and T3R III. The
nucleotide sequences of the PCR primers used to assay gene
expression were designed using the computer program Primer
Express™ Version 1.0 ABI PRISM: TGF-81, 5' TGAACCG
GCCTTTCCTGCTTCTCATG 3' (forward primer) and 5' GC
GGAAGTCAATGTACAGCTGCCGC 3' (reverse primer);
TBR I, 5" ACTGGCAGCTGTCATTGCTGGACCAG 3'
(forward primer) and 5' CCTGAGCCAGAACCTGACGTTG
TCATATCA 3' (reverse primer); TBR II, 5' GGCTCAACC
ACCAGGGCATCCAGAT 3' (forward primer) and 5' CTC
CCCGAGAGCCTGTCCAGATGCT 3' (reverse primer); and
TRR I, 5 ACCGTGATGGGCATTGCGTTTGCA 3' (forward
primer) and 5' GTGCTCTGCGTGCTGCCGATGCTGT 3'
(reverse primer). The RT-PCR reaction mixture of a total
volume of 50 yl contained 25 y1 2X QuantiTec SYBR-Green

Table II. Profile of patients with Eisenmenger's syndrome.

Patient Sex Age at examination Diagnosis
(years)

1 F 59 ASD t1I

2 F 21 TGA, common ventricle

3 F 20 VSD

4 M 41 ASD tII, TAPVD

5 F 23 VSD, aorto-pulmonary
window

6 M 45 VSD

7 M 31 VSD

8 F 39 VSD, PDA

9 F 27 VSD, PDA

10 M 47 VSD

11 M 32 VSD

12 F 52 VSD

13 M 28 VSD

ASD t 11, atrial septal defect t II; TGA, transposition of great arteries;
VSD, ventricular septal defect; PDA, patent ductus arteriosus;
TAPVD, total anomalous pulmonary drainage.
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Table III. Expression of the TGF-B1 gene and genes of its
receptors, type I, I, and II-betaglycan in examined groups.

JACHEC et al: EXPRESSION OF TGF-81 AND ITS RECEPTORS IN PATIENTS WITH IPAH AND EISENMENGER'S SYNDROME

Table IV. Correlations between the gene of TGF-61 and its
receptor genes.

TGF-B1  TBRI TBRII  TBRII
(copies of mRNA per 1 ug RNA x 10%)

Control (n=10)

Mean 19021 1296 1901 12.86

Median 1621 12.61 17.04 11.61

IQR 9.98 734 1352 5.06
IPAH (n=22)

Mean 2203 2367 1601 19.62

Median 16.78 1480 1393 17.70

IQR 19.49 12.08 1136 2265
ES (n=13)

Mean 1341* 6388  105.88°  106.10°

Median 1158 5302 10173  104.64

IQR 6.13 5033 12.73 33.50

Mann-Whitney U test: ®p<0.05 (ES: control), *p<0.001 (ES: control,
IPAH).

RT-PCR master mix composed of HotStarTaqg DNA poly-
merase, QuantiTec SYBR-Green RT-PCR buffer containing
Tris-HCI, KC1, (NH,),SO,, 5 mM MgCl,, pH 8.7, ANTP mix,
fluorescent dye SYBR-Green I, and passive reference dye ROX
mixed with 0.5 xl QuantiTect RT mix (Omniscript reverse
transcriptase, Sensiscript reverse transcriptase) (QuantiTect
SYBR-Green RT-PCR kit; Qiagen), forward and reverse
primers (each at a final concentration of 0.5 uM), mRNA
template, and RNase-free water to a final volume of 50 pl.

Standards of f3-actin. B-actin DNA was amplified using two
oligonucleotide primers: 5' TCACCCACATGTGCCCATCT
ACGA 3' (forward primer) and 5' CAGCGGAACCGCTCAT
TGCCAATGG 3' (reverse primer). The PCR reaction mixture
of a total volume of 50 ul contained 25 ul of 2X QuantiTect
SYBR-Green PCR master mix [HotStarTaq DNA polymerase,
QuantiTect SYBR-Green buffer containing Tris-HCI, KCI,
(NH,),SO,, 5 mM MgCl,, pH 8,7, dNTP mix, fluorescent
dye SYBR-Green I, passive reference dye ROX] (QuantiTect
SYBR-Green PCR kit; Qiagen), forward and reverse primers
(each at a final concentration of 0.3 yM), DNA template and
RNase-free water to a final volume of 50 ul. Reverse tran-
scription was carried out at 50°C for 30 min. After activation
of the HotStarTaqg DNA polymerase and deactivation of
reverse transcriptases at 95°C for 15 min, subsequent PCR
amplification consisted of denaturation at 94°C for 15 sec
and annealing at 60°C for 30 sec (45 cycles). Extension was
carried out at 72°C for 10 min.

Sequence specificity of amplimers. Melting temperatures,
assessed by a SYBR-Green I dissociation assay (Dissociation
Curve Software; Applera Biosystems), were compared with
theoretical melting temperatures assessed by computer software
(http://www .promega.com/biomatch/calc). The PCR products

Control IPAH ES
R P R P R p

TGF-81-TBRT -0358 NS 0431* 0.044* 033 NS
TGF-B81-TBRII -0.685* 0.029* 0.17 NS -0.06 NS
TGF-B81-TBR IIT -0.685* 0.029* 0377 NS 0.11 NS
TBR I-TBR 1T 0321 NS -0013 NS -0.165 NS
TBRI-TBRIIT 0454 NS 0.156 NS 0.088 NS
TBR IO-TBR OI  0.867* 0.001* -0.072 NS -0.297 NS

Spearman's rank (R) test: *p<0.05.

and molecular weight marker pBR322/Bsu RI (Fermentas)
were separated on 8% polyacrylamide gel and visualised using
silver staining (LKB-Pharmacia). The length of the amplified
fragments was assessed by analysis with Biotec-Fisher BAS-
SYS 1D software.

Statistical analysis. Data presented are the arithmetic mean
with standard deviation (SD) or median with interquartile
range (IQR). Statitistical analysis used Mann-Whitney U test
for comparison of data without normal distribution. Correlation
was assessed with Spearman's rank test. p<0.05 was considered
significant.

Results

Mean values of the TGF-61 gene and its receptors' expression
are shown in Table III. Expression of TGF-61 in the IPAH
group was comparable with that of the control group. TGF-
B1 expression in the ES group was significantly lower in
comparison to that of the healthy controls.

Mean value of TBR I gene expression in the IPAH group
was insignificantly higher in comparison to that of the control
group. TBR I gene expression in ES patients was almost three
times greater than that in the IPAH group and almost five
times greater than that in the control group (p<0.001).

Mean value of TBR II gene expression in the IPAH group
was comparable with that in the control group. Expression of
the TBR II gene in ES patients was five times higher than that
in the control and IPAH groups (p<0.001).

Mean value of TGR III gene expression in the IPAH group
was insignificantly higher in comparison to that in the control
group. TBR III gene expression in ES patients was eight-fold
higher in comparison to that in the control group and five-
fold higher in comparison to that in the IPAH group (p<0,001).

The results of correlation analysis of studied parameters are
shown in Table IV. TGF-1 gene expression in the control
group negatively correlated with the expression of its receptor
genes (correlations with TBR IT and TBR III were statistically
significant). Expression of the receptor genes positively
correlated (correlation between TBR II and TBR III was
significant). TGF-31 gene expression positively correlated with
TBR I and TBR II gene expression (borderline significance of
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Table V. Ratios of receptor gene expression in examined
groups.

TBR I/TBR I TBR III/TBR IT TBR III/TBR I

Control (n=10)

Mean 0.74 0.72 1.17

Median 0.63 0.74 1.20

IQR 0.51 0.23 0.74
IPAH (n=22)

Mean 2.632b 1.76 1.41°

Median 1.13 1.28 0.86

IQR 1.52 1.93 1.03
ES (n=13)

Mean 0.64 1.06¢ 2.75¢

Median 0.51 1.00 1.60

IQR 0.57 0.65 0.69

Mann-Whitney U test: IPAH/control, *0.07>p>0.05; IPAH/ES,
p<0.05; ES/control: °p<0.05.

Table VI. Ratios of expression of TGF-1 and its receptors
in examined groups.

TGF-B1/ TGF-B1/ TGF-B1/
TBR I TBR II TAR III
Control (n=10)
Mean 2.14 1.31 1.70
Median 1.34 1.03 1.37
IQR 0.77 0.82 1.20
IPAH (n=22)
Mean 1.28¢ 1.75¢ 1.43¢
Median 1.16 142 1.01
IQR 0.99 1.39 1.29
ES (n=13)
Mean 0.30f 0.13f 0.13f
Median 0.19 0.10 0.11
IQR 0.16 0.06 0.06

Mann-Whitney U test: IPAH/control, NS; IPAH/ES, *p<0.05,
®p<0.01, °p<0.001; ES/control, 9p<0.05, °p<0.01, p<0.001.

correlation with TSR III) in IPAH patients. It is apparent in
IPAH patients that the correlation between TGF-1 and its
receptors was positive (in contrast to such correlation in the
control group). Moreover there is not any association among
receptor gene expression neither in IPAH nor in ES patients.
For further analyses we transformed the results of gene
expression by dividing TGF-1 expression by expression of
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receptors and the latter by each other. Results are shown in
Tables V and VI. There was relative overexpression of the
TBR III gene compared to TBR T and TBR II in IPAH patients
in comparison to control patients. TBR II was relatively lower
in comparison to TBR I gene expression.

The proportions of gene expression of TBR I/TBR II and
TBR II/TBRR II had borderline significance in comparison to
the control group. There was relative overexpression of TBR
IIT compared to TBR I in the ES group, when compared to the
control group. The proportions of gene expression of TBR III/
TBR I and TAR HI/TBR II were significantly different between
the ES and the control group. There were also significant
differences between the ES and IPAH group, when proportions
of TBR I/TBR II and TRR II/TRR I were analysed.

The proportions of TGF-1 gene expression and receptor
gene expression were comparable in the control and IPAH
groups. They were much higher when compared to the ES

group.
Discussion

IPAH is a disease of unclear ethiology. The discovery of an
association between BMPR 2 gene mutation and the occur-
rence of pulmonary arterial hypertension has led to further
investigation of expression of receptors for this gene, and
other genes of the BMP pathway and TGF- superfamily
(24-28). Data on the impact of TGF-81 and its receptors in
development and differentiation of pulmonary arteries and
lung tissue is abundant, in contrast to that referring to their
role in pulmonary arterial hypertension pathogenesis.

Some studies on expression of genes associated with
pulmonary artery hypertension were carried out on lung tissue.
Geraci et al (30) have found increased expression of genes
encoding ion channels and oncogenes, decreased expression
of genes encoding kinases and phosphatases, and genes
responsible for apoptosis. Bull et al (31) were the first to
analyse gene expression in peripheral blood leucocytes from
patients with different types of pulmonary artery hypertension.
There were differences in expression of genes responsible for
pulmonary artery hypertension between patients with idiopathic
and secondary forms of pulmonary hypertension. The authors
did not analyse the genes from the TGF- superfamily. They
have proved that material for genetic analysis from luecocytes
is suitable for the assessment of genes implicated in pulmonary
hypertension pathogenesis.

BMPR 2 gene expression in lung tissue of IPAH patients
is decreased, independently of possible mutations (24,26,27).
Several components of the TGF-1 superfamily were studied.
There is no data in the literature on TGF-81 and its receptor
genes' expression in IPAH patients.

Pathogenesis of IPAH and ES is different. It is accepted,
that BMPR 2 gene mutation, resulting in down-regulation
of the inhibitory influence of BMP on resistance arteriole
smooth muscle cells, is one of the causes of IPAH. Disturbed
apoptosis and secondary selection of cells, characterized by
uncontrolled growth, leads eventually to pulmonary hyper-
tension (32,33).

In pulmonary arterial hypertension associated with con-
genital heart disease the principal cause leading to pulmonary
vascular remodeling is chronically increased blood flow.
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The shear stress causes injury to the vascular endothelium
and stimulates vascular cells to produce an array of pro-
and anti-angiogenic substances. This results in hypertrophy
and remodeling of arteries. The TGF-8 superfamily has a
strong impact on these processes. When pulmonary pressure
and resistance approach systemic levels, the direction of the
flow becomes bidirectional or right-to-left (Eisenmenger's
syndrome).

Mata-Greenwood et al (34) analyzed the expression of
TGF-8 genes in consecutive stages of hyperkinetic pulmonary
hypertension. There was a low expression level of TGF-81
in initial and final phases of pulmonary artery remodeling,
but in proportion to increased blood flow, TGF-81 and type I
receptor (ALK 1) gene expression increased. Expression of
type II receptor was not changed during the observation and
was comparable to that of the control group. Expression of
type I receptor (TBR I) was decreased in the phase of most
intensive arterial remodeling, in reverse to TGF-81, ALK 1,
and the control group. Later on, in the course of the disease its
expression was similar to that of the control group. Gao et al
(35) studying patients with left-to-right shunt, but without
Eisenmenger's syndrome, found a correlation between lesions
in pulmonary arterioles, increased TGF-1 expression in this
location, and the occurrence of pulmonary hypertension. There
were not arteriolar lesions or increased expression of TGF-31
in patients without pulmonary hypertension. This confirms
secondary changes in TGF-B1/receptor expression due to
chronically increased blood flow. Other authors report that
TGF-B1 expression is elevated in the early phases of secondary
pulmonary arterial hypertension, and decreases in later stages
(36,37).

The influence of TGF-B1 on development of pulmonary
vessels is complex. It depends on the stage of development,
type of tissue, cellular origin, and regulatory factors influencing
the development process (34,38). In normal conditions, TGF-
B1 has inhibitory properties on proliferation and migration
of smooth muscle and endothelial cells. Morrell et al (26)
reported a paradoxical influence of TGF-31 and BMP 2, 4,
and 7 on smooth muscle cells in pulmonary vessels in [IPAH
patients. There is not only resistance of smooth muscle cells
to the antiproliferative action of BMP and TGF-31, but also
stimulation to proliferate in IPAH patients, in contrast to
healthy controls and patients with secondary pulmonary hyper-
tension. This might be the result of BMPR 2 gene mutations,
however it explains only resistance to BMP. TGF-81 is not a
ligand for BMP receptors, thus the consecutive sequele is
more extensive. Cellular proliferation resulting from TGF-81,
BMP 2, 4, and 7 stimulation, may result from the excess of
inhibitory proteins Smad 6 and 7. The damage of BMP pathway
receptors (BMPR 2 gene mutation) leads to cellular accumul-
ation of Smad 6 and, to a lesser extent, Smad 7. Smad 6 has
greater affinity to BMP pathway, however when present in
excess, it inhibits TGF- pathway, similarly to Smad 7 (39-43).
Decreased activation of Smad 1 proteins is observed in BMPR
2 gene mutation carriers (44). In parallel to inhibition of BMP
and TGF-B pathways by Smad proteins, BMP stimulates
alternative pathways via MAPK p38 kinases, and thus promotes
proliferation (45 46).

The diverse effect of TGF-81 on TBR I and ALK 1
receptors is important in angiogenesis. TGF-1 has greater
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affinity to TBR I in comparison to ALK 1. Thus in low
concentrations it stimulates primarily the TBR I receptor,
inhibiting angiogenesis, whereas in high concentrations, it
stimulates ALK 1, enhancing angiogenesis (19,34,47-49).
Takeda et al (24) reported different effects of TGF-31 on
vascular smooth muscle cells extracted from IPAH patients.
TGF-B1, in low concentrations, stimulated the growth of
pulmonary arteries, but in higher concentrations the growth
was inhibited.

The degree of disease progression is also an important
factor. The patients examined in our study were in the late
advanced symptomatic stage of the disease. Botney et al
(18) reported the highest activity of the TGF-83 isoform,
lower activity of TGF-2, and absent activity of TGF-81 in
pulmonary arteries extracted from IPAH patients. The tran-
scriptional activity of TGF-81 reported in our study of IPAH
patients is comparable to that reported in the control group.
The aforementioned differences in TGF-B1 activity were
reported also for ES patients (34).

The role of TBR II in pathogenesis of IPAH is not clear.
Under physiologic conditions it is necessary to activate the
type I receptor. A prominent role of TSR II in the antipro-
liferative function of TGF-B1 was documented. Sankar et al
(19) reported that decreased expression of TSR II in normal
endothelial cell culture inhibits binding of TGF-1 to TSR I
and leads to promotion of proliferation. A relative increase in
TBR T expression, leading to extracellular matrix proliferation,
was reported in parallel. A significant decrease in betaglycan
expression, correlating with decreased expression of TBR II,
was reported also. The positive correlation between betaglycan
and TBR II in our control group is in accordance with the
aforementioned observations (Table IV). Geraci et al (30)
reported a decrease in betaglycan and TBR II expression in
patients with IPAH. The decrease of expression of type II
receptor decreases also antiproliferative properties of TGF-
1 in neoplasms. It was shown moreover that re-expression
of TBR II slows neoplastic cell growth due to enhanced
susceptibility to TGF-B1 (50-54). Yeager et al (55) reported
somatic mutations in TSR II and BAX genes (the latter are
responsible for apoptosis) in cells from plexiform lesions in
IPAH patients. It is noteworthy that endothelial cell pro-
liferation in IPAH is monoclonal, in contrast to secondary
forms of pulmonary hypertension. It is probable that somatic
mutations are the result of the disease rather than its cause.
The occurrence of such mutations and monoclonal proliferation
of endothelial cells make the pathology of IPAH similar to
that of neoplasms.

Atkinson et al (27) studied the expression of BMP and
TGF-B1 receptors and their location in lung tissue of patients
with IPAH, ES, and pulmonary hypertension due to pulmonary
embolism and secondary to connective tissue disease. The
authors reported that expression of type II receptor for TGF-f3
was similar in studied groups and control subjects. Decreased
expression of the BMPR 2 gene in the same areas was reported
also. These data are consistent with our results in the IPAH
group, although they are contrary to the results observed in
our ES group.

Richter et al (56) studied the expression of TGF-f recep-
tors (TBR I and TBR II) and Smad (1,5,8,4,2,3) proteins in
pulmonary artery endothelium from IPAH patients. They
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reported high expression of receptor genes and Smad proteins
in healthy and IPAH patients' endothelial cells. The decrease
in their amount may lead to excessive growth and disturbed
differentation of endothelial cells in plexiform lesions.

The role of auxilliary receptors (including betaglycan) in
IPAH patients has not been established. They can influence the
function of the other receptors. The presence of betaglycan in
microcirculation cells was reported by Morello et al (57) and
Wong et al (22). The studies of cellular cultures revealed that
betaglycan is located in the endothelium, the place where the
highest accumulation of capillaries is present and where
angiogenesis occurs. Betaglycan is absent in the endothelium
of macrocirculation. Betaglycan plays a role in cellular
differentiation. Indifferentiated cells in the fetal period have
high expression of betaglycan. During the differentiation,
betaglycan expression decreases in in vitro experiments (58).
Letamendia et al (21) in the experiment on animal myoblasts
found that an increase of betaglycan expression enhances the
inhibitory effect of TGF-B1 on cellular proliferation. Similar
results were obtained by other authors (19,22).

Philip et al (59) reported that betaglycan in susceptible
cells enhances the activity of TGF-, however in other cells it
has inhibitory properties. The mechanism of its action was
explained by Eickelberg et al (60); its re-expression in cells
in which it was absent is associated with an altered function
of this receptor and TGF-B1 affinity is decreased. This is
caused by the altered structure of glycosaminoglycan, a domain
responsible for its function. Sankar ez al (61) in an aortic cell
culture (naturally unable to produce the betaglycan) reported
that, after addition of betaglycan, production of type I and II
was decreased, thus TGF-B1 affinity was decreased and
furthermore its antiproliferative activity was attenuated. Thus
we might assume that relative overexpression of TGR III
(betaglycan) compared to TBR II in IPAH patients may lead
to attenuation of the antiproliferative activity of TGF-31.
Moreover the disturbed proportion in the expression of each
of the TGF-B1 receptors may induce and cause progression
of IPAH.

BMP receptors form homo- and hetero-complexes, and
TGF- receptors probably form similar complexes (62,63).
Thus the net effect of TGF-61's function not only determines
the type of receptor, but also the number of associated receptor
units. Gilboa et al (64) suggest that the greatest role of dimers
of TGF-81 receptors, especially type I and II receptors, is in
signal transferring. A change in the number of associated
receptor units results in different cellular answers to TGF-1
and may explain its pleiotropic properties.

According to our results and published studies, it seems
probable that the dominant impact of the TGF-B1/receptor
pathway in induction and progression of IPAH depends on
the proportion of expression of each particular gene and not
on their net amount. However this suggestion warrants further
studies.

In conclusion, there are changes in expression of TGF-1/
receptor pathway genes in IPAH patients. The differences in
expression between IPAH and Eisenmenger syndrome patients
might suggest the role of these cytokines in IPAH pathogenesis.
A disturbed proportion of expression of TGF-81 and receptor
genes in IPAH patients might be one of the pathogenetic factors
of the disease.

105

Acknowledgements

This study was supported by Silesian Medical University
grant NN-2-396/05.

References

1. Palevsky HJ, Schloo BL, Pietra GG, Weber KT, Janicki JS,
Rubin E and Fishman AP: Primary pulmonary hypertension.
Vascular structure, morphometry and responsiveness to
vasodilator agents. Circulation 80: 1207-1221, 1989.

2. Pietra GG, Edwards WD, Kay JM, et al: Histopathology of
primary pulmonary hypertension. A qualitative and quantitative
study of pulmonary blood vessels from 58 patients in the
National Heart, Lung and Blood Institute, Primary Pulmonary
Hypertension Registry. Circulation 80: 1198-1206, 1989.

3. Cool CD, Stewart JS, Werahera P, Miller GJ, Williams RL,
Voelkel NF and Tuder RM: Three-dimensional reconstruction
of pulmonary arteries in plexiform pulmonary hypertension
using cell-specific markers. Am J Pathol 155: 411-419, 1999.

4. D'Alonzo GE, Barst RJ, Ayres SM, et al: Survival in patients
with primary pulmonary hypertension. Results from a National
Prospective Registry. Ann Intern Med 115: 343-349, 1991.

5.Sandoval J, Bauerle O, Palomar A, Gomez A, Martinez-
Guerra ML, Beltran M and Guerrero L: Survival in primary
pulmonary hypertension. Validation of a prognostic equation.
Circulation 89: 1733-1744, 1994.

6. Rich S and Levy PS: Characteristics of surviving and nonsurviving
patients with primary pulmonary hypertension. Am J Med 76:
573-578,1984.

7. Loyd JE, Butler MG, Foroud TM, Conneally PM, Phillips III JA
and Newman JH: Genetic anticipation and abnormal gender
ratio at birth in familial primary pulmonary hypertension. Am J
Respir Crit Care Med 152: 93-97, 1995.

8. Hood WB, Spencer H, Lass RW and Daley R: Primary pulmonary
hypertension: Familial occurrence. Br Heart J 30: 336-343, 1968.

9. Elliott G, Alexander G, Leppert M, Yeates S and Kerber R:
Coancestry in apparently sporadic primary pulmonary hyper-
tension. Chest 108: 973-977, 1995.

10. Deng Z, Haghighi F, Helleby L, et al: Fine mapping of PPH1, a
gene for familial primary pulmonary hypertension, to a 3-cM
region on chromosome 2q33. Am J Respir Crit Care Med 161:
1055-1059, 2000.

11. Morse JH, Jones AC, Barst RJ, Hodge SE, Wilhelmsen KC and
Nygaard TG: Mapping of familial primary pulmonary hyper-
tension locus (PPH1) to chromosome 2q31-q32. Circulation 95:
2603-2606, 1997.

12. Machado RD, Pauciulo MW, Fretwell N and the International
PPH Consortium: A physical and transcript map based upon
refinement of the critical interval for PPH1, a gene for familial
primary pulmonary hypertension. Genomics 68: 220-228, 2000.

13. The International PPH Consortium, Lane KB, Machado RD,
Pauciulo MW, et al: Hetrozygous germline mutations in BMPR2,
encoding a TGF-f receptor, cause familial primary pulmonary
hypertension. Nature Genet 26: 81-84, 2000.

14. Machado RD, Pauciulo MW, Thomson JR, et al: BMPR2
haploinsufficiency as the inherited molecular mechanism for
primary pulmonary hypertension. Am J Hum Genet 68: 92-102,
2001.

15. Deng Z, Morse JH, Slager SL, et al: Familial primary pulmonary
hypertension (gene PPH1) is caused by mutations in the bone
morphogenetic protein receptor-1I gene. Am J Genet 67: 737-744,
2000.

16. Thomson JR, Machado RD, Pauciulo MW, et al: Sporadic
primary pulmonary hypertension is associated with germline
mutation of the gene encoding BMPR-II, a receptor member of
the TGF-f family. J Med Genet 37: 741-745, 2000.

17. Agrotis A, Samuel M, Prapas G and Bobik A: Vascular smooth
muscle cells express multiple type I receptors for TGF-8,
activin, and bone morphogenetic proteins. Biochim Biophys
219: 613-618, 1996.

18. Botney MD, Bahadori L and Gold LI: Vascular remodeling in
primary pulmonary hypertension. Potential role for transforming
growth factor-3. Am J Pathol 144: 286-295, 1994.

19. Sankar S, Mahooti-Brooks N, Bensen L, McCarthy TL,
Centrella M and Madri JA: Modulation of transforming growth
factor-B receptor levels on microvascular endothelial cells
during in vitro angiogenesis. J Clin Invest 97: 1436-1446, 1996.



106

20.
21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Massague J and Chen Y-G: Controlling TGF-8 signaling. Genes
Dev 14: 627-644,2000.

Letamendia A, Lastres P, Botella LM, et al: Role of endoglin in
cellular responses to transforming growth factor-beta. A com-
parative study with betaglycan. J Biol Chem 273: 33011-33019,
1998.

Wong SH, Hamel L, Chevalier S and Philip A: Endoglin
expression on human microvascular endothelial cells. Association
with betaglycan and formation of higher order complexes with
TGF-6 signalling receptors. Eur J Biochem 267: 5550-5560,
2000.

Kaname S and Ruoslahti E: Betaglycan has multiple binding
sites for transforming growth factor-61. Biochem J 315: 815-820,
1996.

Takeda M, Otsuka F, Nakamura K, et al: Characterisation of the
bone morphogenetic protein (BMP) system in human
pulmonary arterial smooth muscle cells isolated from a sporadic
case of primary pulmonary hypertension: Roles of BMP type IB
receptor (activin receptor-like kinase-6) in the mitotic action.
Endocrinology 145: 4344-4354,2004.

West J, Fagan K, Steudel W, er al: Pulmonary hypertension in
transgenic mice expressing a dominant-negative BMPRII gene
in smooth muscle. Circ Res 94: 1109-1114, 2004.

Morrell NW, Yang X, Upton PD, Jourdan KB, Morgan N,
Sheares KK and Trembath RC: Altered growth responses of
pulmonary artery smooth muscle cells from patients with
primary pulmonary hypertension to transforming growth factor-81
and bone morphogenetic proteins. Circulation 104: 790-795,
2001.

Atkinson C, Stewart S, Upton PD, Machado R, Thomson JR,
Trembath RC and Morrell NW: Primary pulmonary
hypertension is associated with reduced pulmonary vascular
expression of type II bone morphogenetic protein receptor.
Circulation 105: 1672-1678,2002.

Zhang S, Fantozzi I, Tigno DD, et al: Bone morphogenetic
proteins induce apoptosis in human pulmonary vascular
smooth muscle cells. Am J Physiol Lung Cell Mol Physiol 285:
L740-L754,2003.

Galie N, Torbicki A, Barst R, ef al: Guidelines on diagnosis and
treatment of pulmonary arterial hypertension. The task force on
diagnosis and treatment of pulmonary arterial hypertension of
the European Society of Cardiology. Eur Heart J 25: 2243-2278,
2004.

Geraci MW, Moore M, Gesell T, er al: Gene expression patterns
in the lungs patients with primary pulmonary hypertension: a
gene microarray analysis. Circ Res 88: 555-562, 2001.

Bull TM, Coldren CD, Moore M, et al: Gene microarray analysis
of peripheral blood cells in pulmonary arterial hypertension. Am
J Respir Crit Care Med 170: 911-919, 2004.

Lee S-D, Shroyer KR, Markham NE, Cool CD, Voelkel NF and
Tuder RM: Monoclonal endothelial cell proliferation is present
in primary but not secondary pulmonary hypertension. J Clin
Invest 101: 927-934, 1998.

Taraseviciene-Stewart L, Kasahara Y, Alger L, et al: Inhibition
of the VEGF receptor 2 combined with chronic hypoxia causes
cell death-dependent pulmonary endothelial cell proliferation
and severe pulmonary hypertension. FASEB J 15: 427-438,
2001.

Mata-Greenwood E, Meyrick B, Steinhorn RH, Fineman JR
and Black SM: Alterations in TGF-B1 expression in lambs
with increased pulmonary blood flow and pulmonary hyper-
tension. Am J Physiol Lung Cell Mol Physiol 285: L209-L.221,
2003.

Gao BH, Yao RX, Zhao ZG, Xie LW, Xiang RL, Hu XT and
Wang ZM: Expression and pathological implication of trans-
forming growth factor-betal mRNA and endothelin-1 mRNA in
intraacinar pulmonary arterioles of congenital heart disease
accompanied with pulmonary hypertension. Zhonghua Bing Li
Xue Za Zhi 34: 159-162, 2005.

Botney MD, Parks WC, Crouch EC, Stenmark K and
Mecham RP: Transforming growth factor-1 is decreased in
remodeling hypertensive bovine pulmonary arteries. J Clin
Invest 89: 1629-1635, 1992.

Perkett EA, Lyons RM, Moses HL, Brigham KL and Meyrick B:
Transforming growth factor-beta activity in sheep lung lymph
during the development of pulmonary hypertension. J Clin
Invest 86: 1459-1464, 1990.

Pepper MS, Vassalli J-D, Orci L and Montesano R: Biphasic
effect of transforming growth factor-31 on in vitro angiogenesis.
Science 204: 356-363, 1993.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

JACHEC et al: EXPRESSION OF TGF-81 AND ITS RECEPTORS IN PATIENTS WITH IPAH AND EISENMENGER'S SYNDROME

Itoh F, Asao H, Sugamura K, Heldin C-H, ten Dijke P and Itoh S:
Promoting bone morphogenetic protein signaling through negative
regulation of inhibitory Smads. EMBO J 20: 4132-4142,2001.
Galvin KM, Donovan MJ, Lynch CA, et al: A role for Smad6 in
development and homeostasis of the cardiovascular system. Nat
Genet 24: 171-174, 2000.

Afrakhte M, Moren A, Jossan S, et al: Induction of inhibitory
Smad6 and Smad7 mRNA by TGF-6 family members. Biochem
Biophys Res Commun 249: 505-511, 1998.

Imamura T, Takase M, Nishihara A, Oeda E, Hanai J,
Kawabata M and Miyazono K: Smad6 inhibits signalling by the
TGF-B superfamily. Nature 389: 622-626, 1997.

Nakao A, Afrakhte M, Moren A, et al: Identification of Smad7,
a TGF-B-inducible antagonist of TGF- signalling. Nature 389:
631-635,1997.

Yang X, Long L, Southwood M, et al: Dysfunctional Smad
signaling contributes to abnormal smooth muscle cell prolifer-
ation in familial pulmonary arterial hypertension. Circ Res 96:
1053-1063, 2005.

Kimura N, Matsuo R, Shibuya H, Nakashima K and Taga T:
BMP2-induced apoptosis is mediated by activation of the
TAK1-p38 kinase pathway that is negatively regulated by
Smad6. J Biol Chem 275: 17647-17652, 2000.

Hanafusa H, Ninomiya-Tsuji J, Masuyama N, et al: Involvement
of the p38 mitogen-activated protein kinase pathway in
transforming growth factor-8-induced gene expression. J Biol
Chem 274: 27161-27167, 1999.

Panchenko MP, Williams MC, Brody JS and Yu Q: Type |
receptor serine-threonine kinase preferentially expressed in
pulmonary blood vessels. Am J Physiol 270: L547-L558, 1996.
Oh SP, Seki T, Goss KA, Imamura T, et al: Activin receptor-
like kinase 1 modulates transforming growth factor-61 signaling
in the regulation of angiogenesis. Proc Natl Acad Sci USA 97:
2626-2631, 2000.

Goumans M-J, Valdimarsdottir G, Itoh S, Rosendahl A, Sideras P
and ten Dijke P: Balancing the activation state of the endo-
thelium via two distinct TGF- type I receptors. EMBO J 21:
1743-1753,2002.

Lu S-L, Kawabata M, Imamura T, Akiyama Y, Nomizu T,
Miyazono K and Yuasa Y: HNPCC associated with germline
mutation in the TGF-8 type II receptor gene. Nat Genet 19: 17-18,
1998.

Sun L, Wu G, Willson JK, er al: Expression of transforming
growth factor beta type II receptor leads to reduced malignancy
in human breast cancer MCF-7 cells. J Biol Chem 269:
26449-26455, 1994.

Knaus PI, Lindemann D, DeCoteau JF, ef al: A dominant
inhibitory mutant of the type II transforming growth factor beta
receptor in the malignant progression of a cutaneous T-cell
lymphoma. Mol Cell Biol 16: 3480-3489, 1996.

Myeroff LL, Parsons R, Kim SJ, e al: A transforming growth
factor beta receptor type II gene mutation common in colon and
gastric but rare in endometrial cancers with microsatellite
instability. Cancer Res 55: 5545-5547, 1995.

Villanueva A, Garcia C, Paules AB, et al: Disruption of the
antiproliferative TGF-f signaling pathways in human pancreatic
cancer cells. Oncogene 17: 1969-1978, 1998.

Yeager ME, Halley GR, Golpon HA, Voelkel NF and Tuder RM:
Microsatellite instability of endothelial cell growth and apoptosis
genes within plexiform lesions in primary pulmonary hyper-
tension. Circ Res 88: e2-e11,2001.

Richter A, Yeager ME, Zaiman A, Cool CD, Voelkel NF and
Tuder RM: Impaired transforming growth factor-8 signaling in
idiopathic pulmonary arterial hypertension. Am J Respir Crit
Care Med 170: 1340-1348, 2004.

Morello JP, Plamondon J, Meyrick B, Hoover R and O'Connor-
McCourt MD: Transforming growth factor-beta receptor
expression on endothelial cells: heterogeneity of type III
receptor expression. J Cell Physiol 165: 201-211, 1995.

Ji C, Chen Y, McCarthy TL and Centrella M: Cloning the
promoter for transforming growth factor-6 type III receptor. J
Biol Chem 274: 30487-30494, 1999.

Philip A, Hannah R and O'Connor-McCourt M: Ectodomain
cleavage and shedding of the type III transforming growth
factor-f receptor in lung membranes. Effect of temperature,
ligand binding and membrane solubilization. Eur J Biochem
261: 618-628, 1999.

Eickelberg O, Centrella M, Reiss M, Kashgarian M and Wells RG:
Betaglycan inhibits TGF-signaling by preventing type I - type 11
receptor complex formation. J Biol Chem 277: 823-829, 2002.



61.

62.

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 21: 99-107, 2008

Sankar S, Mahooti-Brooks N, Centrella M, McCarthy TL and
Madrid JA: Expression of transforming growth factor type III
receptor in vascular endothelial cells increases their responsiveness
to transforming growth factor 2. J Biol Chem 270: 13567-13572,
1995.

Gilboa L, Nohe A, Geissendorfer T, Sebald W, Henis YI and
Knaus P: Bone morphogenetic protein receptor complexes on
the surface of live cells: A new oligomerization mode for serine/
threonine kinase receptors. Mol Biol Cell 11: 1023-1035, 2000.

63.

64.

107

Nohno T, Ishikawa T, Saito T, Hosokawa K, Noji S, Wolsing DH
and Rosenbaum JS: Identification of a human type II receptor
for bone morphogenetic protein-4 that forms differential
heterometric complexes with bone morphogenetic protein type I
receptors. J Biol Chem 270: 22522-22526, 1995.

Gilboa L, Wells RG, Lodish HF and Henis YI: Oligomeric
structure of type I and type Il transforming growth factor
receptors: Homodimers form in the ER and persist at the plasma
membrane. J Cell Biol 140: 767-777, 1998.



