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1. INTRODUCTION

1.1. Costello syndrome

Costello syndrome (OMIM 218040; Faciocutaneoskeletal syndrome; FCS syndrome)
is a rare congenital disorder characterized by postnatal growth deficiency, mental retardation,
“coarse” face, loose skin of the neck, hands, and feet, cardiomyopathy, and nasal papillomata.
The first cases were described in 1971 and 1977 [1, 2]. To date, the genetic basis of Costello
syndrome is unknown. Autosomal dominant inheritence with de novo mutations has been
suggested by Lurie [3] to explain the usually sporadic occurrence of the syndrome.

The hypothesis of autosomal recessive inheritance of Costello syndrome was based on
2 families with affected sibs [4, 5] and 2 consanguineous matings [3, 6]. Lurie [3] reviewed
20 reported families and found that the 37 sibs of probands were all normal. In 6 families for
whom pedigrees were not available, 2 affected sib-pairs were born. Even if there were no
normal offspring in these latter families, the occurrence of the Costello syndrome in only 2 of
39 sibs virtually excludes an autosomal recessive inheritance pattern (P = 0.999). Moreover, a
significant increase of mean paternal age (38.0 years) and paternal-maternal age difference
(7.36 years) suggests sporadic autosomal dominant mutations as a likely cause. The 2 reported
cases of affected sibs born to healthy parents may be explained by germline mosaicism,
although heterogeneity with a small proportion of recessively inherited cases cannot be
excluded. In line with this hypothesis, advanced paternal age has been also found in the
families analyzed by Johnson et al. [7]. The putative male to male transmission of Costello
syndrome is also consistent with an autosomal dominant inheritance.

Because of phenotypic overlap between Costello syndrome and Noonan syndrome,
and because mutations in the PTPN11 gene had been demonstrated in the latter, Tartaglia et
al. [8] screened a cohort of 27 patients with clinically diagnosed Costello syndrome for
PTPN11 mutations; they found none. The exclusion of PTPN11 mutations in
cardiofaciocutaneous syndrome by Ion et al. [9] indicates that these 3 syndromes are distinct.
A first clue to map the gene was provided by a Costello patient carrying an apparently
balanced chromosomal translocation t(1;22) (q25;q11) [10].



1.2. Oxidative stress in neonates

Birth itself causes mechanical and oxidative stress for newborns. All infants, regardless
of gestational age, have shown evidence of oxidative stress during the first few days after
birth, especially premature infants, who have much lower antioxidant capacity than term
babies [11, 12]. The switch to aerial breathing, the increased partial O, concentration and the
stress caused by birth induces many physiological processes, most notably the neonatal
adaptation to the greatly changed conditions.

Part of the adaptation is the rapid degradation of fetal hemoglobin and the oxidation of
its heme moiety by heme oxygenases (HO), which are contributing factors in the development
of post parturition hyperbilirubinemia. The released free heme is an aggressive oxidative
agent which can be directly cytotoxic [13] and it can also become toxic by mediating

oxidative stress and inflammation [14].

1.3. Oxidative stress in hemodialysed patients

The principal causes of morbidity and mortality in patients with end-stage renal disease
(ESRD) requiring long-term hemodialysis (HD) are cardiovascular complications [15-17].
Even as adolescents these patients have rapidly progressing arterial diseases, arteriosclerosis,
and atherosclerosis [15-17]. Previous experimental and clinical studies have highlighted the
role of leukocytes in generating reactive oxygen metabolites as a primary mechanism of
oxidative stress during each HD session. Additional factors include a decreased antioxidant
protective capacity of uremic patients long before the initiation of maintenance HD, a status
of malnutrition and/or inflammation, together with a progressive worsening of the clinical
condition [17, 18]. C-reactive protein (CRP) levels are elevated in ESRD patients undergoing
HD and are significantly associated with malnutrition, hypoalbuminemia, and erythropoietin
resistance [17]. Asymmetric dimethylarginine (ADMA)—an endogenous inhibitor of nitric
oxide synthase—levels are markedly increased in patients with ESRD as a consequence of
reduced renal excretion. Both CRP and ADMA are important risk factors for cardiovascular
disease and mortality in the ESRD population and are associated with increases in the
incidence and progression of atherosclerotic lesions in carotid arteries.
Hyperhomocysteinemia has been reported to be an independent risk factor for vascular
diseases through a mechanism involving oxidative damage [19]. It has been shown that

patients with ESRD have an impaired antioxidant response and therefore are at an increased



risk for inflammation, hemolysis, and arteriosclerosis [18, 20, 21]. HD treatment imposes
additional oxidative stress due to the bioincompatibility of dialyzer membranes and activation

of macrophages, as well as the presence of potentially toxic substances in the dialysis water

supply [21].

1.4. Role of heme oxygenases

Heme oxygenases catalyze the rate-limiting step in heme degradation, resulting in the
formation of iron, carbon monoxide, and biliverdin, which is subsequently converted to the
antioxidant bilirubin (Bi) by biliverdin reductase [22] (Fig. 1.). Biliverdin and bilirubin are
potent antioxidant themselves and play a protective role against further oxidative stress [23-
26]. The transiently enhanced HO-1 mRNA accumulation is a sensitive marker of oxidative
stress [27] and the induced HO-1 plays a cytoprotective role in oxidative stress and heme-
mediated injury [28-30].
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Fig. 1. The catabolic degradation of heme by Heme oxygenases.



1.4.1. Mapping

Two functional HO isoforms are known HMOX1 (GenelD: 3162, OMIM: 141250) and
HMOX2 (OMIM: 141251) in humans: HMOX2 is the constitutional form, while HMOX1 is
the form transcriptionally inducible by a variety of agents, such as heme, oxidants,
inflammatory cytokines, UV irradiation, heavy metals and arsenite [31, 32]. Using the
polymerase chain reaction for analysis of human/rodent somatic cell hybrids, Kutty et al. [33]
assigned the HMOX2 gene to chromosome 16. They regionalized the assignment to 16p13.3
by FISH. Using polymerase chain reaction to study a mapping panel of human/rodent somatic
cell hybrids, Kutty et al. [33] localized HMOX1 to chromosome 22. By fluorescence in situ
hybridization (FISH), they refined the assignment to 22q12. Seroussi et al. [34] characterized
a 190.3-kb contig in human 22q13.1 and identified the HMG2L1 (High Mobility Group
Protein 2-Like 1) and TOM1 (Target of MYB1) genes, as well as the previously identified
HMOX1 and MCMS (Mini Chromosome Maintenance homolog S) genes. The order of these
genes is cen--HMG2L1--TOM1--HMOX1--MCM5--tel. All are oriented in a S-prime to 3-

prime direction from centromere to telomere.

1.4.2. Animal model

Growth retardation, anemia, iron deposition, and vulnerability to stressful injury are all
characteristics observed in mice in whom the heme oxygenase-1 gene has been knocked out
[35]. Wagener et al. [36] investigated the involvement of heme and its degrading enzyme
heme oxygenase in the inflammatory process during wound healing, studying Wistar rats.
They observed that heme directly accumulates at the edges of a wound and that this coincided
with an increased adhesion molecule expression and the recruitment of leukocytes.
Intradermal administration of heme 24 hours before injury resulted in heme-induced influx of
both macrophages and granulocytes. Heme-oxygenase 1 was significantly expressed in the
epithelium of both the mucosa and the skin of animals without wounds. On inflammation, its
expression increased, particularly in infiltrating cells during the resolution phase of
inflammation. They interpreted their results as indicating that local release of heme may be a
physiologic trigger to start inflammatory processes, whereas heme oxygenase 1 antagonizes
inflammation by attenuating adhesive interactions and cellular infiltration. The basal level of
heme oxygenase expression in the skin may serve as a first protective environment against

acute oxidative and inflammatory insults.



1.4 .3. Clinical features

Yachie et al. [37] reported the first human case of heme oxygenase-1 deficiency.
Sequence analysis of the patient's HMOX1 gene showed complete loss of exon 2 of the
maternal allele and a 2-nucleotide deletion in exon 3 of the paternal allele; a normal HMOX1
gene contains S exons. The patient was 26 months old when he was first brought for medical
care because of recurrent fever and generalized erythematous rash. Growth retardation was
apparent and marked hepatomegaly was noted, but the spleen was not palpable. Asplenia was
confirmed by abdominal ultrasonography and isotope image scanning. Hematuria and
proteinuria were consistently present. At 6 years of age, the boy had severe growth
retardation. Persistent hemolytic anemia was characterized by marked erythrocyte
fragmentation and intravascular hemolysis, with paradoxical increase of serum haptoglobin
and low bilirubin. They described severe persistent endothelial damage at the patient. Electron
microscopy of renal glomeruli revealed detachment of endothelium, with subendothelial
deposition of an unidentified material. Iron deposition was noted in renal and hepatic tissue.
Immunohistochemistry of hepatic tissue and immunoblotting of a lymphoblastoid cell line
revealed complete absence of heme oxygenase-1 production. A lymphoblastoid cell line

derived from the patient was extremely sensitive to hemin-induced cell injury.

1.4.4. Role of HOs during oxidative stress

Much controversy exists regarding the predominant effect of HOs in the setting of
oxidative injury (Fig 2.). This is rooted in the further biochemistry of heme breakdown
products [38]. HOs may have a pro-oxidant effect, as the iron released from heme (in the
setting of low ferritin availability) may react with hydrogen peroxide via the Fenton reaction
to form hydroxyl radicals [39-41]. On the other hand producing biliverdin and its metabolite
bilirubin, however, HOs may act with an antioxidant effect [42, 43], because bilirubin is a
potent antioxidant [23-26]. The effect of HOs on oxidative cell injury may vary considerably
with cell type, level of expression, and chemical properties of the oxidant [39, 44-46].
Furthermore, HOs convert a lipid-soluble oxidant (heme) into iron, which can be sequestered
with ferritin, when available. This protects the cell from lipid peroxidation that would
otherwise occur, particularly considering the affinity of heme for the hydrophobic cell

membrane interior [47].
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Fig. 2. The breakdown of heme. Heme derived from hemoglobin in senescent erythrocytes, other
heme proteins, or newly synthesized is degraded by HO into biliverdin, CO, and iron. Biliverdin gets
converted into the anti-oxidant bilirubin by biliverdin reductase. Ferric iron (Fe**) is directly
sequestered by ferritin. CO can interact with heme proteins (e.g., guanylyl cyclase) and alter their
activity. Heme and its breakdown products possess various physiological properties but are also

potentially toxic.



1.3. The aim of the study

L.

To date, the genetic basis of Costello syndrome is unknown therefore our aim was to
refine the break point regions of a Costello syndrome patient with an apparently
balanced chromosomal translocation t(1;22) (q25;q11) at the molecular level by
FISH.

There was a need to establish a scaleable and sensitive method to measure the HO-1

expression because of the limited amount of samples available from premature.

Although HO-1 induction may be a general and adaptive response to oxidant stress,
the inducibility of this enzyme in the early postnatal period in human newborns had
not been studied yet. We hypothesized that enzymatic immaturity of HO-1 or its
regulation system could play a role in the early transitory adaptation disturbances of
premature neonates. Therefore our aim was to investigate the HO-1 expression in
mature and premature neonates during the fist week after birth to find out if the

enzyme is inducible and whether there are any differences between the two groups.

The changes in Hb metabolism in uremic patients are the major cause of HD-
mediated endothelial injury. Therefore our aim was to follow the effects of single
HD sessions on the plasma hemoglobin and bilirubin as indicators of hemolysis, the
ferroxidase activity, the erythrocyte-derived reduced and oxidized glutathione levels
and HO-1 mRNA expression as oxidative stress markers, and the homocysteine

levels as and independent risk factor.
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2. METHODS AND PATIENTS

2.1. Methods used in the positional cloning experiments

2.1.1. Cultivation of Yeast artificial chromosome (YAC), P1-artificial
chromosome (PAC), Bacterial artificial chromosome (BAC) and cosmid clones

The selected yeast strains containing our YAC inserts were spread and incubated on
plate for 2-3 days on 30°C on DOB medium with CSM -TRP -URA (0.7 gr/l) according to
Burke et al. [48]. Single colonies were innoculated in 2ml of DOBA (43.7 gr/l) medium and
incubated for 1 day on 30°C on a shaker. The yeast strains were transferred in S0ml DOBA
medium (43.7 gr/l) and incubted for 2 days 30°C on a shaker. PAC, BAC, and cosmid cultures
were grown in 2ml of LB medium in the presence of the appropriate antibiotic at 30°C until
an OD600 of 0.6 0.8 was reached.

2.1.2. Isolation of the DNA insert from YAC, PAC, BAC and cosmid clones

The protocol to separate yeast DNA from the culture was based on that of Philippsen
et al. [49]. The obtained yeast chromosomes were run on a 1.2% low-melting-point agarose
gel by pulse field electrophoresis (initial time 70 s, final time 90 s, 6 V/cm, for 24 h). Gels
were stained for 15 minutes with ethidium bromide and subjected to UV light for
visualization of the DNA. The extra bands containing the YAC insert were cut out by scalpel.
The DNA was isolated from the low-melting-point agarose and purified. For PAC, BAC and
cosmid clones DNA was prepared from 2 ml of culture using a standard alkali miniprep

protocol [50].

2.1.3. Fluorescence in situ hybridization (FISH) experiments

The chromosomes and nuclei spread was prepared from metaphase stopped fibroblast
culture of the patient as described in Kutsche et al. [S1]. The probes were nick translated with
biotin-dUTP (Nick Translation System, Gibco BRL, Gaithersburg, MD). The YAC, PAC,
BAC, cosmid probes were labeled by fluorescein isothiocyanate (FITC). Additionally a TEL

1q DNA probe labeled with Texas red was used to visualize chromosome 1. The
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chromosomes were counterstained with 4',6-Diamidino-2-phenylindole (DAPI).

2.2. Methods used in the gene expression experiments

2.2.1. RNA extraction and competitive reverse transcriptase (cCRT)-PCR
experiments

The Human DNA sequence from clone CTA-286B10 on chromosome 22 (Nucleotide
accession no: Z82244, GenBank: 3191962) was used to design the primers for the
experiments. The primers were designed by the OLIGO software package. Since the clone
contained the genomic sequence of HMOX1 thus we could design the primers to span exon
boundaries to avoid binding of primers at DNA level (Fig. 3A). The amplicon and primer
binding sites were checked by RepeatMasker and BLAST-ed to database ‘nr’ to avoid
designing primers into repeat regions or other conservative protein motifs.

The mRNA was extracted from 1 ml (100ul in case of neonates) of venous blood with
the mRNA Isolation Kit for Blood/Bone Marrow (Roche Diagnostics, Mannheim, Germany).
Competitive reverse transcriptase PCR was used to identify the expression of heme
oxygenase-1 gene. The competitor RNA was created by in vitro mutagenesis from HMOX1
cDNA and transcription with T3 RNA polymerase (Fermentas AB, Vilnius, Lithuania)
according to Waha et al. [52]. The primers to generate the competitor were as follows:

HMOX1~T3 5’ AAT TAA CCC TCA CTA AAG GGA GAC GTT TCT GCT

CAA CAT CCA GCT C 3’
HMOX1l-mut 5’ CCT GGG AGC GGG TGT TGA GTG GGG GGC AGA ATC

TTG CAC TTT G 3’

To avoid error due to RNA degradation the competitor RNA fragment was diluted and
aliquoted into Eppendorf tubes (3 pl / tube) and stored on minus 70°C till usage. For each
measurement a new tube of competitor RNA was thawed and used with freshly separated
HMOX1 mRNA for the RT step.

First-strand ¢cDNA was generated by using the RevertAid First Strand ¢cDNA
Synthesis Kit (Fermentas AB) with the specific primer of HMOX1-R. To avoid pipetting
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errors the method described in the cDNA synthesis protocol was altered (Table 1.). We
dissolved HMOX1 mRNA in 5 times more RNase free water and we used an extra 6 times

dilution step at the preparation of competitor RNA dilutions.

Table 1. Altered cDNA synthesis mix

original protocol altered protocol
HMOX1 mRNA 1ul 5 pl (5x diluted)
Competitor mnRNA 1l 6 pl (6x diluted)
100 nM HMOX1-R 1ul 1pl
RNase free H,O 9ul -
10 mM dNTPs 2ul 2l
RNase inhibitor 1 ul 1pl
5x synthesis buffer 4 ul 4 ul
reverse transcriptase 1l 1pl

For practical reasons (amount of sample available, expected range of HMOX1 mRNA
induction) we used a four step (3x) dilution of competitor RNA.

The PCR amplification was carried out with the following program: initial denaturation
at 94°C for 5 min, followed by 25 cycles of denaturation at 94°C for 20 s, annealing at 61°C
for 30 s and extension at 72°C for 20 s, followed by a final extension at 72°C for 10 min. The
primers were as follows:

HMOX1-F 5’ CGT TTC TGC TCA ACA TCC AGC TC 3’

HMOX1-R 5’ CCT GGG AGC GGG TGT TGA GTG 3’

The amplified cDNAs were examined on 6% polyacrylamide gels and stained with
ethidium bromide. The target HMOX1 band was calculated by the ratio to the competitor by
densitometry (Alphalmager, AlphaEase 5.5) (Fig. 3B). HMOX1 mRNA concentrations were
expressed with reference to the white blood cell count; since we did not calculate the copy
number of our control RNA, these are relative values (we used the same dilutions of control
RNA). Control RNA and mRNA were handled together in the same tubes, their relative ratio
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therefore remaining the same throughout the whole process.

A B
exon 3 exon 4 exon 5 before HD

S HMOX1-T3 HMOX1 -mV

R s
HMOX1-F HMOX1-R

Fig. 3A. Part of HMOX1 CDS from exon 3 to 5, HMOX1-T3 and HMOX1-mut were used to create a
polymerase chain reaction (PCR) product from which we transcribed our control RNA, the sequence of
which differs from that of wild-type HMOX1 mRNA in only a 20-bp deletion. The mRNA and control
RNA were reverse transcribed and consecutively amplified by the same primers HMOX1-F and
HMOX1-R.

B HMOX1 mRNA expression of a patient with oxidative hemolysis before, after and 48 h following
hemodialysis (HD). A four-step (3x) dilution of control RNA was reverse transcribed with equal
amounts of mMRNA and amplified by the same PCR primers. The arrows show where the mRNA
concentration is equal to the control RNA concentration

after HD  48h after HD

2.2.2. Biochemical methods

Blood Hb concentration was measured with an OSM 3 Hemoximeter (Radiometer,
Copenhagen, Denmark). For the assay of plasma Hb and its oxidized metabolites, metHb and
hemichrome, heparinized plasma samples were diluted 1:40 (v/v) with 5 mmol/L PBS, pH
7.4, and measured spectrophotometrically at different wavelengths according to the method of
Winterbourn [18]. Plasma concentrations of the unbound Bi were estimated by
spectrophotmetric method of Jacobsen and Wennberg [53]. The total ferroxidase (FOX)
activity and the ceruloplasmin ferroxidase activity in the plasma were measured with
conalbumin according to Johnson et al. [54]. Homocysteine concentrations were measured by
HPLC according to Feussner et al. [55].

Reduced (GSH) and oxidized glutathione (GSSG) concentrations were measured
separately in the whole blood by a combination of previously accepted standard methods [56],
and were expressed with reference to Hb determined by the cyanmethemoglobin method.

All biochemical measurements were performed in duplicate. The precision of the
methods was followed by estimating the coefficients of variation (CV). The intra- and

interassay CVs for all the biochemical analyses were between 3.0 and 6.0%.
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2.3. Patients

We analyzed the Costello syndrome patient (a Hungarian girl) described by Czeizel and
Timar [10]. We had fibroblast cells which were cultured and used for the FISH experiments.

We analyzed the HO-1 mRNA expression in three groups of patients. The mature
neonate patient group was obtained from the Department of Gynecology, the premature
neonate group was obtained from the perinatal intensive center of Department of Pediatrics.
The young adult hemodialysed patients were obtained from the hemodialysis center of the

Department of Pediatric.

2.3.1. Characterization of the Costello syndrome patient

The Hungarian girl with Costello syndrome had an apparently balanced translocation:
46,XX t(1:;22)(q25:q11). The karyogram of the patient is shown on Fig. 4. The patient showed
excessive generalized skin, more pronounced in the palms, 'wash woman's hands,' and soles,
with elastolysis confirmed by histologic examination. The long tubular bones were
osteoporotic. Spina bifida occulta was demonstrated in L5 and S1. Mental retardation was

mild. She had a particularly sociable and humorous personality.
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Fig. 4. Chromosome 1;22 translocation in the patient. GTG-banded pairs of the patient with an
apparently balanced and reciprocal translocation [t(1;22) (q25;912)] are shown and ideograms of wild-
type chromosomes 1 and 22.
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2.3.2. Characteristic of mature and premature neonates

We analyzed 21 mature (gestational time are 37-40 weeks, birth weight: median 3305g;
quartiles 3060g, 3770g) and 20 premature neonates (gestational time are 26-36 weeks, birth
weight: median 1860g; quartiles 1450g, 2230g) with transient neonatal adaptation difficulties.
We excluded babies with respiratory distress, sepsis, positive bacteriology or any serious
complication (intracerebral hemorrhage, necrotizing enterocolitis, pneumonia, pneumothorax,
and any congenital heart disease). None of the examined patients were on mechanical
ventilation (>24h) and none of them had blood transfusion during the investigation period.

The indication of phototeraphy was according to the practice written in "Care of the
High-Risk Neonate" [57]. The patients requiring phototherapy were on intermittent therapy
(425-475 nm light/normal light in 4 hour intervals). None of the mature neonates had to be
supplied with extra O,. Ten premature neonates with a transitory adaptational disturbance
were on extra O; (<24 h). Indication of extra oxygen support was determined by PaO, values
(the PaO; levels were kept in the range of 50-70 mmHg in term newborns, and 40-60 mmHg
in prematures with less than 1500 g birth weight). The FiO, values in these patients were 0.4
(quartiles 0.3, 0.6).

Whole blood samples were collected in EDTA microtainer tubes (approx. 200 ul per
sample) during the first week following birth. For mRNA analysis 100ul were pipetted out
immediately into 1ml RNA stabilization reagent. Quantitative blood count was performed on
an ABX Micros 60 hematological automat.

We obtained blood samples from mature newborns in parallel with the routine serum
bilirubin assay, usually 2-3 samples from each babies before they left the obstetrical ward. We
obtained blood samples from premature newborns each day following birth (7 samples from

each babies).
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2.3.3. Characteristic of HD patients

17 HD patients dialyzed in our dialysis unit were included in the study. The duration of
HD treatment in these 17 patients was 38 months (median, quartiles: 16; 102). The patients
were grouped according to the duration spent in the dialysis program: short-term HD patients
(n=7, median 19 months, quartiles: 9, 29) and long-term HD patients (n=10, median 97
months, quartiles: 53, 150). Age, sex, weight and height distribution of the two groups are
displayed in Table 2. As controls for the biochemical data, age- and sex-matched healthy
young adult patients were selected from among subjects before undergoing orthopedic surgery
(n=20).

Table 2. Demographic characteristics of uremic patients on HD (means + SD)

Short-term HD (n=7) Long-term HD (n=10)
Demographic characteristic of patients
Age (y) 27.8+4.8 25.1+44
Sex (M/F) 4/3 5/5
Weight (kg) 537102 58.1 +18.1
Height (cm) 159.6+15.2 164.71 + 37.1

The distribution of the original nephrological diagnosis in the ESRD group was as
follows: chronic pyelonephritis with reflux nephropathy 7, interstitial nephritis 3,
membranoproliferative glomerulonephritis 4, focal segmental glomerulosclerosis 2, and
rapidly progressive glomerulonephritis 1. All these patients had been on antihypertensive
therapy with a combination of angiotensin-converting enzyme inhibitor and calcium channel
blocker, and had received 4-h bicarbonate HD 3 times a week with a hemophan single-use
dialyzer. The blood flow rate was 200 ml/min and the dialyzate flow rate was 500 ml/min.
During HD, Na-heparin was used as an anticoagulant, in an initial dose of 500 IU, followed
by continuous infusion at a rate of 1000 [U/h. Erythropoietin treatment was started depending

on hematocrit and hemoglobin status of uremic patients even before the entry to the HD
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program. Erythropoietin was given in the range of 30-70 IU/kg/dose post HD after the
collection of blood samples. We used the formula Kt/V for the evaluation of dialysis
efficiency; the target value was >1.1.

Blood samples were collected before, immediately after and 48 h following HD. For the
analysis of biochemical parameters, 1 ml of anticoagulated (with EDTA and heparin) blood
was collected. For mRNA separation 1 ml of native blood was collected and stabilized in
RNA/DNA Stabilization Reagent for Blood/Bone Marrow (Roche Diagnostics GmbH,

Germany).

2.4. Statistical analysis

Clinical data on the patients are reported as means =+ standard deviations (x + SD), while
results of biochemical analyses are shown in figures as means + standard errors (x = SEM).
Statistical analyses included both parametric (variance analysis, Tukey test and Student's t-
test, unpaired t-test) and non-parametric tests (Wilcoxon rank test). When the extent of
variance between pairs of groups differed significantly from each other (p < 0.05 in the F-
test), we used the Welch test (d probe) instead of the t test to compare the mean values.
Correlations between parameters were characterized by calculation of the linear regression

and correlation coefficients. The level of significance for all tests was taken as 0.05.
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3. RESULTS

3.1. FISH analysis of the break point regions of the Costello syndrome
patient

We have re-analyzed the chromosomes of this translocation patient by high-resolution
banding (450- to 550-band level) that confirmed the breakpoint on chromosome 1g25, and
refined that on chromosome 22 to q12 (Fig. 4.). In order to delineate and define the breakpoint
regions at the molecular level, FISH analysis was done by YAC, PAC, BAC, and cosmid
clones from the corresponding chromosomal regions (for methodological details, see Kutsche
et al. [2000]). For the chromosome 125 breakpoint, the YAC clone, 786G11 (530 kb),
positive for microsatellite marker D152659, was found to hybridize proximal to the
breakpoint, whereas two YACs, 807D10 (1,790 kb), positive for marker D1S2640, and clone
949G05 (1,260 kb), positive for marker D18222, hybridized distal to the breakpoint (data not
shown). Based on this data, we selected YAC clone 790F06 (1,390 kb), positive for
microsatellite marker D1S3424 that, indeed, hybridized to both rearranged chromosomes 1
and 22 (and to wild-type chromosome 1), confirming the position of the breakpoint in 1925
(data not shown). For further analysis, three additional YACs from the putative breakpoint
region were tested by FISH. YAC clone 745G01 (570 kb), positive for D1S3424 and SOAT],
hybridized distal to the breakpoint, whereas YACs 897A04 (650 kb), positive for D1S2425
and D1S2078, and 896A03 (1,130 kb), positive only for D1 52425, hybridized proximal to the
breakpoint (Fig. SA). Thus, it seems that YAC 790F06 spans the breakpoint on chromosome
1925 mapping it between markers D1S2078 and SOAT1 (Fig. SA). Subsequently, 43 PAC
clones were isolated and 14 placed in order to form a partial contig using microsatellite and
end-sequence STS markers derived from selected PAC clones (Fig. 5B). Of the ramdomly
selected PACs analyzed in FISH experiments, 10 clones hybridized proximal, and three
clones distal to the 1q25 breakpoint, whereas PAC K1443 was spanning it (Fig. 6, data not
shown). BlastN analysis of end-sequences generated from K1443 has revealed that one end
corresponds to position 1628097 in the genomic sequence of contig NT_ 026949 and the other
one to position 1747898, giving an insert of 109801 bp. BLAST searches with this 109 kb
sequence revealed homology to three different EST clusters (UniGene data set Hs.102398,
Hs. 74104, and Hs.5415) suggesting that at least one gene is located on the breakpoint

spanning PAC clone on chromosome 1.
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Fig. 5. Characterization of the translocation breakpoint in 1925. A: Delineated breakpoint region and
position of four YACs on chromosome 1g25. The upper line represents a region from 1925 from
centromere to telomere that is not drawn to scale. Microsatellite markers are indicated by vertical bars.
YAC inserts are shown by black lines. Data of FISH analysis with each of the YAC clones are
indicated on the right. B: Partial PAC contig in 1g25. PAC clones are represented by black lines.
Microsatellite markers are indicated by vertical bars, and STS end-markers by filled circles. PAC clone
K1443 (framed) is spanning the breakpoint in FISH experiments. PAC clone mapping proximal to the
breakpoint are on the left, whereas those located distal to the breakpoint are grouped on the right.

The breakpoint on chromosome 22 was originally localized by conventional cytogenetic
analysis and assigned to q11 [10]. Since reinvestigation by high-resolution banding suggested
that the breakpoint was in q12 (Fig. 4), we performed FISH experiments by YAC clones from
22ql1-ql2.
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FIG 6. FISH with PAC clone K1443 hybridized to lymphocyte metaphase spreads of the patient. The
probe is labeled by FITC (green). PAC K1443 produces a signal on the wild-type chromosome 1 (g25),
as well as on der(1) and der(22), indicating that this clone is spanning the breakpoint. A TEL 1q DNA
probe labeled by Texas red (red) was used to identify the telomere of the long arm of chromosome 1.
Chromosomes are counterstained with DAPI.
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Three YACs, 848D02, 891F12, and 742B05, hybridized on several chromosomes,
indicating that these clones were chimeric (data not shown). Two clones, 765E02 (500 kb),
and 881H10 (650 kb) hybridized proximal to the breakpoint (Fig. 7A) suggesting that the
breakpoint region is more telomeric. Similarly, seven additional YAC clones, cytogenetically
assigned to 22q11.2 to ql13.1, hybridized proximal to the breakpoint (Fig. 7A). In contrast,
two YACs, 803D03 and 924C02, mapped to the end of 22q13.1 and the beginning of q13.2,
hybridized distal to the breakpoint (Fig. 7A).

£

q11.1 q11.2 q12.1 q12.2 Q131 .1 132
cen tel
765E02 881H10 938F09 744F06 803D03
846D07 744E01 924C02
804G07 851F06

882G04
RP3-494G10 10C3 RP3-333H23
CTA-150C2 RP4-742C19 CTA-234D04

Fig. 7. Characterization of the translocation breakpoint in 22q11-q13. A: The upper line represents a
region of 22q11 to q13.2 in centromere to telomere orientation that is not drawn to scale. YAC inserts
are shown by black lines. YAC clones hybridizing proximal to the breakpoint are on the left, whereas
those hybridizing distal to the breakpoint (underlined) are grouped on the right. B: In the insert, BAC,
PAC, and cosmid clones analyzed in FISH experiments are shown. Black lines represent sequenced
regions of these clones. The three PAC/BAC clones on the left hybridized proximal, the two on the
right (underlined) distal to the breakpoint, whereas cosmid LL22NC03-10C3 (framed) spanned it.
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Fig 8. FISH with cosmid clone 10C3 hybridized to lymphocyte metaphase spreads of the patient. The
probe is labeled by FITC (green). Cosmid 10C3 produces a signal on the wild-type chromosome 22
(913), as well as on der(1) and der(22), indicating that this clone is spanning the breakpoint. A TEL 1q
DNA probe labeled by Texas red (red) was used to identifiy the end of the long arm of chromosome 1.
Chromosomes are counterstained with DAPI.

Based on this data, FISH analysis refined the cytogenetic breakpoint from 22ql1 to
22q13.1. No YAC clone was found located in the putative breakpoint region. Instead,
numerous PAC, BAC, and cosmid clones have been used for further FISH experiments. Of
these, three PAC/BAC clones, CTA-150C02, RP3-494G10, and RP4- 742C19, hybridized
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proximal and two, CTA-234D04 and RP3-333H23, distal to the breakpoint, whereas cosmid
LL22NC03-10C3 spanned the breakpoint (Fig. 7B, Fig. 8, data not shown). Analysis of the
DNA sequence of chromosome 22 deposited in the database (NT _011520) revealed that the
gene encoding the platelet-derived growth factor beta (PDGFB) is located on the insert of the

cosmid.

3.2. Established a sensitive cRT-PCR method

For the synthesis of the competitor fragment we separated mRNA from the blood of a
healthy person. This mRNA was reverse transcribed by the specific HMOXI1-R primer and
amplified by PCR with the primers HMOXI1-F and HMOXI1-R. The size of product was
verified by gel electrophoresis. This cDNA fragment was then used for PCR based the in vitro
mutagenesis to create a 20 base pair internal deletion and to add a T3 RNA polymerase
binding site. We verified the cDNA fragment we used to transcribe the competitive RNA
fragment with restriction enzyme digestion (Ava II). By electrophoresis we proved that we
got a specific product from HO-1 mRNA which contains the 20 base pair deletion (Fig. 9).
The measured sizes of products were in correspondence with the expected undigested and

digested sizes.

o111

| - undigested

i II - Avall cleaved
— <+ 179 bp Fig 9. Avall digestion of cDNA fragment
used to transcribe the competitor RNA.
The DNA was run on 8% polyacrylamide
< 114 bp gel, and stained with ethidium bromide.
Fragment sizes were analysed by
Alphalmager AlphaEase 5.5
e <+ O63Dbp

Furthermore we also confirmed that HMOX1-F and HMOX1-R primer pair which were

designed on exon boundaries does not amplifies unspecific products. We got no unspecific
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amplicon when genomic DNA was used as template and proved that our primers bound only
to cDNA reverse transcribed from HMOX1 mRNA. The expression range of HO-1 in
neonates and uremic patients and the corresponding competitor RNA fragment dilutions were

determined by analyzing 3-3 samples in a pilot study before our experiments.

3.3. HO-1 expression in mature and premature neonates

The hemoglobin (Hb), mean corpuscular volume (MCV), WBC, and platelet count
(PLT) for the mature and premature newborns were in the normal ranges (Table 3) and their

changes during the first week excluded the presence of severe anemia, sepsis or inflammation.

Table 3. Blood count parameters of mature and premature neonates (x + SD)

Mature neonates Premature neonates
n=21 n=20
day 1 day 3 day 5 day 1 day 3 day 5

Hb (g/) [159.6£19.6 [155.4£23.1 [156.6+29.8 |[184.8£16.0" |187.0+18.5 |172.7+18.8"
CV () [110.7£29 [110.1+4.7 |108.4x4.5 [109.1£3.8 [1082+3.6 [106.2+4.3
PLT 187.5+84.1 [198.7£79.3 F43.1:I:112.6 033.3£67.4  248.7£56.7  280.2£96.6
(10°1)
WBC  [14.75+4.80 [9.91%4.01 [10.1+4.30 [19.3+2.56 |[10.83+1.77 [10.10+2.23
(10°/1)

ttest P<0.001; P<0.005 healthy premature vs. mature neonates

The relative HO-1 mRNA levels of the mature and premature neonates are shown in
Fig. 10. The levels and inducibility of HO-1 in the two groups proved similar. HO-1
expression was induced on days 2 and 3. Later, the HO-1 mRNA levels decreased and
dropped below the day 1 value by the end of the first week.
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Fig. 10. Relative HO-1 mRNA levels during the first week after birth in healthy mature and premature
neonates. Unpaired t test: ~ P<0.005 day 3 vs. day 1; ** P<0.001 last day sample vs. day 3.

The serum bilirubin levels of the mature and premature neonates are shown in Fig. 11.

These levels increased significantly after birth in both groups, and were the highest on day 5
after birth.

Mature neonates Premature neonates
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Fig. 11. Bilirubin levels during the first week after birth in healthy mature and premature neonates.
Unpaired t test: P<0.005 day 5 vs. day 1.
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3.4. HO-1 expression in young hemodialysed uremic patients

Blood and serum values of controls and hemodialysed patients are displayed in Table 4.
Both the GSSG concentration and the glutathione redox ratio (GSSG/GSH) were significantly
higher in the HD patients than in the controls (Table 4). The FOX activity in the HD patients
(0.89+0.03 before HD) was significantly (P<0.01) higher than that in the controls (0.59+0.01)

(Table 4).

Table 4. Concentrations of some biochemical parameters in the whole blood and
in the plasma of the study population (means + SEM)

Controls HD patients
(0=20) (0=17)
before HD | Immediately | 48 h after HD
after HD
Whole blood values
Reduced glutathione (GSH) | 7.36+0.20 | 7.46+0.28 7.69 +0.28 7.72+0.30
(umol/g Hb)
Oxidized glutathione (GSSG)| 11.5+0.56 | 1421+1.5 | 13.42+235 | 12.85+1.65
(nmol/g Hb)
Glutathione redox ratio 0.15+0.01 [0.19+0027 | 0.17£0.03 | 0.17+0.02
(GSSG/GSH)
Plasma values
Hemoglobin metabolites 104+0.71 | 954+1.14 | 11.66+1.23 | 10.39 + 0.91##
(oxyHb+metHb+
hemichrome) (umol/L)
Bilirubin (umol/L) 124+094 | 1235+1.39 |17.01+1.72" |11.81 + 0.85###
FOX (IUL) 0.59+0.01 [0.89+0.03" | 0.96+0.04" | (.88« 0.04%
Homocysteine (umol/L) 124+1.16 [35.1+4.41 | 25.9+3.03" | 3371+3.63%

Tukey test * P<0.05; ** P<0.01 before vs. immediately after HD; # P<0.05; ## P<0.01; ##¢ P<0.001
immediately after HD vs. 48 h after HD

4

t-test * P<0.05; ** P<0.01;

P<0.001 controls vs. dialyzed patients before HD.
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The plasma Hb (9.54+1.14 before and 11.66+1.23 after HD, P<0.05), Bi (12.35+1.39
before and 17.01+1.72 after HD, P<0.01), and FOX (0.89+0.03 before and 0.96+0.04 after
HD, P<0.05) levels increased significantly during HD, but had reverted to the original values
by 48 h after HD (Table 4). During HD the homocysteine -levels (35.1+4.41 before and
25.9+3.03 after HD, P<0.01) decreased significantly, but these levels in our patients were still
significantly higher than in healthy controls (12.4+1.16, P<0.001) (Table 4). We did not find
any significant HD-induced changes in the GSH and GSSG concentrations of HD patients
either immediately or 48h later (Table 4).

Table 5. Comparison of some biochemical parameters in the whole blood and
in the plasma of short-term and long-term HD patients (means+SEM)

Before HD Immediately after HD
Short-term | Long-term | Short-term | Long-term
(n=T7) (n=10) n=7) (n=10)
Whole blood values

Reduced glutathione (GSH)

7.76£043 | 724038 | 790+ 044 | 7.54+0.39
(nmol/g Hb)
Oxidized glutathione (GSSG)

147£338 | 140+£1.05 | 16.1£5.19 | 112+1.44
(nmol/g Hb)
Glutathione redox ratio

0.18+0.04 | 0.20+0.02 | 0.19+£0.06 | 0.15+0.02
(GSSG/GSH)

Plasma values

Hemoglobin metabolites
(nmol/L) 849+1.76 | 10.2+1.53 | 9.04+1.45 | 13.4£1.65
(oxyHb+metHb+hemichrome)
Bilirubin (umol/L) 10.7+1.17 | 13.4+£221 | 13.4+1.25 | 19.5+2.56
Ceruloplasmin ferroxidase

0.89+0.04 | 0.88+:0.04 | 0.96+0.05 | 0.96+0.06
Iu/L)
Homocysteine (umol/L) 29.3+6.88 | 39.5+11.0 | 202+4.74 | 30.3+8.50

t-test * P<0.05 before HD vs. immediately after HD
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The biochemical parameters in the short-term and long-term HD patients before and
after HD are presented in Table 5. Bi levels were significantly higher (p<0.05) immediately
after HD in long-term HD patients than that of short-term HD patients. Homocystein levels of
long-term HD patients were significantly lower before (p<0.05) and immediately after
(P<0.05) HD than that of short-term HD patients. We did not observe any significant
differences in the GSH, GSSG, GSSG/GSH and Hb levels between the two groups prior to
and after HD. No correlation was found between the HO-1 expression, the measured
biochemical parameters, and the HD adequacy (Kt/V).

To estimate the effects of HD on the different parameters, the ratios (after HD)/(before
HD) of the measured metabolites and the HO-1 mRNA levels were correlated. Significant
correlation were found between the change in HO-1 mRNA level and the changes in plasma
Hb level (r=0.72, P<0.001) and plasma Bi level (»=0.71, P<0.002) (Fig. 12). We found no

other significant relationship between the changes in the other measured oxidative stress

markers.
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Fig. 12. Correlation of the HD-induced changes (ratio of values immediately after HD and before HD)
in plasma hemoglobin (Hb) (r=0.72, P<0.001) and bilirubin (Bi) (~=0.71, P<0.002) levels with HO-1
mRNA
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The patients exhibited different levels of HO-1 inducibility, depending on the duration
of their HD program. The short-term HD patients (»=7) had a higher baseline mRNA
expression, which remained roughly the same during HD (Fig. 13A) and decreased slightly

48 h after HD, but these changes were not significant.
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Fig. 13. HO-1 mRNA expression before, immediately after, and 48 h following HD in (A) short-term HD
patients and (B) in long-term HD patients

The long-term HD patients (»=10) had a low baseline HO-1 mRNA expression, which
underwent a one- to five-fold increase immediately after HD, but which had returned to the
original value by 48 h (Fig. 13B).
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4. DISCUSSION

4.1. FISH analysis of the break point regions of the Costello syndrome
patient

In conclusion, we have confirmed the translocation breakpoint of the patient with
Costello syndrome on chromosome 1q25 and mapped it to a 109-kb region. The breakpoint on
chromosome 22 was refined to q13.1, and a cosmid with an insert of 38 kb was found that
spanned the breakpoint. Suri and Garrett [58] described a Costello patient with acoustic
neurinoma and cataract that are both features of neurofibromatosis type 2 (NF2). Although the
authors did not find a deletion or point mutation of the NF2 gene, located in 22q12.2, it has
been suggested that the gene for Costello syndrome might be close to NF2. If the Costello
gene is located in 22q13.1, an inversion might have happened in the Costello/NF2 patient that
escaped detection by conventional cytogenetic analysis. Further molecular analyses of the
breakpoints on chromosomes 1 and 22 are necessary to show whether a single gene or more
genes are affected by the translocation. Mutation screening in future studies of patients with
Costello syndrome who have a normal karyotype will show whether any of the genes located
near/at the breakpoints identified in our studies is the causative gene, or one of the causative

genes for this syndrome.

4.2. Choosing a method to measure HO-1 induction

Quantitation of nucleic acids has become an essential tool in molecular diagnostics.
"Despite the fact that a number of methods are available for this purpose the procedures
involved are rather cumbersome and each of them has its advantages and disadvantages.

In hybridization methods like Northern blotting, the RNase protection assay and chip
technology for detecting specific mRNAs, the reaction kinetics are easier to determine, but the
sensitivity is not sufficient for most practical applications. In contrast, due to the amplifying
effect, PCR-based methods are more sensitive. However, the kinetic of PCR is more complex
and hence the use of PCR as a quantitative method is not straightforward.

In the past few years, there have been many publications dealing with the quantitation
of PCR products. The first approaches were only semiquantitative and were based on limiting

dilution of the analyte [59]. Other methods used external standard curves for quantitation [60]
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or low-stringency PCR [61]. None of these approaches overcame the problem of inhibition of
individual probes. As a consequence, the next generation focused on amplification reactions
that were internally controlled, either by co-amplification of internal endogenous standards,
such as housekeeping genes [62, 63], or by introduction of an artificial exogenous competitor
fragment [64-66]. For detailed reviews, see Clementi et al. [67, 68].

Competitive PCR is a powerful tool for accurate quantification of low amount of DNA
or RNA. It has several well established advantages over other methods for RNA quantitation
utilizing RT-PCR [69-71]. The procedure relies on the co- reverse transcription and
amplification of the sequence of interest with a serially diluted synthetic RNA fragment of
known concentration (competitor) using a single set of primers [72, 73]. In particular, being
the quantification procedure based on the calculation of the ratio between the amounts of
competitor and target products, the technique is unaffected by the overall yield of either the
RT or PCR steps, allows the experimenter to reach the plateau of amplification, and is
insensitive to the formation of aspecific products.

The limiting step in the development of a competitive RT-PCR assay, however, is
represented by the construction of competitor RNA templates. For this purpose we used a
PCR based in vitro mutagenesis method {52], which does not require cloning of template
DNA, and other labor intensive methods using restriction endonuclease and ligation
techniques [74-77]. By using this method, since the competitor RNAs differ in size from the
targets, the resulting amplification products can be simply resolved by gel electrophoresis and
detected by ethidium bromide staining, avoiding the need for complex separation or internal
hybridization procedures, in contrast to other competitive methods [78, 79].

The other problem using an externally created competitor is that although it is capable
of absolute measurement, in real world usage it can be only applied when the amount of the
analyzed sample is exactly known. This difficulty is usilally overcome by using the RNA of a
housekeeping gene as external control in other methods [62, 63]. This approach has its own
difficulties however. The PCR amplification of the two different primers, which amplifies the
external control and the target sequence usually have different non-linear amplification
characteristic. Furthermore in this duplex PCR the primer-primer formation, primer-template
interaction may further complicate the measurements and requires non-linear calibration
curves and complex software for the data analysis. To decrease the above mentioned effects
the kinetics obtained during the exponential phase of PCR are used for quantification. For

these measurements currently the real time PCR methods using fluorescent detection are
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suitable as the conventional methods (staining with ethidium bromide and gel electrophoresis)
are not sensitive enough.

Overall, the competitive RT-PCR is an affordable robust technique which does not need
special RNA purification and unaffected by the yield of either the RT or PCR steps. On the
negative side, it is labor intensive and time consuming, thus limiting the numbers of samples
which can be analyzed at a given time. LightCycler RT-PCR is costly and very susceptible to
even traces of inhibitors, but it allows high-throughput processing of samples.

Free heme is a substrate and inductor of its catabolizing enzyme, HO-1, which is also
expressed in the lympho-, mono- and granulocytes in blood [80]. This let us set up a
convenient methodology for our measurements on blood. HO-1 is transcriptionally induced
and we could therefore apply a sensitive competitive RT-PCR method to measure the
increased copy number of HMOX1 mRNA instead of measuring HO-1 protein by
immunoassay. Compared to immunoassay methods RNA copy number based methods are
more sensitive due to the amplifying chain reaction of PCR. The method was sensitive enough
for the quantitative analysis of HMOX1 mRNA separated from 100 ul of whole blood. In our
experiments the target tissue was blood therefore we could use the white blood cell count to

quantify the samples and measure HMOX1 mRNA copy number per white blood cell.

4.3. HO-1 expression in mature and premature neonates

Heme functions as a double-edged sword. In moderate quantities and bound to protein,
it forms an essential element for various biological processes, but when unleashed in large
amounts, it can become toxic by mediating oxidative stress and inflammation. The effect of
this free heme on the vascular system is determined by extracellular factors, such as
hemoglobin/heme-binding proteins, haptoglobin, albumin, and hemopexin, and intracellular
factors, including heme oxygenases and ferritin. Heme oxygenase enzyme activity results in
the degradation of heme and the production of iron, carbon monoxide, and biliverdin. All
these heme-degradation products are potentially toxic, but may also provide strong
cytoprotection, depending on the generated amounts and the microenvironment.
Approximately 5% of newborns suffer from neonatal jaundice, or hyperbilirubinemia. If the
bilirubin levels become dangerously high, bilirubin passes through the blood-brain barrier and

can cause neuronal damage associated with kernicterus [81]. The most common treatment for
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hyperbilirubinemia is phototherapy, in which the jaundiced infant is exposed to blue light.
The therapeutic effect is mediated by photoisomerization of unconjugated bilirubin, resulting
in more polar and readily excretable photoisomers [82]. Recently, alternative treatment with
competitive inhibitors of HO activity, such as stannic mesoporphyrin (single dose of 6

pmol/kg), has shown to prevent and to reverse bilirubinemia [83, 84].

Under normal physiological conditions, most cells express low or undetectable levels of
HO-1 protein [85]. In our study, the elevated HO-1 expression level immediately after birth is
an indicator of oxidative stress in both mature and premature newborns. As the HO-1 levels
increased during the following days (Fig. 10.) we can conclude that HO-1 is inducible in this
early stage in both mature and premature neonates. The fact that the induction of HO-1
mRNA and its maximum precede the maximal bilirubin levels (Fig. 11.) demonstrates that
HO-1 is functional and cleaves free heme to biliverdin, CO and Fe?*. Due to the fact that
neonates bellow 32 weeks of gestation have a very immature antioxidant enzymatic activity
same oxidative stress can lead to a higher stress response. They are also more susceptible to
oxidative injury caused by the oxidative stress. Therefore we think that the earlier up-
regulation of HO-1 expression of premature neonates could be perhaps attributed to the
oxidative stress caused by the extra O, administration in these patients. However we found no
significant correlation between HO-1 expression and the FiO, values in the examined patients.
It could be because of the statistically low number of patients on extra O, therapy and that O,
was supplied only to reach 90% saturation thus the generated oxidative stress must had been
quite modest in these patients compared to the oxidative effect of liberated free heme. By our
data inducibility of HO-1 does not depend on the gestational age.

It has been shown that in species in which hemolysis takes place post parturition, the
activity of HO is enhanced in the early newborn period [86]. Our results in human newborns
confirm this finding. It is also suggested that HO-1 activity is required for iron reutilization in
mammals [35] for the prevention of abnormal iron accumulation in hepatic and renal cells,
which otherwise contributes to oxidative damage, tissue injury and chronic inflammation.
HMOX1-deficient adult mice developed an anemia associated with abnormally low serum
iron levels, yet accumulated hepatic and renal iron that contributed to macromolecular
oxidative damage, tissue injury, and chronic inflammation. These results indicate that
HMOXI1 has an important recycling role by facilitating the release of iron from hepatic and

renal cells. Accordingly, our results underlines that the early inducibility of HO-1 even in
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premature neonates is essential to avoid iron metabolic disorders and the injury caused by
oxidative stress.

The one HMOXI1 deficient patient suffered from growth failure, anemia, tissue iron
deposition, lymphadenopathy, leukocytosis, and increased sensitivity to oxidant injury. He
ultimately succumbed to a premature death [87]. In an animal model of HO-1 deficiency,
mice lacking the gene frequently die in utero, and those surviving to term display a phenotype
similar to the HO-1-deficient boy [35]). Clearly, HO-1 is necessary to the survival of
organisms. In our study both the mature and premature neonates we investigated were free
from any organ manifestation of oxidative stress. In spite of the fact that many enzymes
shows enzyme immaturity in premature neonates the two groups of patients did not exhibit
differences in HO-1 expression pattern or inducibility. We therefore concluded that HO-1
plays a crucial role in the early physiological adaptation of both mature and premature
neonates.

Oxygen radical injury is a common pathogenic mechanism in a number of neonatal
diseases, including idiopathic respiratory distress syndrome, retinopathy of prematurity,
bronchopulmonary dysplasia, subependymal and intraventricular hemorrhage and necrotizing
enterocolitis [12, 88]. These disorders display a higher incidence in preterm infants with
deficient antioxidant protective systems [89]. Our study indicates that premature neonates
without any organ manifestation of oxygen radical injury are prepared to handle the released
heme by the induction of the HO-1 system during neonatal adaptation. The question arises of
whether the disturbance of HO-1 inducibility plays a role in premature newborns with

“oxygen radical disease of prematurity”.

4 4. HO-1 expression in young hemodialysed uremic patients

Oxidized free hemoglobin in the plasma mediates low-density lipoprotein oxidation and
provides the endothelium with heme, which greatly enhances the oxidant-mediated cell injury,
resulting in the endothelial dysfunction usually present in HD-treated uremic patients [35, 90].
Besides the oxidant insult of HD per se, a compromised erythrocyte defense mechanism
against free oxygen radicals has been recognized to contribute to the HD-induced oxidative
hemolysis in uremic patients [91, 92]. However, after heme-induced sensitization, the
endothelium responds to chronic heme exposure by up regulating a group of stress proteins to

maintain the structural and functional integrity of the cells [93]. Hb metabolism plays an
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important role in HD mediated endothelial injury. The changes in Hb metabolism in uremic
patients on HD could also contribute to the accelerated progression of atherosclerosis.

In our study the increased levels of Hb in the plasma indicated a mechanical and
oxidative hemolysis during HD (Table 4). The consecutive increase in Bi is a result of the
functional HO eliminating free heme and protecting the arterial endothelium from oxidative
stress. The catabolic cleavage of heme by HO-1 results in biliverdin, carbon monoxide, and
Fe**, which in turn up regulates the FOX system. The FOX activity in the HD patients
(0.89+0.03 before HD) was significantly (P<0.01) higher than that in the controls
(0.59+0.01), possibly as a result of the oxidative stress in the HD patients (Table 4). During
HD, FOX activity increased significantly (0.89+0.03 before and 0.96+0.04 after HD, P<0.05)
due to the oxidative stress caused by HD.

In the HD patients, the ratio GSSG/GSH was higher than in controls, indicating that the
oxidative stress in uremic HD patients. However, significant changes were not observed
during HD, suggesting that the free heme was effectively catabolized by the HO. The rapid
up-regulation of HO-1, and the consecutive up-regulation of the FOX system eliminates the
free heme and stops the further generation of free radicals.

The homocysteine concentration was significantly higher in the HD patients than
controls. Such an increased homocysteine level is an independent risk factor for vascular
disease, a sign of progressing atherosclerosis [94]. During HD, homocysteine was dialyzed
out from the plasma, the level in the patients therefore decreased significantly.

This study, which monitored the alteration in the HD-associated oxidative stress after
one HD session, revealed significant differences in HO-1 inducibility, depending on the
duration of HD treatment. In those patients who had been on HD for a shorter duration, the
baseline HO-1 mRNA expression was higher than in those undergoing long-term HD. In the
short-term patients, the plasma Hb level did not increase significantly during one HD session,
because of the already elevated HO-1 level, and HO-1 was not further induced. In the long-
term HD patients, the baseline HO-1 mRNA expression was low and the HO-1 expression
was up-regulated one- to five-fold during HD, due to the ensuing hemolysis.

Our study measured the induction of the HO-1 mRNA level, which in turn leads to
elevated HO-1 levels. However, HO-1 activity can be different before and after HD because
of the clearance of toxic metabolites from the plasma by HD. These toxic metabolites may
inhibit HO-1 activity, resulting in an impaired cytoprotective capacity prior to HD.

As we observed a significant correlation between the changes in plasma Hb and HO-1
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mRNA levels (P<0.001) and also between the changes in plasma Bi and HO-1 mRNA levels
(P<0.002), but not between the baseline HO-1 expression and the various measured
biochemical parameters, we concluded that the HO-1 mRNA induction during HD is due to
the hemolysis that occurs, but the baseline HO-1 expression is modulated by other factors.
These results are in accordance with a study where the effect of erythropoietin treatment on
hemolysis and HO-1 mRNA levels was investigated [95] in HD patients. A previous study
demonstrated that endurance exercise in humans is also followed by an increased HO-1
mRNA expression in the monocytes, leukocytes, and (less so) lymphocytes [80]. Our results
relating to the HO-1 mRNA expression reveal differences in short- and long-term HD
patients, very similar to those reported in that study. In untrained subjects at rest, the HO-1
mRNA exhibited a higher baseline expression than in athletes [80]. It was suggested that the
down-regulation of the baseline expression of HO-1 reflect an adaptation mechanism to
regular exercise training. The corresponding change in our patients could be attributed to a
mechanism of adaptation to the regularly occurring stress during HD.

Experimental results suggested that a permanent up-regulation of HO-1 may afford
protection against atherosclerosis, as HO-1 inhibits atherosclerotic lesion formation in low-
density lipoprotein receptor knockout mice [96]. It was also observed that cellular resistance
to oxidative stress correlates positively with levels of HO-1 expression. In fact, researchers
using various in vitro or in vivo stress paradigms have found that experimental up-regulation
of HO-1 by treatment with heme or hemoglobin affords protection against subsequent
oxidative challenges [97-99]. Long-term HD patients are subject to a periodic (3 times a
week) increase in free heme levels at the beginning of each HD sessions, as there is latency
between the appearance of liberated heme and the transcriptional up-regulation of HO-1
expression. This short (1-2 h) periodic exposure to increased free heme could cause the
oxidative damage of endothelium and accelerate atherosclerosis. The chronic down-regulation
of the baseline HO-1 expression in long-term HD patients may contribute to the progression

of atherosclerosis.
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5. SUMMARY

We confirmed the translocation breakpoint of the patient with Costello syndrome on
chromosome 1925 and mapped it to a 109-kb region. The breakpoint on chromosome 22 was
refined to q13.1, and a cosmid with an insert of 38 kb was found that spanned the breakpoint.

We established a molecular genetic approach to measure directly the HMOX1 mRNA

expression. This was convenient because:

- HO-1 is transcriptionally regulated through the copy number of HMOX1
mRNA

- HO-1 is expressed in white blood cells thus sample collection was easy

- the method was suitable to analyze even low amount (100 pl) of samples

- the amount of mRNA could be expressed in reference with white blood cell
count thus directly showing us mRNA copy number per cells

- the method is robust and insensitive of inhibitors of either the RT or the PCR
amplification steps

- inexpensive, the whole procedure can be carried out with conventional non real
time PCR instrument

The drawback of the method was:

- the competitor fragment was difficult to create

- the procedure is labour-intensive

In our experiments with HO-1 expression in healthy mature and premature we found
that level of HO-1 expression and its induction profile are similar in both mature and
premature neonates during the first week after birth. We also showed that HO-1 is functional
in both mature and premature neonates because the induction of HO-1 was followed by the

increase of the bilirubin levels. Thus in healthy neonates HO-1 does not play a role in the
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transitory adaptation disturbances however it has an important role in the physiological
adaptation process. Our study revealed the importance that further analysis is needed to

analyze the HO-1 expression in neonates with organic manifestation of oxidative injury.

In HD patients we showed that there is a significant difference in the HO-1 expression
pattern between the patients depending on the duration of HD treatment. Short-term HD
patients have an elevated HO-1 expression which may be contributed to an ongoing
inflammation process. Long-term HD patients have a low base line HO-1 expression which
was up regulated 1-5 fold during one single HD session. We also showed that the induction of
HO-1 significantly correlated (P<0.001) with the occurring hemolysis and the liberated heme.
We concluded that the periodical oxidative injury (three times a week) due to every HD
sessions and the time delay between the occurring hemolysis and up-regulation of HO-1 could

also contribute to the accelerated atherosclerosis rate in long-term HD patients.
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